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Abstract

:

The abrupt transfer from grid-connected (GC) to stand-alone (SA) operation modes is one of the major issues that may threaten the stability of a distributed generation (DG) system. Furthermore, if the islanding mode happens, it is vital to take into consideration the load voltages or load current waveforms as soon as feasible. This paper develops an advanced control technique based on a super-twisting sliding mode controller (ST-SMC) for a three-phase inverter operating in both the GC and SA modes. This control scheme is proposed to ensure a smooth transition from the GC to SA mode and enhance the load voltage waveforms under the islanding mode. In addition, to minimize the operational costs of the system and the complexity of the studied model, a digital Luenberger observer (DLO) with a proper design is adopted for estimating the inverter-side current. The control scheme of the whole system switches between a current control mode during the GC mode and a voltage control mode during the SA mode. The super-twisting control algorithm is applied to the outer voltage control loop involved in the cascaded voltage/current control scheme in the SA mode. Simulation tests of a three-phase inverter are performed for the purpose of assessing the suggested control performance by using the PowerSim (PSIM) software and comparing it with a classical PI controller. Furthermore, a processor-in-the-loop (PIL) implementation in a DSP board TMS32F28335 while debugging is conducted using code composer studio 6.2.0. The obtained results show efficient control properties, such as a smooth transition among the microgrid (MG) operating modes, as well as effectiveness and robustness during both the GC and SA operation modes.
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1. Introduction


Currently, microgrids (MG) are viewed as an attractive and efficient solution for adapting renewable energy sources inside a large distributed generation (DG) system, which is able to assist the grids by distributing the load and decreasing the grids’ requirements [1]. In addition to making the client more reliable and the system extra useful, the DG’s capacity to function in both a centralized and decentralized way increases the user’s autonomy [2]. Furthermore, MGs have an important advantage, which is their capability to operate in both GC and SA modes [3]. Renewable resources are adopted into an MG via electrical power converters, most notably inverters. In the GC mode, the inverter-based DGs send active and reactive electricity to the local grid. The DGs are connected to the grid during centralized operation and their voltage and frequency are synchronized with the grid. However, if the DGs are unable to restore the system to grid standards due to a grid failure, the grid is quickly disconnected, and the DGs continue to supply the local load [4]. In this regard, there is a phase between the GC and SA modes where the load voltage is only controlled by the DG and not maintained by the grid. Therefore, the load voltage performance may worsen during this transitional period. To this end, the inverter control must be capable of working during the GC and SA modes and guarantee seamless switching between the two modes [5]. Indeed, these are the essential challenges for switching operations that must be carefully addressed.



The literature on the transition phenomena between the MG operation modes shows that a variety of approaches have been applied to guarantee a smooth transfer between these two modes [6,7,8]. For instance, the concept of switch-system-based PI linear controls that use a static switch to pass the control loop when the mode of operation changes has been adopted [9]. An approach for smooth transfer using an indirect current control strategy was investigated in [10]. A feed-forward load current for a weak grid was proposed to ensure a seamless transfer, as reported in [11]. A hybrid control approach that combined the integral sliding mode and backstepping technique has been described to enable flexible switching between the SA and GC modes, with an excellent performance and efficiency [12]. In [13], the author argued that a staircase-based frequency variation approach performed with a PI controller efficiently minimized the overall harmonic distortion (THD). Nevertheless, a flexible control technique has been devised to govern the active and reactive powers in the GC mode and the voltage and frequency in the SA mode for single-phase energy routers working in a smart community environment [14]. Therefore, a proportional resonant (PR)-based control technique for indirect current regulation has been adopted to solve the problem of undesired transients in the transition instant [15]. Even though the sliding mode controller in the hybrid renewable energy system has solved the PI controller’s problem, the controller’s response time is slower under grid voltage distortion in the GC mode and a balanced load or unbalanced load in the SA mode [16]. To this end, a highly hierarchical control model was implemented in [17] to solve the drawbacks of the previous control approaches. The voltage controller was developed with changeable structural parts for voltage disturbance reduction; it tended to make use of the power-sharing capabilities of a droop control. However, the adjustable component process represented system-wide harmonics and delayed the transient responsiveness. Furthermore, a sliding mode control was established to solve the tracking control problem for a bidirectional converter in an aircraft system [18]. Therefore, the authors in [19] proposed an approach based on model predictive control (MPC) to reduce the transient response time. It produced a consistent result that is both simple to construct and inexpensive to execute; however, it suffers from high computation burdens.



