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Abstract

:

In a weak grid, the line impedance variation will cause the resonant frequency of the LCL filter to shift towards lower frequencies, thus reducing the quality of the grid-connected current and affecting the power grid stability. To solve this problem, a hybrid active damping strategy with feedforward compensation is proposed for the neutral point clamped (NPC) LCL grid-connected inverter system. In order to reshape the output conductance of the grid-connected system, suppress the resonance spikes of the LCL filter and improve the adaptability of the grid-connected system to the weak grid. A first-order low-pass filter is designed in the grid-connected current loop, and an active damping control of grid-connected current based on a first-order high-pass filter is also proposed. Compared with the conventional capacitive current active damping, no additional sensors are required, and the use of a differential is avoided, which reduces the high-frequency noise. The use of passive resistors is reduced, which reduces the power loss of the grid-connected system. In addition, a point of common coupling (PCC) voltage feedforward strategy based on a low-pass filter is designed to suppress the background higher harmonics at PCC and improve the quality of grid-connected current. In this work, the robustness of the system is analyzed when the parameters of the LCL filter change. Finally, the virtual space vector modulation strategy is used to balance the neutral voltage of the DC bus. Simulation and experimental results show that the control strategy can effectively improve the adaptability of the system to the weak power grid, improve the quality of grid-connected current, and demonstrate strong stability. The THD can be decreased by 0.2% at least, and the improvements are more significant with larger line impedance; the THD is only 2.33% even at 10 mH line impedance.
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1. Introduction


Considering the non-renewable nature of traditional fossil fuels, it is imperative to develop energy systems in the direction of renewable energy [1]. With the proportion of renewable energy generation rapidly increasing, its grid-connected mode has changed from local grid-connected to centralized and distributed in multiple regions; the intermittent output of renewable energy begins to have an impact on the overall operation of the power grid, the stability problem between units and units, and between units and the power grid is more complicated [2]. Grid-connected inverters play a crucial role as interfaces between new energy generation systems and the grid [3]. However, the distributed power generation systems being scattered across various locations, coupled with long-distance transmission lines and a large number of transformer units, result in the grid-connected system exhibiting the characteristics of a weak grid with a low short circuit ratio [4]. The stability of the grid-connected inverter is heavily affected by the grid impedance under the weak grid condition [5].



The inverter circuit can only produce step waves directly, which requires filtering to integrate into the grid. The capacitance of the LC filter is directly connected in parallel at both ends of the grid voltage, which is equivalent to a capacitive load, which increases the difficulty of control. Compared with the L-type filter, the LCL filter has a lower cost and better high-frequency attenuation [6,7,8,9]. However, the LCL filter is a third-order underdamped system, which has a resonant peak at the resonant frequency. Additionally, the impedance of the power grid under weak grid conditions affects the frequency characteristics of the LCL filter, compromising the system’s stability [10,11]. Typically, resonance suppression strategies for LCL filters include passive damping and active damping [12,13,14]. Although passive damping can effectively suppress the resonant peak of LCL, it increases the number of passive components, resulting in increased power consumption and introducing additional factors of system instability [15]. Therefore, active damping is usually preferred to suppress the resonant peak [16,17,18].



Literature [19] utilizes the filter capacitor current as the state variable and develops an active damping method to expand the effective damping area to improve grid stability. However, this method requires additional current sensors. Literature [20] proposed a capacitive current proportional feedback active damping, which effectively suppresses LCL resonance but does not consider weak grid conditions. Literature [21] proposed a capacitive current proportional feedback active damping with phase compensation, which has a good effect on the small range change of grid impedance. One study [22] uses the grid-connected current as the feedback variable and active damping in the form of differentiation to enhance the grid-connection effect. Nevertheless, this may amplify high-frequency noise, and the approximation error in the differential link implementation weakens the damping effect to some degree. Another study [23] incorporates a high-pass filter (HPF) in the grid-connected current feedback loop to construct a virtual impedance in parallel with the grid inductance to suppress the resonant peak, but it does not explore the grid connection control effect under weak grid conditions. Another study [24] proposes a hybrid damping control strategy that reduces the use of sensors and enhances the system’s adaptability to weak grids. However, the use of passive devices increases the system’s power loss.



