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Recently, the power systems with a high penetration of renewables and power electronics have come into being. In these power systems, complex system dynamics, emergency faults, and insufficient frequency regulation reserve pose threats to system frequency stability. Based on the clustering development of energy storage, to ensure the system frequency stability when emergency faults occur, this paper proposes a decentralized frequency emergency control (FEC) strategy considering the participation of energy storage clusters (ESCs). First, the overall framework of the optimal-droop-based FEC strategy is introduced, which achieves the coordination between FEC and conventional frequency regulation strategies. Second, to appropriately allocate the unbalanced power among the generators and ESCs, a general design method for optimal droop coefficients is proposed, which is applicable to various control objectives. The optimality of the droop coefficients is rigorously proven. This case study is carried out on an electromagnetic transient simulation platform, and the simulation results verify the effectiveness and optimality of the proposed FEC strategy.
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1 INTRODUCTION
With the vigorous development of renewable energy generation and the integration of a large number of power electronic devices [such as high-voltage direct current (HVDC) transmission systems], the power systems with a high penetration of renewables and power electronics have come into being (Xu et al., 2022; Yang et al., 2022; Zhu et al., 2022). In such power systems, the complex system dynamics have brought new challenges to the system operation and control (Pillai et al., 2020; Yang et al., 2021a). This paper focuses on the frequency control in the power systems with a high penetration of renewables and power electronics. On one hand, the emergency faults (e.g., HVDC blocking faults) are prone to occur in the power systems with a high penetration of renewables and power electronics, which will cause considerable unbalanced power and seriously threaten the system frequency stability. On the other hand, due to the integration of a large number of power electronic devices, the frequency regulation reserve and the inertia level of the power systems are insufficient, which cannot meet the frequency regulation requirements in case of emergency faults (Lyu et al., 2021; Zhang et al., 2023). Therefore, in the power systems with a high penetration of renewables and power electronics, the conventional frequency regulation strategies might not ensure system frequency stability, and frequency emergency control (FEC) strategies are urgently required.
Traditional FEC strategies in power systems mainly include generator-tripping strategies and load-shedding strategies. However, the above strategies usually cause serious economic losses (Song et al., 2016; Li et al., 2020; Darbandsari and Amraee, 2022). In recent years, energy storage technology has been developing rapidly, which effectively promotes the integration of renewable energy generation and facilitates the secure and stable operation of power systems. Considering the clustering development of energy storage, multiple energy storage systems within a certain region can be regarded as an energy storage cluster (ESC). In the transmission network, an ESC equivalently performs as energy storage with fairly large capacity and strong regulation ability. Therefore, if the cluster energy storage is able to participate in the frequency emergency control of the power system, system frequency stability can effectively be improved (Teixeira and Carmen, 2020; Zhang et al., 2021). However, currently, there is no research basis about the frequency emergency control considering the participation of ESCs, and the following issues need to be solved: (i) In which way (centralized, distributed, or decentralized) can the ESCs participate in FEC? (ii) How to reasonably allocate the unbalanced power among multiple ESCs for fairness consideration? (iii) How to coordinate FEC and the conventional frequency regulation strategies? This paper aimed to address the above issues.
