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Abstract

:

Conventional Energy Resources (CER) are being rapidly replaced by Renewable Energy Resources (RER) due to their abundant, environmentally friendly, clean, and inexhaustible nature. In recent years, Solar Photovoltaic (SPV) energy installation is booming at a rapid rate among various RER. Grid-Connected PVS required advance DC-link controllers to overcome second harmonic ripple and current controllers to feed-in high-quality current to the grid. This paper successfully presents the design of a Fuzzy-Logic Based PI (F-PI) and Fuzzy-Logic based Sliding Mode Controller (F-SMC) for the DC-link voltage controller and Proportional Resonant (PR) with Resonant Harmonic Compensator (RHC) as a current controller for a Single-Phase Two-Stages Grid-connected Transformerless (STGT) Photovoltaic (PV) Inverter. The current controller is designed with and without a feedforward PV power loop to improve dynamics and control. A Second Order General Integral (SOGI)-based Phase Lock Loop (PLL) is also designed that has a fast-dynamic response, fast-tracking accuracy, and harmonic immunity. A 3 kW STGT-PV system is used for simulation in Matlab/Simulink. A comparative assessment of designed controllers is carried out with a conventionally well-tuned PI controller. The designed controllers improve the steady-state and dynamic performance of the grid-connected PV system. In addition, the results, performance measure analysis, and harmonics contents authenticate the robustness, fastness, and effectiveness of the designed controllers, related to former works.
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1. Introduction


Diminishing fossil fuel reserves and global environmental concerns enhance the urgency of transitioning towards sustainable energy resources due to their abundant, environmentally friendly, clean, and inexhaustible nature [1]. In the last several years, the installation of Photovoltaic (PV) is booming at a rapid rate and will play a vital role in the future mixed power grid [2,3]. The energy forecast of 2020 shows that the installed capacity of solar PV (772 GW) will lead to wind energy (735 GW) [4]. Mainly a majority portion of single-phase inverters is connected to the grid [5]. A power electronics voltage source inverter is used as an interface for a PV system to the distribution grid.



The controllability of the grid-connected PV system due to its variable nature is a challenging task. Additionally, the grid standards must meet when connecting to the grid. The purpose of these grid codes is to acquire robustness, high quality of injected grid power, and fast control [6]. A typical PV system consists of two stages with separate control, i.e., input sided-DC converter and output side DC-AC inverter [7,8]. The DC-DC converter is used to extract maximum power and to achieve Maximum Power Point Tracking (MPPT) while the DC-AC inverter is used to effectively transfer the extracted power to the distribution grid [9]. The DC-link capacitor voltage must be regulated to achieve this. The DC-link capacitor has many functions, i.e., it acts as an energy storage capacitor, to limit fluctuations in the input dc voltage of the inverter, to reduce ripple, and to provides the flexibility to alternate the instantaneous power in between the two stages [10]. Furthermore, the DC-AC inverter stage also performs other significant responsibilities, i.e., reactive power compensation, synchronization, islanding detection, injecting high quality current to the grid, low/high-frequency ride through, and low/high voltage ride through and other ancillary functions [11]. The characteristics of power quality for the PV system are measured and assessed by various parameters, i.e., slow voltage variations, unbalance, flicker, and harmonics [12].



Recently, Grid-Connected Transformerless (GT) PV inverters, i.e., 1–10 kW, are gaining wide acceptance. In comparison to inverters based on transformer galvanic isolation, the promising features of GTPV inverters are: Lower cost, lighter weight, smaller volume, higher efficiency, and less complexity. The “race” for higher efficiency PV inverters has resulted in a large variety of “novel” transformerless topologies derived from H-bridge and Neutral Point Clamped (NPC) topology with higher efficiency and lower Common Mode/Electro-Magnetic Interference [4]. Though the GTPV has many advantages, the high leakage current is the main concern. Various aspects, problems, and future trends of GTPV inverters are reported in References [4,13]. In Reference [14], a detailed analysis of DC current injection and the problems that can occur is carried out.