On the other hand, most of the reported control techniques require information about the inductor current, load current, and output voltage in order to perform current–voltage exponential monitoring. Recent research on sensorless control solutions using the state observer approaches has been developed to enhance the stability and decrease the number of sensors. In addition, it has been shown that observers are efficient at adjusting for delays within digital control and can estimate measurements with finite analytic tools and procedures without the requirement of sensor communities. A Luenberger observer was built in [20] to enable stable control using inductor current estimates for the SA mode. In addition, in order to enhance the stability and transient efficiency of the inverter under nonlinear load circumstances, an effective nonlinear controller based on a state-feedback observer has been presented for output voltage monitoring [21]. Furthermore, to ensure a smooth transition between both modes, a disturbance observer-based feedforward method has been adopted by storing the estimate of the change in the inner current loop’s reference [22]. Additionally, a current sensorless control scheme based on a modified VSG technique has been proposed for single-phase microgrid applications [23]. It has reduced the inductor’s current sensor with a seamless transfer capability. A current control technique fitted to a state and disturbance observer (SDO) was used in a recent paper by [24] to address the unknown disturbance issue in an LCL-type single-phase grid-connected inverter. This technique has reduced the influence of external perturbations on the observer’s ability to make precise estimations.



Despite the reported control methods achieving rapid and effective synchronization and disconnection, they performed this with limitations. Moreover, the majority of the literature encountered problems, owing to voltage and frequency deviations above the set limitations in transient situations.



In this regard, the present study provides an advanced control method for ensuring a seamless transition while maintaining all of the relevant parameters under supervision, in order to address the shortcomings of the transition process. The following points serve as inspiration for the suggested control:




	
The design of an ST-SMC for a three-phase inverter to provide a proper and seamless transition from the grid-connected mode to islanded mode.



	
The adoption the digital Luenberger observer (DLO) to estimate the inverter-side current of the system under study will reduce the prep time of the disconnected controller.



	
The achievement of a quicker and more effective grid synchronization without losing the phase-angle and frequency stability in both the GC and SA modes.



	
A PIL validation to assess the proposed transition technique’s efficiency during the GC and SA modes.








The remainder of the work is structured as follows: in Section 2, the proposed transition technique for a three-phase inverter operating in the GC and SA modes is described, including the mathematical model in both modes. The proposed current sensorless control based on the Luenberger observer for the inner current loop is provided in Section 3. In addition, the designed super-twisting sliding mode controller for the outer loop in the SA mode is described in this section. In Section 4, the simulation results and PIL validation are presented. Finally, Section 5 concludes the paper.




2. Structure of Three-Phase VSI Operating in GC and SA Modes with the Proposed Controller


One of the major drawbacks during grid-side anomalies, according to grid standards, is the surveillance of the voltage and frequency at the PCC, as well as the supervision of the maneuver of recloses and relays for a faster isolation of the DG from the utility [25]. All these requirements necessitate the system being packed with an effective control mechanism in order to ensure seamless transition control between the two modes, which is considered a significant issue in this research.



Figure 1 shows the schematic diagram of the grid-connected inverter (GCI) and the suggested transition control. As illustrated in this figure, a three-phase inverter with an LC filter is connected to the utility grid and a three-phase parallel RL load via line impedance. In addition, a DC source is considered as a micro source for generating power via an ideal voltage source inverter (VSI). Furthermore, at the grid side, a static transfer switch (STS) is employed to accomplish the GC and SA operations when islanding happens. In this configuration, the DG works as a current source during a GC operation and then switches to a voltage source to maintain the desired voltage during islanding operations.



The proposed control scheme is accomplished through four key processes, which can be classified as:



	
A digital Luenberger-observer-based-estimation of the inverter-side currents,    i  i n v    , which adopts the capacitor actual voltage,    v c   , and the inverter-side voltage,    v  i n v    , as inputs.



	
The regulation of the estimated current in the dq frame,     i ^   i n v d q    , to the current references,    i  d q  *   , generated by a power controller according to the desired real and reactive powers (   P  *    and    Q  *   ). This current control mode is considered for the case of the GC mode of operation.