Currently, there is no research about the FEC design considering the participation of ESCs in the existing literature. However, if ESCs are regarded as one kind of flexible frequency regulation resources (flexible frequency regulation resources include renewable energy generation systems and HVDC transmission systems), there are studies being carried out to utilize the short-time overload capability of HVDC transmission systems to provide frequency emergency support for power systems. Xu et al. (2015) proposed a response-based FEC method for AC–DC hybrid systems, which outputs the DC power emergency control order based on the real-time response characteristics of the power system operation. However, the FEC strategy in the the work of Xu et al. (2015) is a centralized strategy. On one hand, the centralized control strategy requires a control center to collect system global information, calculate the control commands, and send the commands to the local control units; thus, the centralized control strategy has high requirements for the efficiency and reliability of the communication system. On the other hand, the single-point faults are prone to occur when adopting the centralized control strategy, which might cause control mismatch when emergency faults occur. Therefore, the decentralized control logic that does not require communication among control units is more appropriate when designing FEC strategies. Torres L. et al. (2014) and He et al. (2023) proposed the decentralized virtual-synchronous machine (VSG)-based control strategy for energy storage, which enables energy storage to provide both frequency and inertia support for the power systems. However, the control strategy in the work of Torres L. et al. (2014) and He et al. (2023) is a proportional-integral-derivative (PID)-type control, and the control parameter selection of the PID-type control usually relies on subjective judgment and practical engineering experience, which makes it difficult to optimize the control parameters. Droop control is a type of decentralized control logic that is easy to optimize the parameters and has wide applications in engineering practices. Hence, if the droop control is utilized for the FEC design, the unbalanced power can be reasonably distributed by the optimal selection of the droop coefficients. Han et al. (2023) proposed a joint cooperative frequency control method for multiple energy storage systems based on the droop control, which selects the droop coefficients by the centralized estimation of the maximal frequency deviation and realizes the power allocation among multiple energy storage systems. Li et al. (2021) proposed a primary frequency regulation strategy for energy storage based on dynamic droop coefficients and dynamic set-point of the state of charge (SoC), which adaptively adjusts the droop coefficients according to the real-time SoC of energy storage. Both the centralized optimization of droop coefficients and the adaptive droop design is carried out for a single control objective. However, in engineering practice, different control objectives are usually selected according to the actual operating conditions; thus, it is of vital significance to study the unified droop coefficient optimization method that can be applied to a variety of control objectives.
In summary, in order to enable ESCs to participate in the FEC of power systems in a decentralized manner, this paper proposes a decentralized FEC strategy based on the optimal droop. First, the overall scheme of the optimal-droop-based FEC is proposed to realize the cooperative participation of the ESCs and the synchronous generators in the control process. Then, in order to reasonably allocate the unbalanced power among multiple control units, a unified construction method of the optimal control problem is proposed by selecting two different typical control objectives in engineering practice, and the analytical expressions of the optimal droop coefficients are provided. Furthermore, the optimality of the droop coefficients is proven rigorously.
The subsequent sections of this paper are organized as follows: Section 2 introduces the state-space modeling of the power system with ESCs. Section 3 introduces the overall scheme of the optimal-droop-based FEC, formulates the optimal control problem, provides the expression of the optimal droop coefficient, and rigorously proves the optimality. Section 4 builds a test power system with ESCs based on the electromagnetic transient (EMT) simulation platform and verifies the effectiveness and optimality of the proposed FEC strategy. Section 5 provides the conclusion to this paper.
2 MODELING
This section introduces the power system model with ESCs. Figure 1 shows the system topology, where [image: image] ESCs and [image: image] synchronous generators are connected to the transmission networks. Below is a detailed introduction to the state-space model of the power system with ESCs, which facilitates the subsequent control design and parameter optimization.
[image: Figure 1]FIGURE 1 | Topology of the power system with ESCs.
From the perspective of graph theory, the power system with ESCs can be represented as a graph [image: image], where the nodes [image: image] denote the buses in the power system and the edges [image: image] denote the transmission lines (Kundur et al., 1994). The power system with ESCs comprises three types of buses, i.e., the generator buses, the ESC buses, and the load buses. The sets of the above three types of buses are represented by [image: image], [image: image], and [image: image], the number of the three types of buses are [image: image], [image: image], and [image: image], and the number of all buses is [image: image]; then, we have [image: image] and [image: image]. Considering the fast power adjustability of ESCs, when neglecting the power regulation dynamics of ESCs and only considering the second-order dynamic model of the synchronous generators, the state-space model of the power system with ESCs is expressed as the differential algebraic equations (DAEs), as shown below (Wang et al., 2017; Yang et al., 2019). The DC power flow model is adopted in the state-space model, which is reasonable for transmission networks.
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where [image: image] represents the phase angle at node i, [image: image] represents the frequency deviation at node i, [image: image] represents the inertia time constant of the synchronous generator i, [image: image] represents the power injection at node i, [image: image] represents the rated power of the synchronous generator i, [image: image] represents the rated power of ESC i, [image: image] represents susceptance of the line [image: image], [image: image] represents the transmission power of line [image: image], [image: image] represents the droop coefficient of the generator i (which can also be expressed as the damping coefficient of the generator i), and [image: image] represents the power regulation of ESC i. Based on the above system model, the following is the detailed design of the FEC strategy considering the participation of ESCs.
