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Recently, wind power from renewable energy power generation has been extended quickly to another level. To the grid, most renewable generators synchronize through the power electronic converters controlled flexibly. The high-level wind power penetration into the power generation system affects the dynamic performance of the power system and presents substantial uncertainties in system operation. This study mainly focuses on reviewing the various types of stability analyses in high-level wind penetration of power generation systems. It describes several challenges and simulation analyses related to stability issues. A comparative analysis has also been carried out for the various types of stability related to different research studies. The data show that transient stability has been significantly focused on in most of the studies.
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1 INTRODUCTION
Renewable energy resources increasingly penetrate modern power systems because of energy shortage crisis and environmental pressure. Recently, wind power integration projects have been launched in various countries. Wind power integration on a large scale presents substantial economic and environmental benefits to the society. The system exhibits several challenges in maintaining stability due to its stochastic nature and highly intermittent state. The power system stability can be affected after the integration of wind power into the utility grid due to several aspects, such as the replacement of the synchronous generator can reduce the effective inertia of the system. Due to the power electronics converter, the system alters its characteristics dynamically. The synchronous generator dispatch changes fast through the transmission network, power flow direction, and magnitude fluctuation (Xu et al., 2018). This proposed study reviews several types of stability issues of wind power integration in power systems and uncertainties present in the generation of wind power and satisfies the requirement of transient stability with several practices aimed at optimizing the system’s operating state.
The doubly fed induction generator (DFIG) model analyzed the stability in wind power systems. The DFIG consists of an induction generator with a mechanically driven rotor through a gearbox by a wind turbine and a rotor side convertor (RSC). It is electrically excited through the grid and exhibits a power electronic-based interface. The complex control system is responsible for efficient wind energy conversion to power electricity for proper electrical and mechanical dynamics regulation. The small-signal stability region (SSSR) concept extends to the robust small-signal stability region (RSSSR), wherein the system maintains the stability even during perturbations that occur due to renewable energy power generation’s volatile nodal injections and uncertainties (Pan et al., 2018).
Wind generators must provide ancillary services for systems with high-level wind penetration. As wind generation facilities increase worldwide, transmission system operators (TSOs) have changed grid code criteria. Under particular grid regulations, wind farms must provide inertial support, frequency regulation, and damping control. Synchronous generators typically deliver these services. However, due to the time-varying nature of such resources and the inherent modeling uncertainties that come along with their large-scale integration, this presents a formidable challenge. As a result, a sufficiently deterministic model of wind-dominated power systems is difficult to ensure. In the study by Husham et al. (2022), a Koopman-based model predictive controller (KMPC) was proposed to suppress the oscillations due to wind speed variations with climatic conditions and improve the control methodology for active and reactive power injections to the respective converters. Rahman et al. (2022) discussed clustering algorithms for large-scale wind power farms to access power system stability. Clustering algorithms are used to determine a probabilistic group of clusters representing equivalent wind farms and would hold true for most wind conditions throughout the year. The four aggregated wind farm models are subjected to small disturbances, frequency, and voltage stability analyses, also these wind farm models are analyzed considering a single unit for a better understanding.
A crucial sub-synchronous resonance (SSR) event in October 2009, persuaded by fixed series compensation, occurred in a wind farm with DFIG in Texas, United States. The SSR effect could not reflect critical factors like wind speed distribution, wind farms’ spatial distribution, wind turbine generators’ diversity, and network topology (Liu et al., 2018a). The developing VSC-MTDC grid shows some technological benefits concerning economics, modularity, and controllability focused on managing the frequency stability of traditional onshore AC grids (Wen et al., 2018). This study analyzes the robustness in the stability analysis of the wind power penetrated power system through stochastic optimization, which is risk-based, and estimates wind uncertainty. Furthermore, using devices such as ESS will reduce the required energy storage services (ESS) size by reactive power capabilities and wind farms. If the preferred voltage stability margin (VSM) increases, then the required ESS also increases as was shown by Jalali and Aldeen (2019).
The main contribution of this study involves
• reviewing the various research studies related to wind-penetrated power generation systems in terms of various types of stability,
• observing and studying the different techniques involved in improving the various types of stability issues and comparing them, and
• pictorially representing the analysis here in this review.
1.1 Article organization
This article is organized as follows: Section 2 describes the review of the stability analysis and the issues in wind-penetrated power generation systems. Various types of stability, namely, transient stability, dynamic stability, voltage stability, parametric stability, frequency stability, and other types of stability in power systems, are explained briefly, followed by a comparative analysis discussed in Section 3. The evaluation of the stability analysis is elaborated further. Finally, this article concludes in Section 4.
2 TYPES OF STABILITY IN WIND-PENETRATED POWER SYSTEMS
Various types of stabilities, namely, transient stability, dynamic stability, voltage stability, parametric stability, frequency stability, and other such types of stability in power systems, are explained briefly in Figure 1.
[image: Figure 1]FIGURE 1 | Different types of stabilities in power systems.
2.1 Transient stability
Transient stability is “the ability of the system to remain in synchronism when subjected to large disturbances.” Large disturbances can cause a variety of issues, such as faults, switching loads, and tripping. In most cases, the effects of these disturbances can lead to a large deviation of the generator rotor angles. It affects system synchronism to maintain stability.
Xu et al. (2018) developed a robust dispatch approach for the power system’s operation state optimization while sustaining transient stability with stochastic wind power generation and high variability. As an increased optimal power flow framework, the system is designed with differential-algebraic equations and uncertain variables. Based on the trajectory sensitivity analysis and one-machine infinite-equivalence of bus, the approximately equivalent algebraic equations are obtained by conversion using stability constraints. A small number of strategically represented chosen testing states are due to the uncertainty in wind power generation. This problem was solved iteratively by dividing the actual model into master problems and a sequence of slave issues based on the developed decomposition-based computation approach. This proposed method of dispatch focuses on a single period, i.e., 1 h. If we are to consider the dispatch of a multi-period, then the wind farm power output’s temporal dependency should be well designed.
Wang et al. (2018a) focused on the multi-machine power system’s stability improvement, combined with a hybrid wind-photovoltaic (PV) farm on a large scale using a supercapacitor (SC)-based energy storage unit. A wind turbine generator (WTG) of 300 MW simulated the hybrid and wind PV farm characteristics. The proposed SC connected with a proportional integral derivative supplementary damping controller (PID-SDC) and rendered efficient the damping characteristics that enhanced the transient performance of the proposed system subjected to a fault in three phases and short-circuited.
Ma et al. (2018a) explored the doubly fed induction generator (DFIG) current source–based model to analyze stability in wind power systems. Wind generator manufacturers developed this model, and generic models have simplified it. Moreover, it uses the current source–based model. Based on limited accurate measurements and chosen simulation scenarios, the proposed model was validated. The drawback was that the validity had not undergone any theoretical and systematic analysis of the current source model, and it may be considered unsuitable for application in real engineering. Hence, this study presents the current source model conditions for the analysis of stability in power systems. Furthermore, it investigates the model under asymmetrical and symmetrical fault conditions. This present source-based DFIG model has been practiced for validation in North China’s real wind farms.
