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Photovoltaic inverters are widely utilized in microgrid systems working as the key equipment for converting solar energy into usable electricity. This paper presents a fuzzy sliding mode control (FSMC) method for the photovoltaic inverter in a microgrid. The inverter module uses voltage control to achieve stable AC output voltage. Moreover, to deal with system uncertainty and non-linearity in the photovoltaic inverter, a fuzzy controller was designed to realize real-time adaptation of the gains of the constant term and the reaching term in the sliding mode control law, which serves as a compensating controller for traditional sliding mode control. The gains of the exponential reaching law can be adjusted according to the system state instead of fixed gains, which can effectively reduce the chattering phenomenon and improve the robustness of the photovoltaic microgrid. Finally, the Lyapunov stability theory was used to ensure the stability of the entire control system, achieving a high-performance independent power supply for loads in a microgrid. Simulation results show that the designed control system is more robust to load disturbances and has superior dynamic performance.
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1 INTRODUCTION
Distributed generation has the advantages of low investment, environmental friendliness, and high flexibility (Kakran and Chanana, 2018; Wang C. et al., 2020; Wu et al., 2023). These characteristics have led to the rapid expansion of the development of distributed power generation systems, especially the gradual increase in the proportion of renewable energy sources such as solar energy (Kumar and Kumar, 2017; Li et al., 2021; Mahdavi et al., 2024). Microgrid systems composed of photovoltaic power generation systems can achieve a reliable energy supply for local loads (de la Cruz et al., 2024; Habibi et al., 2024). As a key component connecting photovoltaic power generation systems and power supply loads, photovoltaic inverters can convert the direct current output from photovoltaic panels into alternating current that meets relevant standards. Additionally, photovoltaic inverters can control and adjust parameters such as voltage and frequency to ensure stable output of high-quality electrical energy (Venkatramanan and John, 2020; Yazdani et al., 2020; Singh et al., 2023).
Photovoltaic inverters working in the islanded mode can be controlled to ensure stable and reliable output AC voltage, which meets load requirements, and protect the inverter and connected devices from effects of over-voltage or under-voltage by designing appropriate voltage control strategies. Typically, inverters use closed-loop feedback control to monitor the output voltage and adjust it to rapidly track the given voltage commands (Chander and Kumar, 2017; Nithara and Eldho, 2021). Inverter control strategies include proportional integral (PI) control (Errouissi et al., 2017; Hernández-Jacobo et al., 2021), proportional resonant control (PRC) (Errouissi et al., 2017), and repetitive control (Thang et al., 2015; Yang et al., 2018). Although PIC and PRC control structures are simple, their control accuracy and disturbance rejection performance need improvement, making it difficult to achieve ideal voltage tracking control in the presence of system uncertainties. Repetitive control can suppress periodic disturbances; however, embedding external models complicates control system design and leads to decreased dynamic performance.
Sliding mode control defines a sliding surface to guide the system’s state onto it and applies a control law to achieve stable control of the system, exhibiting strong robustness and disturbance rejection against uncertainties and disturbances. It has extensive applications, particularly in dealing with uncertain complex nonlinear systems and photovoltaic inverter systems (Rezkallah et al., 2015; Chen et al., 2019; Ortega et al., 2019). The sliding mode control method based on the exponential reaching law further improves this technology (Fallaha et al., 2011; Wang and Wei, 2019). By applying a fixed control law, this method can more rapidly guide the system state onto the sliding surface, thereby achieving faster system response and stronger robustness. However, the trade-off between chattering reduction and fast reaching time must be considered, and the inherent chattering phenomenon in sliding mode control limits its practical engineering applications. To address this issue, Wang and Wei (2019) proposed a various exponential reaching law to solve the chattering problem and improve the control performance for the permanent magnet synchronous motor drive system. Han et al. (2020) developed an adaptive reaching law to adjust the sliding mode control law and avoid the undesired chattering phenomenon for a class of second-order nonlinear systems. Jeeranantasin and Nungam (2022) proposed an exponential rate-reaching law with an adaptation gain to reduce chattering in a three-phase AC/DC power converter. However, those methods adjust the controller by analyzing different operating states of the system and selecting different reaching law gains, but this approach suffers from poor generality.
Fuzzy control serves as a versatile approximation, leveraging IF–THEN rules designed through expert experience to approximate unknown variables (Huynh et al., 2020; Nguyen et al., 2021). Fuzzy logic inherently abstracts specific models, thereby enabling fuzzy control to mitigate the improper selection of disturbance ranges and its impact on system responsiveness. A fuzzy controller was designed in this paper to adapt the gains of the constant term and the reaching term of the exponential reaching law in real-time. The gains can be adjusted according to the system state, which can avoid a fixed larger-parameter design. Thereby, it can effectively reduce the chattering phenomenon and improve the robustness of the photovoltaic microgrid.