Many researchers have focused on grid-connected inverters to effectively transfer energy generated from the PV system. Some of these focused areas are inverter topologies, control schemes, controller design, etc. Typically, the current control loop can be implemented in the three-phase natural reference frame (abc), the stationary reference frame (αβ), and the rotating reference frame (dq). To control steady-state and transient performance of grid-connected PV system, various controllers are investigated as: Repetitive Controller (RC) and Proportional Resonant (PR) controller with parallel RESonant (RES)-based harmonic compensators [15], Sliding Mode Controller (SMC), deadbeat controller [15,16,17,18,19,20,21,22,23,24], hysteresis controller, and Proportional Integral (PI) controller with grid voltage feedforward [25,26,27,28,29,30]. In addition, neuro-fuzzy and fuzzy logic based on artificial intelligence methods, adaptive controllers, and neural networks are also proposed in References [31,32,33,34].



In Reference [15], a frequency adaptive selective harmonic control is proposed for the grid-connected PV system. An adaptive SMC is designed for cascaded two-level inverter in Reference [20]. In Reference [25], a full digital hysteresis current controller is designed to regulate the current of the grid-connected PV system. A neuro-fuzzy-based DSPAC controller is proposed in Reference [31]. In Reference [34], a grid interactive RE system based on Fuzzy PI is presented. Also, in terms of steady-state error and transient response, the advantages and disadvantages of these schemes have been proposed in the literature. The aforesaid controllers enhanced the performance of the grid-connected PV system. However, these controllers lack the comparative analysis of Fuzz PI, Fuzzy-SMC, and PR with RHC for the STGT PV inverter with and without a feedforward PV power loop.



In light of the above-detailed issues, the key contributions of our paper are:




	
We propose Fuzzy-Logic Based PI (F-PI) and Fuzzy-Logic based Sliding Mode Controllers (F-SMC) for DC-link voltage control.



	
A Proportional Resonant (PR) with Resonant Harmonic Compensator (RHC) is designed as a current controller for the STGT PV inverter.



	
The current controller is designed with and without feedforward PV power loop to improve dynamics and control.



	
A superior SOGI-based PLL is employed that has a fast-dynamic response, fast-tracking accuracy, and harmonic immunity.



	
A comparative assessment of the designed controllers with a well-tuned conventional PI controller on the bases of oscillation, overshoot, undershoot, rise time, settling time, etc.



	
The Total Harmonic Distortion calculation of a periodic grid voltage and grid current based on discrete samples using the PLECS library.



	
Performance index calculation and assessment, i.e., Integral Square Error (ISE), and Integral Absolute Error (IAE) to evaluate the performance of the design controllers.








The rest of the paper is structured as: A two-stage 3 kW grid-connected PV system is proposed in Section 2, and Section 3 comprehensively describes the control loop design and SOGI PLL implementation for a transformerless inverter, the design of F-PI and F-SMC controllers are discussed and designed in Section 4, and the analysis of the results is discussed in Section 5. Section 6 concludes the paper along with a brief proposal for future work.




2. Proposed System Design


The effective operation of the two-stages PV system requires control of various components, i.e., at the PV side for maximum extraction of power, at the inverter side to inject high-quality current (power), and at the grid side for ancillary functions. In the design and planning phase of a PV system, the consideration of ambient temperature and solar irradiance (mission profiles) is mandatory as it affects the PV energy [35,36]. Figure 1 presents the 3 kW two stages single phase grid connected inverter structure. The platform used for implementation is MATLAB®/Simulink®/Simscape R2017b. The specification of the system is given in Table 1.



2.1. DC-DC Converter


In the low power application (i.e., AC-module inverter) the output voltage range of the PV panels/strings is limited, which is the major drawback of single stage inverter, thus affecting the overall efficiency. This issue is solved by double-stage inverter technology. The voltage of the PV module is amplified to the desired level for the inverter stage by DC-DC converter [37]. The MPPT control is performed on the DC-DC converter. Perturb and Observe (P&O) is adopted for simplicity in this research [38]. The MPPT control structure for a boost converter is presented in Figure 2. The P&O algorithm generates the voltage at maximum power point (the reference voltage) for PV panels which is regulated by the Proportional Controller (PC) km. The value of the PC used is 0.00126 km [35,39].




