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Abstract:

 The Proportional Resonant (PR) current controller provides gains at a certain frequency (resonant frequency) and eliminates steady state errors. Therefore, the PR controller can be successfully applied to single grid-connected PV inverter current control. On the contrary, a PI controller has steady-state errors and limited disturbance rejection capability. Compared with the L- and LC filters, the LCL filter has excellent harmonic suppression capability, but the inherent resonant peak of the LCL filter may introduce instability in the whole system. Therefore, damping must be introduced to improve the control of the system. Considering the controller and the LCL filter active damping as a whole system makes the controller design method more complex. In fact, their frequency responses may affect each other. The traditional trial-and-error procedure is too time-consuming and the design process is inefficient. This paper provides a detailed analysis of the frequency response influence between the PR controller and the LCL filter regarded as a whole system. In addition, the paper presents a systematic method for designing controller parameters and the capacitor current feedback coefficient factor of LCL filter active-damping. The new method relies on meeting the stable margins of the system. Moreover, the paper also clarifies the impact of the grid on the inverter output current. Numerical simulation and a 3 kW laboratory setup assessed the feasibility and effectiveness of the proposed method.
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1. Introduction

The rapid increase in global energy consumption has accelerated the need for greener energy sources. Nowadays, renewable, highly sustainable energies derived from inexhaustible sources such as wind, photovoltaic, or tides have attracted much more attention [1]. Distributed power generation systems (DPGS) are attractive both for the market and for researchers, and the most important part of a DPGS, the grid-connected inverter, is a research hotspot.

The filter is an essential component that suppresses the harmonics introduced through the Pulse-Width Modulation (PWM) technique used in grid-connected inverters. Thanks to the excellent harmonic suppression ability an LCL filter topology is much more attractive than L and LC filters. However, the LCL filter generates significant resonance peaks that worsen the system stability, and the control scheme design of grid-connected inverters take into consideration this behavior. Damping the filter resonance overcomes LCL filter oscillations and stabilizes the system [2,3]. Simple passive damping with a resistor connected in series or parallel to the LCL filter capacitor, results in additional power loss and decreases the LCL filter performance [4]. Papers in the literature present different active damping methods. The so-called ‘active damping by well-designed control algorithm' method is usually preferred because it has no additional power losses [4,5]. Among the active damping methods, the capacitor current feedback control algorithm is important because it is simple to manipulate and is stable [6].

The quality of the injected grid current is important in grid-connected inverter control. Because of the infinite gain of the PR controller at the selected resonant frequency, the zero steady-state error can be achieved [7,8]. Papers in the literature do not discuss in detail the analysis of the frequency response influence between the PR controller and LCL filter. Moreover, the design methods of PR controllers and active damping of the LCL filter have not been well clarified. In most cases, many trial-and-error procedures have been carried out to obtain a set of parameters.

Considering the controller and the LCL filter active damping as a whole system enhances the complexity of controller design method. Their frequency responses may influence each other and affect the system stability. The design of the PI controller and the LCL filter active damping has been thoroughly investigated in [6]. However, a systematic study of the design procedures of the PR controller and the LCL filter active damping is missing. This paper discusses in detail such a design method. When adopting the PR controller instead of PI controller, the grid may produce a different impact on the inverter output current. The paper also deals with the grid impact and proposes a method to eliminate the grid effect on the output currents of the inverter.



2. System Overview and Numerical Modeling

Figure 1 shows the typical topology of a two-stage single-phase grid-connected photovoltaic (PV) system.

Figure 1. Two-stage single-phase grid-connected PV system with LCL filter typical topology.
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The series connected L1 + R1, L2 + R2 and C + Rc that compose the LCL-type filter attenuate the harmonic injected into the grid generated from the inverter with the PWM technique. The boost DC-DC converter connected to the photovoltaic panel step up the voltage of the DC bus to a proper level for the DC-AC inverter. The H-bridge DC-AC inverter produces proper sinusoidal current in the grid with unity power factor based on the Maximum Power Point Tracking (MPPT) and Phase Locked Loop (PLL) algorithms. According to Figure 1, the mathematical model of the grid-connected inverter and the LCL filter is:



[image: there is no content]



(1)






3. Control Scheme

Figure 2 shows the PV system control scheme. By sampling the PV panel current and the voltage a proper MPPT algorithm can be ran. Papers in the literature present different MPPT algorithms [9–12]. The DC bus voltage control algorithm gives the injected current reference. Moreover, a PLL algorithm synchronizes the injected current with the grid voltage. Wide discussions on PLL algorithms for single-phase inverters can be found in various papers in the literature [13,14].

