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Compared to the traditional thermal power generation, new energy sources, such as wind and photovoltaic systems, are more vulnerable to the effects of non-ideal power grids due to their limited capacity. This susceptibility can jeopardize the safe operation of power equipment, degrade power output quality, and lead to non-compliance with grid-connected specifications. The LCL-type grid-connected inverter is a typical nonlinear system that weakens the controllability of the grid-connected energy. To address these challenges, this study employs feedback linearization theory to transform the inverter into a standard linear system. Subsequently, it utilizes linear system methodologies to develop robust control laws, ultimately introducing a multi-functional multiplexing control strategy for grid-connected inverters based on feedback linearization and Hamilton-Jacobi-Issacs inequality. Simulation results demonstrate that this multi-functional strategy outperforms traditional grid-connected inverter control schemes, effectively mitigating issues related to low short-circuit ratios, voltage fluctuations, imbalances, harmonics, and other non-ideal grid conditions. Furthermore, it significantly expands the system’s adaptability to varying weak grid impedances.
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1 INTRODUCTION
In recent decades, the growing demand for energy and increasing environmental concerns have accelerated the development of renewable energy technologies for power generation (Liu J. et al., 2022; Chen Y. et al., 2023). However, due to factors such as the availability of natural resources and the distribution of power loads, new energy power plants are often situated in remote areas characterized by weak power grids. Consequently, the connected power grid frequently exhibits non-ideal conditions, including voltage drops, imbalances, and harmonic distortions (Liu R. et al., 2022). In contrast to traditional thermal generating units, new energy generation equipment, owing to their limited capacity, is more susceptible to non-linear load variations and unbalanced conditions (Chen et al., 2022; Ding et al., 2022). Instantaneous faults in the power grid can result in rapid voltage reductions that render common control strategies inadequate for meeting grid-connected inverter requirements. This situation threatens the safe operation of the power grid and impacts power output quality and compliance with grid-connected specifications. Moreover, distorted grid currents can exacerbate harmonic pollution in the grid.
Several strategies have been proposed to address these challenges. In (Fu et al., 2021), a double-closed loop control strategy for grid-side current and inductor-capacitor-inductor (LCL) filter capacitor voltage was designed, taking into account impedance variations and system parameter design methods that consider phase-locked loop disturbances. In (Chen J. et al., 2023), model predictive control is used to design the controller using a small signal model, which can ensure stable control in the case of small disturbances, but the output characteristics are not ideal when deviating from the initial operating point (Cai et al., 2021). Introduced a multi-objective optimization function combined with particle swarm optimization (Tran et al., 2021). Developed a robust and optimized grid-free voltage sensor current controller based on active disturbance suppression control is developed for LCL filtered grid-connected inverters in a non-ideal grid (Li et al., 2018; Elamri et al., 2022; Tu et al., 2022). Proposed various control objectives that offer partial adaptability to weak grid conditions but fall short in balancing grid harmonics and providing low-voltage ride-through (LVRT) capabilities. In (Zhou et al., 2024), the predictive current control is equivalently transformed into a voltage function, and the reference voltage is calculated by the current model using a differential-free beat method, and then the optimal voltage vector is obtained based on the principle of suppressing harmonic currents, which is verified under open-circuit and short-circuit faults. An integrated strategy combining model predictive control with wind turbine grid-side converter control is proposed in article in (Abdelkader et al., 2023). The control is realized during grid voltage disturbances and provides reactive power support to the grid. Existing grid-connected inverter control strategies seldom consider both low short-circuit ratio (SCR) and LVRT objectives simultaneously, and current control methods struggle to cope with the complex and constantly changing power grid environment. Consequently, there is a pressing need to develop multi-functional grid-connected inverters capable of achieving stable operation in weak power grid environments while managing power quality through features such as LVRT and harmonic suppression. Such an endeavor holds both theoretical and practical significance. The generalized Hamiltonian system has clear physical meaning and clear system structure, and under certain conditions, the Hamiltonian function can construct the energy-based Lyapunov function of the system, which plays a very important role in the stability analysis and control design of the system. In recent years, the research on the generalized Hamiltonian system has attracted wide attention in the field of nonlinear control, and has been successfully applied in the field of power system (Wu et al., 2022). Due to the strong nonlinearity of the LCL-type grid-connected inverter, in the process of practical controller design, in order to reduce the difficulty of controller design, PI controllers designed based on the approximate linearization model of a single operating state are mostly used, and when the unit operating point deviates from its linearization point, the control performance will be reduced, and even cause the system instability. To solve this problem (Chen et al., 2021), designed a controller with variable gain, which constantly changes the controller gain with the change of the unit operating point, but the controller has a certain impact on the system when switching. Some intelligent control techniques, such as artificial intelligence technology, evolutionary algorithm, swarm intelligence optimization, are difficult to be implemented, although they overcome the requirement of the accuracy of the mathematical model of the control object (Chen et al., 2021).