In view of the existence of resonant spikes in the LCL filter, the grid impedance will affect the resonant frequency of the LCL, which leads to the instability of the grid-connected system, especially in the weak grid. Considering the inherent neutral point potential balance problem of the NPC inverter, a hybrid active damping strategy is proposed to improve the adaptability of the LCL converter in a weak grid. This work has the following features:




	(1)

	
Compared with the capacitive current active damping, the additional current sensor is eliminated, and the factors that may affect the system instability are reduced.




	(2)

	
Active damping of grid-connected current based on first-order HPF is adopted, and the use of the difference term is avoided, thus avoiding the error and high-frequency noise caused by the difference term.




	(3)

	
By avoiding the use of passive resistance, the adaptability of the grid-connected system to the weak grid is further improved, the quality of the grid-connected current is improved, and the system has high robustness.









The paper is structured as follows: Section 2 presents a discussion of the mathematical model and the original control strategy of the NPC grid-connected inverter system. Section 3 proposes an improved active damping control strategy. Section 4 discusses the neutral point potential balance strategy. Section 5 gives the simulation and experimental results. Section 6 summarizes the work.




2. System Mathematical Model and Stability Analysis


The NPC three-level inverter has been widely applied in the field of renewable energy, such as in solar power generation, wind power generation, and micro grid systems, due to its advantages of reducing harmonic content, improving energy conversion efficiency, high power application capability, reducing voltage stress, and strong adaptability. It enables efficient conversion and integration of renewable energy, promoting the utilization of renewable energy and the sustainable development of power systems.



2.1. Mathematical Model of Three-Phase NPC LCL Grid-Connected Inverter


The main circuit of a three-phase, NPC-type LCL grid-connected inverter is illustrated in Figure 1. The inverter features two clamping diodes and four IGBTs per bridge arm. The DC-side voltage-dividing capacitors, C1 and C2, are connected to point O at the midpoint of the clamping diodes, halving the DC-side voltage Udc of each IGBT when it is switched off. The LCL filter comprises the inductance L1, the filter capacitor C, and the grid-side inductance L2. The inverter output current is denoted by i1x (x = a, b, c), the grid-connected current is represented by i2x, the capacitor current is expressed as iCx, the inverter output voltage is indicated by Ux, the capacitor voltage is denoted by Ucx, and the grid voltage is represented by Ugx. Typically, the grid impedance comprises both resistive and inductive components. This paper focuses on analyzing the stability of the grid-connected system by considering solely the presence of an inductive component, Lg, as the inclusion of a resistive component is known to contribute to the system’s stability.



The mathematical model for three-phase, NPC-type LCL grid-connected inverter can be represented as Equation (1) in a three-phase stationary coordinate system.


         U x  =  U  c x   +  L 1    d  i 1    d t          U  c x   =  U  g x   + (  L 2  +  L g  )   d  i 2    d t          i  1 x   =  i  2 x   + C   d  U  c x     d t          



(1)







The mathematical model in the s-domain of a two-phase stationary coordinate system can be obtained by applying the Clarke transformation and Laplace transformation to Equation (1), as depicted in Equation (2).


         U  α β   ( s ) =  U  C _ α β   ( s ) + s  L 1   i  1 _ α β   ( s )        U  C _ α β   ( s ) =  U  g _ α β   ( s ) + s (  L 2  +  L g  )  i  2 _ α β   ( s )        i  1 _ α β   ( s ) =  i  2 _ α β   ( s ) + s C  U  c _ α β   ( s )        



(2)








2.2. System Stability Analysis


To facilitate analysis and research, the three-phase grid-connected inverter is transformed from the d q coordinate system to the αβ stationary coordinate system. This transformation is necessary due to the coupling inherent in the former. Based on Figure 1 and Equation (2), the control block diagram in the α coordinate axis of the inverter can be obtained, as shown in Figure 2, taking the α coordinate axis as an example.