The main objective of this paper is to design a fuzzy sliding mode control (FSMC) strategy based on the adaptive exponential reaching law to reduce the chattering phenomenon in photovoltaic inverter systems and improve the robustness of the inverter against system uncertainties. The innovativeness of this study is summarized as follows.
1) A mathematical model of three-phase inverters considering the uncertainties of photovoltaic systems is established in the αβ coordinate system, avoiding system coupling in the dq coordinate system and simplifying the design and debugging process of the control system.
2) An FSMC system framework based on the exponential reaching law is designed. To reduce the chattering phenomenon in the system, this article designs a fuzzy controller to achieve adaptive updating of the constant-term gain and reaching-term gain in the exponential reaching law, enabling online updating of the controller gain according to the real-time operating status of the system. Compared with the exponential reaching law with fixed control gain, the proposed FSMC strategy in this paper exhibits better robustness to system uncertainties.
3) The stability of the designed control system is guaranteed by using the Lyapunov stability theory, ensuring the safe and stable operation of the photovoltaic inverter under the proposed control strategy in this study.
The rest of this paper is organized as follows. The dynamic model of the photovoltaic inverter is established in Section 2. Section 3 describes the design process of the proposed FSMC with the adaptive exponential reaching law. Simulation studies of the proposed FSMC strategy are described in Section 4. Finally, some conclusions are summarized.
2 DYNAMIC MODEL OF THE PHOTOVOLTAIC INVERTER
The structure diagram of the three-phase voltage–source inverter used in this article is shown in Figure 1, where Vdc represents the DC bus voltage from the front-stage photovoltaic power generation system; the inverter unit adopts a three-phase bridge structure, with IGBT (T1∼T6) as the switching device equipped with freewheeling diodes (D1–D6); the filter unit uses an LC filter, r is the equivalent resistance of the inductor L; and Z represents the equivalent load impedance; ila, ilb, and ilc are the currents of the filter-inductor; ica, icb, and icc are the currents of the filter-capacitor; ica, icb, and icc are the currents of the filter-capacitor; and ioa, iob, and ioc are the currents of the loads.
[image: Figure 1]FIGURE 1 | Diagram of the main circuit structure of the photovoltaic inverter.
The mathematical model of the three-phase inverter in the αβ coordinate system is expressed as follows:
[image: image]
where [image: image], [image: image], [image: image], and [image: image] are the output voltage and current of the inverter in the [image: image] stationary coordinate system; [image: image] is the equivalent gain of the inverter, in which [image: image] is the amplitude of the high-frequency triangular carrier signal; [image: image] and [image: image] are the output voltages, working as the modulation signal.
Choosing the output voltage ([image: image], [image: image]) as the system state and the inverter output voltage ([image: image]) as the control input, considering the impact of uncertainties such as circuit parameter variations, DC bus voltage fluctuations, and load disturbances, Eq. 1 can be rewritten as
[image: image]
where [image: image] in Eq. 2 is defined as the lumped uncertainty vector, which can be expressed as
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image]; Ap1n, ,Ap2n, Bpn, Cp1n, and Cp2n are the nominal values of Ap1, Ap2, Bp, Cp1, and Cp2, respectively; △Ap1, △Ap2, △Bp, △Cp1, and △Cp2 denote the parameter variations in the inverter.
Assuming the disturbance term [image: image] is a bounded vector, with an upper bound of
[image: image]
where [image: image] represents the one norm operator and [image: image] is a given positive constant.
3 FUZZY SLIDING MODE CONTROL DESIGN
3.1 Sliding mode control design with the exponential reaching law
Define the voltage tracking–error vector as
[image: image]
where [image: image] is the given voltage command vector.
Then, a sliding surface vector is designed as
[image: image]
where ks is the designed positive constants.
By substituting (1) and (5) into the differential of (8) with respect to time, one can get
[image: image]
Moreover, design the exponential convergence law as
[image: image]
where [image: image] and [image: image] are designed positive constants.
Design the control law as
[image: image]
where uconb is the control law related to the nominal model and ucone is the exponential reaching law.
Theorem: If the photovoltaic inverter shown in (2) is controlled by the designed SMC control with the exponential reaching law shown as (9), then the stability of the control system for the voltage control of the photovoltaic inverter will be guaranteed.
Proof: Choosing a Lyapunov function candidate as [image: image], then its derivative can be obtained as
[image: image]
As long as the condition of [image: image] holds, [image: image] in (10) can be guaranteed, which means that [image: image] is a bounded function. It can be concluded that the sliding surface vector s(t) will converge to 0 as [image: image], according to the Lyapunov stability theory and the Barbalat’s lemma (Astrom and Wittenmark, 1995). The conditions for the existence of the sliding mode hold that once the system reaches the sliding surface, it will remain on the sliding surface.