Figure 2. Two-stage single-phase PV system with LCL-filter control scheme.
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The current reference is sinusoidal: since a PI controller is unable to track a sinusoidal reference without steady-state errors, the PR controller has been adopted. The PR controller tracks the current introducing an infinite gain at a certain frequency (resonant frequency) [8,15]. Sampling the LCL filter capacitor current modifies the control algorithm to perform an active damping; the active damping is mostly used to smooth the resonance peak of the LCL filter. The feedforward of grid voltage is essential and the following sections of the paper will focus on it.

According to Equation (1) and Figure 2, Figure 3 shows the control diagram of injected current. To simplify the analysis, resistors R1, R2, and Rc have been omitted: this corresponds to the worst LCL filter working condition. Figure 4 shows the equivalent control block diagram.

Figure 3. Injected current: control diagram.
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Figure 4. Equivalent control diagram.
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where:
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(2)






[image: there is no content]



(3)





3.1. PR Controller

The Laplace transform of the ideal PR controller is:



GPR(s)=KP+2Ksrs2+ω12








where Kp is the proportional gain and ω1, Kr are the resonant frequency and gain, respectively. The PI controller provides an infinite gain with a constant variable; it get a quick response to a step reference without steady-state error, but is unable to track a sinusoidal reference. On the contrary, the PR controller provides an infinite gain at the selected frequency (resonant frequency) and zero phase-shift. Figure 5 shows the Bode diagram of an ideal PR controller. The controller cannot be realized in a physical circuit since it is lossless [8], and the improved form of the controller is a practical alternative.
Equation (4) shows the PR controller improved form; the integral term has been approximated using a high-gain low-pass filter [8]:



[image: there is no content]



(4)




where ωPRc is the bandwidth at −3 dB cutoff frequency of the controller that reduces the sensitivity of the grid fundamental frequency variation. The gain of the controller at ω1 − ωPRc and ω1 + ωPRc is [image: there is no content] [8]. Figure 6 shows the Bode diagram of the improved PR controller. The proportional gain Kp mainly determines the dynamics of the controller, while Kr determines the amplitude gain at a selected frequency, and controls the bandwidth around it.


Figure 5. Ideal PR controller Bode diagram.
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Figure 6. Improved PR controller Bode diagram: (a) Kp = 0.4; (b) Kr = 1.
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3.2. LCL Filter

LCL filter is a high order system; the Laplace transfer function is given by following Equation (R1, R2, and Rc have been omitted):



[image: there is no content]








The LCL filter resonant frequency is:



[image: there is no content]








The LCL-filter provides outstanding performance attenuating the switching frequency current harmonics, better than the L- and LC-filters. Figure 7 compares the Bode diagram of the LCL and L filters. The red curve LCL PD (passive damping) represents the characteristic of the LCL-filter with a resistor connected in series with the capacitor. At low frequencies range, LCL and L filters show similar dynamic behaviors. At the high frequency range, LCL filter has stronger attenuation ability than the L-filter; this feature applies to medium and large power applications, since the very low switch frequency. As a drawbacks, the LCL filter presents resonance peaks around the resonant frequency and the phase-frequency curve across −π. As a result, systems become highly sensitive to disturbances and unstable, and the control algorithm design must consider the presence of an effective damping method.

Figure 7. LCL, and L filters Bode diagrams.
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The red curve LCL PD shows that the damping smooths the resonance peak, but worsens the LCL filter performance at the high frequency range, and generates additional power losses. Thus, an active damping method that modifies the control algorithm is preferable. This study adopts the active damping method based on the capacitor current feedback; the detailed design process is discussed later in the paper.



3.3. Grid Impact and Feedforward Control

With reference to Figure 4, the current injected into the grid can be written as:
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(5)




where:
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Defining the ratio between ig2(s) and ig1(s) as:
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(6)




The grid can be treated as a disturb; omitting the feedforward from the grid the Equation (6) becomes:
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(7)




Taking the grid fundamental frequency as subject, the capacitor in LCL filter can be omitted since the resonant frequency of LCL filter is far greater than the fundamental frequency [6]. Thus, Equation (4) can be written as Equation (8):



[image: there is no content]



(8)




Substituting Equations (7) and (8) into Equation (6), gives:
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(9)




where: [image: there is no content]. Zg(jω1) is the grid impedance at the fundamental frequency ω1. Because of the unity power factor, Zg(jω1) is a pure resistor. Equation (9) shows the grid impact on the current: the grid-generated current ig2 flows in the opposite direction of the current ig1. It is very different from a system that adopts PI controller as current controller [6] in which the grid generates a [image: there is no content] lag component to ig1. According to Equations (5) and (9), the phase diagram of the grid can be drawn as Figure 8 shown:
Therefore, the feedforward of the grid is required; setting ig2 to zero, the feedforward factor becomes:
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(10)




