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Owing to the challenges of unstable generation and random load disturbance in new energy power system, this paper integrates the battery energy storage model into the traditional load frequency control (LFC) framework, and proposes a LFC scheme based on adaptive global sliding mode control to stabilize the frequency of power systems amid unpredictable load frequency deviation. First of all, the nonlinear time-varying function is added to the sliding mode surface to make the system globally robust. Then, an adaptive sliding mode control law is crafted to dynamically adjust the frequency variations caused by random load disturbance. Moreover, by utilizing the improved Lyapunov function and Bessel-Legendre inequality, the stabilization criteria of multi-area interconnected power system are built. Finally, the efficacy of the proposed method is demonstrated through single and double area LFC simulation experiments with the common system parameters.
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1 INTRODUCTION
With the increasingly severe global energy crisis and the sharp decline in non-renewable resources, new energy generation will become a major trend of power system (Tan et al., 2023). The reliability of power systems that integrate wind, solar photovoltaic (SPV) and battery energy storage (BES) is also improved (Kundu et al., 2021; Kundu et al., 2023). However, the output uncertainty of new energy generation is large, bringing challenges to the frequency stability of power system (Wang et al., 2022a; Zhang et al., 2023a; Ojha and Maddela, 2023). When the frequency of the power system fluctuates prominently, the equipment of power system is likely to fail to work properly. In severe cases, the power system may collapse, triggering large-scale power outages. In order to avoid the above circumstances, it is particularly vital to maintain the frequency stability of the power system. And LFC is a vital method to confine the frequency deviations of power system within certain pre-specified limits (Ranjitha et al., 2022; Khokhar and Parmar, 2023; Singh and Ramesh, 2024). Therefore, LFC is critical for ensuring the stable operation of power system, which is of great significance and research value for further study.
In order to control the load frequency, numerous researchers and scholars have conducted in-depth studies on LFC, and a number of LFC method strategies have been proposed, such as proportion integration differentiation (PID) control, predictive control, fuzzy control, and so on. In Veerendar et al. (2023), a dual-loop control method was proposed by using teaching-learning optimization (TLO) for the LFC of a multi-area non-heating thermal power system (NRTPS), which prominently improved the response of the system. In Sharma et al. (2022), a proportion integration (PI) controller was designed to determine the parametric uncertainty margin (PUM) to cope with problems caused by the changes of parameters. From Tang et al. (2023), a model predictive control (MPC) technique was presented, and a state feedback MPC controller was designed to deal with wind interference, communication delay, and denial-of-service (DoS) attacks. In Naderipour et al. (2023), based on the fuzzy logic, through a novel meta-heuristic whale algorithm, a self-tuning controller was designed to enable the proposed controller to operate better. In Hasen et al. (2023), a frequency-domain exact method was presented to increase the LFC system stability delay margin. For active/reactive power (AP/RP) regulation and energy storage management of an independent microgrid (MG), a new type-2 fuzzy logic control (T2FLC) was proposed to reduce voltage oscillation created by variation of output power in Mohammadi Moghadam et al. (2022). From Li and Ye (2022), for nonlinear interconnected power systems under a switching topology, a new event-based distributed fuzzy LFC approach was presented to ensure the asymptotic stability of the system. In Zhang et al. (2023b), for large-scale wind farm control, through introducing a multivariate power model, a communication based reinforcement learning method was presented to achieve satisfactory output power and stable performance. Although the above approaches enhance the performance of LFC, they are more demanding in terms of system and more difficult to implement physically. Besides, they are not robust to system uncertainties. Compared with these methods, sliding mode control (SMC) boasts numerous advantages. Firstly, the stability of it is high. When facing external disturbances in power system, appropriate control laws can be chosen to cope with the external disturbances, thus keeping the system frequency within the expected range. Secondly, the response is swift, enabling quick restoration of power system frequency through state transitions on the sliding mode surface. In addition, its physical implementation is simple and does not need a high standard of structure for the system, which can be applied in practice in a short time. So, the SMC is a promising method for LFC and deservesfurther study.