As shown in Figure 2, i*2_α(s) represents the given reference current; ug_α(s) represents the grid-connected voltage of α-axis; upcc_α(s) is the common coupling point voltage of the α-axis; uc_α(s) denotes the filter capacitor voltage of the α-axis; Kpwm is the modulation gain of the inverter, which is Udc/Utri, where Utri is the amplitude of the triangular carrier wave; Gd(s) represents the delay caused by digital computation and modulation signals, which is typically 1.5 sampling periods and can be expressed as Equation (3), and perform Padè approximation; GR(s) is the quasi-proportional resonance (QPR) controller for current loop quasi-proportional tracking in the αβ coordinate system, the QPR controller has better tracking performance compared to the PI controller. It has a higher gain at the fundamental frequency and provides some suppression effect on high-frequency harmonics. Its transfer function is given by Equation (4).


   G d  ( s ) =  e  − 1.5 T s   ≈   1 − 0.75  T s  s   1 + 0.75  T s  s    



(3)






   G R  ( s ) =  K p  +   2  K r   ω c  s    s 2  + 2  ω c  s +    ω 0   2     



(4)




where, Kp is the proportional coefficient of GR(s); Kr is the resonant coefficient; ω0 is the fundamental angular frequency, where ω0 = 2πf0 and f0 is the fundamental frequency; ωc is the cut-off bandwidth of the QPR controller; Ts is the sampling period.



In order to solve the instability of the grid-connected system caused by grid impedance. Scholars are more inclined to adopt active damping control than passive damping control. In some articles, the phase margin of the system is improved by adding a phase compensation link to the control loop of the grid-connected inverter. However, most of the phase compensation links are advanced links, which will amplify the high-frequency harmonics in the loop. In some articles, suppressing resonance based on adaptive filtering is proposed, but the algorithm process is cumbersome and is not conducive to practical engineering applications. The active damping control based on the filter suppresses the resonance, obviously, and the process is simple and easy to implement.



In reference [24], a hybrid damping control strategy that integrates active damping and passive damping was proposed. The grid current control loops the addition of a low-pass filter (LPF), with the voltage at the common coupling point utilized as voltage feedforward through the LPF. Furthermore, a passive damping resistor R is connected in series with the filter capacitor. The control block diagram of the system is depicted in Figure 3.



In Figure 3, Gf(s) and Gs(s) are first-order LPF, and the filtering effect is achieved by reducing the amplitude of high-frequency signals. Properly designing the parameters enables the smoothing of the input signal and the removal of high-frequency noise, and their transfer functions are given by Equation (5). The open-loop transfer function of the system is given by Equation (6).


   G f  ( s ) =  G s  ( s ) =  1   n  1 s   + 1    



(5)






   G o  ( s ) =    i  2 _ α   ( s )     i *   2 _ α   ( s )   =   ( R  C s  + 1 )  K pwm   G R  ( s )  G d  ( s )     B  1 s   3  + (  B 2  −  B 3  ) ( R C  s 2  + s )    



(6)




where, n1 is the tuning parameter, and a value of n1 = 4 × 10−5 is used in the paper. B1 = L1(L2 + Lg) C, B2 = L1 + L2 + Lg, and B3 = LgGf(s)Gd(s).



According to Equation (5), in order to verify the stability of the system under different grid-side line impedances, the open-loop frequency response Bode diagram of the system is plotted, as shown in Figure 4. It can be seen from the figure that as the grid line impedance gradually increases, the phase margin (PM) of the system decreases while the gain margin (GM) changes less. When Lg = 9 mH, the system phase margin is only 19.4°, which does not meet the engineering application requirements. In addition, the passive component R increases the power loss in the system, so optimization of this control strategy is necessary.