2.2. DC-AC Inverter


The grid side control can be implemented in stationary (αβ) or rotating (dq) reference frame [40,41]. The implementation of αβ is simple and preferable, but it needs an orthogonal system to produce a “virtual” system that is in quadrature with the real grid. Thus, in this research, the grid-side control is implemented in the αβ reference frame. The Second-Order Generalized Integrator (SOGI) Phase Lock Loop (PLL) is utilized to generate the in-quadrature component. The derivation and implementation of SOGI PLL are discussed in the next section. The DC-link voltage is controlled by a PI controller, and PR controller with RHC is used for current control loop as shown in Figure 3 [35]. kpr, kpi, and kpih are the controller parameters. The complete design of current control is discussed in Section 3.





3. Control of Transformerless PV Inverter


3.1. Control Loop Design


Generally, the control of the single-phase grid-connected system consists of two cascaded loops. The outer loop is known as a voltage or power control loop is responsible for generating required current references for the inner current loop. The inner loop is the current loop and is accountable for current protection and power quality issues [42]. According to single phase PQ theory, the active and reactive power is calculated from vα and vβ generated by orthogonal signal generator presented as:


P=12(vαiα+vβiβ)Q=12(vβiα−vαiβ)}



(1)




where P, Q are the active and reactive powers and vαβ, iαβ are grid voltage and current in the stationary reference frame, respectively. From Equation (1), the reference current can be generated as:


iα*=2(vαP*+vβQ*)vα2+vβ2iβ*=2(vβP*−vαQ*)vα2+vβ2}



(2)







In the above equation ‘*’ shows the reference signals. The above equation can be simplified in terms of grid reference current as:


ig*=iα*=2vα2+vβ2[vαvβ][P*Q*]



(3)







The implementation of the cascaded dual control loops is shown in Figure 4. The DC-link voltage is controlled using a PI controller. Here, two scenarios are considered as shown in Figure 4. In the first case, the feed-forward PV power Ppv is not used whereas, in second it is employed. The feed-forward PV power Ppv improves dynamic and control performance.


GPI(s)/DC−link=(kp+kis)



(4)




where kp and ki are proportional and integral gains. Then the reference for the current control loop is generated using Equation (3). In the grid voltage, there might be distortion; therefore, the controller with RHC is used, as shown in Equation (5). In PR with RHC, multiple resonant controllers are added whose central frequencies are placed at the third, fifth, and seventh harmonics. There valves are kpr=22, kpi=2000, kpi3=1200, kpi5=800, kpi7=200, respectively [35,43].


GPI(s)/CC=(kp+krss2+ω02)⏟PR+∑h=3,5,7kihss2+(hω0)2⏟RHC



(5)








3.2. Second Order Generalized Integrator (SOGI) PLL Design


According to the standards in the grid-connected PV inverter system, the injected current should be in phase with the grid voltage. To cope with the new standards and to correctly generate the reference signal fast and accurate detection of the phase angle, amplitude and frequency are important. Various methods are available in the literature for this purpose, i.e., filtering of grid voltage, zero crossings, and Phase Lock Loop (PLL) method. Most recently, PLL is widely employed in the grid-connected inverter. In literature, there are a large number of PLL based synchronization techniques T/4 Delay PLL [44,45], Enhanced PLL (EPLL) [46], The inverse park transforms PLL, and SOGI PLL [47], etc. Research reveals that in terms of fast dynamic response and high tracking accuracy the SOGI-PLL is a good application for a single-phase grid-connected PV system, in the presence of various disturbances, i.e., frequency variations and voltage sags.



Figure 5 presents the structure of SOGI PLL. Two orthogonal sine waves are generating having 90°, e.g., (v′ and qv′). The magnitude and phase of v′ are the same as that of input v. The transfer function of SOGI is defined as [48,49,50]:


GI=ωss2+ω2



(6)




where the resonance frequency of SOGI is denoted by ω.