Therefore, an increasing number of researchers and scholars have studied LFC methods based on SMC. For example, an area-based event-triggered (ET) sliding mode control scheme was presented to suppress rapid fluctuations caused by load and wind power generation in Xu et al. (2022). From Guo (2021), a novel sliding mode control approach was presented to reduce the frequency deviation. In Yang et al. (2021), a generalized extended state observer and fractional-order theory based integral sliding mode control strategy were presented to relieve the chattering of frequency deviation and tie-line power deviation. For multiarea interconnected power systems under deception attack, an observer-based event-triggered transmission scheme was proposed to ensure the attacked power system can reach a stable position in Qiao et al. (2021). In Ansari et al. (2023), for two-area thermal interconnected power system, a novel sliding-mode LFC strategy was designed to achieve better tracking performance. From Ge et al. (2021), for a microgrid with hybrid energy storage system (HESS), based on sliding mode method, a frequency coordinated control strategy was designed to avoid unreasonable power output. In Deng and Xu (2022), for multi-area interconnected power systems integrated with wind farms, a derivative and integral terminal sliding-mode-based controller was proposed to eliminate the frequency deviation in each area. However, there are still some drawbacks to these methods. For instance, the variation of some parameters in power system may lead to the degradation of its performance and the phenomenon of oscillation. For the problem of system parameter variation, more scholars have studied the adaptive controller (Mazinan, 2013; Li et al., 2019; Zou, 2020; Wang et al., 2022b).
In order to solve the above problems better, LFC based on adaptive global sliding mode control (AGSMC) is studied in this article. Through this approach, the advantages of adaptive control, global control, and SMC are combined, significantly improving the control capability of LFC. When the external load disturbances occur or the parameters of rhe system change, through this method, the parameters of controller can be adjusted to adapt to the changes of external disturbance. And the specified characteristics can be maintained under certain conditions. This method demonstrates excellent anti-disturbance ability, strong robustness, rapid response, and high fault tolerance of the model. Therefore, this method can play a crucial role in achieving better control performance, which is worthy of in-depth study.
2 PROBLEM STATEMENT
2.1 Describe of LFC model
Consider a multi-area power systems, the LFC system model of the i-th area can be depicted in Figure 1. The parameters of i-th control area are presented in Table 1.
[image: Figure 1]FIGURE 1 | The model of i-th area in a multi-area LFC scheme.
TABLE 1 | Explanation of symbols for multi-area power system LFC.
[image: Table 1]The multi-area power system LFC model studied in this paper can be described as Eq. 1:
[image: image]
where:
[image: image]
The Area Control Error (ACE) is a crucial parameter for each control area in a power system, comprising frequency deviation and tie-line active power deviation. It is defined by the following Eq. 2:
[image: image]
2.2 Design of adaptive global sliding mode control
The power system model with parameter uncertainty is set as follows:
[image: image]
where ψ(t) = Jω(t).
To maintain the stability of LFC system and ensure the power quality, an AGSMC is proposed to control the frequency of load disturbance. Based on global sliding mode control (GSMC), this controller combines the adaptive law that designed under unknown disturbance fluctuation range to realize the rapid response of the system frequency. To prove that the system based on AGSMC is stable, the following assumptions hold.
Assumption 1: A and B are completely controllable matrices, and defining [image: image].
Assumption 2: The unknown disturbance [image: image] is bounded, setting [image: image].
First, based on the above equation of state model, the sliding mode surface is selected as:
[image: image]
where G and L are constant matrices, and meet the following requirements: 1) GB is a nonsingular matrix; 2)A− BL < 0, when s(t) = 0 and [image: image] are met, the power system described by Eq. 3 reaches sliding mode surface.
Due to the initial state of the system is unknown, in order to make the whole system possesses global robustness, allowing the system to reach a stable state more quickly. A nonlinear time-varying function [image: image] is added to the Eq. 4 designed above. The improved sliding mode surface is redesigned to the following form:
[image: image]
where f(t) meet the following requirements: 1) The function f(t) possesses a first-order derivative; 2) When t = 0, s(t) = 0 are satisfied; 3) When t → ∞, f(t) can converge to zero.