	
Under SA operation, a voltage control mode is adopted, in which the dq capacitor voltages,    v  c d     and    v  c q    , are adjusted to the voltage reference,    v   * *    , provided by the droop control and zero, respectively. This adopted control scheme includes a droop controller with a power calculation unit and a double-loop inner controller, which includes an internal sensorless current controller based on a PI compensator and an outer voltage control loop based on a super-twisting controller. The super-twisting-based-voltage control is needed to keep the system stable and the performance adequate at the transition instant when the grid parameters vary.



	
A phase-locked loop (PLL) synchronization algorithm is required to synchronize the output inverter with the utility grid, as seen in Figure 1b. This stage should be capable of extracting and adjusting the frequency of the output inverter.






The resulting duty cycle from dividing the voltage references provided by the current controllers,    u  a b c  *   , by    V  d c      is then fed into a PWM, which creates the inverter switches’ commands. More details about each block within the proposed control scheme for both the GC and SA modes will be explained in Section 3. Note that “*” refers to a signal reference.



Modelling of the System under Study


In order to establish the state-space representation of the three-phase system given in Figure 1 for both the GC and SA modes, Figure 2 depicts a simplified design. Based on this figure, the equations that define the system dynamic are given as follows:


       v  i n v . a b c   = R  i  i n v . a b c   + L  d  d t    i  i n v . a b c   +  v  c . a b c        i  i n v . a b c   =  C f   d  d t    v  c . a b c   +  i  o . a b c        i  o . a b c   =  i  l . a b c   +  i  g . a b c        



(1)







In addition, (1) can be rewritten as follows:


      L  d  d t    i  i n v . a b c   =  v  i n v . a b c   −  v  c . a b c   − R  i  i n v . a b c        C f   d  d t    v  c . a b c   =  i  i n v . a b c   −  i  o . a b c        



(2)




where    v  i n v . a b c     is the output voltage of the inverter at each phase and    i  i n v . a b c     and    i  o . a b c     are the three-phase inverter output current and the inverter output filter current, respectively.    v  c . a b c     indicates the capacitor voltage,    C f    is the filter capacitor, and L and R are the filter inductor and resistor, respectively.    i  l . a b c     and    i  c . a b c     are the load current and capacitor currents.    i  g . a b c     defines the grid current.



By applying the parck’s transformation given in Equation (3) below, the mathematical model of the GCI in the synchronous reference frame (SRF) can be expressed by (4).


       x d       x q      =  2 3        c o s θ     c o s ( θ −  2 3  π )     c o s ( θ +  2 3  π )       − s i n θ     − s i n ( θ +  2 3  π )     − s i n ( θ −  2 3  π )       ×          x a       x b       x c         T   



(3)






        d  i  i n v d     d t   =  1   L          (  v  i n v d   −  v  c d   ) −    R      L      i  i n v d q   + w .  i  i n v q         d  i  i n v q     d t   =  1   L          (  v  i n v q   −  v  c q   ) −    R      L      i  i n v d q   − w .  i  i n v q         d  v  c d     d t   =  1   C f    (  i  i n v d   −  i  o d   ) − w .  v  c q         d  v  c q     d t   =  1   C f    (  i  i n v q   −  i     o q     ) + w .  v  c d        



(4)




where    v  i n v . d q     and    i  i n v . d q     indicate the inverter output voltage and current in the dq frame and    v  c . d q     and    i  o . d q     are the dq capacitor voltage and output current components, respectively. ω defines the angular speed.





3. Proposed Control Scheme for Both GC and SA Modes of Operation


This section’s goal is to precisely explain the adapted control technique for the GCI under investigation, which is shown in Figure 1. As previously mentioned, the DG inverter can operate in either the GC mode or SA mode. Under typical grid situations, the DG inverter functions in the GC mode and aids in delivering the load. Moreover, an STS allows the DG to switch to the SA mode in the event of an abnormality or problem happening. Specifically, when transferring between the two modes, the transfer must be achieved without a transitional state and the load should not be severely impacted. To overcome this in the GC mode, an effective current sensorless-control-based Luenberger observer is developed to achieve the excellent tracking of the inverter-side current and a high resistance against parametric fluctuations and disturbances. On the other hand, a super-twisting sliding mode controller is designed for the SA operating mode to guarantee the challenges that will be explained in this paper.