3. Hybrid Active Damping Control Strategy with Feedforward Compensation


The active capacitor current damping method is commonly used to suppress the LCL resonance peak. However, to avoid the additional use of current sensors, a grid current active damping method is proposed. Figure 5 illustrates the system block diagram of the active grid current damping method, where the proportional feedback factor is represented by KAD.



Differentiation will amplify high-frequency noise in practical applications, which is not conducive to grid-connected control, and achieving the ideal differentiation is also difficult. Additionally, the approximation error weakens the damping effect. To enhance system stability margin and adaptability to weak grids, a hybrid active damping control strategy with feedforward compensation is proposed in this paper to address the issues associated with differentiation. A first-order LPF is incorporated into the current loop to reshape the output admittance and enhance the system stability margin. Active damping based on the first-order HPF feedback of the grid current replaces the differentiation variable in the active grid current damping method to suppress the resonance peak of the LCL filter. Furthermore, the voltage at the common coupling point is utilized as feedforward compensation through a first-order LPF to improve the grid-connected current quality of the system. Figure 6 illustrates the system structure further.



In Figure 6, GHPF(s) is a first-order HPF; by properly designing the parameters, high-frequency components can be extracted to construct the damping component with a transfer function given by Equation (7). The open-loop transfer function of the system is given by Equation (8). It can be seen that it is a fourth-order model, which has a better suppression effect on high-frequency components.


   G HPF  ( s ) =    K h  s   s +  ω h     



(7)






   G o ′  ( s ) =    K pwm   G R  ( s )  G d  ( s ) ( s +  ω h  )    A 1  (  s 4  +  ω h   s 3  ) + (  B 2  −  B 3  ) (  s 2  +  ω h  s ) +  A 2  s    



(8)




In the equations, A1 = L1(L2 + Lg)C, A2 = KhGd(s), B2 = L1 + L2 + Lg, and B3 = LgGf(s)Gd(s); Kh and ωh are the parameters of the HPF, and their relationship must satisfy Equation (9).


       K h  =  ω ref  (  L 1  +  L 2  ) ( 2 −  k 2  )   1 −  k 2         ω h  = 2  ω ref    1 −  k 2         



(9)




The value of k ranges from 0.8 to 0.9, and a value of k = 0.85 is used. ωref is the open-loop resonant angular frequency, which can be obtained from Equation (10):


   ω ref  = 2 π  f ref  =      L 1  +  L 2  +  L g     L 1  (  L 2  +  L g  ) C      



(10)




Combining Equations (9) and (10), we can obtain Kh = 7 and ωh = 3500.



To evaluate the effectiveness of the proposed control strategy, the open-loop frequency response of the system is analyzed under different grid line impedances. As demonstrated in Figure 7, the system’s phase margin improves to varying degrees after implementing the proposed strategy. Even with a grid-side line impedance of 9 mH, the system gain margin is 8.7 dB, and the phase margin is 35.1°, meeting the requirements of system stability and engineering applications. In comparison to the hybrid damping strategy, the proposed approach notably enhances the system’s phase margin and stability.



In practical operation, LCL filter parameters may change. To verify the system’s robustness under LCL parameter variations, open-loop Bode diagrams of the system are plotted for different LCL filter parameter variations under a grid line impedance with poor grid connection conditions (Lg = 9 mH), as illustrated in Figure 8.



Figure 8 reveals that the system’s stability can be maintained even when the parameters of the LCL filter components change, and both the phase margin and gain margin have good margins. These results demonstrate that the proposed hybrid active damping system with feedforward compensation exhibits robust stability.




4. Neutral-Point Potential Balancing Strategy


In order to test the grid-connected control effect of the hybrid active damping strategy with feedforward compensation under weak grid conditions, a grid-connected controller is designed. However, the fluctuation of DC-side neutral-point potential is an inherent issue in NPC inverters, and a deviation in the neutral-point potential can increase the switch stress and decrease the lifespan of power devices. Furthermore, it can elevate high-order harmonics in the inverter’s output voltage, which can affect the quality of the grid-connected current. To mitigate this problem, the virtual space vector pulse width modulation (VSVPWM) technique is utilized in this study for the purpose of controlling the neutral-point potential.