Considering the above conditions, f(t) is designed as a monotonically decreasing exponential function in Eq. 6.
[image: image]
where λ = −Gx(0). It can be calculated from the following equation: [image: image], when t = 0.
Combining Eq. 3 and Eq. 5 yields the following result:
[image: image]
When the system state reaches the sliding mode surface, it slides along this surface, and this sliding motion helps the system to remain in the desired operating state. Thus, the equivalent controller is derived as:
[image: image]
When Assumption 1 is satisfied, Eq. 8 can be rewritten as follows:
[image: image]
Substituting Eq. 9 into Eq. 3, we obtain Eq. 10.
[image: image]
Due to A− BL < 0, this means that all eigenvalues of the matrix A− BL have negative real parts, thus proving Eq. 3 is exponentially stable under the action of Eq. 9.
Remark 1: Based on the preceding analysis, it has been established that SMC demonstrates insensitivity to disturbances. It is worth noting that system 3 is exponentially stable. To make the system globally robust, a time-varying function f(t) is proposed. The global sliding mode controller drives the system’s initial movement along the sliding mode surface, thereby enhancing the response speed of the LFC system. To ensure the stable operation of each area in an area-interconnected power system and to deal with the influence of unknown load disturbances, the following adaptive laws are designed to estimate the unknown upper bound.
[image: image]
where [image: image] is the estimate of D(t), [image: image] is the evaluated error.
Theorem 1: Under the action of the following Eq. 12, the sliding mode Eq. 5 is asymptotically stable. 
[image: image]
where m and n are the controller parameters to be set, m > 0, n > 0. In the exponential reaching law, n determines the reaching rate, and m guarantees that the system reaches stability in a limited time. To reduce buffeting while ensuring fast stability, n should be greater than m.
Proof: Define the Lyapunov function can be expressed as follows in Eq. 13.
[image: image]
Taking the derivative of V0(t), the result is given below:
[image: image]
Substituting Eq. 7 and Eq. 11 into Eq. 14 gives the following result:
[image: image]
Inserting the Eq. 12 into the above Eq. 15, the expression is shown in Eq. 16:
[image: image]
According to [image: image], the following inequality can be derived.
[image: image]
Considering that controller parameters m and n in Eq. 17 are real positive, the result of Eq. 18 can be obtained:
[image: image]
Therefore, the above analysis proves that system expressed in Eq. 3 is stable under the action of the proposed controller.
3 STABILITY ANALYSIS OF MULTI-AREA LFC
In this section, an improved Lyapunov function and the Bessel-Legendre (B-L) inequality are applied to study the stability criteria for the multi-area LFC.
Lemma 1 (Lu et al., 2021): For an integer N > 0, and there exists [α, β] → Rn, where α, β are given real scalars with α < β. For any symmetric matrices R > 0, the following Eq. 19 holds:
[image: image]
where:
[image: image]
Lemma 2: For a given positive matrix R > 0, and differentiable function {φ(u)|u ∈ [a, b]}, the following Eq. 20 and Eq. 21 can be hold as:
[image: image]
[image: image]
where:
[image: image]
Lemma 3: For a real scalar α ∈ (0, 1), symmetric matrices γ1 > 0, γ2 > 0 and arbitrary matrices ϑ1 > 0, ϑ2 > 0, the following matrix inequality holds:
[image: image]
where: [image: image], [image: image]
Theorem 2: For given positive integers N ∈ {1, 2, 3, ⋯ }, scalars d2 > d1 > 0, disturbance attenuation level γ > 0, the closed-loop system is asymptotically stable under the event-triggering scheme. If there exist positive definite matrices P, Q, R, S and real matrices SN, UN, such the following inequalities holds:
[image: image]
where:
[image: image]
Proof: Defining the Lyapunov function as:
[image: image]
where:
[image: image]
Calculating the derivation of V(t) obtains the following Eq. 25:
[image: image]
where:
[image: image]
In Eq. 26, we define the following augmenting state variable ξ(t):
[image: image]
Thus, the following inequality can be yielded:
[image: image]
where:
[image: image]
where: [image: image] can be rewritten. The item [image: image] in the Equation will be decomposed into the following form:
[image: image]
Applying Lemma 1 and assuming [image: image], then Eq. 28 is less than the following Equation:
[image: image]
Rewrite the relevant items in Eq. 29 into the following form:
[image: image]
where:
[image: image]
Applying Lemma 1 to the other two terms of [image: image] yields the following inequality:
[image: image]
Combine the items involving [image: image] and [image: image] from Eq. 31 with Eq. 30 to obtain the Eq. 32:
[image: image]
where:
[image: image]
Thus, the result is given by Eq. 33.