3 FREQUENCY EMERGENCY CONTROL DESIGN
In this section, the overall scheme of the optimal-droop-based FEC is provided first. Then, the optimal control problem is formulated, the design method of optimal droop coefficients is introduced, and the optimality of the droop coefficients is rigorously proven. Moreover, the engineering deployment scheme of the designed control strategy in the power system with ESCs is provided.
3.1 Overall control scheme
Based on the practical engineering needs, the FEC strategy considering the participation of ESCs should meet the following three requirements: (i) Since the designed control strategy mainly deals with emergency faults, ESCs should only work in the case of emergency faults and not participate in the conventional frequency control (e.g., primary frequency regulation). (ii) In order to enable ESCs to respond quickly and reliably to emergency faults, the FEC strategy should be designed as a decentralized strategy that does not require communication among control units. (iii) In order to reasonably distribute the unbalanced power among multiple control units during control process, the control parameters should be optimally selected to meet certain control objectives (e.g., the two control objectives selected in Section 3.2).
According to the above three requirements, this paper adopts the decentralized droop control idea to design the frequency emergency control strategy. We assume that ESCs and the generators can provide enough power support to deal with the unbalanced power, and so, the load-shedding strategies are not considered. The overall scheme of the optimal-droop-based FEC strategy is shown in Figure 2, which mainly comprises three parts. Since ESCs do not participate in conventional primary frequency regulation, the ESC droop control and the primary frequency control are independent of each other, and the control scheme shown in Figure 2 should be designed to make the ESC droop control to work as a supplementary support for primary frequency control in emergency situations.
[image: Figure 2]FIGURE 2 | Framework of the optimal-droop-based FEC.
3.1.1 Deadband setting
When a fault occurs and causes the system frequency to change, the deadband setting is used to determine whether it is an emergency fault and whether the droop control of ESCs needs to be enabled. There are two commonly used deadband setting methods, namely, the frequency deviation limitation and the frequency change rate limitation. This paper adopts the frequency deviation limitation method. Considering frequency drops in the transmission network, the system operator would like to utilize the ESC power support instead of the load-shedding strategies to deal with emergency faults. Thus, the frequency limitation value of the deadband is supposed to be higher than the trigger value of the load-shedding strategies.
3.1.2 SoC checking
If it is necessary to enable the droop control of ESCs, SoC checking is further performed for each ESC. If the SoC of an ESC is lower than a certain threshold, the droop control of that ESC is blocked.
3.1.3 Droop coefficient optimization
In order to achieve a reasonable distribution of the unbalanced power among multiple ESCs and multiple synchronous generators, the droop coefficients of the ESCs and synchronous generators are optimized cooperatively. The formulation of the specific optimization problem and the optimal droop coefficients are described in detail in Section 3.2 and Section 3.3, respectively.
3.2 Problem formulation
In the FEC process, in order to reasonably distribute the unbalanced power among multiple ESCs and multiple synchronous generators, the optimal droop coefficients are obtained by formulating the optimal frequency emergency control problem. The optimization objective of the optimal frequency emergency control problem is to minimize the defined control cost. In the following, the two typical control objectives were selected to illustrate the general formulation method of the optimal frequency emergency control (OFC) problem.
3.2.1 Control objective I
ESC with a larger power regulation margin (PRM) provides more emergency power support. Let [image: image] be the power regulation of the generator i, and we define the control cost of the generator i as the classical quadratic function as follows (Wood et al., 2013):
[image: image]
where [image: image] represents the cost coefficient of the generator i. For each ESC, the power regulation margin is defined as the difference between the power limit and the current operating power. In order to make ESCs with a larger power regulation margin provide a more emergency power support, the control cost of ESC i under control objective I is defined as follows:
[image: image]
where [image: image] represents the cost coefficient of ESC i for control objective I and [image: image] represents the power regulation margin of ESC i. The total control cost of the power system is the sum of the control costs of the control units in Eqs 5 and 6.
