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Abstract

:

The use of different control techniques has become very popular for controlling the performance of grid-connected photovoltaic (PV) systems. Although the proportional-integral (PI) control technique is very popular, there are some difficulties such as less stability, slow dynamic response, low reference tracking capability, and lower output power quality in solar PV applications. In this paper, a robust, fast, and dynamic proportional-integral resonance controller with a harmonic and lead compensator (PIR + HC + LC) is proposed to control the current of a 15-level neutral-point-clamped (NPC) multilevel inverter. The proposed controlled is basically a proportional-integral resonance (PIR) controller with the feedback of a harmonic compensator and a lead compensator. The performance of the proposed controller is analyzed in a MATLAB/Simulink environment. The simulation result represents admirable performance in terms of stability, sudden load change response, fault handling capability, reference tracking capability, and total harmonic distortion (THD) than those of the existing controllers. The responses of the inverter and grid outlets under different conditions are also analyzed. The harmonic compensator decreases the lower order harmonics of grid voltage and current, and the lead compensator provides the phase lead. It is expected that the proposed controller is a dynamic aspirant in the grid-connected PV system.
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1. Introduction


In the past few years, the research community has carried out incredible work in the field of applying control techniques to grid-connected renewable energy sources (RESs), where the RES is connected to the grid through a power electronic inverter. Among all RESs, the use of wind farms and solar PV systems has received significant popularity all over the world [1]. The demand for using RESs is increasing due to the changes in the climate and temperature of the Earth by hydrocarbon deposition due to using fossil fuel energy sources such as coal, natural gas, and gasoline [2]. Considering different issues such as availability of a suitable site, power conversion technique, and installation and maintenance cost and complexity, grid-connected solar PV systems are the better choice over the wind farms [3]. The performance of grid-connected PV systems is important, which depends on the harmonious nature of the PV system [4].



In conventional two-level inverter-based systems, there are some issues such as requirement of a large line filter and a high-voltage rating transistor, which make the system bulky and costly. For the direct integration of power from PV to the grid, multilevel inverter (MLI) topologies can play a superior role than the conventional two-level inverter. The capability of running a line filter and transformer less system can reduce the system size to 50–70% [5,6,7]. Among the topologies of MLI, several complications are investigated in cascaded H-bridge (CHB) and flying capacitor (FC) topologies. A large number of issues such as expensive capacitors, complex control to sustain voltage balance, and poor switching efficiency and power transmission are becoming emerging problems in FC topology. In CHB topology, multiple isolated DC sources are required for each cell of the H-bridge, which is not preferable for this troubled voltage control. To overcome these problems, neutral-point-clamped (NPC) topology is used in the grid-connected PV system, which demonstrates little harmonic distortion in grid current and voltage, common DC bus for all phases, controlled reactive power, highly efficient switching frequency, simple control technique etc. [8,9,10,11,12]. However, power quality is is a major issue for heavy and bulky line filter and step-up transformer less direct grid integration systems. Different control techniques such as proportional-integral (PI), proportional resonance (PR), hysteresis control, sliding mode control (SMC), model predictive control (MPC), and fuzzy logic control are being investigated to improve the performance of grid voltage, current, power, and frequency spectrum and minimize the harmonic distortion [13,14,15,16,17,18,19,20,21]. MLIs use various pulse width modulation (PWM) techniques, i.e., space vector PWM (SVPWM) and sinusoidal PWM (SPWM), to achieve switching pulses for the corresponding transistor of the inverter. For a large number of switching devices, the complexity of using SVPWM is increased compared to the SPWM technique. They cannot reduce the lower order harmonics; thus, a control scheme is used to achieve stability of the system [22]. Different types of compensation techniques are used to mitigate the grid voltage, current, and local load harmonics [23,24].