Hd(s)=v′v(s)=kωss2+kωs+ω2Hq(s)=qv′v(s)=kω2s2+kωs+ω2}



(7)







In the above equation, the Hd(s) and Hq(s) represent the closed loop transfer function, and the bandwidth of the closed-loop system is dependent on k [49]. For the discrete implementation of the orthogonal generation for SOGI PLL, various methods are used, i.e., the trapezoidal method, second-order integrator, and third order integrator [50].





4. Proposed Adaptive Controllers


4.1. Proposed Fuzzy-PI Controller


4.1.1. Fuzzy Controller Architecture


The real-world problems are very complex in nature, and complex problems are basically fuzzy. The advantages of FLC are: They add human deductive thinking to the system and do not rely entirely on exact mathematical models [51]. Their aptitude to deal with uncertainties and non-linearity is also one of the advantages. This makes FLC more competent in applications where existing models are ill-defined, complex, and not sufficiently dependable. The structures of FLC are based on four main parts: Fuzzification, rule-base, inference mechanism, and de-fuzzification, as illustrated in Figure 6 [52].



1. Fuzzification: This is also known as the fuzzifier. It is the input interface step that maps the real or crisp data from the system into a fuzzy set using fuzzy linguistic variables, linguistic terms, and membership functions.



2. Rule Base: A “rule base” contains a set of fuzzy IF-THEN rules with a condition and conclusion. These rules define the action of the controller by controlling the output variable in terms of input variables.



3. Inference Mechanism: This step is also known as fuzzy inference or inference engine. This step deals with how best to control the plant by an expert’s decision making in interpreting and applying the knowledge of rules. It is basically the evaluation and firing of rules.



4. De-fuzzification: This step is also known as de-fuzzifier. It is the output mapping interface that converts the fuzzy input from the inference engine into crisp/real-time output, which is the controller effort to the plant.




4.1.2. Design of Fuzzy-PI Controller


The parameters of the PI controller, i.e., proportional kp and ki integral are constant. When sudden disturbances or parameter uncertainties occurs in the system, the performance of the PI controllers detunes and degrades. Therefore, the adaptive PI controller is required that adjusts its parameters according to the error function [52]. In this controller, fuzzy rules are employed in the PI controller presented in Table 2 and listed as:




	(1)

	
If the error absolute |e(t)| is zero, then kp is large and ki is small.




	(2)

	
If the error absolute |e(t)| is small, then kp is large and ki is zero.




	(3)

	
If the error absolute |e(t)| is large, then kp is large and ki is large.









The Gaussian membership function is employed in the rules that depend on the center ci and standard deviation or variance σi as:


μ(x)=exp(−12(xi−ciσi)2)



(8)




A PI controller can be mathematically expressed as:


vDC*/ig*(PI)=Kpe(t)+Ki∫e(t)dt



(9)




where kp and ki are proportional and integral gains respectively, the input to the controller is e(t), and the output of the controller may be vDC*/ig*. According to Equation (14), the PI parameters are fixed and require adaptation conferring to parameter uncertainties, load disturbances, and electrical faults perturbation [53].


vDC*/ig*(Fuzzy)=X1L1e(t)+X2L2∫e(t)dt.



(10)




where in Equation (10) X1 and X2 are the output of the Fuzzy controller and L1 and L2 are learning rate constants for kp and ki respectively, as shown in Figure 7.





4.2. Design of Fuzzy-Sliding Mode Controller


The structure of the Fuzzy-Sliding Mode Controller (F-SMC) or Adaptive Sliding Mode controller (ASMC) consists of two non-linear controllers, one of which is the Fuzzy-PI or Adaptive PI controller, and the other is the Sliding Mode Controller (SMC). The promising features of both these controllers are combined in F-SMC. The implementation of F-SMC is presented in Figure 8 [54]. The Fuzzy-PI is active in a steady state and reduces chattering in response. The gains of Fuzzy-PI, i.e., kp, and ki are updated using fuzzy IF-THEN rules [55,56]. The SMC is active during the transient state of the system, provides a fast-dynamic response and enhances system stability. Sliding Surface (SS) is calculated in the first step of SMC after that control law is designed that direct the controller to track the reference abruptly [57,58]. SS is calculated from error and the derivative of the error. In SMC, the error and derivative of error are always directed towards SS. The SS is defined:


S(t)=e˙(t)+λe(t)



(11)







In Equation (11), λ is an arbitrary constant whose values defends on bandwidth. Also, λe(t) is calculated as:


λe(t)=X1L1e(t)+X2L2∫e(t)



(12)







The fuzzy-PI controller designed in the previous section is used to update λe(t). The discontinuous control law is designed in Equation (13) as:


vDC*/ig*=−Usgn(S).