Figure 9 illustrates the classification of vectors into 3 zero vectors, 12 small vectors, 6 medium vectors, and 6 large vectors based on their length. The zero vectors (PPP, NNN, OOO) and large vectors (PNN, PPN, NPN, NPP, NNP, PNN) do not affect the neutral-point potential, while the medium and small vectors can produce fluctuations in the neutral-point potential. Table 1 shows the midpoint current generated by the medium and small vectors.



The virtual space vector pulse width modulation (VSVPWM) technique creates a virtual vector by combining small and medium vectors, which ensures that the average current flowing into and out of the DC bus midpoint is zero within one control cycle, thereby balancing the neutral-point potential. Figure 10 depicts the distribution of virtual space vectors for VSVPWM in the Sector I, which can be divided into five sub-sectors represented by 1, 2, 3, 4, and 5 respectively, and Equation (11) represents the synthesis rule. The synthesis rules for the other sectors are identical.


         V Z  =  V  O ( OOO )          V  ZS 1   =  1 2  (  V  S 1 ( ONN )   +  V  S 1 ( POO )   )        V  ZS 2   =  1 2  (  V  S 2 ( PPO )   +  V  S 2 ( OON )   )          V ZM   =   1 3  (  V  S 1 ( ONN )   +  V  M ( PON )   +  V  S 2 ( PPO )   )      V  ZL 1   =  V  L 1 ( PNN )        V  ZL 2   =  V  L 2 ( PPN )            



(11)







VSVPWM technique utilizes virtual vectors that are synthesized from the combinations of small and medium vectors to achieve neutral-point potential balancing. In this context, VO(OOO) is a basic zero vector, VS1(ONN), VS1(POO), VS2(PPO), and VS2(OON) are two pairs of redundant basic small vectors, VM(PON) represent a basic middle vector, VL1(PNN) and VL2(PPN) represent a basic large vector. VZ denotes the virtual zero vector, VZS1 and VZS2 represent the virtual small vectors, VZM denotes the virtual medium vector, and VZL1 and VZL2 represent the virtual large vectors. Specifically, the virtual small vector is composed of two pairs of redundant basic small vectors. By controlling the action time of the two redundant vectors, the average current flowing into the midpoint potential of the bus is 0, which avoids the influence on the midpoint potential. The action time of the three space voltage vectors in the virtual is the same. Due to the three-phase three-wire structure, the current flowing into the midpoint potential of the bus is ia + ib + ic = 0 to avoid the midpoint potential fluctuation; the action of the virtual large vector will not affect the midpoint potential; VSVPWM achieves the balance of the midpoint potential by controlling that the average value of the midpoint potential current of the inflow and outflow bus bar in each modulation period is zero.




5. Simulation and Experimental Results Analysis


5.1. Analysis of Simulation Results


To confirm the accuracy of the theoretical analysis mentioned earlier and evaluate the efficacy of the proposed control strategy, a system model was constructed in MATLAB/Simulink (2021a), as depicted in Figure 11. The system parameters can be found in Table 2.



Figure 12 shows the grid current waveform when the system is in a stable state during Lg = 4.2 mH. After adopting the hybrid damping control strategy proposed in reference [24], the total harmonic distortion (THD) of grid-connected current is 1.23%, which improves the quality of grid-connected current under a weak power grid. In addition, by adding the damper control strategy proposed in this paper, the THD of grid-connected current is further reduced to 1.03%. Because the impedance of the network side is not very high, the characteristics of the weak network are not strong enough. The two damping strategies proposed in reference [24] and in this study ensure the stable operation of the grid-connected system, and the vibration reduction strategy proposed in this paper slightly improves the quality of the grid-connected current.