A sliding mode control is studied in [6] for providing maximum power delivery in a cascaded two-level grid-connected inverter. The authors studied active and reactive power flows under different solar irradiances and used the simple PWM technique for simplicity. Although total harmonic distortion (THD) was being measured and reported, the use of a non-linear controller may have introduced algorithmic difficulty. A novel fuzzy logic-based control scheme for three-phase islanded and grid-connected inverters is reported in [13]. This controller demonstrated stable AC output voltage during transient and steady-state responses with load disturbances. Although the control algorithm of fuzzy logic is verified, the control loop of the proposed algorithm is very sensitive to any change in fuzzy step and is difficult to understand. A passivity-based decoupling control scheme is proposed in [14] for a grid-connected T-type neutral-point-clamped (T-NPC) converter, which controls the DC voltage of the inverter. A mathematical model of the control strategy is presented. It utilized direct and indirect control strategies for controlling the voltage and current. However, the performance under a weak grid is not satisfactory. A model predictive controller is presented in [15] for a grid-connected NPC inverter to reduce the common mode voltage components and flow of leakage current to the ground. The performance against different fault conditions is not well presented in the paper. The performance of a Z-source inverter is controlled by a power predictive control scheme in [16]. The controller featured a simple practical implementation, fast dynamic response, and minimal tracking error for decoupled active and reactive power control. The paper shows the steady-state error and transient response of the proposed controller but the load change effect and fault handling capability are not well described. Yang Han et al. in [17] present a synchronous reference-based proportional-integral controller for a single-phase grid-connected MLI. It represents the influence of the phased-lock loop (PLL) on the grid performance and the steady-state and dynamic responses of the controller. It investigates an improved stability criterion to measure the stability of the system. The frequency responses of grid voltage and current are not investigated in this paper. To mitigate the harmonic distortion in the grid voltage and current, a decentralized control strategy is reported in [18]. This is based on a harmonic compensation scheme, but the performance of transient response, steady-state response, and load change effect is not presented in this paper. The differences between various types of controllers and modulation techniques of inverters for microgrid and industrial applications are presented in [19,20]. An MPC controller with a grid-connected three-level NPC converter is proposed in [25] to provide a robust dynamic response. An adaptive proportional-integral controller is presented in a grid-connected system for capacitor voltage balancing and providing maximum PV power and voltage in [26]. It operates in conjunction with the dq-axes, and comprehensive mathematical expressions are investigated for the design of a controller and the adjacency of control parameters based on maximum PV power, PV voltage, and modulation index for achieving a speedy dynamic response. The grid voltage performance under various irradiances is considered in the work. A model predictive control technique is considered to obtain a robust dynamic response in [27]. Use of non-linear controller and space vector modulation (SVM) schemes introduces system difficulty. In [28], a second-order resonant controller with a lead compensator (SORC + LC) is investigated to control the voltage and provide better performance of transient response, fault-handling capability in different load conditions, and steady-state response for single-phase islanded microgrid. The performance of the three-phase inverter is not investigated and the voltage control-based controller introduces some complexity. An adaptive proportional resonance controller with a frequency-locked loop (FLL) was proposed for synchronizing converters [29]. The technique requires a large filter which makes the system bulky. Moreover, the technique was not investigated for MLI topologies. To design the control scheme of a grid-connected inverter system, the characteristics of suppressing voltage and current oscillation, decreasing THD, reference tracking capability, fault-handling capability, and better transient and steady-state responses are being focused on in different works.



This paper proposes a new control technique for the grid-connected multilevel inverter. The contributions of this paper are:




	
A robust and dynamic control scheme for a 15-level (15-L) NPC inverter-fed grid-connected system, which is proposed to improve the system performance;



	
The control scheme consists of a proportional-integral resonance (PIR) controller with the feedback of a harmonic compensator (HC) and a lead compensator (LC);



	
The harmonic compensator decreases the lower order harmonics of grid voltage and current and the lead compensator provides the addition of phase by increasing the system bandwidth;



	
Injected power quality, ability to handle sudden load changes, fault-handling capacity, steady-state response, and stability of the system with the proposed control scheme are investigated to validate the auspicious performance of the controller compared with existing solutions.








The paper is organized as follows: A system description and modelling are described in Section 2; the design of the proposed PIR + HC + LC control scheme is described in Section 3; the performance evaluation of the proposed grid-connected controller and the result analysis and comparison of the performances among controllers are analyzed in Section 4; and finally, the conclusion of the paper is in Section 5.




2. System Description and Modelling


2.1. System Specification and Description


An overall block diagram of the grid-connected PV system is presented in Figure 1. It describes the power flow from the PV array to the grid with the proposed PIR + HC + LC controller. The output parameters of the PV array are being controlled by a DC–DC converter. The switching pulses of this converter are generated from the duty cycle to control the DC–DC converter. The duty cycle is propagated from the maximum power point tracking (MPPT) controller, which utilizes the PV voltage and current. The DC–DC converter offers uniform DC-link voltage to the grid-tied NPC converter. For medium-voltage grid applications, the NPC converter is an excellent choice due to its superiority in handling medium voltage with low-rated semiconductor devices. In this paper, a 15-L NPC converter is considered, which contains 28 transistors on each phase in a three-phase system. An LC filter is used to eliminate the harmonics which are generated from the high-frequency inverter.



In this closed-loop system, the reference signal is generated by the controller. This supports the inverter by providing gate pulses for the switching device of the controller. The gate pulses are produced by dq-to-abc transformation and the sinusoidal pulse width modulation (SPWM) technique. It is also used to control the current for ensuring the power quality and the stability of the system. In the control section,    i  d r e f     is calculated from the outer voltage controller by utilizing the DC-link voltage and the reference voltage. Then,    i  q r e f     is set to zero for unity power factor in the system operation. The errors of the direct axis component (   i  d r e f     and    i d   ) and the quadrature axis component (   i  q r e f     and    i q   ) are determined in the control unit. Here, id and iq are used for calculating the errors. By controlling the errors through current controller, the dq components are generated and transformed to abc components for generating the gate pulses. The design parameters of the system are indexed in Table 1.