(13)




where S is the sliding surface and U is tolerably large positive gain, and sgn function can be explained as:


sgn(S(t))={UifS>0−UifS<0.



(14)







In electrical systems where PWM is employed, the control law designed in the above Equation causes oscillation and chattering phenomena. To avoid this, an alternate smooth control law is required. The “sgn” function is replaced by “sat”, which adds continuous smooth approximation to the system and defined below:


vDC*/ig*=−Usat(σ;ε)=[−US|S|+ε].    ε>0         ε≈0



(15)









5. Results and Discussion


The performance of the designed controllers and PLL being investigated and validated by various simulation results are discussed and described in case I and case II. A 3 kW two-stages single-phase grid-connected inverter structure with an LCL filter is designed. The platform used for implementation is MATLAB®/Simulink®/Simscape/PLECS. The specification of the system is given in Table 1. The specification of the PV panel is presented in Table A1, and the updated values of various controllers are given in Table A2 of the Appendix A. There are 15 PV modules in the string, and strings connected in parallel and are presented in Table A1. The essential purpose of simulations is twofold, i.e., (a) to verify the robustness of designed controllers, and (b) to compare the results with themselves and with a conventionally well-tuned PI controller.



5.1. Case I: Without Feedforward Loop of PV Power


Case I explains the various results obtained without the feedforward loop of PV power for PI, F-PI, and F-SMC controllers. The control performance of each controller is tested by two analyses, i.e., graphical and tabulated. In the tabulated analysis, Integral Square Error (ISE), Integral Absolute Error (IAE), and Total Harmonic Distortion (THD) for grid voltage and grid current are calculated for both the DC-link loop and current controller loop. These parameters give the exact and precise comparison of the designed controllers. The lower the values in tabulated analysis, the better the efficiency. The design controllers give less value in comparison to the PI controller as presented in Table 3 for both the DC-link voltage and current control loop. The graphical analysis consists of various simulation results shown in Figure 9. Figure 9a presents the DC-link voltage of the designed controllers with the feedforward loop of PV power. The 400 DC-link voltage vdc is converted into 1 Per Unit (PU). At the start of the simulation, the PI controller shows a large overshoot of 0.15 PU that settles at 0.36 sec. The F-PI controller shows overshoot of 0.1 PU that settles at 0.3 sec. Similarly, the overshoot of F-SMC is 0.09 sec that settles abruptly at 0.18 sec. At 1 sec, the system is subjected to disturbance by changing solar irradiance from 1 kW/m2 to 0.6 kW/m2 and then to 0.8 kW/m2 at 1.2 sec. The PI controller shows sensitivity towards disturbance as compared to F-PI and F-SMC. Additionally, the PI controller overshoot and undershoot is high and the response is slower, comparatively.



Figure 9b presents the output power from the PV panels. The PI controller shows large variations in power compared to F-PI and F-SMC. At the start the power decrease to 2.1 kW from 3 kW, where the F-PI and F-SMC change to 2.6kW and 2.7 kW, respectively that abruptly reaches 3 kW. In addition, at 1 sec the solar irradiance varies that causes variation in the PI controller response. Furthermore, the response of the designed controller is faster, robust, less oscillatory, and improves the output power from the PV panel. The current loop response is presented in Figure 9c. This response is obtained using a proportional resonant controller with a harmonic compensator. Their values of the tuned controller are kpr=22, kpi=2000, kpi3=1200, kpi5=800, kpi7=200, respectively. This controller effectively removes the third, fifth, and sixth harmonics. The PV voltages and currents for each controller, i.e., PI, F-PI, and F-SMC are compared in Figure 9d,e, respectively. If we look at Figure 9d, especially the zoom window at 1 sec, the instantaneous panels output DC voltage shows overshoot for F-PI/F-SMC but that overshoot is extremely for short duration and its amplitude is 285 V, which is less compared to the starting overshoot amplitude, which is 305 V. Additionally, at this duration, the instantaneous panels output DC voltage does not stabilize and shows oscillatory behavior. Although the voltage at this point shows overshoot, the instantaneous panels output power shows negligible oscillation, comparative to PI. The instantaneous panels output DC current shows undershoot Figure 9e. The responses of grid voltages and grid currents for each controller, i.e., PI, F-PI, and F-SMC are compared in Figure 9f,g, respectively. Figure 9h shows the grid voltage and current which are in phase to effectively inject the inverter current into the grid. Besides, this figure confirms that the SOGI-based PLL has a fast-dynamic response, fast tracking accuracy, and harmonic immunity.