Hui et al. (2019) proposed a robust feedback control method on the basis of linear parameter varying (LPV) for interconnected systems’ transient stability. This proposed method used mechanical power and DC channel power control in an interconnected system for the transient stability enhancement of the wind farm interconnected system. As a variable parameter linear model, the transient process has been designed mainly focusing on the interconnected system’s robust nonlinear characteristics and the transient process’s wind power uncertainty output. Four equal-value grids evaluated the proposed method in an interconnected system on a digital simulation platform through AC and DC lines. The proposed method exhibits better transient ability control impacts and response characteristics for wind power interconnected systems. Due to severe grid faults by loss of synchronization, wind farm tripping occurs.
During severe faults in a grid, the system requires dynamic properties with special requirements for maintaining the wind farm synchronization with the power grid. The grid synchronization by Ma et al. (2018b) is explained as autonomous nonlinear differential equation motion with particular initial states. However, synchronization stability occurs due to deprived system dynamic properties and unsuitable initial states. The proposed method satisfies the requirements by adjusting the wind farm’s active and reactive output current during severe faults in a grid. The proposed method was executed and analyzed on DFIG- and PMSG-based wind farms. Figure 2 shows the schematic diagram of transient stability control of the DFIG.
[image: Figure 2]FIGURE 2 | Transient stability control of the DFIG wind farm.
In the study by Yu et al. (2018), power system control considers the post-contingency–based online identification of transient stability as significant since it enables the grid operator to decide and synchronize correction control actions during system failure. Machine learning methods used with synchrophasor measurements were used for evaluating transient stability and received more attention in protection and control systems. Based on a long short-term memory (LSTM) network, this proposed study developed the transient ability assessment system. This self-adaptive scenario balanced the accuracy and response time after the assessment and subsidized better accuracy. This proposed system exhibited a fast-training process and lesser difficulty. The proposed assessment system’s transient stability efficacy has been validated further in this study. The study by Ortega and Milano (2018) offers an in-depth stochastic analysis of the ESS impact on the transmission grid’s transient stability. This stated impact was verified by considering the mixed effects of network topologies, fault-clearing times, and various ESS technologies. In addition, the synchronous machines, storage devices, and the fault’s relative position were also considered. The stochastic time-domain simulations have also been considered for the all-island, Irish transmission system, 1479-bus model, resulting in nonintuitive endings.
Tang et al. (2018) developed a phase/magnitude dynamical model with unnatural consideration of timescale controller on rotor speed control for the theoretical evaluation of transient stability of DFIG-based wind turbines. This current model describes the unfair active power and active or reactive power output relationships. The synchronous generator and DFIG-based internal voltage vector show similarity but differ in the transient phase. The DFIG-based wind turbine system’s transient stability is analyzed in case of new instability, recognizing the variation from the synchronization generator system.
Datta et al. (2019) examined the battery energy storage system (BESS) performance and static compensator (STATCOM) in improvising the tremendous power system frequency stability and transient voltage, the additional capacity of power export enhancing among two interconnected power systems. A multi-machine power system proposes a BESS controlled by PI lead and lead-lag to give concurrent frequency regulation and voltage among the defined battery charge range and the system performance evaluated by the Finnish transmission grid. The proposed method compares with conventional methods based on several permanent and temporary fault conditions rendered by the Australian electricity market grid requirements. BESS results from improvements like power export show a 44% increase, while failure cases are seen in STATCOM. Moreover, the BESS lead-lag establishes better performance than PI lead–controlled BESS under the permanent and temporary faults in divergent events.
In DFIG, the low-voltage ride through the LVRT requirements changes the DFIG running state and brings about the system’s transient stability secondary impact. The DFIG output power mixes with the system’s mechanical power. This study minimizes the mathematical relationship and analyzes the superconducting magnetic energy storage (SMES) relationship, improving transient stability and access location (Jiang and Zhang, 2019). Dynamic characteristics of wind farms connected with the grid improved and obtained more extraordinary transient stability performance.
In the study by Pico and Johnson (2019), the transmission defects due to recent the California wildfires stimulated utility-scale disconnection conversion in PV plants. The investigations described that the PLL and DC side dynamics caused tripping commands that are typically un-modeled in a classical stability analysis. Because of these authors introduce a positive-sequence model for photovoltaic power plants that is derived on the fundamental principles of physics and controls to predict during the faults. For addressing the disadvantage, a sequence of PV plant models was derived from physical principles. The three-phase converter scale shows that the framework comprises closed-loop controllers, DC side dynamics, and PLL.
The principal purpose of the study by Eshkaftaki et al. (2020) was to improve the SG’s dynamic and transient performance using wind turbines with local DFIGs. The DFIG block is controlled by a designed transient controller (TC) and uses a modified generator in a motor regime operation mode. Furthermore, the electromagnetic torque band damping controller (ETBDC) consisting of two damping controllers is recommended to enhance the SG’s dynamic stability. There are three types of feedback: DFIG electromagnetic torque, SG speed modified torque, and SG electromagnetic torque in every damping controller. The genetic algorithm adjusts these controlled parameters. By comparing the transient indexes system, namely, SG accelerating energy, with and without using TC of DFIG inertia energy in two area network and critical clearing time (CCT), the TC performance is evaluated. Moreover, the dynamic performance indexes of the system like settling time, SG’s damping torque, eigenvalue, and overshoot have been related with and without using the two dynamic controllers. Moreover, these observe the proposed controller’s effectiveness in the study.
Liu et al. (2016) proposed a new strategy that was a coordinated “switching power system stabilizer” (SPSS) to enhance the multi-machine power system stability. Simulations consist of 4 generators, 11-bus power systems, and IEEE 68-bus with 16 generator power systems in which SPSS assesses the damping ability in aspects of enhancements in transient stability. Renedo et al. (2016) analyzed an active power control strategy for a multi-terminal VSC-HVDC system that enhances the transient stability of AC/DC hybrid grids—the weighted-average frequency observed by the MTDC system’s VSCs (WA-F). When compared to a strategy based on local frequency (LF), the study by Yousefian et al. (2017) mainly focused on an energy-based wide-area control on integrated power grids with wind. They proposed an algorithm of a nonlinear optimal control with “reinforcement learning (RL) and neural networks (NNs),” which, in using “approximate dynamic programming (ADP),” improves the wind-integrated power grid closed-loop performance. We observed that the suggested RL-based WAC enhanced system responses in simulations using the modified IEEE 68-bus system.
2.2 Small-signal stability
The small-signal stability in a power system is “the ability of the system to remain in synchronism when subjected to small disturbances.” If power system oscillations are suppressed during the disturbances, the system’s stability can be maintained over a long period.
Pan et al. (2018) addressed the small-signal stability region (SSSR) concept extension to the robust small-signal stability region” (RSSSR). The structured perturbation theory was first employed for the nodal injection perturbations in state-space formulations. This study considers the locations and intensity of the perturbations; RSSR in parameter subspace definition influences the structured singular value theory and stability radius theory. The “small-signal stability” of the power system’s systematic analysis enables region-wise perturbations. Furthermore, the system maintains stability even during renewable generation’s volatile nodal injections and uncertainty during perturbations. For the RSSSR boundaries, it constructs a linear closed-form approximation by the hyperplane approximation technique. Moreover, to make and learn from the RSSR boundary predictions, machine learning (ML) approaches have been employed.
The ML approaches' learning ability speeds up the computation on boundary significantly and simplifies the robust stability analysis of vast and complex power systems. Sadamoto et al. (2018) addressed the wind power integration concerned with the various growth of stability and power system dynamics retrofit control terms a new control design. Using retrofit controller, the rotor voltages of the induction generators that were doubly fed controlled for tie line power flow oscillations suppressing initiated by the wind farm’s inside disturbance. The major drawback considered was that closed-loop system stability has not been assured theoretically. The requirement of an exact wind farm model is necessary, and in future, the problem can be resolved by designing the controller using robust control theory. Huang et al. (2020) carried out a novel investigation where online detection of wind farm generalized short-circuit ratio (gSCR) was studied using current and voltage data from PMUs, which enables convenient online stability monitoring of wind farms. Ma et al. (2017a) found that on virtual inertia control, DFIG impacts the “power system small-signal stability” by considering the “phase-locked loop” (PLL). For a DFIG interconnected with conventional synchronous generators, it considers PLL and virtual inertia. The system’s dynamic characteristics vary due to the DFIG participating in electromechanical oscillations controlled by varying the PI values in PLL and virtual inertia.