3.2.2 Control objective II
ESC with larger SoC provides more emergency power support. The cost function of the generator is still as shown in Eq. 5. For each ESC, in order to make the ESC with larger SoC provide more emergency power support, the control cost of ESC i under control objective II is defined as follows:
[image: image]
where [image: image] represents the cost coefficient of ESC i under control objective II and [image: image] represents the SoC of ESC i. Similarly, the total control cost of the power system is the sum of the control costs shown in Eqs 5 and 7.
In engineering practice, a variety of control objectives are usually considered comprehensively. For example, if the above two control objectives need to be considered in FEC, the above two control costs is weighted, and the control cost of ESC i is
[image: image]
where [image: image] and [image: image] represent the weights corresponding to the two control objectives, and we have [image: image]. If only one control objective needs to be considered, the weight of the other control objective is set to 0. Comparing Eqs 6–8, the control costs related to ESCs under two control objectives are both in quadratic form; thus, if the control costs of ESCs can be reasonably defined as a quadratic form of the power regulation, according to the practical control objectives, the general optimal droop coefficient design method proposed in this paper can be applied. In practical system operation, the system operator can choose an appropriate control objective, according to practical requirements. In the subsequent part, the weighted control objective shown in Eq. 8 is used as an example for theoretical analysis, and control objective I and control objective II are verified in this case study.
When considering both control objective I and control objective II, the OFC problem is shown as follows:
[image: image]
where the constraint represents the power balance constraint of the entire power system. Based on the OFC problem shown in Eq. 9, the next section presents the optimal droop coefficient design method.
3.3 Optimal droop coefficients
Since the OFC problem shown in Eq. 9 is strictly convex, there exists at most one global optimal solution and no suboptimal solution. We assume that the OFC problem shown in Eq. 9 is feasible; then, the optimal droop coefficients of the generators and ESCs are analytically expressed as follows:
[image: image]
Furthermore, the design idea of the optimal droop coefficients is illustrated; i.e., when the optimal droop coefficients shown in Eq. 10 are adopted, the closed-loop system dynamics are equivalent to the partial primal-dual algorithm which solves the OFC problem shown in Eq. 9. Let
[image: image]
From Eq. 9, the objective function of the dual OFC problem is (Boyd, Boyd, and Vandenberghe, 2004)
[image: image]
where [image: image] represents the dual variable. Then, solving the infimum problem of Eq. 12, we have
[image: image]
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According to Eqs 13 and 14, the dual variable [image: image] represents the common variable of all buses; thus, the communication among buses is required when solving the OFC problem. In order to make the control process decentralized, let [image: image], and we have [image: image] at the optimal solution of the OFC problem.
The dual OFC problem (DOFC) is expressed as follows:
[image: image]
The Lagrangian function of the DOFC problem is
[image: image]
where [image: image] represent the Lagrangian multiplier. Applying the partial primal-dual algorithm to solve the DOFC problem, we have
[image: image]
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where [image: image] and [image: image] represent the iteration step sizes. If we equivalently replace [image: image] and [image: image] by [image: image] and [image: image], respectively, and set the step size [image: image] and [image: image], then Eqs 17–20 are identical to the closed-loop system dynamics in Eqs 1–4. Therefore, under the setting of the optimal droop coefficients, the closed-loop system dynamics is equivalent to a partial primal-dual algorithm which solves the OFC problem shown in Eq. 9. Furthermore, according to Eq. 14, when [image: image] is equivalent to [image: image], the optimal droop coefficients are shown as Eq. 10.
3.4 Optimality analysis
This section proves the optimality of the droop coefficients in Eq. 10 rigorously. Since the OFC problem (Eq. 9) is a strictly convex optimization problem and the constraints are all linear, the Karush–Kuhn–Tucker (KKT) conditions can describe the optimal solution of the optimization problem (Shen et al., 2017; Yang et al., 2021b). We choose the phase angle of bus 1 as the reference phase angle, and the relative phase angle is defined as [image: image]; then, we have
[image: image]
Let [image: image], [image: image], [image: image], and [image: image]. The Lagrangian function of the OFC problem (Eq. 9) is
[image: image]
Then, we have the following theorem about the optimality.