2.2. Power Flow Theory


Figure 2 depicts the power flow theory between two AC sources, which are represented as PV and grid to understand the power flow between the PV source and the grid in a grid-tied system. The power sources are coupled with an impedance of   Z = R + j X  .



The power flows from source 1 to source 2 through the Z coupling. The current flow is represented as:


  I =    V  i n v   ∠ δ −  V g  ∠ β   R + j X   =    V  i n v   ∠ δ −  V g  ∠ β   Z ∠ ϕ    



(1)




where source 1 is identified as    V  i n v     ∠ δ     and source 2 is identified as    V  g     ∠ β  ; Vinv represents the inverter voltage, Vg represents the grid voltage and the angle represents phase reference.



Using   S = V  I *   , the following can be considered:


  S =  V  i n v   ∠ δ    (     V  i n v   ∠ δ −  V g  ∠ β   Z ∠ ϕ    )   *   



(2)






  S =    V  i n v     2   Z  cos ϕ −    V  i n v    V g   Z  cos  (  δ − β + ϕ  )  +   j  (     V  i n v     2   Z  sin ϕ −    V  i n v    V g   Z  sin  (  δ − β + ϕ  )   )   



(3)






  R e  [ S ]  = P =    V  i n v     2   Z  cos ϕ −    V  i n v    V g   Z  cos  (  δ − β + ϕ  )   



(4)






  I m  [ S ]  = Q =    V  i n v     2   Z  sin ϕ −    V  i n v    V g   Z  sin  (  δ − β + ϕ  )   



(5)







In (4), if phase  β  is taken as a reference, i.e.,     β = 0 ,   R ≈ 0 ,   ϕ ≈ 90 °  , and   Z ≈ j X  .



Then, the active power P can be calculated as:


  P =    V  i n v    V g   X  sin δ  



(6)







In (5), if the phase is taken as a reference, i.e.,   β = 0 ,   R ≈ 0 ,   and   ϕ ≈ 90 °  , the reactive power  Q  can be calculated as:


  Q =    V  i n v    X   (   V  i n v   −  V g  cos δ  )  P =    V  i n v    V g   X  sin δ  



(7)







From the theory, the real power mainly depends on  δ  and the reactive power mainly depends on the rms voltage of the source,    V  i n v    .




2.3. System Modelling


The voltage and current of a grid-tied inverter can be controlled by a standard controller which works robustly/fiercely on DC quantities of the inverter current    i d    and    i q   . The transformation of sinusoidal or alternating output voltage or current to DC quantities, that means abc frame to dq frame, is very expedient in the control technique. The transformation is based on two steps: (a) abc frame to   α β   frame by using the Clarke transformation and (b)     α β     frame to dq frame by means of the Park transformation [28].



The three-phase output voltage of the inverter is depicted as follows:


   v  i a   = A sin  (  ω t  )   



(8)






   v  i b   = A sin  (  ω t −   2 π  3   )   



(9)






   v  i c   = A sin  (  ω t +   2 π  3   )   



(10)




where A is the amplitude of the voltage;  ω  is the angular frequency; and    v  i a    ,    v  i b    , and    v  i c     are the inverter voltages of phases A, B, and C, respectively.



For the three-phase system, the grid voltage equation is depicted as:


   v  g a   =  v  i a   − L   d  i a    d t   − i  R a   



(11)






   v  g b   =  v  i b   − L   d  i b    d t   − i  R b   



(12)






     v  g c   =  v  i c   − L   d  i c    d t   − i  R c   



(13)




where L is the inductance; R is the resistance; i is the inverter current of each phase a, b, and c, and v is the grid voltage of each phase a, b, and c.



From the Clarke transformation:


   [       v  g α          v  g β        ]  =  [       v  i α   − L   d  i α    d t   − R  i α         v  i β   − L   d  i β    d t   − R  i β       ]   



(14)







From the Park transformation:


   [       v  g d          v  g q        ]  =  [       v  i d          v  i q        ]  − R  [       i d         i q       ]  − L  [      cos ω t     sin ω t       − sin ω t     cos ω t      ]   [         d  i α     d t            d  i β     d t        ]   



(15)







Now,


   [      cos ω t     sin ω t       − sin ω t     cos ω t      ]   [         d  i α     d t            d  i β     d t        ]  =  d  d t    [       i d         i q       ]  + ω  [      −  i q         i d       ]   



(16)







The grid and inverter voltages of the dq frame are derived as [28]:


   [       v  g d          v  g q        ]  =  [       v  i d          v  i q        ]  − R  [       i d         i q       ]  − L  d  d t    [       i d         i q       ]  − ω L  [      −  i q         i d       ]   



(17)






   [       v  i d          v  i q        ]  =  [       v  g d          v  g q        ]  + R  [       i d         i q       ]  + L  d  d t    [       i d         i q       ]  + ω L  [      −  i q         i d       ]   



(18)







The differential equation of the dq component is given as:


   d  d t    [       i d         i q       ]  =  1 L   [       v  i d   −  v  g d          v  i q   −  v  g q        ]  − ω  [      −  i q         i d       ]   



(19)







This equation demonstrates that the direct axis and quadrature axis currents are dependent.




2.4. Grid Synchronization


For direct integration of power into the grid from renewable energy sources, power converters play a significant role in interfacing the grid and the renewable generation unit and producing quality power to feed the grid. It is necessary for the grid-tied inverter system to measure the grid voltage phase angle precisely to control the inverter voltage and current. It is also necessary to synchronize the inverter voltage amplitude and frequency with the grid voltage amplitude and frequency. At the point of common coupling (PCC), the inverter and the grid are being synchronized by proper matching of the voltage amplitude and frequency of the grid and the inverter. For simple implementation and exact determination of amplitude and phase, the synchronous reference (d-q)-based phase-locked loop (PLL) is widely used in three-phase grid-connected inverters. It measures the voltage amplitude, phase angle, and frequency of the grid and the inverter, utilizing them for grid synchronization. The control technique of the grid-tied inverter relies on the grid synchronization technique. If the estimated angle is  θ , then the a-b-c to d-q transformation can be given as [30]:


   [       v d         v q         v 0       ]  =    2 3     [      cos  ( θ )      sin  ( θ )     0      − sin  ( θ )      cos  ( θ )     0     0   0   1     ]   



(20)






  =    2 3     [      cos  (  ω t  )  cos  ( θ )  + sin  (  ω t  )  sin  ( θ )        − sin  ( θ )  cos  (  ω t  )  + cos  ( θ )  sin  (  ω t  )       0     ]   



(21)







After reducing the equations:


   [       v d         v q         v 0       ]  =    2 3     [      cos  (  ω t − θ  )        sin  (  ω t − θ  )       0     ]   



(22)







For ideal grid conditions, the determined phase angle ( θ ) is equal to the phase angle of the grid (  ω t  ) while vq is equal to zero. When (  ω t − θ  ) is small or close to zero, then the term can be linearized for controlling using the PI controller.


   v q  = sin  (  ω t − θ  )  ≈  (  ω t − θ  )   



(23)







For a balanced three-phase system, the q axis component    v q    is close to zero when the PLL angle is locked. In the PLL circuit, the q axis property is denoted as the phase detector (PD). It uses the low-pass filter or the PI controller to decrease the steady-state error. By utilizing the output, a voltage-controlled oscillator (VCO) generates the angle and sine wave. The transfer function of the PLL circuit is given by:


  H  ( s )  =    k p  s +    k p     T s       s 2  +  k p  s +    k p     T s       



(24)









3. Proposed Controller


The main objective of the control technique is to provide maximum power from the NPC converter to the grid. For this purpose, the PV array voltage is controlled by MPPT and the PI controller for providing the maximum constant voltage at the input side. For supplying the maximum power and for generating the sinusoidal output voltage and current, separate voltage and current controllers are used in this system. Figure 3 shows the overall block diagram of the control unit which is used in this system. It represents the outer voltage controller and the inner current controller.



Oscillation in grid voltage and current may cause an unstable power system. It causes high THD of the system. To mitigate oscillation of the system, a new robust and dynamic current control technique is proposed in this paper. It consists of a proportional-integral resonance (PIR) controller with the feedback of a harmonic compensator (HC) and a lead compensator (LC), named as the PIR + HC + LC controller. The PIR controller provides high current ripple, less oscillation, and improved power quality while the HC decreases the lower order harmonics and the LC adds phase lead by increasing the reference tracking ability. The transfer function of this controller is derived as:


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



(25)






   G  h c    ( s )  =     ∑   h = 3 ,   5 , 7 , 9 , 11     2  K  h n   s    s 2  +    (  n  ω 0   )   2     



(26)






   G  l c    ( s )  =    T s  + 1   a  T s  + 1    



(27)






  G  ( s )  =  G  p i r    ( s )  +  G  h c    ( s )  +  G  l c    ( s )   



(28)






  G  ( s )  =  K p  +    K i   s  +   2  K r   ω r  s    s 2  + 2  ω r  s +  ω 0    2    +   ∑   h = 3 ,   5 , 7 , 9 , 11     2  K  h n   s    s 2  +    (  n  ω 0   )   2    +    T s  + 1   a  T s  + 1    