In the study by Ma et al. (2017b), the robust stochastic “small-signal stability” of the DFIG was integrated into a power system with virtual inertia, as mentioned earlier, and the methodology used was the sensitivity analysis method, which determined the connection between the state matrix variables and stochastic parameters using analytic function relationships. The stochastic power system stability issue turns into a solution for the problem of feasibility. Wen et al. (2017) proposed power electronics–based distributed power system stability analysis using “active front end (AFE) converters,” “voltage source inverters (VSIs),” and “grid-tied inverters (GTIs)” to process power flow as an analysis of AC stability and DQ frame impedance parameters. Liu et al. (2020a) investigated grid-integrated DFIG wind farms’ PLL parameters and power grid strength that impacts small-signal stability issues. They focused on finding the PLL oscillation mechanism and its influencing factors and developed a damping solution to that oscillation mode. To abate the PLL oscillations, they designed a different robust damping controller H2/H∞ for DFIG, which reduces the oscillations and improves small-signal stability. The structure of the robust damping controller is shown in Figure 3, where “r(t)” is the input signal of the controller and “e” is the error signal. “Kn(s)” and “Pn(s)” are controller gains; “Wt1(s), Wt2(s), and Wt3(s)” are weighting functions, and “Z∞” is the output channel associated with H∞ performance. “Z2” is the output channel associated with H2 performance.
[image: Figure 3]FIGURE 3 | Robust mixed damping controller H2/H∞ block diagram.
2.3 Stability of sub-synchronous resonance
“Subsynchronous resonance is a phenomenon in which one or more of the resonant frequencies of the turbine generator shaft in thermal power units coincides through the generator with a natural resonant frequency of the electrical system with a long radial transmission network with series capacitors.”
In series, the compensated systems with several wind farms have detected the sub-synchronous resonance (SSR) issue elaborated by Liu et al. (2018a). The single-machine infinite bus system design has been simplified and used for further evaluation. It does not reflect the SSR effect, which is not from critical factors like wind speed distribution. This article, based on SSS, proposes a wind farm’s spatial distribution, wind turbine generators diversity, network topology, and an INM-impedance network model.
Moreover, with lumped independence, the INM was combined. The SSR stability was quantified by new stability criteria, which analyzed the features of impedance frequency. Even for wind power systems on a large scale, this proposed system has analyzed the SSR issue. For DFIG-based wind turbines interconnected with compensated transmission systems series, Karunanayake et al. (2020) specified the nonlinear sliding mode control SMC based on the mitigation method as a sub-synchronous resonance (SSR). This proposed method controls the rotor side converter by assuring the reactive power, and the decoupled torque of DFIG control ability sustains to mitigate SSR. For validations, on the model of DFIG wind turbines, the proposed method is executed on the Real Time Digital Simulator (RTDS) platform. At damping SSR, the controller shows positivity obtained from the results tested on different wind speeds and compensation levels.
Ma et al. (2020) concentrated on sub-synchronous oscillations of DFIG stability estimations based on energy dissipation intensity analysis. According to the Lyapunov stability theory, the model of DFIG consists of an internal control and external network. Here, the proposed assessment method is represented in a logical diagram as shown in Figure 4. In this first step, collecting all the data of electrical variables at DFIG terminals with the help of phasor measurement units compares with steady-state values. Next, at the DFIG, variations of transient energy are estimated and the oscillation frequency and DFIG transient energy variation are obtained. Then, the dissipation intensity η can be calculated. The system’s stability can be judged by the value of η; when η > 0, the system is stable, and a larger value of η indicates higher stability. Also, when η = 0, the system is marginally stable, while η < 0 is negative stability and SSR oscillations diverge.
[image: Figure 4]FIGURE 4 | Logical representation of the assessment method.
2.4 Probabilistic stability of sub-synchronous resonance
“In power system stability analysis, the system performance is based on a predefined scenario and ignores uncertainties in the system states and parameters. In modern power systems, consider all the uncertainties in the probabilistic approach to get accurate results.” The probabilistic approaches are highly appropriate for random and uncertain system analysis, which are the essential features of future power systems.
Chen et al. (2018) focused on assessing the probabilistic stability of SSR by using the piecewise probabilistic collocation method (PPCM), which concerns random wind speed. Because of the switching among various operational modes of the DFIG, the PPCM tackles the inherent nonlinearity. The lesser computational difficulty and damping accuracy in the probability density function (PDF) is achieved using the proposed PPCM. Various existing methods are available to describe the probabilistic distribution of wind speed: Rayleigh, Weibull, and Lognormal distribution methods. Among these methods, Weibull distribution ideally suits wind speed as a frequency histogram. The Weibull probabilistic model has also been designed in this study with two-year statistical wind speed data. Compared with the Monte Carlo method, consistency is obtained from using this proposed method. The SSR events field data in real-world wind farms offer effectiveness validation of the current model.
In their research work, Bian et al. (2016) carried out “power system stabilizers” (PSS) and “static VAR compensator” (SVC) damping controller coordination and optimizing these parameters to improve the “probabilistic small-signal stability” of the wind farm integrated power system. This novel algorithm is known as the “modified fruit fly optimization algorithm” (MFOA). With this, to coordinate and optimize the parameters, the probabilistic eigenvalue method was used. The proposed method improved the “parabolic small-signal stability” of DFIG-based wind firms integrated with synchronous generators.
2.5 Frequency stability
Frequency stability means “the ability of a power system to maintain steady frequency following a severe disturbance between generation and load.” Frequency stability depends on the ability to restore equilibrium between load and system generation. It can also lead to sustained frequency swings that can cause the generating system or load tripping.
In the study by Wen et al. (2018), the onshore AC grid and offshore multiterminal DC grid–based voltage source convertor VSC-MTDC operation were examined to improve the system’s frequency stability by the unit commitment (UC) framework. Furthermore, it recognized three standard types of outages like wind farm side VSC loss, synchronous unit loss, and grid side VSC loss, which correspond to frequency dynamic constraints. Based on these, it integrated the AC/VSC MTDC system from the proposed frequency dynamics. Moreover, it effectively stabilized two grids among the GVSCs and WVSCs and examined the coordinated control approach. In Figure 5, the configuration of the AC/VSC-based MTDC system is shown. Here, the MTDC network is connected to offshore wind farms through the wind farm side voltage source converters (WVSC) and DC link capacitor. Similarly, the onshore AC grid is connected to the offshore VSC-MTDC grid through grid side voltage source converters (GVSC) and submarine HVDC cables. All the converters communicate with the energy management tool and track the voltages and power with local frequency control to detect any disturbance.
[image: Figure 5]FIGURE 5 | AC-VSC-based MTDC system’s integrated configuration.
Renewable energy penetration has increased into the latest power systems, getting new oscillatory stability focused on this. Zhan et al. (2019) developed the analysis of the frequency-domain modal technique. It evaluated the dominant component’s participation, and several oscillatory modes were concerned. The oscillatory modes by loop impedance matrix or matrix of nodal admittance determinant’s zeroes located were worked out by the target system represented with impedance model network. The oscillation mode’s origin, respective components, and oscillation path were understood by the loop or nodal participation factors, component sensitivity, and branch observability derivation. The above-stated experiment was performed on a practical wind power system and a primary passive circuit that practices real sub-synchronous resonance. In addition, its effectiveness was evaluated by using electromagnetic transient simulations and theoretical results. This study evaluated the massive power systems with high penetration renewables.