5.2. Case II: With Feedforward Loop of PV Power


In this case, the results of different parameters are considered for comparison of designed controllers, i.e., for PI, F-PI, PI, F-PI, and F-SMC controllers with a feedforward loop of PV power. First analysis for comparison is graphical while the second one is tabulated analysis. In the tabulated analysis, the performance of the DC-link loop and current control loop is tested on the basis of various parameters, i.e., ISE, IAE, and Total Harmonic Distortion (THD) for grid voltage and grid current as presented in Table 4. The lower these parameters, the better the performance of the controller. In comparison to Table 3, these values are minimum for PI, F-PI, and FSMC controllers, and this means the dynamics of the control loop are improved to a large extent. In addition, when self-comparison is carried out, the F-PI and F-SMC values are less when compared to the PI controller for both loops. Figure 10 presents the graphical comparison of the designed controllers. The response of the DC-link voltage for PI, F-PI, and F-SMC are presented in Figure 10a. The 1 PU is equivalent to 400 vdc. Initially, the spike in Vdc for the PI controller reaches to 1.081 PU and for F-PI and F-SMC approximately 1.06 PU. In addition, the PI controller settles at 0.35 sec while the F-PI and F-SMC approximately at 0.1 sec. At 1 sec, the system is subjected to disturbance by changing solar irradiance from 1 kW/m2 to 0.6 kW/m2 and 0.8 kW/m2 at 1.2 sec. The zoom area clearly demonstrations the sensitivity of PI controller towards the disturbance. The response of F-PI and F-SMC is faster, robust, with less oscillation, comparatively.



The PV panels power is presented in Figure 10b. In comparison to Figure 9b, the power is improved to a large extent. Initially, the PI controller power decrease/undershoot to approximately 2.7 kW whereas, F-PI to 2.83 kW and F-SMC to 2.9 kW. In addition, the zoom window at this interval shows large oscillation of the PI controller. Similarly, at 1 sec the solar irradiance varies from 1 kW/m2 to 0.6 kW/m2. The PI controller gives a large decrease in power compared to the F-PI and F-SMC, while the response of F-PI and F-SMC is almost similar. At 1.2 sec, the solar irradiance varies from 0.6 kW/m2 to 0.8 kW/m2 and the F-PI response is better while F-SMC shows a similar response to PI for 0.03 sec. Still, these responses are superior to without feedforward loop of PV power. Overall, the PI controller shows sensitivity to disturbances. Furthermore, the response of the designed controller is faster, reliable, less sensitive to disturbance, less oscillatory, and improves the output power from the PV panel. Figure 10c presents the response of the current loop. A proportional resonant controller with a harmonic compensator is used to perform efficiently and to remove the 3rd, 5th, and 7th harmonics. The zoom area in the figure shows effective tracking. The tuned values of this controller are presented in Table A2.



The PV voltages and currents for each controller, i.e., PI, F-PI, and F-SMC are compared in Figure 10d,e, respectively. If we look at Figure 10d, especially the zoom window at the start, the instantaneous panels output DC voltage shows less overshoot for F-PI/F-SMC. The response is better than that without the feedforward loop of the PV panel. After 1.2 s, the zoom window shows that the PI controller stabilizes slowly with oscillatory behavior. The response of F-SMC is similar to PI for some time, as shown in the second zoom window. Although the voltage at this point shows undershoot, the instantaneous panels output power shows negligible oscillation, comparative to the PI. The instantaneous panels output DC current shows overshoot in Figure 10e after 1.2 sec.