(29)




where    K p   ,    K i   ,    K r    > 0. The stability of the system is dependent on the appropriate value of the constant. The controller provides the reference signal which is used to generate the gate pulses for the NPC converter. The gate pulses operate the switching device of the converter to produce the maximum output voltage and current. Here, the outer voltage controller and the inner current controller are used to controlling the system. In the outer controller, the DC-link voltage of the system is compared with the reference DC voltage to estimate the error voltage. By utilizing and controlling the voltage, we obtain the reference current of the direct axis component and also increase the reference tracking capability. By controlling the error of the direct axis component and quadrature axis component using the inner current controller, the duty signal is provided to generate the reference signal. To achieve the maximum power point tracking (MPPT) for the DC-DC converter, it follows the algorithm as:


    ∆  i  p v     ∆  v  p v     = −    i  p v      v  p v      



(30)







The reference current is achieved from the output of the MPPT controller and the voltage of PV, and then, it is compared with the PV current and the error is determined. The error is utilized in the PI controller for generating the duty cycle and gate pulses for the DC-DC converter.



Figure 4 depicts the Bode diagram of the proposed current controller. The transfer function represents the frequency response of a circuit. The Bode plot is the graph of frequency and phase versus frequency response of any transfer function. The plot can be obtained from MATLAB. It provides information on the influence of frequency response on changing the circuit components.




4. Performance Evaluation of the Proposed Controller


The performance of the proposed PIR + HC + LC controller was observed in the MATLAB/Simulink environment for 15-L NPC inverter-fed grid-tied PV system. The stability, dynamic response, sudden load change effect, steady-state response, fault condition analysis, and the frequency spectrum for the system using the proposed controller were evaluated through simulation in MATLAB software. The detailed phenomena of the performance evaluation of the system are described in the following sections.



4.1. Inverter Performance


Figure 5 shows the 15-L NPC inverter performance in the proposed grid-connected PV system with a high-performance controller. The performance was evaluated in two terms, with and without applying the filter circuit to eliminate the harmonics. Here, a second-order LC filter was used in the simulation to minimize the THD of the inverter voltage and current. The inverter voltage and the THD (shown in the frequency spectrum graph) of the voltage without applying the filter circuit are shown in Figure 5a,b, respectively. Without applying the filter circuit, the inverter current and corresponding THD are shown in Figure 5c,d, respectively. Figure 5e–h demonstrate the inverter performance with the filter. These represent the inverter voltage, the frequency spectrum of the voltage, the inverter current, and the THD of the current, respectively. After applying the filter circuit, the oscillation in the voltage and current of the inverter output is minimized. Before applying the filtering circuit, the THD of the inverter voltage was measured at 6.02% and the current THD was measured at 6.00%. After applying the filter circuit, both THDs of voltage and current were minimized and indicated a THD of 5.39% and 2.94% for voltage and current, respectively.




4.2. PV Performance


The PV array is directly connected to the grid through the DC-DC converter and the DC-AC converter. The output of different phases in the system is named as the PV performance. Figure 6a denotes the current versus voltage curve of the PV array. It is represented for only one cell of the array. It is observed in different heat conditions of the sun. The power versus voltage characteristics are also shown in Figure 6b and are observed in the same manner. These characteristics curves were obtained by measuring the voltage, current, and power for one PV cell under different solar irradiance conditions. Figure 6c represents the DC-link voltage of the converter. It is the output of the DC-DC converter and the input of the NPC converter. It indicates that the input of the NPC converter is 800 V. The system provides a constant DC-link voltage through MPPT and the control algorithm. The maximum power of the PV array is cracked by the MPPT controller and it helps to generate the constant DC output voltage of the DC to DC converter. Finally, the output power which is directly fed to the grid is shown in Figure 6d. It can be observed from the grid voltage and current. By calculating the voltage and current, the output power can be displayed.




4.3. Grid Performance


In the grid-tied inverter system, the output grid voltage and current performance with the minimum oscillation are very challenging. Figure 7 depicts the grid performance in terms of voltage and current. The grid voltage is represented in Figure 7a. From the figure, it can be seen that there is no oscillation in the grid voltage and it is sinusoidal. In Figure 7b, the output current is displayed. It shows oscillation in the first cycle of the output current and then the current is almost sinusoidal. Oscillation occurs for the load of the system. For using the current controlled controller, it affects the grid current, and the grid voltage is distortion less. This is a grid-tied inverter where the grid also acts as a source. This is another reason for the sinusoidal voltage and the distorted current. A THD of 0.55%, 0.57%, and 0.58% is observed for phases A, B, and C, respectively. In Figure 7c, the phase difference between the output voltage and current is observed and it demonstrated zero phase shift as shown in the figure; this means that the system provides unity power factor for output voltage and current. Furthermore, the grid voltage is observed under different conditions in Figure 7d. This figure shows the system response when there are fluctuations in the grid. This phenomenon is called grid voltage sag and swell. It occurs when the system faces some vibrations. When voltage sag or swell occurs at the grid side, the output grid power also varies according the to sag or swell condition. Due to the change in the grid voltage amplitude, the direct axis and quadrature axis voltage also changed. A change also occurs in the inverter output voltage through pulse width modulation techniques. When sag occurs, the inverter increases its voltage, and when swell occurs, the inverter decreases its voltage.