This paper concentrates on the impact of asymmetric voltage drops and low SCR on the operating state of grid-connected inverters under non-ideal grid conditions. The study explores multi-objective control strategies for grid-connected inverters, aiming to achieve multi-functional multiplexing control in inverters equipped with LCL filters.
LCL-type grid-connected converters offer excellent high-frequency filtering capabilities, with smaller size and lower power loss than L-type filters with equivalent filtering performance (Yuan et al., 2019; Wang et al., 2022). Consequently, they are commonly used in high-power, low-switching-frequency applications. However, while effective at filtering, LCL filters introduce additional system complexity and inherent resonance peaks that can affect control system design and stability. This paper establishes switching and average models for LCL-type inverters under a static coordinate system, followed by obtaining an average model under synchronous rotation coordinates. This model forms the foundation for all subsequent research presented in this paper.
2 MODELING
The topology of the LCL-type three-phase inverter is depicted in Figure 1. To streamline the model derivation process, the equivalent series resistance in the inductor and the damping resistance in the capacitor are neglected in the modeling process. Additionally, this paper assumes that the switching frequency of the grid-connected inverter is significantly higher than the grid frequency. Consequently, during the system modeling, only the fundamental harmonic component is considered, and the influence of high-frequency components is disregarded (Amin and Uddin, 2020).
[image: Figure 1]FIGURE 1 | Topology of the LCL-type three-phase grid-connected inverter.
2.1 Average model of the three-phase inverter in stationary coordinates
Within the three-phase full-bridge circuit, the insulated-gate bipolar transistor IGBT and reverse diode form a bidirectional two-quadrant switch, which can be effectively modeled as an ideal switch. However, the switch operates discontinuously, making it less conducive for system model derivation and controller design. Referring to the pre-assumptions in the paper, the switching frequency greatly exceeds the system’s fundamental frequency, a sliding average of the on/off states of the IGBT switches during one switching cycle yields an average expression for the switching variables as da, db and dc. Thus, the average model of the LCL-type three-phase grid-connected inverter is derived by the sliding average method, as illustrated in Figure 2. Based on the equivalent circuit of the average model, the differential equations for the system in the static coordinate system has been derived, considering inductance current and capacitance voltage as state variables (Bao et al., 2013).
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[image: Figure 2]FIGURE 2 | Average model of the LCL-type three-phase grid-connected inverter.
Eqs 1–4 represent the differential equations for the three-phase grid-connected inverter with an LCL filter in the static coordinate system.
2.2 Average model of the three-phase inverter in synchronous reference frame
The state variables in the static coordinate system are all alternating current (AC) quantities, which can complicate the design of controllers. Therefore, control strategies for three-phase grid-connected inverters are typically devised in the synchronous rotating coordinate system. To achieve this, the model in stationary coordinates can be transformed into a synchronous reference frame by the transformation matrix T, often called Park’s transformation (Callegaro et al., 2019). This transformation is expressed in Eq. 5:
[image: image]
Its inverse matrix is given in Eq. 6:
[image: image]
This coordinate transformation matrix allows the differential Eqs 1–4 of the inverter in stationary coordinates to be transformed accordingly, shown in Eqs 7–10. It is important to note that there is no neutral wire connection, so the o-channel has been omitted. Subscripts “d” and “q” represent the active and reactive power components, respectively (Liu et al., 2023). dd and dq represent the mean values of the switching variables in synchronous reference frame.
