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LCL-type grid-connected inverters have been widely used in renewable power generation due to their size and cost advantages. However, the LCL filter has a problem of insufficient damping, which may lead to power system instability. Two common methods are used to address this problem: passive damping (PD) and active damping (AD). PD methods suppress resonance by adding resistors to the LCL filter, but this approach increases system losses. AD methods enhance damping through control to suppress resonance. Existing AD methods are often significantly affected by grid-side inductance perturbation, resulting in insufficient robustness. To address this issue, this article proposes a novel robust active damping (RAD) control strategy based on H∞ loop shaping. Simulation analysis and experimental research show that the RAD control method exhibits superior robustness compared with the traditional capacitor current active damping control.
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1 INTRODUCTION
Grid-connected inverters serve as critical interfaces between distributed energy resources and the power grid, playing an essential role in enhancing system efficiency, power quality, and reliability (Jinming et al., 2016). To meet grid connection standards, the output current of inverters must be filtered to reduce total harmonic distortion (THD). Typically, grid-connected inverter filters include L and LCL types. While the L filter is simple in design, its high-frequency harmonic attenuation performance is weak. Achieving effective harmonic suppression with L filters necessitates either larger inductance values or higher switching frequencies (Sosa et al., 2014). In contrast, LCL filters offer superior high-frequency harmonic suppression, along with advantages in terms of reduced size and cost, thus garnering widespread application (Wu et al., 2023). Nevertheless, LCL filters are prone to resonance issues that can destabilize grid-side current control (Chen et al., 2022). Researchers have proposed multiple solutions to mitigate the resonance problems associated with direct grid-side current control.
The traditional capacitor current active damping (CCAD) approach is widely used due to its simple implementation. The inner loop of the capacitor current is used to achieve active damping to suppress LCL resonance, and the outer loop of the grid-connected current directly controls the grid current through the proportional-integral (PI) controller (Zhi-ying et al., 2009; He et al., 2019; Pan et al., 2013). However, the large ripple in the filter capacitor current weakens the active damping (AD) effect. Additional current sensors are required, increasing the control cost (NIU et al., 2023; Xin et al., 2017). Chen et al. (2022) proposed a design method for optimal damping ratio based on CCAD. However, the impact of sampling and computational time delays on the AD ratio is not compensated. Wang et al. (2023) proposed a method of AD implementation based on capacitor voltage differential feedback. This method replaces the capacitor current with the differential of the capacitor voltage, which can suppress LCL resonance without the need for extra current sensors, thus reducing system cost. However, the differential operation will amplify measure noise, which reduces the damping effect and in turn, affects the grid-connect current quality. Ma et al. (2021) and Zhao et al. (2022) proposed full-dimensional/reduced-dimensional state observers to estimate the capacitor current, but this estimation method relies on an accurate system model and can also affect the dynamic behavior of the system. Dragievic et al. (2019) proposed a predictive current control model that has the advantages of good dynamic performance and easy implementation, but this algorithm relies on accurate parameters of the grid-side equivalent inductance. In the case of grid-side inductance perturbation, an indirect grid-side current control method is proposed by Marcos et al. (2018) and Zhou and Lu (2002), which indirectly controls the grid-connected current by controlling the inverter-side current. This method avoids the resonance problem brought by direct control of the grid-connected current. However, resonance may occur between the grid-side inductance and the filter capacitor due to a perturbation in the grid-side inductance, leading to distortion in the grid-connected current.
In summary, parametric uncertainties due to the aging of LCL filter components, magnetic core saturation, or perturbations in grid-side inductance can degrade the performance of AD that is designed based on the above classical control theory, resulting in inadequate robustness.
H∞ control offers advantages for models with parameter uncertainty. Recently, the H∞ robust control method has been applied to implement AD. A standard H∞ mixed sensitivity robust control method is proposed to regulate the output voltage of the nominal system under input voltage fluctuations cases (Wu et al., 2021). Gholami-Khesht (2021) designed the H∞ controller assigned to integrators from an optimal solution of a convex optimization problem subject to some LMI conditions. Chen and Ye (2024) explored the influence of AD filters on the LCL filter’s resonant peak and proposed a robust H∞ AD filter with a preserved resonant peak. However, the above AD filters based on the H∞ control method were implemented by sensitivity weighting functions, input weighting functions, and output weighting functions. The selection of weighting functions can be troublesome and requires repeated attempts.