[image: image]
Applying Lemma 2 to scale [image: image] and [image: image], the result is shown in Eqs. 34, 35.
[image: image]
[image: image]
Consider the event-triggering condition shown in Eqs. 36, 37:
[image: image]
[image: image]
Applying the Schur complement theorem, it can be seen that Ξ < 0 is equivalent to:
[image: image]
Therefore, if the conditions listed in Theorem 2 are satisfied, then under zero initial conditions, when w(t) = 0 and [image: image], the closed-loop system is asymptotically stable, thereby proving Theorem 2.
4 SIMULATION AND ANALYSIS
To verify the performance of the designed LFC with AGSMC, the models of single area LFC with AGSMC and double area LFC with AGSMC, which include battery energy storage, are established using MATLAB/Simulink toolbox. For the above two LFC system models under load disturbances, the frequency deviations are analyzed based on their response curves. To demonstrate the effectiveness of the proposed scheme, the results are compared with the controllers in the existing literature, such as GSMC (Radosevic et al., 2008), SMC (Lv et al., 2020), PID control (Fu et al., 2022).
4.1 Case study 1
The LFC model of a single area power system is shown in Figure 2, and the system parameters are listed in Table 2.
[image: Figure 2]FIGURE 2 | Single area power system model diagram.
TABLE 2 | Parameters of the single area power system model.
[image: Table 2]In this subsection, a single area LFC system with battery energy storage is taken as an example to separately examine the impact of normal disturbances and random disturbances on the performance of the LFC system. On the one hand, the first normal disturbance is set to 0.01Hz at t = 5s, the second normal disturbance is set to 0.03Hz at t = 30s, and the final normal disturbance is set to 0.02Hz at t = 55s. Moreover, amplitude-limited random disturbances with their upper limit are set to 0.01Hz, which occurs at t = 0s, 20s, 40s, 60s, 80s. The simulation results are depicted in Figures 3, 4, respectively.
[image: Figure 3]FIGURE 3 | Comparison of controller performance under normal disturbances for a single area system.
[image: Figure 4]FIGURE 4 | Comparison of controller performance under random disturbances for a single area system.
As can be seen from Figure 3, all existing control technologies are capable of stabilizing the single area LFC system. Investigating the normal disturbance ψ = 0.03Hz which happened at t = 30s, the overshoot is 5.89% and the response time is 13.4s for the single area system based on PID control. Meanwhile, considering the single area system under SMC and GSMC, the overshoot is 4.33% and 3.02% respectively, and the response time is 8.75s and 6.49s approximately. Compared with the preceding three control schemes, adopting the AGSMC approach significantly reduces the overshoot to just 1.60%, while the stabilization time dramatically decreases to roughly 1.47s. It is worth noting that upon reaching the system’s frequency stability state, the oscillation amplitude of the system based on AGSMC is notably minimal. In contrast, the proposed control method has the characteristics of fast response and low overshoot. The single area LFC system can quickly move to a stable state under the action of this controller.
From the curve in Figure 4, for these controllers, when facing random disturbance, the single area LFC system will be stabilized within 15s. Under PID control, the single area system exhibits the highest overshoot and the longest response time. By comparing with GSMC, SMC, and PID control schemes, the AGSMC achieves a stable state within 1.63s, and the average overshoot was controlled within 1.72% even in the presence of random load disturbances. It can be seen that adaptive law effectively counters random disturbances, ensuring the stability of system performance.
4.2 Case study 2
The double area LFC system can be seen in Figure 5, and the parameter values are presented in Table 3.
[image: Figure 5]FIGURE 5 | Double area power system model diagram.