Han et al. (2022) discussed the frequency oscillation problem, and a novel discrete-time domain modal analysis, proposing to reduce the sub-synchronous oscillations of RES connected to the power system. In this method, first, in the discrete-time domain, the frequency and damping ratio were calculated, and the system stability was evaluated from the calculated eigenvalues in discrete-time. Furthermore, the origin location, contributive components, and propagation paths of the oscillatory mode were determined by calculating the participation factors, component participation, branch current/node voltage observability matrix, and distribution coefficient for all modes based on matrix decomposition and node equations of the system-level model.
A supplementary optimal frequency controller was designed for variable speed wind turbines to be integrated into the power system to improve system stability in a study by Toulabi et al. (2018). The proposed controller regulates the frequency variations in wind farms, and the controller design parameters are designed using genetic algorithms.
Yang et al. (2022) described the power compensation control for a weak grid-connected DFIG wind farm. The synchronization of the wind farm to the weak grid during severe grid faults was studied to improve the frequency stability. The analysis was performed in a simulation and verified with experimental results.
In the study by Li et al. (2021), a SMES-based damping controller was designed to reduce low-frequency oscillations for enhancing the power system’s frequency stability. A finite Markov decision process that utilizes a deep reinforcement learning (DRL)–based agent was used to achieve the best possible results in terms of parameter optimization.
2.6 Dynamic stability
“Dynamic stability is the ability of a power system to return to a steady state of operation after significant disturbances (short circuit, the shutdown of any element of the power system, etc.).”
Shi et al. (2019) investigated the wind power penetrated power system’s robust stability analysis. The power system analysis can be imposed on the (D-stability) issue by focusing on the constraint of the damping ratio. The most familiar mapping theorem [image: image] was applied for robust stability evaluation, and sufficient condition and multivariable stability margin Km were provided. Uncertainty effects turn transparent while analyzing these values. It was tested on North China system’s machine and 11-bus test 4 generator power system, and the structure of mapping theorems as shown in Figure 6. “P (s, Q) = {p (s, λ) = det (I −M(s)Δ) | λ ∈ Q}” are multi-linear parameters. Here, U1–U8 are the “k vertices” of the hypercube Q.
[image: Figure 6]FIGURE 6 | Structure of the mapping theorem.
Li et al. (2019) concentrated on real-world wind farms where the weak grid’s interconnection observed 4 and 30 Hz oscillations. The delivery of wind power is limited by these stability problems. This study proposes that the overall system stability improvises the mechanism-based feedback control approaches appropriate for voltage source converters that were vector based and engaged in type-3 and type-4 wind testbeds. The weak grid stability problem has to be demonstrated by the simplified linear model, and the reason was the power delivery coupling and voltage of the point of common coupling (PCC). The PCC voltage reduces when the power delivery increases, and hence the weak grid leads to instability. The feedback control approaches modulate DC-link voltage and power order through PCC voltage as input or the d-axis current. Finally, we see the efficient capability of stability improvement and wind power delivery further enhanced.
When a harmonic grid with parallel compensation joins the DFIG system, the harmonics and high-frequency resonance (HFR) exhibiting the frequency range may show intersections. Nian and Pang (2019) revealed that the coupling between the harmonics suppression control and HFR damping control provided by the harmonics suppressor and HFR damping led to an unstable situation of the DFIG system. Extra detection time of frequency of HFR results in HFR damping performance deterioration. Moreover, it achieves the harmonic current suppression and HFR damping control to further enhance DFIG system power quality associated with parallel compensation of the harmonic grid.
The IEEE 118-bus system uses a 12-bus system to evaluate the performance and effectiveness of the current study. Xiong et al. (2019) presented an optimal virtual inertia planning approach for power system stability improvement with renewable resources of large volumes penetrated by the DFIGs. The critical frequency drops are also exhibited in this study, and the DFIG stability are analyzed first. It calculates the local virtual inertia function form by the stability margin defined by the DFIG’s two predefined operation curves. Then, the planning strategy of virtual inertia is proposed, and the non-convex optimization issue is followed from the homogeneity of the stability margin. It uses the Lyapunov function to resolve these issues. The general stability was promoted, and the coherency level of the system stability margin improved, resulting in the proposed method. In the study by Liu et al. (2020b), with increased wind power penetration, the stability problems of the poor AC grid connection and DFIG-based wind turbines during low voltage could not be neglected. The exploration of the instability process of the DFIG system during the process of weak grid fault and a model based on the small-signal state are specified in this article. The article’s outcome depicted that the work was impacted by the rotor current control loop, phase-locked loop (PLL), and terminal voltage during dominant factor processing.
The system impact factor evaluated comprehensively indicated that the controller bandwidth in the expected condition does not apply to the fault because of the interaction between the grid and controller. It follows the optimized proportion that could be improved significantly. Experiments and simulations have evaluated the efficiency of the suggested system. The permanent magnet synchronous generator depends on wind turbines, and the virtual synchronous machine (VSM) was proposed by Muftau et al. (2020), and all operating modes allow continuous operation and guarantee maximum power point tracking in grid connected operations. In islanded operations, the power generation follows a load. During faults, the lower voltage ride-through capability exists. The optimal performance obtained by VSM stability in all operating models examines large and small perturbations. The linearized state-space model and participator factor analysis perform the VSM’s small-signal stability analysis using participator factor analysis and derived dominant mode controller effects. The VSM’s nonlinear model, dynamic performance, and transient stability analyzed. The VSM’s design guidelines and operational limits were recognized. Li et al. (2016) focused on multiple time delays of delay-dependent stability control for the power system. They designed a multiple time-delayed power system model consisting of PSS with time delays. Two H∞ controls develop schemes for time-varying multiple delayed systems by considering the “Lyapunov stability theory” and “linear matrix inequality” (LMI) method. The New England 10-machine, 39-bus system and a 2-area 4-machine power system were employed to demonstrate the effectiveness of the proposed methods.
Wang et al. (2017) proposed a novel framework consisting of “stochastic differential equations” (SDE) to ease the “long-term stability” analysis with spasmodic wind power generations. This framework considers discrete dynamics, playing a significant role in the “long-term stability” analysis. They developed a “deterministic hybrid model (DHM)” for the “stochastic hybrid model (SHM).” The computing burden of the uncertainty of wind power was reduced, which improves the dynamic stability under mild conditions.
2.7 Parametric stability
The parametric analysis was used to enhance the system stability in wind-penetrated power systems. In parametric analysis, more uncertain parameters were considered to enhance the power system stability.
In wind power assimilated power systems, Shi et al. (2018) focused on the analysis of parametric stability, and for that, they developed the rational fractional representation technique. It improves accuracy when using rational fractional parameters in a fitted parametric state matrix instead of conventional polynomials. For robust stability analysis, the generalized linear fractional transformation was used for standard linear [image: image] system of feedback, to formulate determinant of return difference matrix of value set plots, to apply the mapping theorem, i.e., instead of [image: image], [image: image] is applied, and finally, to exhibit rational fractional uncertainty from the power system’s robust stability. At the same time, analyzing these values is tested on the North China system’s 8647-bus model 547 machine and 11-bus test 4 generator power system, only considering a single DFIG for analysis.
2.8 Voltage stability
Voltage stability means “the ability of a system to maintain steady-state voltages at all the system buses when subjected to a disturbance. If the disturbance is large, then it is called large-disturbance voltage stability.”
Jalali and Aldeen (2019) considered the energy storage devices (ESS), optimal placement, and sizing in wind-intensive power distributed generation. The expected voltage stability margin (VSM) should attain and require ESS size minimization. This study also focuses on reducing the reactive power import and reactive power loss from a network upstream through stochastic optimization, which is risk based and estimates the wind uncertainty. Furthermore, the ESS size required is reduced by additional means such as ESS devices’ reactive power capabilities and wind farms. If the preferred VSM increased, then the required ESS also increased asshown in the results. Yet, this kind of increase shortens using active network management (ANM) tools and voltage stability constraints, which are risk based. The traditional VAR compensation devices have become old and show minor changes for short-term voltage stability of high requirement satisfaction in power systems penetrated with high-level wind power. Hence, Liu et al. (2018b) proposed the STATCOMs technique for optimal dynamic VAR devices and also the power system upgraded with penetration of higher wind power and more excellent retirement of equipment. Three objectives have to be minimized, namely, proximity to steady-state index voltage collapse, retirement costs and upgrades, and unaccepted performance of the transient voltage index by the multi-objective optimization technique. Indefinite dynamic load models and several contingencies are considered in the real-world operating situation simulation. Through wind farm abilities, it designs low- and high-voltage rides. The New England 39-bus system of testing evaluates the proposed method.