Theorem 1. When the droop coefficients (Eq. 10) are adopted, if [image: image] is the equilibrium point of the closed-loop system (Eqs 1–4), then the [image: image] corresponding to the equilibrium is the optimal solution of the OFC problem (Eq. 9).
Proof: To prove Theorem 1, we only need to show that the KKT conditions of the OFC problem are satisfied at the equilibrium point of the closed-loop system (Eqs 1–4). When at the equilibrium point, we have [image: image] and [image: image]; thus, we observe
[image: image]
where [image: image] represents the synchronous frequency deviation at the equilibrium point. As mentioned before, [image: image] is equivalent to [image: image]; then, we let [image: image]. According to the optimal droop coefficients (Eq. 10), we have
[image: image]
Therefore, the stationary conditions of KKT conditions are satisfied (M. Li, 2019). Furthermore, by substituting [image: image] into Eqs 2–4, and adding up Eqs 2–4, under the concept of the relative phase angle, we have
[image: image]
Thus, the feasibility conditions of KKT conditions are also satisfied. In summary, KKT conditions are satisfied at the equilibrium point of the closed-loop system, and the corresponding [image: image] is the optimal solution of the OFC problem (Eq. 9), which completes the proof.
3.5 Control implementation
The implementation scheme of the optimal-droop-based FEC strategy in the ESC system is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Control implementation in the ESC system.
At the droop control layer, the frequency signal at the grid-connected point is first measured by the phase-locked loop (PLL), and then, the frequency signal is input into the droop controller through the filter. The droop controller outputs the power control command for ESC. At the ESC control layer, the power control of ESC is mainly realized by the power conversion system (PCS), which is usually comprised of the DC–AC bidirectional converter and the control unit. The PCS is connected between the battery system and the power grid and realizes the bidirectional power conversion, which makes the ESC system have a constant power control mode, constant power factor control mode, and constant current control mode. Therefore, when the constant power control mode is adopted, ESC can realize rapid power regulation, according to the power control command from the droop controller, and provide emergency power support.
4 CASE STUDY
4.1 Test system
This section verifies the effectiveness and optimality of the proposed FEC strategy. A test system with ESCs is built on the electromagnetic transient (EMT) simulation platform, and the topology of the test system is shown in Figure 4. In this test system, the AC transmission network adopts the IEEE 39-bus system, which contains seven generators and is connected to three ESCs (ESC1, ESC2, and ESC3). The proposed optimal-droop-based FEC strategy is implemented in ESCs, and the generators adopt the primary droop control.
[image: Figure 4]FIGURE 4 | Topology of the test system.
Let the active power base-value of the test system be [image: image] MW and the cost coefficients of the generators be [image: image] p.u., [image: image] p.u. The relevant parameters of ESCs are shown in Table 1.
TABLE 1 | Parameters of ESCs.
[image: Table 1]Based on the above parameter settings, the optimal droop coefficients can be obtained, according to Eq. 10. It should be noted that in order to reflect the control effect of the FEC strategy under two control objectives, the two control objectives are verified separately in the subsequent case analysis; i.e., when adopting control objective I, [image: image] and [image: image], and when adopting control objective II, [image: image] and [image: image]. In order to verify the optimality of the droop coefficients, we define the average droop coefficient as the average value of the optimal droop coefficients. The optimal droop coefficients of the generators under both control objectives are [image: image] p.u., [image: image] p.u. The average droop coefficient of the generators is 6.43 p.u. The optimal/average droop coefficients of ESCs under both control objectives are shown in Table 2.
TABLE 2 | Optimal/average droop coefficients of ESCs.
[image: Table 2]We set a [image: image]-MW unbalanced power as the emergency fault in the transmission network and conduct EMT simulation. The simulation results and analysis are shown below.
4.2 Effectiveness verification
First, the effectiveness of the FEC strategy considering the participation of ESCs is verified. We set two groups of simulations: (i) ESCs have no droop control. (ii) ESCs are implemented with droop control, and the droop coefficients are the optimal droop coefficients under control objective I. The system frequencies in the two groups of simulations are shown in Figure 5, and the active power of ESCs is shown in Figure 6.