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The coordinate transformation converts AC quantities in the physical circuit to their corresponding DC quantities. However, it also introduces six coupling terms between the d-axis and the q-axis. These coupling terms can impact the system’s dynamic response, making it challenging to independently control the D-axis and the Q-axis. Due to the volatility of new energy generation itself and the strong coupling of LCL-type inverters, the two factors are superimposed, increasing the complexity of controller design. The equivalent circuit for the average model of the three-phase grid-connected inverter with an LCL filter in the synchronous reference frame is illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Average model of a three-phase LCL grid-connected inverter in a synchronous reference frame.
3 MATERIALS AND METHODS
Many new energy generation systems connect to the end of the power grid, where the SCR is often too low for converters to connect to the grid effectively. It has been shown that when the short-circuit ratio of the AC system is low (SCR[image: image]2.0) (Yang et al., 2015), the converter with the conventional voltage-current control strategy destabilizes as the short-circuit ratio decreases and fails to reach its stable operation limit. However, existing converter control strategies are typically designed with the assumption of a stiff grid, overlooking the system impedance variations resulting from the large-scale centralized development, the long-distance transmission of conventional power generation units, and the problem of low SCRs. Research has shown that even when considering power grid impedance, the interaction between new energy generation and the grid’s impedance can lead to system stability issues, even with a symmetric grid voltage. Moreover, when the grid voltage is asymmetric, the positive and negative sequence impedance components and their sequence coupling components will interact more complexly with the grid-connected inverter. This interaction poses risks of instability and oscillation, necessitating thorough mechanism analysis, quantitative evaluation, and countermeasure research. This paper proposes a multi-functional multiplexing control strategy (MMCS) based on feedback linearization control to enhance system stability margins under non-ideal power grid conditions.
From the modeling results, it is evident that the LCL inverter represents a typical non-linear coupled system. Consequently, traditional proportional-integral (PI) control meets requirements only near the system’s steady-state operating point and fails to ensure stable operation across the entire working range. This limitation severely restricts the grid-connected characteristics of new energy stations, especially in the operating environment of a weak grid. To address this limitation for non-linear systems, this paper introduces a method using Hamilton-Jacobi-Issacs (HJI) inequality. It converts non-linear robust control from engineering applications into mathematical research and applies it to the control of grid-connected inverters, facilitating low-voltage ride-through under weak grids.
3.1 Hamilton-Jacobi-Issacs inequality and its solution
For a nonlinear control system considering the L2 gain, the system can be represented as:
[image: image]
Where x ∈ Rn, u ∈ Rm, w ∈ Rp denote the state vector, input vector, and interference vector, respectively. f(x), g1(x), g2(x), h(x), k(x) are the vector fields defined in the state space. The nonlinear control problem aims to solve two issues: first, finding a control strategy that makes the system asymptotically stable at the equilibrium point; second, ensuring that when the initial condition is x (0) = 0, this control strategy keeps the L2 gain g2 of the system less than or equal to a specified positive variable γ, as shown in Eq. 12:
[image: image]
The designed control law should be able to suppress disturbances, with the degree of disturbance suppression represented by γ. The optimal robust control strategy is achieved if the minimum γ value is reached. In practical engineering design, aiming for the optimal control law may not always be necessary, but rather to seek feasible or satisfactory solutions. If the given value of γ is too small or smaller than its optimal solution, the nonlinear robust control problem may have no solution.
The key to solving the non-linear robustness problem lies in solving the HJI inequality. However, there has not been an efficient way to solve this non-linear inequality. This paper adopts a robust control theory based on the accurate linearization of state feedback for basic linear systems, providing a method to solve the HJI inequality.