Additionally, in comparison to Figure 9d,e, these the current and voltage responses are improved and present less sensitivity towards disturbance in the form of solar irradiance. The responses of grid voltages and grid currents for each controller, i.e., PI, F-PI, and F-SMC, are compared in Figure 10f,g, respectively. The response for grid current and voltages improved by the implementation of the feedforward PV power loop. Besides, the zoom option shows that the PI controller has large spikes and oscillation comparatively to F-PI and F-SMC. Figure 10h shows the grid voltage and current that is in the phase to effectively inject the inverter current into the grid. It authenticates that the SOGI-based PLL employed in the system has a fast-dynamic response, fast-tracking accuracy, and harmonic immunity.





6. Conclusions


This paper successfully presented the design of a Fuzzy-Logic-Based PI (F-PI) and Fuzzy-Logic based Sliding Mode Controller (F-SMC) for a DC-link voltage controller and Proportional Resonant (PR) with Resonant Harmonic Compensator (RHC) as a current controller for a 3 kW Single-Phase Two-Stages Grid-Connected Transformerless (STGT) Photovoltaic (PV) Inverter. The current controller is tested and evaluated with and without a feedforward PV power loop. The feedforward loop improves the dynamics and control to a large extent. The SOGI PLL used has a fast-dynamic response, fast-tracking accuracy, and harmonic immunity. In comparison to PI, the designed controllers improve the steady-state and dynamic performance of the grid-connected PV system for DC-link voltage and current control loops. With the feedforward PV power loop, the DC-link voltage loop and current control loop guarantees globally stable, faster, and less sensitive to parameter variation response. The input power from the panels also improves in magnitude and has less oscillatory behavior. The quality of the grid current and voltage is also enhanced. In short, the results, performance measure analysis, and total harmonic distortion validate the robustness, fault tolerance, fastness, and effectiveness of the designed controllers, related to former works.



In the near future, the simulated results will be validated using hardware boards, e.g., DSPACE, FPGA, or TMS320F28335 DSP. Additionally, advanced controllers, i.e., Feedback Linearization control, High Order Adaptive SMC, H-infinity, Adaptive L1, and Fuzzy-Neural Network will be designed and compared with PI and themselves. In addition, to further enhance efficiency, Gallium Arsenide (GaN) and Silicon Carbide (SiC) switching devices will be used instead of MOSFET and IGBT.
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Table A1. Specification of the PV panel used.






Table A1. Specification of the PV panel used.





	Parameters
	Values





	Nominal power (1000 kW/m2, 25 °C)
	Pmpp = 65 W



	Short circuit current
	ISC = 3.99 A



	Short circuit voltage
	VOC = 21.7 V



	Current at MPPT
	Impp = 3.69 A



	Voltage at MPPT
	Vmpp = 17.6 V
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Table A2. Control Schemes Constants.






Table A2. Control Schemes Constants.