Kawabe et al. (2017) specified the photovoltaic (PV) system’s novel dynamic voltage support capability to improve the short-term voltage stability of the power system. The proposed DVS capability injects both active and reactive power in an organized manner. Souxes et al. (2020) focused on enhancing the power system stability issues under unfavorable network conditions with necessary support from wind farm power electronic converters. Protection schemes proposed for a weak transmission and network are integrated into wind farms to enhance long-term voltage stability during reactive emergency support. The schematic diagram of the full converter-based wind turbine is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Wind turbine with full converter.
Milano (2016) proposed power and current injections for voltage and angle stability analysis, the comparison made with two formulations of both current and voltage injections on a dynamic 1479-bus model.
2.9 Small-signal angular stability
Small-signal angular stability means “the ability of synchronous machines of an interconnected power system to remain in synchronism after being subjected to a disturbance.”
Du et al. (2019) evaluated the power system’s small-signal angular stability affected by the virtual synchronous generator (VSG). Based on these two subsystems of the interconnected model the small signal angular stability evaluated. The other subsystem was the rest of the power system (ROPS). Based on these two subsystems of the interconnected model, and evaluated. When the VSG subsystem oscillation mode was in nearness to ROPS subsystem's electromechanical oscillation mode, the damping torque analysis applied indicated to VSG’s strong dynamic interactions for the small-signal angular stability decrease in the power system. Both subsystems’ modal proximity evaluates after setting the VSG parameters and avoids VSG due to the harmful effect of small-signal angular stability’s decrease in the power system. However, the modal proximity is avoided by this proposed article which assists in VSG design parameters. For wind power generation, finally, it offers two example power systems with several VSGs and transmission. Ma et al. (2017c) elaborated the angle stability analysis with multiple operating conditions by considering cascading failures of the power system. Based on the flow transfer theory, the power system divides into various operating conditions. The discrete Markov model establishes to analyze the angle stability.
2.10 Rotor angle stability
Rotor angle stability means “the ability of the system to remain in synchronism when subjected to a disturbance.” The rotor angle depends on the balance between a generator’s electromagnetic and mechanical torque to maintain stability.
To ensure grid security, Zhang et al. (2020) demonstrated that the frequency stability of the current dynamic analysis showed insufficiency because the virtual inertia control had impacted the first swing’s rotor angle stability. The novel virtual inertia control approach investigated in this study for wind turbines enhances the rotor angle stability of the first swing in the interconnected power grid. Here, the virtual inertia’s virtual energy in wind turbines was investigated and evaluated. The conversion of the transient energy system is grouped on the forward and backward directions of the swings of the rotor angle, and their virtual energies effect the two coherent generator groups. High wind penetration with 35% in a two-area interconnected power system has been provided in this study. Furthermore, it is comprised of two DFIG-based wind farms and simulated four traditional power plants. By regulating variable inertias and minimizing the rotor angle difference among coherent generator groups, wind turbines of virtual inertia support with more reliability resulted.
2.11 Stability issues in microgrids
Majumder (2013) described different stability aspects in microgrids and discussed various methods in improving power system stability in DC microgrids. As illustrated in Figure 8, a microgrid can be represented by various micro sources and loads.
[image: Figure 8]FIGURE 8 | Microgrid structure.
The research study by Bhosale and Agarwal (2019) used a fuzzy logic-based novel scheme for power flow control from a ultracapacitor in a battery. To regulate the DC bus voltage firmly, a fuzzy logic controller determines the UC convertor current reference. Low bandwidth controllers were developed to enhance current drawing quality from the battery. The fuzzy controller is simple to develop and does not require the understanding of the mathematical model of the system. Low complexity is assured during execution since it is a controller of single input and single output. Wind-up problems are not visible and faster controller is seen. Compared with the traditional frequency-based control approach, the proposed method shows better performance.
Wang et al. (2018b) described the stability analysis of a microgrid system consisting of a “seashore wave farm” (SWF), an “offshore wind farm” (OWF), and an “offshore tidal farm” (OTF) fed to the onshore power grid through a high-voltage DC (HVDC) link. They proposed VSC-based HVDC link with a PID damping controller, which evaluates a systematic approach by frequency domain analysis based on nonlinear simulations during severe three-phase faults at the power grid side. Puchalapalli et al. (2020) proposed a hybrid energy generation-based microgrid. It designs a bidirectional buck-boost DC-DC converter to improve the microgrid’s stability in various wind and solar weather conditions.
Xia et al. (2022) discussed the large signal stability of the AC microgrid, which is a single energy storage–based AC microgrid, with the nonlinear reduced order model designed to determine system stability during large disturbances.
Krismanto et al. (2021) studied the stability issues in grid-connected microgrids during uncertain conditions in RES. In order to confirm and characterize the modal interaction, three analytical methods were proposed: eigen-trajectories, the cross-participation factor, and the modal interaction index (MII). Monte Carlo (MC) simulation was proposed to determine the eigenvalues of the system and determine the small-signal stability of the system.
Mohamed et al. (2022) explored frequency stability enhancement in an interconnected microgrid. This article uses a fractional order load frequency controller with superconducting magnetic energy storage (SMES) virtual inertia system to assess and improve digital frequency relay coordination. Optimized fractional order controller based on slime mould optimization algorithm improves the coordination method (SMA). In the study by Zhang et al. (2021), voltage-based segment control was used to enhance the transient stability of the DC microgrid. When the DC voltage deviation is within the tolerant range, the VBS control allows SMES to function in the energy storage mode. When the voltage is outside the normal range because of transient power fluctuations, the SMES will carry out transient power regulation.
Hence, the above stated references have been reviewed based on types of stability, and the results of all the analyses are validated using the simulation method, namely, MATLAB/SIMULINK.
3 COMPARISON ANALYSIS
The following section describes the type of stability related to wind power in the power system, comparatively analyzed further and briefly tabulated below in Table 1.
TABLE 1 | Comparison of types of stability with the various existing research studies.
[image: Table 1]Figure 9 depicts the type of stability used in every referenced article and states that transient stability is analyzed primarily in most research studies for other types of stability.
[image: Figure 9]FIGURE 9 | Types of stability reviewed.
Table 2 represents the different controllers used to improve the various types of stability.
TABLE 2 | Different controllers used to improve the various types of stability.
[image: Table 2]4 CONCLUSION
This article gives a concise summary of power system stability issues in large-scale wind-integrated power systems. The increasing wind power penetration has shown several challenges toward the stability types in power system generation due to uncertainty of wind speed. The system dynamic depicts variations in the performance of wind turbines that was also seen in this proposed study. This proposed review focused mainly on the types of stability toward the penetration in wind power generation systems. In most research works, a comparative analysis of sustainability has shown that transient stability has been substantially analyzed and compared with other types of stability like parametric stability, dynamic stability, frequency stability, and others. In recent years, many researchers have focused their studies on stability issues of renewable energy sources–based microgrids. It is the new trend in investigating the stability problems of microgrids. In the future, several other types of stability and analyses of the respective simulations and of their results should be studied in depth.
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voltage better performance than PI-lead BESS under the