To further verify the effectiveness of this strategy in a weak grid, Figure 13 shows the grid current waveforms of the system when the grid impedance Lg increases to 8 mH. With the increase in grid impedance, the hybrid damping strategy proposed in reference [24] can stabilize the grid-connected system. However, this stability comes at the expense of reducing the current quality of the grid, with a total harmonic distortion (THD) of 2.67%. On the contrary, the feedforward compensation hybrid active damper proposed in this paper maintains a low THD level (1.33%) and reduces THD by 1.34%, which effectively improves the quality of grid current.



With the increase in the grid impedance (Lg = 10 mH), The harmonic of the grid current increases in the hybrid vibration control system of Reference [24], and the quality of the grid-connected current is seriously distorted, which leads to the unstable operation of the grid-connected system, as shown in Figure 14. However, the proposed damping control strategy can still have good grid-connected current quality, and the total harmonic distortion (THD) is only 2.33%, which can ensure the stability of the grid-connected system.



The simulation results show that the greater the grid impedance is, the worse the grid characteristics are, the worse the grid-connected condition of the inverter is, and the worse the current quality is. The coupling point voltage feedforward of grid-connected current and the control strategy of the hybrid active damper are adopted to make the system operate stably in different degrees of the weak grid while maintaining a good sinusoidal waveform. With the increase in the line impedance, the total harmonic distortion rate of grid-connected current can still be kept at a low level. Therefore, the proposed control strategy can effectively enhance the stability and adaptability of the system to weak grid scenarios.




5.2. Analysis of Experimental Results


In order to validate the accuracy and efficacy of the proposed control strategy in this paper, a three-phase bridge grid-tied inverter experimental platform that corresponds to the proposed strategy was constructed in the laboratory. The experimental parameters are consistent with the simulation parameters. The back-stage LCL filter of the test bed is connected to the power grid through auto-transformer, isolation-transformer, and line impedance (Lg). The ratio of the auto-transformer is 380 to 150. The complete experimental prototype is depicted in Figure 15.



The experimental setup comprises a programmable DC power supply from German EA company (EA-PSI 9500-60, Viersen, Germany), an NPC three-level inverter (YXPHM-TP310b-I) produced by Nanjing Yanxu Electric Co. Ltd. in Nanjing, China with signal detection and drive systems, an LCL filter, a grid-connected transformer, a rapid controller prototyping (RCP) of YXSPACE-10 produced by Nanjing Yanxu Electric Co. Ltd. in China, and a host computer. Prominent testing instruments include a Fluke 190-204S oscilloscope and a Fluke 435 II power quality analyzer produced by Fluke Corporation in Everett, WA, USA. Simulation analysis is carried out by constructing system models and controllers in the MATLAB/Simulink (2021a) environment on the host computer. The real-time control of the inverter is achieved using the RCP prototype controller, based on the results of the simulation analysis, to verify the practical effectiveness of the proposed algorithm. In order to simulate the grid impedance (Lg), a specific value of inductance is connected in series on the grid side.



The comparison between Figure 16 and Figure 17 shows that the experimental waveform confirms the effectiveness of the proposed control strategy. Figure 16 shows that in the absence of grid impedance, the two control strategies show stable operation and low harmonics, indicating that they meet the requirements of grid connection under the condition of a strong power grid. Figure 17a shows that when Lg = 4.2 mH and the hybrid damping strategy of Ref. [24] are adopted, the harmonic component of the grid current increases. However, the improved control strategy, as shown in Figure 17b, effectively reduces the harmonic component by 1.1% compared with the previous control system. The improved control strategy significantly improves the current quality of the power grid, thus expanding the scope of application of the weak power grid, enhancing the stability of the system, and improving the ability to suppress harmonics.