Exponential reaching law-based sliding mode control requires knowledge of the range of unknown disturbances when facing them. Often, to ensure a rapid entry of the system state into the sliding mode, larger reaching gains are determined based on the disturbance range. However, when the error converges sufficiently, a large reaching gain can easily cause the chattering phenomenon.
3.2 Fuzzy sliding mode control design
By taking the existence conditions ([image: image]) of the sliding mode as input and choosing [image: image] and [image: image] as outputs of the fuzzy controller, designing fuzzy logic allows for appropriate adjustments of the constant term ([image: image]) and reaching gain ([image: image]) in the sliding mode control law shown in Eq. 9 to follow changes in motion states. A fuzzy sliding mode control (AFSMC) with the adaptive exponential reaching law is designed in this section to improve the robustness ability against system uncertainties and alleviate chattering caused by switching and improves the robustness of the control system.
First, fuzzify the input variables, with the assumption of [image: image], and select discrete quantities as follows:
[image: image]
where [image: image] in which xl and xh represent the lower bound and upper bound of the physical domain, respectively, and n represents the scale of the fuzzy domain. To mitigate the issue of slow controller response caused by excessive computational burden, the value of n = 3 is selected in this paper.
The fuzzy domain of the input variable can be defined as
[image: image]
Fuzzy sets [image: image] can be assigned values based on experience as
[image: image]
where NB is negative large, NM is negative middle, NS is negative small, ZO is zero, PS is positive small, PM is positive middle, and PB is positive large.
The outputs ([image: image] and [image: image] ) in the fuzzy domain of the fuzzy controller are expressed as follows:
[image: image]
[image: image]
The membership function of the input are shown in Figure 2A, and the corresponding membership functions of outputs are shown in Figure 2B,C.
[image: Figure 2]FIGURE 2 | Membership function: (A) [image: image]; (B) [image: image] and (C) [image: image].
The fuzzy rule is designed as follows:
[image: image]
By using the Mamdani fuzzy inference and center-average defuzzification, the outputs of the fuzzy system can be presented as
[image: image]
[image: image]
where p is the number of membership functions, [image: image] and [image: image] are firing weight, and [image: image] and [image: image] are fuzzy basis function vectors.
The gain of constant term and the reaching gain in the sliding mode control law can be designed as
[image: image]
[image: image]
Then, the designed fuzzy sliding mode control law can be expressed as
[image: image]
The control block of the proposed FSMC system for the photovoltaic inverter is shown in Figure 3. In which, the sliding mode surface is designed as Eq. 6. Ignoring the influence of disturbances and considering the nominal parameters, the nominal mode of the inverter is described as. First the control law related to the nominal model (uconb) can be obtained according to Eq. 9. Moreover, fuzzy inference is designed to adjust the constant term and reaching gain of the exponential reaching law (ucone). Finally, the proposed fuzzy sliding mode control strategy based on the adaptive exponential reaching law (ucone) is utilized as the input to generate the switching signals for T1–T6 by the space vector pulse width modulation (SVPWM) method.
[image: Figure 3]FIGURE 3 | Control block of the proposed FSMC system for the photovoltaic inverter.
4 SIMULATION STUDY
In order to verify the effectiveness and the superiority of the proposed FSMC system for the photovoltaic inverter, steady-state and transient simulation experiments are carried out in MATLAB/Simulink. The detailed parameters of the inverter circuit and the testing loads are described in Table 1.
TABLE 1 | Parameters of the inverter circuit and testing loads.
[image: Table 1]Figure 4 shows the adaptive adjustment of control gain. From Figure 4, it can be observed that, before 0.002 s, the controller rapidly adjusts the gains from the initial state of the system. Under the designed fuzzy controller, the overshoot of the adjustment is small, and it gradually stabilizes after 0.002 s.
[image: Figure 4]FIGURE 4 | Adaptive adjustment of control gain.
Figure 5 shows the system state trajectory under the SMC and FSMC. By comparing Figure 5A,B from their zoomed-in details, it is evident that the convergence process of the fuzzy sliding mode control is generally smoother compared with the sliding mode control based on the exponential reaching law with fixed gain. Additionally, the chattering phenomenon at the origin is significantly reduced, further demonstrating the effectiveness of the designed fuzzy sliding mode controller.
[image: Figure 5]FIGURE 5 | System state trajectory under the SMC and FSMC: (A) SMC and (B) FSMC.