TABLE 3 | Parameters of the double area power system model.
[image: Table 3]In this subsection, examining the double area interconnected power system equipped with battery energy storage as an example, the simulation time is set to 100s, and normal or random disturbances are applied simultaneously to both areas. Firstly, the normal disturbances of area 1 are set to 0.01Hz at t = 0s and 0.02Hz at t = 50s, the disturbances of area 2 are set to 0.02Hz at t = 0s and 0.04Hz at t = 50s, respectively. Secondly, two random disturbances happened at t = 0s while the upper limits are established as follows: ψ1 max = 0.08Hz, ψ2 max = 0.04Hz. The simulation results are shown in Figures 6, 7, respectively. Δf1 is the load frequency deviation of area 1, Δf2 is the load frequency of area 2, and ΔP12 presents the tie-line power between the two areas.
[image: Figure 6]FIGURE 6 | Comparison of controller performance under normal disturbances for a double area system. (A) The load frequency deviation of area 1, (B) the load frequency deviation of area 2, and (C) the tie-line power deviation between the two areas.
[image: Figure 7]FIGURE 7 | Comparison of controller performance under random disturbances for a double area system. (A) The load frequency deviation of area 1, (B) the load frequency deviation of area 2, and (C) the tie-line power deviation between the two areas.
From the curves in Figure 6A, it can be seen that, with a frequency deviation ψ11 = 0.01Hz happened in area 1, no control scheme can maintain the overshoot in area 1 within 1%, and the power system will stabilize at t = 20s. Compared to PID control, the double area system governed by SMC and GSMC shows faster response speed and larger overshoot from the curves of Δf1 and Δf2. But the more significant overshoot amounts are still acceptable. While the proposed controller has a small superiority over the other three controllers by comparing the overshoot and the degree of oscillation. The ΔP12 curve in Figure 6 indicates that these control schemes can effectively eliminate system fluctuations caused by normal load disturbances. Simultaneously, upon the occurrence of disturbances, the AGSMC technology can suppress the disturbance rapidly, resulting in the double area system exhibiting the smallest overshoot and swiftly returning to a stable state, and the tie-line power deviation decrease to zero within 4.23s. Based on the above simulation results and analysis, GSMC, SMC and PID controller have a good performance in dealing with the frequency deviation, but the control effect has not yet reached optimal level.
In Figure 7, when load disturbances occur randomly, one aspect illustrates the double area interconnected power system employing AGSMC maintains stable frequency deviation responses and possesses robust dynamic performance. In the case of unknown disturbance, the overshoot of the system Δf1, Δf2, Δf3 is 75.1%, 74.3%, 12.1% of the overshoot of the PID control system, and the response time is 5.47s, 5.54s and 5.77s respectively. Conversely, from Figure 7C, it is expected that the system operated by other controllers will eventually not continue to remain stable as time increases due to ΔP12 long response time. By comparing Figure 4 with Figure 7, it can be seen that under the control of AGSMC, both single area power system and double area power system show excellent control performance under random load frequency disturbance. Therefore, from the above analysis, it can be concluded that, due to its superior response efficiency and control precision, AGSMC can replace existing control technologies, whether in handling normal disturbances or uncertain system frequency deviations.
5 CONCLUSION
This paper introduces new energy sources into the conventional power system, establishing a LFC model that includes a battery energy storage module. The AGSMC scheme is crafted to effectively tackle the challenge of normal or random load frequency disturbances. Based on this model, by utilizing an enhanced Lyapunov function and B-L inequalities, the stability criteria for the multi-area LFC have been successfully established. Furthermore, simulations of single and double area LFC power systems were conducted to validate the proposed method, which incorporates a nonlinear time-varying function and an adaptive sliding mode control law designed to estimate the upper bounds of external disturbances. In comparison to existing control strategies, the mentioned controller is superior in terms of overshoot and response speed, presenting excellent disturbance rejection capabilities and improved robustness while ensuring the consistency of system parameters. This research not only addresses the integration challenges of new energy sources into the power grid but also advances a robust framework for maintaining system stability and reliability under randomly variable load conditions.
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