If the feedforward control lies behind the PR controller, the feedforward factor has a very simple form:



[image: there is no content]



(11)






Figure 8. Grid phase diagram.
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4. PR Controller and Active-Damping of LCL Filter Design


4.1. PR Controller Design


4.1.1. Proportional Gain Kp

Assuming that the fundamental frequency of the grid varies in the range ±1 Hz, ωPRc is:



[image: there is no content]



(12)




Following Equation describes the control diagram open-loop transfer function:
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(13)




The relationship between the cutoff frequency fc, the sampling frequency fs, and the resonant frequency fres is [6,16]:



[image: there is no content]








The cutoff frequency fc of the system is usually designed to be far lower than the sampling frequency fs, and much smaller than the resonant frequency fres of LCL filter. Therefore, considering the frequency response of the system lower than the cutoff frequency, the capacitor of LCL filter can be omitted [6], and Equation (13) can be rewritten as Equation (14):



[image: there is no content]



(14)




The cutoff frequency fc is higher than the fundamental frequency f1. As a result, according to Figure 6 the PR controller expression simplifies. At cutoff frequency, the magnitude frequency response of the system is zero, and Equation (15) is obtained:
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(15)




By successive approximations of Equation (15), the gain Kp is:
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(16)






4.1.2. Fundamental Frequency Gain Kr

The tracking steady-state error of the grid current ig can be calculated as:
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(17)




Assuming the adoption of grid feedforward control, Equation (17) can be simplified as:
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(18)




Considering the fundamental frequency f1, and supposing the steady-state error of ig is η, following Equation gives the minimum of the magnitude-frequency response of open-loop transfer function at the fundamental frequency f1:
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That is:
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(19)




Taking Equation (16) into Equation (19), the lower threshold of Kr is deduced as:
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(20)




The phase-frequency response of PR controller can be written as:
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(21)




As the improved PR controller Bode plot shows (Figure 6), the larger K, the larger gain at the fundamental frequency is. It is beneficial to the quick response speed, but it emphasizes an extra drawback. The phase response of the controller tends to as Kr increases, which would affect the phase margins of the whole PV system. Therefore, a compromise between the response speed and the stability is required. Assuming the phase-frequency response of PR controller at cutoff frequency not exceeds −ϕ, and that the phase response of the other components at cutoff frequency must not exceed (PM − π + ϕ), following Equation (22) describes the phase:
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(22)




Taking Equation (16) into Equation (22), the upper threshold of Kr is:
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(23)




According to Equations (20) and (23), the range of Kr is defined through Equation (24):
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(24)







4.2. Active-Damping of LCL Filter

Figure 9 shows the Bode diagram of the PV system with no PR controller. A high value of Kci shows better resonance peak damping capability, but phase margins become smaller. The reciprocal of magnitude-response at the LCL filter resonant frequency corresponds to the grid-connected system magnitude margins (GM). Thus, Equation (25) can be written as:

Figure 9. System with no PR controller: Bode diagram.
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[image: there is no content]



(25)




Since the resonant frequency is far from the fundamental frequency, the PR controller can be considered as a proportional component. Taking Equation (16) into Equation (25), the lower threshold of Kci is:
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(26)




The phase margins (PM) of the whole system can be written as:
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Thus:
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(27)




The superior threshold of Kci can be written as Equation (28):
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(28)




According to Equations (26) and (28) the range of the Kci is given by Equation (29):
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(29)




According to Equations (24) and (29) the relationship between fc, Kr and Kci can be represented in a 3-D plot. Figure 10 shows the relationship between the three above-mentioned parameters; the space surrounded by Surface A and Surface B indicates the satisfactory range of the Kr and Kci at a specific fc:

Figure 10. Relationship between fc, Kr and Kci.
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5. Numerical Simulation and Experimental Results

Following Table 1 summarizes simulation and experimental parameters.

Table 1. System parameters.


	Name
	Value





	Fundamental frequency f1
	50 Hz



	Switching frequency fs
	12 kHz



	Grid phase voltage (RMS)
	220 V



	Grid current factor feedback Kgi
	0.04



	LCL filter inductor L1
	1.88 mH



	LCL filter inductor L2
	0.34 mH



	LCL filter capacitor C
	6.6 μF








This section describes a practical example using parameters of Table 1. According to parameters, the calculated resonant frequency of LCL filter is 3.65 kHz. The cutoff frequency is defined as [image: there is no content], and the selected value of fc is 900 Hz.