6. Conclusions


In order to solve the problem of resonant frequency deviation caused by grid impedance in an LCL grid-connected inverter system under the condition of a weak power grid, reduce the robustness of the system, and affect the stability of the grid connection, a hybrid active damping strategy with feedforward compensation is proposed. We design a hybrid active damping strategy with grid-connected current as a state variable to suppress the resonant peak of the LCL filter. Compared with the traditional capacitive current active damping method, this method does not need additional current sensors. In order to further improve the stability margin of the system and improve the adaptability of the system to the grid impedance (PM relative increase of about 15°), a first-order LPF is designed in the current loop, and a coupling point voltage feedforward strategy through HPF is adopted. Compared with the hybrid damping control strategy, this control strategy reduces the use of passive resistors, thus reducing the power loss of the system. In addition, under the control strategy of this paper, good current quality can be maintained even under the larger grid impedance. Simulation and experimental results verify the effectiveness of the control strategy and improve the current quality of the power grid; when the grid impedance is low, the current exhibits a favorable total harmonic distortion (THD) level of less than 1.5%. Even as the impedance increases, the current is still able to maintain a satisfactory THD level of less than 2.5%, which enhances the adaptability of the system within the weak power grid and has strong, robust stability (PM remained stable at about 30°). In future research, it is necessary to address the challenges posed by unbalanced power grids, as they can lead to significant detrimental effects. Future investigations should focus on studying unbalanced, weak power grids to mitigate their impact. Furthermore, the parameter identification module can be further integrated to enable real-time detection of grid impedance while dynamic adjustment of filter parameters to enhance grid-connected performance.
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Figure 1. Three-phase NPC LCL grid-connected inverter topology structure. 
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Figure 2. Control diagram of the grid-connected inverter (α). 
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Figure 3. Control diagram of the hybrid damping system (α). 
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Figure 4. Open-loop Bode diagram of the hybrid damping system. 
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Figure 5. Diagram of grid-connected current active damping (α). 
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Figure 6. Diagram of hybrid active damping system with feedforward compensation (α). 
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Figure 7. Open-loop Bode plot of hybrid active damping system with feedforward compensation. 
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Figure 8. Open-loop Bode diagram of systems with changing filter parameters. (a) Bode diagrams of the system when the inverter-side inductance varies; (b) Bode diagrams of the system when the filter capacitor varies; (c) Bode diagrams of the system when the grid-side inductance varies. 
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Figure 9. Space voltage vector diagram of three-level inverter. 
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Figure 10. Space voltage vector diagram of VSVPWM. 
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Figure 11. LCL grid-connected inverter with feedforward compensation hybrid active damping. 
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Figure 12. Steady-state grid-connected current waveform (Lg = 4.2 mH). (a) Hybrid damping; (b) Hybrid active damping with feedforward compensation. 
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Figure 13. Steady-state grid-connected current waveform (Lg = 8 mH). (a) Hybrid damping; (b) Hybrid active damping with feedforward compensation. 






Figure 13. Steady-state grid-connected current waveform (Lg = 8 mH). (a) Hybrid damping; (b) Hybrid active damping with feedforward compensation.



[image: Electronics 13 00144 g013]







[image: Electronics 13 00144 g014] 





Figure 14. Steady-state grid-connected current waveform (Lg = 10 mH). (a) Hybrid damping; (b) Hybrid active damping with feedforward compensation. 
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Figure 15. Experimental prototype. 
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Figure 16. Experimental results of two strategies (Lg = 0 mH). (a) Hybrid damping; (b) Hybrid active damping with feedforward compensation. 
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Figure 17. Experimental results of two strategies (Lg = 4.2 mH). (a) Hybrid damping; (b) Hybrid active damping with feedforward compensation. 
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Table 1. The relationship between the voltage vector and the neutral-point current.
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Classification of Vectors
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Neutral-Point Current
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Positive Small Vector
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Negative Small Vector
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NOO
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OOP
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Table 2. System parameters.
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	Parameter
	Numerical Value





	DC bus voltage, Udc
	350 V



	Voltage divider capacitor, C1, C2
	680 μF



	Inverter side inductance, L1
	2.4 mH



	Filter capacitor, C
	10 μF



	Net side electrical feeling, L2
	0.6 mH



	Proportionality factor, Kp
	12



	Resonance factor, Kr
	700



	Cutoff bandwidth, ωc
	3.14



	Frequency of sampling, fs
	10 kHz
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