The H∞ control method focuses on minimizing the transfer function from external inputs to evaluation signals under the worst disturbance. The AD is obtained during the process. The AD design lacks intuitiveness and relies on design experience. Unlike traditional H∞ control, the design process of H∞ loop-shaping control is straightforward and simplified. It has the following characteristics: (1) the algorithm implementation is simple, and no iteration is required. (2) The robust stability margin can be calculated precisely. (3) The H∞ norm is not a performance index but rather a stability margin. H∞ loop-shaping control is used in the control of train systems, spacecraft, and nonlinear hard disk drive (HDD) systems (Cheng et al., 2024; Faure et al., 2022; Shaikh et al., 2024). Few studies have researched the application of H∞ loop-shaping control methods for LCL-type grid-connected inverters. It deserves further research.
To enhance the robustness of AD for grid-connected current control and simplify the complexity of control design, this article proposes a novel robust active damping (RAD) control method based on H∞ loop shaping, which does not require an additional current or voltage feedback loop. It shapes the high-, medium-, and low-frequency characteristics of the open-loop transfer function’s magnitude–frequency curve directly by choosing appropriate weight functions to satisfy specific performance objectives (Liu et al., 2021). This concept of loop shaping is consistent with classical control principles, where control performance is achieved through weight functions. Additionally, robustness is guaranteed by applying the small-gain theorem. The H∞ loop-shaping controller combines weight functions and H∞ control, thus integrating the advantages of both classical loop shaping and H∞ control techniques.
The remainder of this article is organized as follows: Section 2 provides an overview of the modeling and design of an AD controller based on H∞ loop shaping. In Section 3, the RAD realization method is presented. In Section 4, a robustness analysis and comparison is conducted between the RAD and CCAD. In Section 5, an experimental comparative analysis is presented between the CCAD and RAD control strategies. Finally, conclusions are drawn in Section 6.
2 MODELING AND DESIGN OF AN AD CONTROLLER BASED ON H∞ LOOP SHAPING
2.1 The mathematical model of the grid-connected inverter
A typical LCL-type inverter grid-connected topology is shown in Figure 1. It consists of a three-phase bridge inverter, an inverter-side inductor L1, a filter capacitor C, a grid-side inductor L2, and a grid inductor Lg. Udc is the DC bus voltage, and Cdc is the DC bus capacitor. The grid-connected current control block diagram shown in Figure 2 is based on the circuit topology shown in Figure 1.
[image: Figure 1]FIGURE 1 | Topology of the LCL-type grid-connected VSI.
[image: Figure 2]FIGURE 2 | Control block diagrams of the LCL-type grid-connected VSI.
According to Figure 2, the transfer function from inverter voltage to grid-connected current is as follows:
[image: image]
[image: image] is the resonant frequency of the LCL inverter, which can be expressed as:
[image: image]
where [image: image].
The computation and pulse width modulated (PWM) delay can be approximated to one and a half of the sampling periods. Consequently, the total time delay can be expressed as
[image: image]
2.2 Active damping design
As illustrated in Figure 3, passive damping (PD) can be realized through various configurations of resistors, including series resistors with grid-side inductance, parallel resistors with grid-side inductance, series resistors with capacitor branch, parallel resistors with capacitor branch, series resistors with inverter-side inductance, and parallel resistors with inverter-side inductance. Among these configurations, the PD achieved by paralleling a resistor with a capacitor is particularly effective in suppressing resonance peaks in the mid-frequency band while maintaining the original frequency characteristics in both low- and high-frequency bands. Utilizing this PD approach, the [image: image] and the equivalent damping ratio can be expressed as follows:
[image: image]
[image: image]
[image: Figure 3]FIGURE 3 | Various implementation methods of PD for the LCL-type grid-connected VSI.
The control block diagram for AD with capacitor current, capacitor voltage, and grid-side current feedback is illustrated in Figure 4. The [image: image] with the above AD control is summarized in Table 1 (Chen et al., 2023). Here, [image: image] represents the proportional controller coefficient, and [image: image] denotes the feedback controller. When active damping is achieved using the capacitor current, [image: image] serves as a proportional controller. When it is achieved using the capacitor voltage, [image: image] serves as a first-order derivative controller, and when it is achieved using the grid current, [image: image] serves as a second-order derivative controller.
[image: Figure 4]FIGURE 4 | Active damping control block diagram with capacitor current feedback, capacitor voltage feedback, and grid-side current feedback.
TABLE 1 | Active damping and passive damping grid-connected current transfer function.