	(1)

	The calculated proportional gain Kp (Equation (16)) is:



[image: there is no content]










	(2)

	The resonant factor Kr range has been calculated (Equation (24)):

Supposing the steady-state tracking error of ig is 1%, the minimum of the magnitude-frequency response of open-loop transfer function at the fundamental frequency f1 equals 99. Assuming the minimum phase-frequency response of PR controller at the cutting frequency −ϕ is −10°. Therefore, resonance factor Kr range is:



[image: there is no content]








where Krmin = 3.717, and Krmax = 41.075.



	(3)

	The active-damping factor Kci range has been calculated through Equation (29):

Supposing the magnitude margin of the system equals 3 dB, and the phase margin 45°, thus:



[image: there is no content]








where Kcimin = 0.039, Kcimax = 0.364.





Considering the previous three steps, a set of proper parameters can be defined:



[image: there is no content]








Moreover, the calculated feedforward factor of the grid voltage Kug equals 0.44.

MATLAB/Simulink toolbox helps verifying the feasibility of design parameters method. Figure 11 shows the system Bode diagram, based on the above-mentioned parameters. The magnitude margin (3.31 dB) and the phase margin (79.6 degrees), both confirm the stability of the system.

Figure 11. System Bode diagram.
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However, it is impossible to manufacture a filter whose parameters completely match the initial design. Moreover, parameters change while filter operates; the grid impedance must be considered, since inductive impedance of long cables and low power transformers. Therefore, the current controller parameters must be enough robust against the parameters variation. Since the inductor L2 is connected in series to the grid, the grid impedance variation can be merged with L2 variation. Figures 12, 13–14 depict the Bode plots of the system. Current controller has been designed using the aforementioned method under different parameter variations.

Figure 12. System Bode diagram under different parameters: (a) inductor L1 increased by 20%; (b) inductor L1 decreased by 20%.
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Figure 13. System Bode diagram under different parameters: (a) capacitor C increased by 20%; (b) capacitor C decreased by 20%.
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Figure 14. System Bode diagram under different parameters: (a) inductor L2 increased by 150%; (b) inductor L2 decreased by 20%.
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Table 2 summarizes the results shown in previous Figures 12, 13–14. Since the controller design considered well the system stability margin requirements, the system is stable even with important changes in parameters, in the range −20% to 20% (in case of inductor L2 the range extends from −20% to 250%). The minimum system magnitude margin is higher than 3 dB and the minimum phase margin is higher than 75 degrees. Therefore, the current controller parameters obtained by applying the proposed method enhance robustness against system parameters variation.


Table 2. System Magnitude and Phase margins with different parameters.



	
Stable margins

	
Nominal parameters

	
L1

	
C

	
L2




	



	



	






	
Increased by 20%

	
Decreased by 20%

	
Increased by 20%

	
Decreased by 20%

	
Increased by 150%

	
Decreased by 20%






	
Magnitude margin

	
3.31 dB

	
3.1 dB

	
3.63 dB

	
3.3 dB

	
3.33 dB

	
4.5 dB

	
3.06 dB




	
Phase margin

	
79.6 degree

	
80.3 degree

	
77.6 degree

	
78.4 degree

	
80.8 degree

	
75.9 degree

	
80.6 degree










5.1. Numerical Simulation Results

Besides the filter parameters and grid impedance variation, the grid voltage is not always stable. Therefore, we must test the robustness of the grid-connected system against grid voltage fluctuations. The application of the proposed method gives the current controller parameters. Figures 15, 16, 17–18 below show the simulation results of grid voltage fluctuation and injected current at full load under different parameter variation conditions. All simulations give the grid voltage sag equals about 42 V and voltage swell equals about 30 V. Figure 15 shows that with the nominal LCL-filter the injected current remains stable during the grid voltage sag or voltage swell. The grid fluctuation does not affect the system stability. According to the Bode diagrams shown in Figures 12, 13–14 the stable margins of the system are enough even with important changes in parameters. Figures 16, 17–18 show that the injected current is stable under nominal grid voltage with filter parameters variation. Moreover, even when the grid fluctuates, the system remains stable, as a confirmation of the effectiveness of the controller against filter parameters variation and grid fluctuations. If the inverter is connected to a weak grid (a very common situation in rural areas), the grid impedance is inductive and it can be regarded as equivalent to the increasing of inductor L2. In this study, L2 increases by 150% its value to simulate a weak grid situation. Even if the grid is weak and fluctuates, the overall system remains stable as Figure 17a,b shows.