The problem of non-linear robust control for a system represented by Eq. 11 involves finding a sufficiently small γ* > 0 and a control strategy u = u*(x) that satisfies the condition for all ∀γ > γ*, as shown in Eq. 13:
[image: image]
This condition ensures the closed-loop system is asymptotically stable when disturbances are absent.
3.2 Design of the grid-connected inverter controller
Building upon the model of the grid-connected inverter, the control variables vd and vq represent the inverter voltages, the output variables i2d and i2q represent the output currents of the inverter, and the disturbance signals vgd and vgq represent the grid voltage. The modeling result Eqs 7–9 can be rewritten as follows:
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Where.
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Before linearizing the original system, the concept of vector relative order is stated. Relative degree is a measure of the correlation between the inputs and outputs of a system. The relative degree of a real physical system reflects the number of smallest integrators from the control inputs to the outputs of the system, which is determined by the properties of the physical system itself, independent of the way the model is expressed. If a system has vector relative degree [image: image] at a certain point xo and r1 + r2 + ⋅⋅⋅ + r1 = n, then this system can be rendered linear by means of feedback and change of coordinates. If the latter condition is not satisfied (but the system continues to have relative degree [image: image] at a certain point), one can at least obtain a system whose input-output behavior is linear. If the total relative degree is not equal to the number of states, the nonlinear dynamics of the MIMO system can be decomposed into an input-output parts and an unobservable one by input-output linearization technique. For more information on vector relative degrees, see Isidor (2002).
To determine the system’s vector relative order, follow these steps follows Busada et al. (2023); Fang et al. (2023):
(1) h1(x) = i2d
When k = 0,
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When k = 1,
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When k = 2,
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When [image: image], it can be derived r1 = 3.
(2) h1(x) = i2q
When k = 0,
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When k = 1,
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When k = 2,
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When [image: image], it can be derived r2 = 3.
From the previous derivation, it is evident that the vector relative order of the LCL-type three-phase grid-connected inverter is [image: image]. The vector relative order of the system satisfies r1 + r2 = 6, which equals the system dimension n. Thus, the LCL-type three-phase grid-connected inverter meets the conditions for accurate feedback linearization, enabling global feedback linearization.
Let us introduce the following Eq. 15 coordinate transformation:
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With this coordinate transformation, the linearized system derived from the original system (Eq. 14) is as follows:
[image: image]
When [image: image], Formula 16 can be expressed as:
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Where [image: image].
For (Eq. 17), the robust control law is designed based on the theory of H∞ linear systems. When γ = 3, the Riccati inequality is shown in Eq. 18:
[image: image]
Using MATLAB/LMI Toolbox to solve this equation yields the matrix P*, from which the control law v* of the linear system can be obtained as follows:
[image: image]
The non-linear robust control law for the original system is then as follows:
[image: image]
This control strategy enables the grid-connected inverter to maintain stable operation even in the presence of non-ideal grid conditions.
4 RESULTS AND DISCUSSION
SCR is a crucial parameter for measuring the strength of the power grid, reflecting the system’s stability margin. It is simple to calculate and has a clear physical meaning, providing a straightforward and intuitive method for analyzing the stability of new energy grid-connected systems. As the proportion of new energy sources in the power grid increases, the SCR of the power grid gradually decreases, indicating a weakening power grid. In order to verify the effectiveness of the algorithm in this paper, simulation is carried out in Simulink platform. Simulation parameters: rated power of 250 kW, grid line voltage of 380 V, frequency of 50 Hz kW, DC bus reference voltage of 550 V, inverter-side inductance of 0.35 mH, inverter-side resistance of 0.1Ω, filter capacitance of 150μF, grid-side resistance of 0.1Ω, grid-side inductance of 0.05 mH, and DC-side capacitance of 6.6 mF. This paper begins by considering different SCRs of the power grid and designs comparative operating conditions, ranging from a strong to a weak power grid. It evaluates the effectiveness of the new MMCS proposed in this paper compared to the PICS.