4.4. Controller Performance


The performance of the proposed controller was observed in terms of stability of the closed-loop system, sudden load-change response of inverter voltage and current, and fault analysis of the grid current.



4.4.1. Stability


Figure 4 depicts the frequency characteristics of a closed-loop system for using the PIR + HC + LC controller. This curve is also used for determining the stability of the system. It shows the frequency response of the proposed PIR + HC + LC controller in terms of magnitude and phase. The proposed controller demonstrates 150 db damping in the magnitude and the phase changes between 0 and 450 V. It satisfies the condition of stability in negative imaginary theory. It depicts that the fundamental frequency of the proposed controller is very high, and it imposes harmonic frequency in other resonant points; thus, the harmonics of the grid current can be mitigated. The stability of the system is directly dependent on the nature of harmonics.




4.4.2. Sudden Load-Change Response of Inverter


The controller performance is shown in detailed description in this section. It describes the performance of the inverter under the sudden load change effect of voltage and current after the change in the load. Figure 8a shows the load change effect in voltage and Figure 8b shows the load change effect in current. An extra load is applied in time from 0.3 to 0.6 s. In this period, the output current increased for the load changing effect, but it also shows a sinusoidal nature in the time of the load changing period. However, there is no effect of load change in output voltage. It is always in the same nature and sinusoidal form. After removing the extra load from the system, the output current tracks the previous condition within a very short period of time, which can be seen from Figure 8b. The power consumption of the system under the load condition will be low because of the sinusoidal nature of the output current and the constant peak of output voltage during the load change condition.




4.4.3. Fault Analysis in Grid Current


The grid current is observed under various fault effect conditions in this section. Figure 9 describes the nature of the grid current under different fault conditions. In Figure 9a–c, the fault is applied in phases ‘a’, ‘b’, and ‘c’, respectively. The amplitude of the current is increased during the fault condition. Its peak is in 0 to 20 A in these periods. The fault is applied in between phases ‘a’ and ‘b’; phases ‘b and ‘c’; phases ‘a’ and ‘c’; and phases ‘a’, ‘b’, and ‘c’ in Figure 9d–g, respectively. The amplitude of the current is 0 to 30 A in these periods. Here, the fault is applied in 20 to 40 ms. During the fault condition, the peak of the current increased. After removing the fault, the current recovered its previous balanced condition very quickly, which demonstrates the fast, robust, and dynamic characteristics of the proposed controller.





4.5. Comparative Result Analysis


In this section, a comparison of the performances of the different controllers is given in terms of steady-state error or reference tracking capability, load-handling capability, and THD analysis of the proposed controller in comparison with the other controllers. All the results are observed in the MATLAB/Simulink environment. This evaluates the robustness of the proposed controller.



4.5.1. Reference Tracking Capability


The reference tracking capability of the closed-loop system with the PI, proportional integral derivative (PID), PR, PIR, Resonance + LC, and the proposed PIR + HC + LC controllers is investigated and shown in Figure 10a–f, respectively. The PIR + HC + LC controller tracks the reference more effectively than other controllers. In Figure 10a, the reference tracking capability of the PI controller is shown. It shows harmonic distortion, phase shift, and inability to track the reference signal. The performance of the PID controller is also observed, in Figure 10b. The output of the PID controller tracks the reference but with some distortion. It will affect the system response in other conditions. The simulation result of the PR controller is depicted in Figure 10c. It shows slightly lower harmonics and distortion in the current, but in some portions, it exceeds the reference level or is unable to crack the reference signal. Lower harmonics and oscillation are also shown in the output current by using the PIR controller but it exceeds the reference level and distortion occurs. The resonance + LC controller displays less harmonics in the grid current. It tracks the reference more effectively than the PI, PID, PR, and PIR controllers. Excellent reference tracking ability is observed with the proposed PIR + HC + LC controller. The output waveform contains the lowest oscillation and zero phase shift. It tracks the reference without any distortion.