Figure 15. Grid voltage and injected current at full load with nominal parameters: simulation results. (a) Grid voltage sag; (b) grid voltage swell.
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Figure 16. Grid voltage and injected current at full load with inductor L1 variation: simulation results. (a) Inductor L1 increased by 20%: grid voltage sag; (b) Inductor L1 increased by 20%: grid voltage swell; (c) Inductor L1 decreased by 20%: grid voltage sag; (b) Inductor L1 decreased by 20%: grid voltage swell.
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Figure 17. Grid voltage and injected current at full load with inductor L2 variation: simulation results. (a) Inductor L2 increased by 150%: grid voltage sag; (b) inductor L2 increased by 150%: grid voltage swell; (c) inductor L2 decreased by 20%: grid voltage sag; (b) inductor L2 decreased by 20%: grid voltage swell.
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Figure 18. Grid voltage and injected current at full load with capacitor C variation: simulation results. (a) Capacitor C increased by 20%: grid voltage sag; (b) capacitor C increased by 20%: grid voltage swell; (c) capacitor C decreased by 20%: grid voltage sag; (b) capacitor C decreased by 20%: grid voltage swell.
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5.2. Experimental Results

The design parameters have been verified through a 3-kW experimental setup. Inductors, capacitors, and other parameters have been set as in the corresponding simulations described in previous sections. All of the PV system algorithms have been implemented on a digital signal processor TMS320F2808 (Texas Instruments, Dallas, TX, USA). The PR controller has been discretized using the Tustin method with frequency pre-warping [17] for poles and zeroes, that yields a better matching frequency response. The adoption of the unipolar modulation SPWM regulated the injected grid current and a PV simulator replaced the PV panel. The DC source of DC-AC inverter has been given through the Boost DC-DC converter by applying the P&O MPPT method that guarantees simplicity and effectiveness [9–12]. To simulate the grid voltage fluctuation, a Programmable AC Power Source replaced the grid, while the voltage sag and swell values have been set equals to numerical simulation. Figures 19, 20, 21–22 show the experimental waveforms at full load under different parameters variations; the simulation results and the experimental data have been plot into one-to-one correspondence. Although the experimental results are worse than the numerical simulation ones because of the parasitic parameters of the inductors and capacitor, they are still very satisfactory. The experimental data well match numerical simulations.

Figure 19. Grid voltage and injected current at full load with nominal parameters: experimental results. (a) Grid voltage sag; (b) grid voltage swell.
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Figure 20. Grid voltage and injected current at full load with inductor L1 variation: experimental results. (a) Inductor L1 increased by 20%: grid voltage sag; (b) inductor L1 increased by 20%: grid voltage swell; (c) inductor L1 decreased by 20%: grid voltage sag; (b) inductor L1 decreased by 20%: grid voltage swell.
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Figure 21. Grid voltage and injected current at full load with inductor L2 variation: experimental results. (a) Inductor L2 increased by 150%: grid voltage sag; (b) inductor L2 increased by 150%: grid voltage swell; (c) inductor L2 decreased by 20%: grid voltage sag; (b) inductor L2 decreased by 20%: grid voltage swell.
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Figure 22. Grid voltage and injected current at full load with capacitor C variation: experimental results. (a) Capacitor C increased by 20%: grid voltage sag; (b) capacitor C increased by 20%: grid voltage swell; (c) capacitor C decreased by 20%: grid voltage sag; (b) capacitor C decreased by 20%: grid voltage swell.
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6. Conclusions

The stability analysis of the system composed by a PR controller and an LCL filter together is not easy: the frequency responses may affect each other and the PR controller design becomes complex. The traditional method based on trial-and-error procedures, is too time-consuming, and the design process is inefficient. This paper provides a detailed analysis of the frequency response influence between the PR controller and the LCL filter. In addition, the paper presents a systematic design method for the PR controller parameters and the capacitor current feedback coefficient, used in the active damping of the LCL filter. Using the new parameters, a numerical simulation shows that the system meets the requirements of stable margins and current tracking steady-state error. The robustness of the current controller is verified through several experimental tests carried out on a 3 kW platform varying the system parameters. The Bode diagrams of the system varying inductor, capacitor, and grid impedance values confirmed that the controller parameters enhance robustness against the system parameters variation. Moreover, the system remains stable even in case of grid voltage fluctuation. Both the simulation and the experimental results assess the validity of the proposed design method.
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