4.1 Simulation results of traditional PI control strategy
The traditional PI control strategy in the simulation model is employed to test various scenarios under weak power system conditions (SCR = 4.7). These scenarios include steady-state operation, single-phase short-circuit fault, two-phase short-circuit fault, and three-phase short-circuit fault, focusing on LVRT characteristics, power quality, and low voltage crossing characteristics under different conditions.
(1) SCR = 4.7, stable operation
With the PICS approach, when the SCR of the power grid is 4.7, the grid-connected inverter maintains stable operation. However, the voltage and current at the node experience some distortion. Fourier analysis reveals a voltage harmonic (THDu) of 2.80% and a current harmonic (THDi) of 4.71%, approaching the 5% harmonic upper limit for new energy stations connected to the grid. As the grid structure weakens further, the new energy station may not be allowed to connect to the grid.
(2) SCR = 4.7, LVRT test
Under the PICS control strategy, the grid-connected inverter operates stably. When the power grid experiences an instantaneous short-circuit fault, the corresponding LVRT process is examined, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Simulation results for different grid faults using the PICS approach (SCR = 4.7). (A) Single-phase short-circuit fault. (B) Two-phase short-circuit fault. (C) Three-phase short-circuit fault.
The simulation results show that under a weak grid condition (SCR = 4.7), the traditional control strategy can maintain steady-state operation. However, the grid voltage and current harmonics increase further. When single-phase and two-phase short-circuit faults occur in the grid, the system can eventually recover to normal after a prolonged period, but the LVRT capability is barely met. In the case of a three-phase short-circuit fault in the power grid, the inverter exhibits post-fault oscillations and cannot return to stability, resulting in a failed LVRT test.
4.2 Simulation results of the multi-functional multiplexing control strategy (MMCS)
The simulation results from the traditional control strategy demonstrate that traditional methods fall short of meeting power grid requirements as the grid weakens. The control effect is tested using the MMCS approach under the simulated SCR = 4.7 conditions to provide a comparative study.
(1) SCR = 4.7, stable operation
The steady-state output characteristics of grid-connected inverters under the MMCS approach are tested. These characteristics demonstrate that the new control strategy significantly outperforms the traditional one. The harmonic content of voltage (THDu) is 1.82%, and current (THDi) is 0.19%, meeting the grid-connected standards for new energy plants.
(2) SCR = 4.7, LVRT test
Under the traditional control strategy, when SCR = 4.7, the grid-connected inverter fails the LVRT test. In the same working conditions, when the new control strategy is applied, and the power grid experiences an instantaneous short-circuit fault, the corresponding LVRT process test is conducted, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Simulation results for different grid faults using the MMCS approach (SCR = 4.7). (A) Single-phase short-circuit fault. (B) Two-phase short-circuit fault. (C) Three-phase short-circuit fault.
The simulation results indicate that the new control strategy successfully passes the different short-circuit faults. Moreover, the grid-connected inverter exhibits a faster recovery time, meeting the grid-connected requirements. Compared with the PICS, it can be demonstrated that the MMCS does not have obvious advantages in the strong grid operation environment (SCR[image: image]5.0), and the controller design is complicated with high system hardware cost. In this paper, SCR = 4.7 is the limit value for stable operation of the PICS.
(3) SCR = 2, stable operation.
To further evaluate the effectiveness of control strategies, the power grid’s short-circuit ratio is further reduced to SCR = 2. Obviously PICS cannot operate stably under this condition. The steady-state output characteristics of grid-connected inverters under MMCS are depicted in Figure 6.
[image: Figure 6]FIGURE 6 | Steady-state simulation results of MMCS (SCR = 2).
The simulation results show that even under extremely weak grid conditions (SCR = 2), the grid-connected inverter can operate steadily. The harmonic content of grid-connected voltage (THDu) is 0.2%, and current (THDi) is 1.82%. The state of the grid hardly constrains the output characteristics.
(4) SCR = 2, LVRT test.