To verify the superiority of the designed FSMC system, comparative simulation experiments were conducted. The simulated results of the three-phase output voltage by PIC, SMC, and the proposed FSMC are depicted in Figure 6, and the corresponding total harmonic analysis is described in Figure 7. Figure 6A shows that under the PIC, the specified voltage command (311 V) is tracked within 0.1 s, and however, there is significant distortion at the peak. According to the THD analysis of the output voltage in Figure 7A, the THD value (1.62%) meets the requirement of less than 5% for resistive loads specified in GB/T 19064-2003. In Figure 6B and Figure 7B, the system has already tracked the reference voltage within 0.01 s with a THD value of 1.10%, demonstrating good speed and stability, which indicates that the output voltage contains fewer harmonic components under the SMC and the quality of the output voltage is superior to that under PIC. Unfortunately, there is slight chattering during the transient process. Furthermore, from Figure 6C and Figure 7C, it can be observed that the response speed of the FSMC is significantly faster than that of the PIC and SMC, with no chattering during transient processes. The THD value (0.89%) of the output voltage is lowest compared with the aforementioned two algorithms, indicating better quality of inverter output power under the proposed FSMC.
[image: Figure 6]FIGURE 6 | Three-phase output voltage and THD analysis with R load: (A) PIC; (B) SMC; (C) FSMC.
[image: Figure 7]FIGURE 7 | Output voltage and current under load variation: (A) PIC; (B) SMC; (C) FSMC.
The load disturbance experiments are further conducted to validate the good dynamic performance of the FSMC. The transient simulation results of phase A voltage and current with resistive-load variation from 24Ω to 14Ω are shown in Figure 7. As seen in Figure 7A, under the PIC control, there was an instantaneous voltage drop of approximately 100 V during the upload transition. Compared to the PIC, Figure 7B demonstrates that the phenomenon of voltage drop in the inverter is effectively alleviated under the exponential reaching law sliding mode control. Meanwhile, Figure 7C illustrates the waveform of the inverter’s superior dynamic response with the minimum voltage distortion at the upload transition point under the proposed FSMC. This indicates that the FSMC proposed in this paper can effectively improve the dynamic performance of the inverter and possess superior robustness against load variations.
To validate the capability of the photovoltaic inverter controlled by proposed FSMC powering for different loads, simulation tests were conducted for inductive (RL) loads with a lagging power factor of 0.85, capacitive (RC) loads with a leading power factor of 0.85, and non-linear RLCD loads (specific parameters shown in Table 1). The simulation results are depicted in Figure 8. As shown in Figure 8A, under resistive–inductive load conditions, the tracking absolute error (AE) of the output voltage is 1.12%, and the voltage waveform led the current waveform, with a THD value of 1.91%. In Figure 8B, under capacitive load conditions, the voltage waveform lagged behind the current waveform, with a voltage tracking AE value of 0.84% and a THD value of 1.56%. Figure 8C presents the simulation results for RLCD nonlinear loads. Compared to linear loads, nonlinear loads caused distortion in the output voltage waveform, with a THD value of 2.0%, but still met the requirements of the national standard GB/T 19064-2003.
[image: Figure 8]FIGURE 8 | Output voltage and current with different loads and THD analysis by the proposed FSMC: (A) RL load, (B) RC load, and (C) non-linear load.
5 CONCLUSION
In order to reduce the chattering phenomenon and improve the robustness of the photovoltaic inverter, a fuzzy sliding mode control (FSMC) strategy with adaptive exponential reaching law is proposed in this paper. Based on the dynamic model of the photovoltaic inverter considering system uncertainties, the sliding surface and exponential reaching law are designed first. In addition, by taking the sliding surface vector as the input variable and the estimation value of the gains of the constant term and reaching term as the output variable, a fuzzy controller was designed to realize real-time adaptation of the exponential reaching law. Thereby, the gains of the exponential reaching law can be adjusted according to the system state instead of fixed gains in the proposed FSMC framework. Moreover, the stability of the designed control system is guaranteed by the Lyapunov stability theory. Finally, comparative simulation experiments were conducted among PIC, SMC, and the proposed FSMC. The steady-state and dynamic simulation results demonstrated that the proposed FSMC strategy can supply high-quality output voltage with different loads (resistive, inductive, capacitive, and non-linear loads) and have superior robustness against load variation. The proposed FSMC strategy for the inverter in the photovoltaic microgrid in this study, which exhibits excellent control performance, is of great significance in ensuring the stable operation of photovoltaic inverter systems. Additionally, the proposed FSMC, as an adaptive control method, plays a significant role in handling nonlinearities and load disturbances. Therefore, besides the application in photovoltaic inverter control discussed in this paper, the proposed FSMC strategy also has extensive potential for application in other areas such as power electronic converters and motor drive system control.
The proposed fuzzy sliding mode control strategy based on the adaptive exponential reaching law in this paper effectively reduces the chattering phenomenon in photovoltaic inverter systems and improves the quality of the output electric energy. However, this paper focuses on the controller design for individual photovoltaic inverters. In future research, we will further explore control methods for multiple photovoltaic inverters operating in parallel in microgrids based on virtual synchronous generators (VSGs), aiming to achieve power control for the entire microgrid system and stable control of output voltage and frequency.
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