[image: Table 1]From Table 1, it is evident that the structure of [image: image] with various AD controllers is the same as the PD control with the capacitor parallel resistors. Although the aforementioned AD method is equivalent to the capacitive parallel resistive damping (CPRD) method, it requires additional sensors. The H∞ loop-shaping method is used to reshape the open-loop transfer function of the LCL filter-based inverter without additional sensors. The reshaped open-loop transfer function is the same as that of the CPRD. Therefore, the RAD has the same damping performance as the CPRD.
H∞ loop-shaping control is composed of the weight function and the controlled plant. The high cutoff frequency is set in the mid-frequency range, the high gain is set in the low-frequency range, and the low gain is set in the high-frequency range. This gives the closed-loop system good dynamic and static characteristics. The original controlled plant [image: image] exhibits resonant peaks in the high-frequency range, which must be eliminated by the weighting function so as to realize the function of the AD. A PI weight function is applied to [image: image] to improve control dynamics.
The implementation process of the H∞ loop-shaping method is shown in Figure 5A. The plant [image: image] shown in Equation 1 is shaped into the desired transfer function [image: image] using a pre-weighting function [image: image] and a postweighting function [image: image]. Then, the normalized coprime factorization of [image: image] is performed. According to the small-gain theorem, the intermediate controller [image: image] with the advantage of robustness can be obtained. Finally, [image: image] along with [image: image] and [image: image] forms the final H∞ loop-shaping controller [image: image], as shown in Figure 5B. Control performance is achieved through weight functions, and robust stability is achieved by [image: image]. Thus, [image: image] integrates the advantages of both classical loop shaping and H∞ control techniques.
[image: Figure 5]FIGURE 5 | Implementation process of the H∞ loop-shaping method: (A) Construction of the desired transfer function and (B) formation of the H∞ loop-shaping controller.
Based on the implementation process of the H∞ loop-shaping method, this article proposes the following RAD implementation method:
A damping term [image: image] is embedded to form the desired transfer function:
[image: image]
From Equation 3, it can be seen that the structure of the desired transfer function is the same as Equation 2, which ensures the proposed RAD has the same damping function as the PD method. The weighting transfer function to achieve the desired transfer function can be derived as
[image: image]
The selection of the aforementioned weighting function is determined based on the desired transfer function, thereby reducing the number of trial-and-error cycles required to select the weighting function. Because [image: image], [image: image] and [image: image] are all scalar transfer functions, [image: image] is equivalent to [image: image]. [image: image] can be treated as a single transfer function for the overall design, which is equivalent to setting [image: image] to 1 and only designing [image: image], thereby simplifying the design process.
Furthermore, as shown in Figure 5B, the H∞ loop-shaping controller described by Equation 5 is composed of [image: image], [image: image], and [image: image]. This allows the required damping for the undamped controlled plant (1) to be achieved through [image: image].
[image: image]
2.3 Design for improved dynamic and steady-state performance
To ensure the system’s steady-state accuracy and response speed, a PI controller is applied to the damped controlled plant whose transfer function is shown in (5). Then [image: image] can be derived as (8). This allows the mid-frequency bandwidth of the target transfer function to be flexibly adjustable via the PI controller, which also increases steady-state accuracy, thereby simultaneously enhancing both steady-state performance and dynamic tracking performance.
[image: image]
where Kp is the proportional controller coefficient, and Ki is the integral controller coefficient.
[image: image] will change the position of the resonance points, thereby reducing the damping effect. To offset the impact of [image: image], a composite derivative [image: image] is applied to Equation 8. Then, the [image: image] can be expressed as
[image: image]
Correspondingly, Equation 6 and [image: image] are revised as (10) and (11), respectively.
[image: image]
[image: image]
3 THE SOLUTION TO THE H∞ LOOP-SHAPING CONTROLLER
First, a normalized coprime factorization of the perturbed plant model [image: image] is carried out. Subsequently, the robust stability criterion is used to derive [image: image]. Finally, the [image: image] is deduced by multiplying [image: image] with both [image: image] and [image: image].
3.1 Coprime factorization
The normalized left coprime factorization of [image: image] is
[image: image]
Here, [image: image] and [image: image] are stable coprime transfer functions that satisfy the equation [image: image].
Based on Equation 9, the left coprime factorization of [image: image] with perturbation is
[image: image]
Here, [image: image] and [image: image] are the uncertainty in [image: image]
The standard feedback control system in the form of coprime factorization is shown in Figure 6 based on Equation 10.