	
Control Strategies

	
Parameter

	
Values






	
Without feedforward loop of PV power




	
PI

	
kp

	
32 × 400




	
ki

	
280 × 400




	
F-PI

	
k1

	
110




	
k2

	
1080




	
F-SMC

	
k1

	
280




	
k2

	
2980




	
ε

	
150




	
With feedforward loop of PV power




	
PI

	
kp

	
32 × 400




	
ki

	
280 × 400




	
F-PI

	
k1

	
110




	
k2

	
1080




	
F-SMC

	
k1

	
280




	
k2

	
2980




	
ε

	
150




	
PR + RHC

	
kp

	
22




	
kr

	
2000




	
ki3 3rd harmonics compensation

	
1200




	
ki5 5th harmonics compensation

	
800




	
ki7 7th harmonics compensation

	
200
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Figure 1. A two-stage single phase grid-connected PV system with an LCL filter. 
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Figure 2. The Perturb and Observe algorithm-based MPPT control structure for the boost converter. 
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Figure 3. The proportional resonant controller with the resonant harmonic compensator. 
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Figure 4. The proportional control loop (a) with and (b) without feed-forward PV power, respectively. 
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Figure 5. Structure of the Second Order Generalized Integrator (SOGI) PLL. 
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Figure 6. Fuzzy Controller Architecture. 
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Figure 7. Fuzzy-PI controller. 
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Figure 8. The Fuzzy-Sliding Mode Controller. 
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Figure 9. (a) DC-link voltage and SI using PI, F-PI, and F-SMC; (b). PV panels power using PI, F-PI, and F-SMC; (c) proportional resonant controller with RHC for the current loop; (d) PV panels voltages using PI, F-PI, and F-SMC; (e) PV panels currents using PI, F-PI, and F-SMC; (f) grid voltages using PI, F-PI, and F-SMC; (g) grid currents using PI, F-PI, and F-SMC; (h) response of the grid voltage and grid current. 
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Figure 10. (a) DC-link voltage and SI using PI, F-PI, and F-SMC; (b) PV panels power using PI, F-PI, and F-SMC; (c) the proportional resonant controller with RHC for current loop; (d) PV panels voltages using PI, F-PI, and F-SMC; (e) PV panels currents using PI, F-PI, and F-SMC; (f) grid voltages using PI, F-PI, and F-SMC; (g) grid currents using PI, F-PI, and F-SMC; (h) response of grid voltage and grid current. 
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Table 1. Rated parameters of the 3 kW grid-connected photovoltaic model.
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	Parameters
	Symbols
	Values





	Grid voltage (RMS)
	Vg
	230 V



	Grid Operating Frequency
	ωg
	314 rad/sec



	Boost-converter switching frequency
	fb
	20 kHz



	Boost Inductance
	Lb
	2 mH



	Grid- impedance
	Lg, Rg
	0.5 mH, 0.2 Ω



	Reference DC-link voltage
	Vdc*
	400 V



	DC-link voltage capacitance
	CDC
	2200 μF



	LCL-Filter
	L1,Cf,L2
	1.8 mH, 2.35 µF, 1.8 mH



	Switching Frequency of Inverter
	finv
	10 kHz
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Table 2. IF-THEN rules for Fuzzy-PI and F-SMC.
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Input Membership Function

	
Output Membership Function

	
IF-THEN Rules






	
S. No.

	
Linguistic Terms

	
Range

	
Linguistic Terms

	
Range

	
IF Input |e(t)|

	
THEN output (kp,ki)




	
1

	
Zero

	
[0, 0.2]

	
Zero

	
[0, 0.2]

	
Zero

	
Zero




	
2

	
Small

	
[0.3, 0.7]

	
Small

	
[0.3, 0.7]

	
Small

	
Small




	
3

	
Large

	
[0.8, 1.0]

	
Large

	
[0.8, 1.0]

	
Large

	
Large











[image: Table]





Table 3. Performance of the designed controllers without the feed-forward loop of PV power.
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Controllers Designed

	
DC-Link

	
Current Controller

	
Total Harmonic Distortion




	
ISE

	
IAE

	
ISE

	
IAE

	
Vg

	
Ig






	
PI

	
0.003371

	
0.04815

	
4.202

	
1.0305

	
4.8970

	
6.8970




	
F-PI

	
0.000915

	
0.02761

	
3.698

	
0.7165

	
2.6230

	
2.1940




	
F-SMC

	
0.000769

	
0.02316

	
3.308

	
0.8936

	
3.0980

	
1.5560
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Table 4. Performance of the designed controllers with feed-forward loop of PV power.
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Controllers Designed

	
DC-Link

	
Current Controller

	
Total Harmonic Distortion




	
ISE

	
IAE

	
ISE

	
IAE

	
Vg

	
Ig






	
PI

	
0.000445

	
0.01923

	
3.4570

	
1.0330

	
10.570

	
3.3882




	
F-PI

	
0.000293

	
0.01574

	
2.6340

	
0.7161

	
3.1980

	
1.5520




	
F-SMC

	
0.000232

	
0.01360

	
2.5940

	
0.87109

	
2.9910

	
1.4521
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