4.5.2. Sudden Load-Change Response of Inverter for Different Controllers


Figure 11 displays the sudden load-change effect of the closed-loop system with different controllers. Here, an extra load is added in the system to evaluate the inverter response under the load condition and it is not in the grid-tied mode. The grid was separated from the system during this observation. The load was applied from 0.3 to 0.6 s. In this period, the current increased when using all controllers. The current performance is shown in Figure 11a–f for the PI, PID, PR, PIR, Resonance + LC, and PIR + HC + LC controllers, respectively. After removing the load, all controllers’ output tracks the previous condition of the output current within a very short period, but the time required for each controller is not the same. Some controllers show a fast response and others show a slow response for tracking the previous condition. These phenomena directly affect the power quality of the system by consumption of power during the load change period. All the controllers demonstrated the sinusoidal output current before and after the load change condition. In the current under the load condition, there is a significant oscillation in the output performance when using the PI controller (Figure 11a). The output current is in constant amplitude under the load change period when using the PID controller, as shown in Figure 11b. The output of the PR controller also shows distortion and constant amplitude under the loaded condition. There is less oscillation in the current waveform under the load condition, which is depicted in Figure 11d. By using the Resonance + LC controller, the output in the loaded condition shows less oscillation but the amount of current is high under the condition compared with the previous condition. Thus, the power consumption will be very high when using this controller. Less oscillation occurs with the proposed PIR + HC + LC controller. The output is almost sinusoidal for the proposed controller under the load change condition and the amplitude of the current increased gradually, handling the power consumption effect. It also tracks the previous condition faster than the other controllers.




4.5.3. THD Analysis


A comparative THD analysis of this system by using different controller is investigated in Figure 12. It describes the total harmonic distortion in the percentage of the grid current by applying different control techniques. The THD is observed in phase ‘a’ only. The THD performance under the PI, PID, PR, PIR, Resonance + LC and PIR + HC + LC controllers is shown in Figure 12a–f, describing a THD of 23.64%, 17.24%, 13.02%, 6.13%, 1.09%, and 0.55% with the PI, PID, PR, PIR, Resonance + LC, and PIR + HC + LC controllers, respectively. Table 2 also describes the comparative THD performance of the controllers in terms of per-cycle distortion of the output curve in the 1st, 2nd, 3rd, 4th, and 5th cycles. Among all the controllers, the THD of the proposed controller is very low. Lower THD indicates the increased efficiency and improved power quality of the system.




4.5.4. Advantages and Limitations of the Controllers


Table 3 depicts the overall performance analysis of the PI, PID, PR, PIR, Resonance + LC, and the proposed PIR + HC + LC controllers. It describes that the implementation and design of the PI controller are very simple. It also has some drawbacks, including reduced stability, inaccuracy, and slow response to the system during disturbance condition. The PID controller has a simple circuitry and minimized both transient and steady-state responses. On the contrary, this control technique cannot work successfully under a high frequency and it also provides a slow response to the system. The PR controller offers reduced steady-state errors and low computational burden to enhance the system performance. The PR controller has some limitations in controlling the harmonics and rapid changes in frequency variation of the system. It also shows inability to handle the load and fault effect. The PIR controller minimizes steady-state errors and controls the changes in frequency variation. It increases the difficulty of the system by creating overshoot and less stability for oscillatory response. The Resonance + LC controller provides phase lead and increases transient response and also introduces implementation complexity. It also shows reference tracking inability in the output current. The proposed PIR + HC + LC control scheme has the advantages of all the control techniques mentioned above and also has the ability to minimize their limitations. It offers less steady-state errors, minimized lower order harmonics, reduced magnitude of error signal, easy to tune, increased transient response, and a successful working ability in frequency variation.






5. Conclusions


In this paper, a proportional-integral resonance controller with the feedback of a harmonic compensator and a lead compensator (PIR + HC + LC) was proposed to enhance the power quality and different dynamic responses of an NPC converter-fed grid-tied PV system. The proposed controller not only provides excellent output voltage performance of the PV array but also good inverter performance under sudden load changes and disturbances in the power system. The proposed controller showed sinusoidal output voltage and current with unity power factor. The proposed controller helps to reduce the current THD at about 0.55%, which is much lower than that of the other existing controllers. It also showed a good dynamic response profile against different fault conditions of the grid-tied PV system. Overall, it offered promising results in terms of sudden load change response, reference tracking capability of grid current, THD of injected grid current, and ability to suppress the lower order harmonics. Thus, the proposed controller can be a good aspirant for the other topologies of MLIs in different applications such as grid integration of RESs, microgrids, and industrial motor drive systems. Future work will include improvements to the proposed controller to make the grid-connected renewable energy system more effective with experimental validation.
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Nomenclature