[image: Figure 5]FIGURE 5 | Frequency of the test system.
[image: Figure 6]FIGURE 6 | Active power of ESCs. (A) ESC without a droop control. (B) ESC with a droop control.
According to Figure 5, it can be seen that when ESCs have no droop control, after the emergency fault occurs, the steady-state frequency of the system is lower than 49.8 Hz, and the frequency overshoot is large, which would have caused serious frequency instability in practical engineering. When ESCs are implemented with the designed optimal droop control, after the emergency fault occurs, the steady-state frequency of the system is higher than 49.8 Hz, and the frequency overshoot is small. Therefore, the FEC strategy, considering the participation of ESCs, can effectively enhance the frequency stability of the power system and can improve the steady-state and transient characteristics of the system frequency response.
Furthermore, as shown in Figure 6A, since ESCs have no droop control, after the emergency fault occurs, the steady-state active power of ESCs remains unchanged. Figure 6B shows that the power of ESCs is rapidly increasing under the effect of the droop control, which effectively supports the system frequency after the emergency fault. The above results verify the effectiveness of the FEC strategy, considering the participation of the ESCs.
4.3 Optimality verification
This section verifies the optimality of the FEC control strategy. For the two control objectives, let the ESCs adopt the optimal droop coefficients and the average droop coefficients, respectively. Under the same emergency fault setting, the active power of ESCs is output to verify the control objectives. The active power of ESCs under control objective I is shown in Figure 7, and the active power of ESCs under control objective II is shown in Figure 8.
[image: Figure 7]FIGURE 7 | Active power of ESCs under control objective I. (A) Optimal droop coefficients. (B) Average droop coefficients.
[image: Figure 8]FIGURE 8 | Active power of ESCs under control objective II. (A) Optimal droop coefficients. (B) Average droop coefficients.
According to Figure 7, since the active power upper bounds of the three ESCs are set to be the same, the power regulation margins of the three ESCs satisfy [image: image]. Figure 7A shows that when ESCs adopt the optimal droop coefficients, the power regulation satisfies [image: image]. Figure 7B shows that when ESCs adopt the average droop coefficients, the power regulation of each ESC is the same. Therefore, the optimal droop coefficients satisfy control objective I; i.e., the ESC with a larger power regulation margin provides more power support.
As shown in Figure 8, when considering control objective II, the SoC of the three ESCs satisfy [image: image]. Figure 8A shows that when ESCs adopt the optimal droop coefficients under control objective II, the power regulation satisfies [image: image]. Figure 8B shows that when the average droop coefficients are adopted for ESCs, the power regulation of each ESC is identical. As a result, the optimal droop coefficients satisfy control objective II; i.e., the ESC with larger SoC provides more power support. In summary, the optimality of the FEC strategy is verified, and the design method of the optimal droop coefficients proposed in this paper can be applied to different control objectives, which illustrates the generality of the design method.
5 CONCLUSION
In this paper, a decentralized FEC strategy considering the participation of ESCs is proposed to effectively ensure the frequency stability of the power systems with a high penetration of renewables and power electronics. First, an overall scheme of the optimal-droop-based FEC strategy is proposed, in which the deadband setting realizes the coordination between the FEC strategy and the conventional frequency regulation measures. Then, in order to reasonably allocate the unbalanced power among multiple ESCs and multiple generators, a unified design method for optimal droop coefficients is proposed based on two typical control objectives. The optimal frequency emergency control problem is formulated, and the optimal droop coefficients are obtained analytically. Furthermore, the optimality of the droop coefficients is rigorously proven based on KKT conditions, and the implementation scheme of the proposed FEC strategy in engineering practice is provided. In this case study, a full EMT simulation model of a power system with ESCs is built, and the simulation results verify the effectiveness and optimality of the proposed FEC strategy.
Considering the future extensions of this paper, the FEC strategy with the participation of multiple flexible frequency regulation resources is suggested to be studied, and the coordination mechanism of multiple energy storage systems within one ESC when participating in the FEC strategy should be investigated further.
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