permanent and temporary faults in divergent events
10 Jiang and Zhang | The DFIG output power mixes with system mechanical | ® Dynamic characteristics of wind farms connected with | Transient
(2019) power and minimizes the mathematical relationship the grid are improved and obtain a greater transient | stability
and analyzes the superconducting magnetic energy stability performance
storage (SMES) relationship, which improves transient
stability and access location
1 Pico and Johnson | The proposed power plant model considers several The three-phase converter scale shows that the Transient
(2019) factors: PV side dynamics, a closed-loop controller, framework comprises closed-loop controllers, DC side | stability
and a PLL. It is compatible with bulk power system dynamics, and PLL
models
12 Eshkaftaki et al. A designed transient controller (TC) controls the DFIG Furthermore, to enhance $G’s dynamic stability, it Transient
(2020) block, which modifies the generator to the motor recommends the ETBDC-electromagnetic torque band | stability
regime operation mode damping controller, which is also known as two damping
controllers

13 Liu et al. (2016) It employs a locally installed SPSS, switching power Installed SPPS can communicate with the different Transient
System stabilizers for coordination generators to improve stability stability

14 Renedo et al. (2016) | It develops a novel active power control strategy for the In maximum cases, results were very similar. There are | Transient
VSC-HVDC MTDC system by utilizing weighted- no relevant differences stability
average frequency