	NPC
	Neutral point clamped



	THD
	Total harmonic distortion



	LC
	Lead compensator



	HC
	Harmonic compensator



	PLL
	Phase-locked loop



	SPWM
	Sinusoidal pulse width modulation



	MPPT
	Maximum power point tracker
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Figure 1. Block diagram of the grid-tied photovoltaic (PV) system with the proposed proportional-integral resonance controller with a harmonic and lead compensator (PIR + HC + LC controller). 
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Figure 2. Power flow analogy. 
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Figure 3. Block diagram of the control technique including outer voltage controller and internal current controller. 
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Figure 4. Frequency spectrum of the current controller in terms of magnitude (db) and phase (deg). 
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Figure 5. Inverter performance: (a) inverter output voltage, (b) frequency spectrum of the voltage without filter, (c) inverter output current, (d) frequency spectrum of the current without filter, (e) inverter voltage, (f) frequency spectrum of the voltage with filter, (g) inverter current and (h) frequency spectrum of the current with filter. 
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Figure 6. PV array performance: (a) current–voltage (I-V) characteristics for the PV array in different heatstroke conditions using one cell; (b) power–voltage (P-V) characteristics for the PV array in different heatstroke conditions using one cell; (c) DC link voltage supplied by the PV array through the maximum power point tracking (MPPT) controller for the neutral-point-clamped (NPC) converter, and (d) the output power which is fed to the utility grid. 
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Figure 7. Grid performance: (a) grid voltage, (b) grid current, and (c) zero phase shift between grid voltage and current means unity power factor and (d) grid side voltage, power, and inverter phase voltage response under some vibration. 
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Figure 8. Load change effect: (a) voltage and (b) current. 
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Figure 9. Fault analysis in the grid current: (a) fault is applied in phase ‘a’; (b) fault is applied in phase ‘b’; (c) fault is applied in phase ‘c’; (d) fault is applied in phases ‘a’ and ‘b’; (e) fault is applied in phases ‘b’ and ‘c’; (f) fault is applied in phases ‘a’ and ‘c’; and (g) fault is applied in phases ‘a’, ‘b’, and ‘c’. 
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Figure 10. Reference tracking capability of the controllers. (a) Proportional-integral (PI) controller, (b) proportional integral derivative (PID) controller, (c) proportional resonance (PR) controller, (d) proportional-integral resonance (PIR) controller, (e) Resonance + LC controller, and (f) proposed PIR + HC + LC controller. 
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Figure 11. Sudden load-change effect on the grid current for the (a) PI controller, (b) PID controller, (c) PR controller, (d) PIR controller, (e) Resonance + LC controller, and (f) PIR + HC + LC controller. 
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Figure 12. Total harmonic distortion (THD) analysis with the (a) PI controller, (b) PID controller, (c) PR controller, (d) PIR controller, (e) resonance +LC controller, and (f) PIR + HC + LC controller. 
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Table 1. System specification.
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	Parameters
	Symbols
	Values





	PV Array
	
	1.5 kW



	Grid voltage
	Vg
	400 V (L-L)



	DC-link voltage
	Vdc
	800 V



	Grid frequency
	ω0
	50 Hz



	Filter inductance
	Lf
	4.6 mH



	Filter capacitance
	Cf
	11 µF



	Carrier frequency
	ωc
	10 kHz



	Proportional constant
	Kp
	25



	Integral constant
	Ki
	1000



	Compensator constant
	a
	25
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Table 2. THD analysis of the injected grid current.
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	Controller
	1st Cycle (%)
	2nd Cycle (%)
	3rd Cycle (%)
	4th Cycle (%)
	5th Cycle (%)





	PI [14]
	36.96
	23.77
	12.32
	11.29
	11.62



	PID [24]
	37.82
	17.27
	10.77
	11.16
	10.91



	PR [25]
	35.89
	12.91
	10.07
	10.52
	10.59



	PIR
	24.90
	6.19
	6.08
	6.12
	6.17



	Resonance + LC [24]
	27.66
	1.06
	1.10
	1.08
	1.10



	PIR + HC + LC (Proposed)
	27.11
	0.54
	0.55
	0.55
	0.52
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Table 3. Comparison of the advantages and limitations among the controllers.
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	Controller Name
	Advantages
	Limitations





	PI controller
	Reduces steady-state error; simple operation
	Reduces stability; inaccuracy; slow response



	PID controller
	Minimizes both transient and steady-state error; simple structure
	Slow operational response; cannot work successfully under higher frequency



	PR controller
	Zero steady-state error; low computational burden
	Controlling harmonics is difficult; rapid change in frequency variation



	PIR controller
	Minimizes steady-state error; controls changes in frequency variation
	Creates overshoot; unstable for oscillatory response; slow response time



	Resonance + LC controller
	Provides phase lead; increases transient response
	Implementation complexity; difficulty in reducing harmonics



	Proposed controller
	Limits the steady-state error; controls the lower order harmonics; minimizes the magnitude of error signal; easy to tune; increases transient response; successfully works in frequency variation
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