[image: Figure 6]FIGURE 6 | The feedback control block diagram in the form of coprime factorization.
3.2 Deriving the solution for the controller
For the perturbed feedback system of Figure 6, the system stability is robust according to the small-gain theorem, which requires Equation 11 to be satisfied.
[image: image]
where [image: image] is the H∞ norm from w to [image: image], and generally, the value of [image: image] is required to be no greater than 4–5 (Sigurd, 2005; Lanzon and Tsiotras, 2005; He et al., 2010). [image: image] represents the stability margin of the response.
Because the norms of the normalized coprime factorizations [image: image] and [image: image] are both less than 1, (14) can be transformed into Equation 12 without coprime factors, thereby simplifying the controller design.
[image: image]
The minimum value of [image: image] must be calculated to ensure the robustness of the controller. The value can be calculated as
[image: image]
where [image: image] denotes the Hankel norm, [image: image] denotes the spectral radius, and [image: image] and [image: image] are the solutions of the algebraic Riccati Equation 14.
[image: image]
where ([image: image], [image: image], [image: image], [image: image]) is the minimal state-space realization of [image: image].
For the specified [image: image], the [image: image] that satisfies in Equation 11 is as follows:
[image: image]
where [image: image], [image: image]. [image: image], [image: image], and [image: image] constitute the final loop-shaping controller [image: image], as shown in Equation 8.
From Equation 12, it can be seen that, unlike the classical PI controller, the H∞ loop-shaping controller does not have a specific structure. Its design depends on the shape of the objective function and the stability margin considering system uncertainties, thus offering greater design flexibility.
4 ROBUSTNESS COMPARATIVE ANALYSIS
Based on Equation 11, it is evident that the designed [image: image] in this study comprises three segments: PI, [image: image]. Consequently, the system control block diagram can be revised, as illustrated in Figure 7. Where [image: image], [image: image] contributes AD to the system and, at the same time, offsets system delay [image: image], the PI controller ensures dynamic and static performance of the closed-loop system. [image: image] can be obtained with the RAD control method as shown by the black curve in Figure 8.
[image: Figure 7]FIGURE 7 | Equivalent block diagram of RAD.
[image: Figure 8]FIGURE 8 | Curve of [image: image] with respect to [image: image].
Using the experimental parameters shown in Table 2, the damping ratio [image: image] can be obtained according to Chen et al. (2023) with the CCAD control method when the values of [image: image] vary within ±30% range, as shown by the red curve in Figure 8. [image: image] can also be obtained with the RAD control method as shown by the black curve in Figure 8.
TABLE 2 | Grid-connected inverter system parameters.
[image: Table 2]As shown in Figure 8, when the values of [image: image] vary within the ±30% range, the [image: image] of the RAD control is always greater than that of the CCAD control. The robustness of the RAD control is superior. This is because there is a delay compensation term [image: image] in controller [image: image], which offsets the impact of system delay. Therefore, it exhibits better robustness than the CCAD control.
5 EXPERIMENTAL VERIFICATION
An experimental platform was set up to verify the effectiveness of the RAD control method proposed in this article, as shown in Figure 9. The performance of the RAD was compared with that of the CCAD. The steady-state performance, dynamic response, and robustness to inductance change were evaluated. The RTU-BOX201 controllers and the RTI-INV6020IR inverters were both produced by Nanjing Ruitu Youte Technology Co., Ltd., and the grid simulator was the Chroma 61815. The circuit parameters of the experimental system are listed in Table 2.
[image: Figure 9]FIGURE 9 | Three-phase LCL grid-connected inverter experimental platform.
For the desired transfer function in Equation 7, with [image: image] set to the optimal damping ratio of 0.707 and taking into account both the system’s response speed and steady-state error, Kp is set to 65, and Ki is set to 188, respectively. Based on the circuit parameters shown in Table 2, [image: image] can be obtained from Equations 11, 14, 15:
[image: image]
[image: image] is usually required to be less than 4, corresponding to a 25% allowed coprime uncertainty (Sigurd, 2005). From Equation 13, it can be deduced that [image: image] is 3, which is less than commonly required value and ensures the robustness of system.
CCAD control parameter design: according to the CCAD control method proposed by Chen et al. (2023), Kad is set to 55. The bandwidth of the current loop is generally taken as 1/10 of the switching frequency, and the phase margin is set to 45° (Yang et al., 2021). The control parameters listed in Table 3 are obtained.
TABLE 3 | CCAD control parameters.