15 Yousefian et al. Proposed WAC algorithm with “reinforcement By observing the results, WAC increases CCT and Transient

(2017) learning” (RL) and “neural networks” (NNS) stability margins fast stability
16 Husham et al. Decentralized stability enhancement in DFIG A data-centric model predictive control (MPC) is Small-signal
(2022) proposed to supplementary controlling stability
Koopman-based model predictive controller (KMPC)
design used to design converter controlling technique

17 Pan et al. (2018) | The small-signal stability (SSSR) region concept Machine learning employs ML approaches to learn and | Small-signal
extension to the robust small stability region (RSSSR) | implement RSSR boundary predictions stability
wherein the system maintains the stability even during
perturbations The ML approaches learning ability speeds up the

computation on boundary significantly and simplifies the
robust stability analysis of vast and difficult power
systems
18 Sadamoto et al. Retrofit control It designs the decentralized controllers for the DFIGs, | Small-signal
(2018) which improves the oscillation dampings in the wind- | stability
penetrated power systems
The major drawback considered is closed-loop system
stability that has not been assured theoretically

19 Huang et al. (2020) | Online identification of generalized short circuit ratio | ® Using PMU’s online stability monitoring is very Small-signal

convenient stability
20 Ma etal. (20172) | Virtual inertia control of DFIG by considering PLL To extend this work for all large-scale interconnected | Small-signal
systems during different operating conditions with stability
‘mechanical inertia on system stability with all aspects

21 Ma etal. (2017b) | Robust stochastic stability It presents stability improvement methods by Small-signal
considering stochastic parameters with virtual inertiaand | stability
PLL of DFIG

2 Wen etal. 2017) | Decoupled DQ frame dynamics with generalized It demonstrates stability studies of various power- Small-signal
Nyquist stability criterion (GNC) electronics devices with characteristics of distributed stability

power systems with the new DQ framework

23 Liu et al. (2020a) | Damping solutions for PLL oscillations and their A new mixed damping controller H,/Hoo was designed | Small-signal
influence factor for DFIG to minimize PLL oscillations stability

24 Liu et al. (2018a) It uses the single machine infinite-bus system design By new stability criteria, it quantifies SSR stability, which | Stability of SSR

analyzes the features of impedance frequency
Even for wind power systems on a large scale, this
proposed system has analyzed the SSR issue
25 Karunanayake et al. | Nonlinear sliding mode control SMC proposed based | @ This proposed method controls the rotor side converter, | Stability of SSR
(2020) on mitigation method as sub-synchronous assuring the sustainability of reactive power and
resonance (SSR) decoupled torque of DFIG control ability to mitigate SSR
26 Ma et al. (2020) Lyapunov stability criteria ‘The DFIG dynamic energy was determined with negative | Stability of SR
gradient intensity, comparing PLL parameters, line
resistance, and series compensations to enhance stability
27 Rahman et al. A probabilistic clustering approach is proposed A probabilistic clustering framework that uses four Probabilistic
(2022) different clustering algorithms to represent the stability
aggregated wind farm model that occurs most frequently
over the course of an entire year

28 Chen et al. (2018) | Assessing the probabilistic stability of SSR using Because of the switching among DFIG's various Probabilistic
piecewise probabilistic collocation method (PPCM) operational modes, the PPCM tackles the inherent stability of SR
with respect to random wind speed nonlinearity

29 Bian et al. (2016) | “Modified fruit fly optimization algorithm (MFOA) “Modified fruit fly optimization algorithm” (MFOA) Probabilistic
with a probabilistic approach” employed stability of SR

‘The best coordination between PSS and SVC damping
controllers, which improves the entire “probabilistic
small-signal stability” of grid integrated wind farms

30 Wen etal. (2018) | AC/VSC-based MTDC system It examines the onshore AC grid and offshore Frequency
‘multiterminal DC grid-based voltage source convertor | stability
VSC-MTDC operation to improve its frequency stability
Among the GVSCs and WVSCs, the coordinate control
approach is expected to be examined

31 Zhan et al. (2019) | Analysis of frequency-domain modal technique For finding electromagnetic oscillations, the frequency- | Frequency
domain method is developed stability
It is verified on two case studies and verified with EMT
simulations

32 Hanetal. (2022) | Discrete-time domain modal analysis SO issues are investigated using discrete-time domain | Frequency

modal analysis stability
The frequency and damping ratio in the discrete-time

domain calculated

Eigenvalues calculated in depth by using participation

factors

33 Toulabi etal. (2018) | Supplementary frequency optimal controller designed A proportional-derivative frequency controller is Frequency

proposed and tested in a wind farm with several VSWTs | stability

34 Yang et al. (2022) Power compensation control schemes proposed for In order to compensate for the power loss on the Frequency
power converters network, the active power of WT is subject to control | stability