When the power grid is extremely weak, the new control strategy is applied to verify whether the grid-connected inverter can operate stably when the power grid experiences an instantaneous short-circuit fault. The corresponding voltage crossing process test is depicted in Figure 7.
[image: Figure 7]FIGURE 7 | Simulation results for different grid faults using MMCS (SCR = 2). (A) Single-phase short-circuit fault. (B) Two-phase short-circuit fault. (C) Three-phase short-circuit fault.
The simulation results indicate that During the single-phase short-circuit fault and the two-phase short-circuit fault, the grid-connected inverter can still operate statically, and there is not much difference between the output characteristics of the weak and strong grids, and both active and reactive power are jittered to a small scale, which is caused by the grid voltage asymmetry fault, and after the fault disappears, the system returns to stable operation within 0.05 s. During the three-phase ground fault, after the fault disappears, the time for the system to restore stability under the weak grid is slightly longer, and the power fluctuation is relatively large at the instant of fault switching, but the overall output characteristics satisfy the technical requirements of the new energy grid-connected low-voltage ride-through. Further reducing the system impedance, the MMCS control strategy also fails to ensure the stable operation of the system at SCR = 1.8.
4.3 Discussion
Comparing the PICS with the MMCS, the traditional PI control strategy, based on a dual closed-loop approach, can ensure stable equipment operation in strong grids. However, as the system’s SCR further decreases, numerous harmonics appear in the grid current. When various voltage faults occur in the power grid, it becomes challenging to swiftly return to a stable state.
In contrast, utilizing feedback linearization control, the multi-functional multiplexing control strategy mitigates the impact of system parameters and power grid disturbances. As SCR decreases, the ability to suppress grid-connected current harmonics significantly improves, effectively enhancing the quality of grid-connected current. The output characteristics of the composite control strategy are more significantly affected by the controller coefficients, while it is insensitive to the steady state operating point. Therefore, with reasonable parameter design, the composite control strategy can achieve accurate synchronization and stable operation under a wide range of operating conditions. It also demonstrates quick and effective recovery in the face of different LVRT faults. This suggests that under the new multi-functional multiplexing control strategy, the dynamic performance of the LCL-type grid-connected inverter is excellent. Consequently, it is more suitable for applications in weak grids.
In summary, the multi-functional multiplexing control strategy offers significant advantages in terms of grid adaptability, harmonic suppression, and LVRT performance, making it a promising choice for addressing the challenges posed by new energy grid-connected systems in weak grid environments. In practical engineering application scenarios, the detection circuit has measurement errors, and the external environment and device aging can cause fluctuations in the parameters of inductance and capacitance. In addition, the performance of the controller and the accuracy of the sensors affect the output effect of the controller, and increase the hardware cost of the system. By analyzing the state equation of the LCL type grid-connected inverter, the system is energetic, so the state observer can also be designed to inhibit the fluctuation of the system parameters and reduce the hardware cost.
5 CONCLUSION
Grid-connected inverter represent a typical nonlinear system. In this paper, a multi-functional multiplexing control strategy based on precise linearization of state feedback has been proposed. By directly constructing an energy function according to the system model and designing the control law on this foundation, the MMCS avoids the direct solution of the HJI inequality. This approach considers voltage drop and grid harmonics external interference signals. An appropriate evaluation function is defined to transform the control problem into a state feedback law, rendering the closed-loop system asymptotically stable over a wide range when the interference signals are zero. The new control strategy exhibits superior dynamic performance and optimal interference suppression. This paper has verified the algorithm’s effectiveness under different types of grid faults in weak and strong grids, respectively. The results indicate that the new control strategy excels in adapting to weak power grids, offering characteristics such as minimal harmonics, a broad stability range, and rapid system fault recovery. Consequently, it meets the requirements of new energy stations operating in weak power networks.
In conclusion, the proposed robust control strategy holds promise for enhancing the performance and adaptability of grid-connected inverters in non-ideal grid conditions, contributing to the successful integration of new energy sources into power grids.
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