[image: Table 3]5.1 Steady-state performance analysis
The harmonic levels of grid current for the CCAD and RAD control strategies are illustrated in Figure 10. As depicted in Figure 10A, the total harmonic distortion (THD) of the three-phase grid-side current under the CCAD control strategy is 3.1%. Figure 10B shows that the THD of the three-phase grid-side current with the RAD control strategy is 1.7%. The experimental results demonstrate that the RAD control strategy yields a lower THD in the grid-side current. This improvement is attributed to the higher damping ratio of the proposed method.
[image: Figure 10]FIGURE 10 | Harmonics of grid-side current under steady-state conditions. (A) CCAD control strategy and (B) RAD control strategy.
5.2 Dynamic characteristic analysis
The dynamic response of the CCAD control strategy is shown in Figure 11A. When the reference active current [image: image] steps from 2 A to 10 A, the measured active current [image: image] follows the command with a large overshoot. The regulation time is 65 m. Figure 11B is the experimental waveforms of the grid-connected current with the RAD control strategy under the same command. The regulation time is 26 m with little overshoot. The experimental results show that the dynamic response of the proposed RAD control strategy is superior to that of the CCAD control strategy. This is because the RAD control method exhibits a higher damping ratio than the CCAD method, significantly shortening the system’s transient transition time. This result indicates that the RAD control strategy has a significant advantage in improving the system’s dynamic response.
[image: Figure 11]FIGURE 11 | Waveforms of active current and grid-side three-phase current when the active reference current suddenly changes. (A) CCAD control strategy and (B) RAD control strategy.
5.3 Robustness analysis under the perturbation of grid-side inductance parameters
Figure 12 shows the waveforms of active current [image: image], reactive current [image: image], and grid-side three-phase current [image: image] when the grid-side inductance suddenly increases by 30%. Under CCAD control, the maximum [image: image] fluctuation is 2.6 A, the maximum [image: image] fluctuation is 3 A, and the regulation time is 43 m. Under RAD control, the maximum [image: image] fluctuation is 1.2 A, the maximum [image: image] fluctuation is 1.6 A, and the regulation time is 20 m. The RAD control strategy results in shorter current regulation time and better robustness.
[image: Figure 12]FIGURE 12 | Experimental waveform of the grid-side current [image: image] when [image: image] suddenly increases by 30%: (A) CCAD control strategy and (B) RAD control strategy.
Figure 13 shows the waveforms of the active current [image: image], the reactive current [image: image], and the grid-side three-phase current [image: image] when the grid-side inductance suddenly decreases by 30%. Under CCAD control, the maximum [image: image] fluctuation is 2.2 A, the maximum [image: image] fluctuation is 3.3 A, and the regulation time is 55 m. Under RAD control, the maximum [image: image] is 1 A, the maximum [image: image] fluctuation is 1.5 A, and the regulation time is 23 m. RAD control strategy results in shorter current regulation time and better robustness.
[image: Figure 13]FIGURE 13 | Experimental waveform of the grid-side current [image: image] when [image: image] suddenly decreases by 30%: (A) CCAD control strategy and (B) RAD control strategy.
Due to the constraints of experimental conditions, the root locus method is used to determine the allowable range of variation for Lg. The range of variation for Lg is from 0.003 to 0.5, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | The root locus of the system when Lg varies.
Table 4 lists the THD of the grid-side current with RAD and CCAD. The data presented in Table 4 indicate that the grid-side current THD with the RAD control strategy consistently remains lower than that with the CCAD control strategy.
TABLE 4 | The total harmonic distortion (THD) of the grid-side current under grid-side inductance perturbation.
[image: Table 4]Under the aforementioned operating conditions, the RAD control strategy exhibits superior robustness and lower THD. This enhanced performance is attributed to the higher damping ratio achieved by the proposed control method compared to the CCAD approach under varying grid-side inductance conditions. The robustness and disturbance rejection capabilities of the proposed method enable the system to maintain more stable performance amid external disturbances induced by grid-side inductance variation.
6 CONCLUSION
This study presents a novel RAD control strategy based on H∞ loop-shaping technology to address the robustness insufficiency of the conventional AD control methods. This control strategy avoids introducing a new feedback control loop with additional sensors or state observers via H∞ loop-shaping technology, reducing costs and enhancing robustness. Through extensive analysis and experimental comparison, it is found that the RAD control exhibits a high active damping ratio compared with that of the CCAD under various grid-side inductances, demonstrating better dynamic and static performance.
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