35 Li et al. (2021) SMES-based damping controller is designed In the article, a finite Markov decision process is utilized | Frequency

and anagent that is based on deep reinforcement learning | stability
(DRL) is selected in order to obtain the optimal
parameters

36 Shi et al. (2019) Wind power penetrated power system’s robust stability | ® Dynamic stability (D-stability) issue analyzed by focusing | Dynamic
analysis is investigated on the constraint of damping ratio for power system stability

analysis

37 Li et al. (2019) Feedback control approaches were appropriate for The feedback control approaches modulate the order of | Dynamic
vector-based voltage source converters and engaged in DC-link voltage and power order stability
type-3 and type-4 wind testbeds

Finally, the efficient capability of stability improvement is
seen with further enhancement in wind power delivery
38 Nian and Pang ‘When a harmonic grid with parallel compensation Coupling among harmonics suppression control and Dynamic
(2019) joins the DFIG system, the harmonics and high- HER damping control leads to an unstable situation of | stability
frequency resonance (HFR) exhibiting the frequency the DFIG system
range may show intersections

39 Xiong et al. (2019) | An optimal virtual inertia planning approach for The non-convex optimization issue followed from the | Dynamic

power system stability improvement homogeneity of stability margin is solved by using the | stability
Lyapunov function
To evaluate the performance and effectiveness of the
current study, it uses IEEE 118-bus system and a 12-bus
system

40 Liu et al. (2020b) | DFIG-based wind turbines during low voltage The instability process of the DFIG system during the | Dynamic

process of weak grid fault, a model based on the small- | stability
signal state has been specified

41 Muftau etal. (2020) | For permanent magnet synchronous generator that It uses linear and nonlinear models Dynamic
depends on wind turbines, the virtual synchronous stability
machine (VSM) is proposed in this article that allows | ® It recognizes the VSM’s design guidelines and operational
continuous operation in all operating modes limits

2 Li et al. (2016) “Lyapunov stability theory” and “linear matrix By utilizing Lyapunov stability theory, it designs a new | Dynamic
inequality” (LMI) method Hoo controller stability

13 Wang et al. (2017) | Developed “deterministic hybrid model” (DHM) for By considering various uncertainties to extend this work | Dynamic
the “stochastic hybrid model” (SHM) with this framework further to studying the stability | stability

analysis of power systems

14 Shi et al. (2018) Developed a rational fractional representation Focused on the analysis of parametric stability Parametric
technique stability

The power system's robust stability
Exhibits a rational fractional uncertainty
It considers only a single DFIG for analysis
45 Jalali and Aldeen | Energy storage services (ESS) in wind intensive power | e For ESS size minimization, the expected voltage stability | Voltage stability
(2019) distributed generation and voltage stability margin (VSM) should be attained
Active network management (ANM) tools and
constraints of voltage stability for minimization, which it
considers as risk-based

46 Liu et al. (2018b) Proposed STATCOMs techniques for the optimal The power system upgraded with penetration of higher | Voltage stability
dynamic VAR devices with multi-objective wind power and greater retirement of equipment
optimization techniques

r Kawabe et al. A novel dynamic voltage support (DVS) capability It improves short-term voltage stability of PV farm with | Voltage stability

(2017) novel DVS capability

48 Souxes et al. (2020) | Emergency maximum reactive Long-term voltage stability of wind farms tested Voltage stability
Support control scheme

19 Milano (2016) Computational current and power injection models ‘The proposed formulation for current and power Voltage stability

injection methods for angle and voltage stability

50 Du etal. (2019) ‘The modal proximity avoided by this proposed article After setting the VSG parameters, it evaluates the two- | Small-signal
which assisted VSG design parameters subsystem modal proximity and avoids VSG due to the | angular stability

harmful effect of small-signal angular stability’s decrease
in the power system

51 Ma etal. 2017¢) | Cascading failure It proposes the discrete Markov power system model | Small-signal

considering cascading failure during different operating | angular stability
conditions for determining angle stability of power
system

52 Zhang et al. (2020) | The novel virtual inertia control approach is It simulates two DFIG-based wind farms and four Rotor angle
investigated in this study for wind turbines that traditional power plants stability
enhances the rotor angle stability of the first swing in
the interconnected power grid

53 Majumder (2013) | Improvement of various types of stability issues in It describes different types of microgrid stability studies | Microgrid
microgrids with enhanced methods stability

54 Bhosale and For ultracapacitor, it proposes the fuzzy logic-based It can enhance with Al and machine learning Microgrid

Agarwal, (2019) novel scheme for power flow control stability
55 Wang etal. (2018b) | Designed a damper controller placed at the converter | ® A grid-connected microgrid structure consisting of a | Microgrid
station of the HVDC link large DFIG “offshore wind farm,” PMSG-based “offshore | stability
tidal farm,” and DFIG-based “seashore wave farm,”
stability improvement, and power flow control methods
proposed
56 Puchalapalli et al. “Rotor side VSC and bidirectional buck-boost A microgrid is developed consisting of DFIG, DG, and | Microgrid
(2020) converter” proposed solar PV array with BES, and steady-state and dynamic | stability
performance of the microgrid studied

57 Xiaetal (2022) | “Large-signal stability analysis and control in AC ‘The nonlinear reduced-order model of small-scale Microgrid
microgrid” alternating current microgrids with a single storage is | stability

established as valid

58 Krismanto et al. Grid-connected microgrid stability in uncertain RES Monte Carlo (MC) simulation is proposed to determine | Microgrid

(2021) the eigenvalues of the system stability

59 Mohamed et al. “Enhancement the frequency stability and protection A fractional order load frequency controller with Microgrid

(2022) of interconnected microgrid” superconducting magnetic energy storage (SMES) virtual | stability
inertia system is used to assess and improve digital
frequency relay coordination

60 Zhang et al. (2021) | “Voltage-based segmented control of superconducting Voltage-based segment control is used to improve the | Microgrid

‘magnetic energy storage in DC microgrid” transient stability of DC microgrid when the DC voltage | stability

S T T ———

deviation is within the tolerant range

VBS control allows SMES to function in the energy
storage mode

re 9.
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