3.1. Proposed Current Sensorless Control for GC Operating Mode


Under normal operation and conditions, the STS is closed. The DG sends the generated power to the load and utility, such as the grid-side parameters, which are set by the utility. A proposed strategy based on an SRF is depicted in Figure 3a–c. It is made up of an outer loop PQ controller, an inner loop current controller, and the proposed digital Luenberger observer. Moreover, the synchronization concept is accomplished by the SRF PLL, as shown in Figure 1b.



This approach consists of generating a reference of active and reactive power components using the PQ outer loop controller. It also permits obtaining the values of    i  i n v d  *    and    i  i n v q  *   , which are the inner loop’s inputs. (   P  *   ,    Q  *   ) represent the references for the active and reactive power, respectively. For regulating the inner current loop, an estimated current PI controller is adjusted in the dq axes with feed-forward decoupling, supplied by comparing    i  i n v d q  *    with the dq estimated components, which are generated by using the Luenberger observer     i ^   i n v d q    , respectively. This allows for obtaining the inverter voltage references,    v d *    and    v q *   , which are transformed into three-phase voltages through a dq-abc transformation. Consequently, the abc voltages are delivered to the PWM-generating block, which produces the commands of the inverter’s switches, to ensure the inverter’s control functionality, as well as an effective power supply [26].



3.1.1. Digital Luenberger Observer


As previously stated, to decrease the operational complexity and system cost of the typical model under study, a digital Luenberger observer (DLO) is proposed, without communication and measurement sensors by estimating the inverter-side current, which must be controlled in this case. A DLO is well suited for the case of the GC mode and the sudden transfer from the GC to SA operation mode, due to the strong durability features of parameter changes and external disturbances [27]. The system’s observability should be studied before developing the DLO.



Construction and Observability Analysis of DLO


The planned control needs a measurement of the inverter inductor’s current, as shown in Figure 1. For this reason, a DLO is designed to estimate the inverter output current by considering the variables    i  i n v     and    v c    to be the system variables. (1) and (2) are given in continuous time as follows:


       d  d t   x ( t ) = A x ( t ) + B .  v  i n v   ( t )     y ( t ) = C x ( t )      



(5)




where         x ( t ) = [  v c  ( t )      i  i n v       ( t ) ]  T   , A, B, and C are defined as follows:


  A =      0     1   C f            − 1    L        0      ,   B =      0      − 1    C f           1   L        0      ,       C = [ 1    0 ]     



(6)







The system’s observability matrix is described by (7):


       r a n k = [ C     C A      ] T  = 2   



(7)







According to Equation (7), the rank of the matrix is complete. Consequently, the system is observable. The following equation represents a dynamic Luenberger observer:


          x ˙       ( t ) = A .  x ^  ( t ) + B . u ( t ) − G (  y ^  ( t ) − y ( t ) )      y ^  ( t ) = C .  x ^  ( t )     ,         G = [  G 1       G 2      ]  T   



(8)







The observation error is illustrated as   e = (  y ^  − y )  . The terms G1 and G2 are the observer gains and the superscript ‘‘^’’ represents the estimated value. Moreover, the digital structure of the suggested Luenberger sensorless current is derived via the Euler technique.


        x ^   ( k + 1 )   =  A k  .   x ^   ( k )   +  B k  .  u k  +  G k  (   y ^   ( k )   −  y  ( k )   )       y ^   ( k )   =  C k  .   x ^   ( k )        



(9)







This considers    e  ( k )   = (  A k  −  G k  .  C k  ) (   x ^   ( k )   −  x  ( k )   )   to be the error of the state vector, where Ck is the control matrix and Gk is the gain matrix. The conceptual description of the DLO is shown in Figure 4.



The resultant equation may be described as (10):


         v ^  ˙   c ( k + 1 )   =  G 1  . T (  y  ( k )   −   y ^   ( k )   ) +    v ^  ˙   c ( k )   +  T   C f    (  i  i n v      ( k )   −   i ^   o ( k )   )       i ^   i n v ( k + 1 )   =  G 2  T (  y  ( k )   −   y ^   ( k )   ) +   i ^   o ( k )        



(10)








Observer Gain Design


For designing the state observer, a necessary condition in finding the estimator gains A and B in (9) through a practical decision can accomplish the stability of the observer and the state error vector’s dynamic. The selection of this matrix checks if the eigenvalues    β i    of   (  A k  −  G k  .  C k  )   are located in the left half-plane of a unit circle, which is denoted and defined as      β  i = 1 ..... n     〈 1  . Hence, as reported by [28], this can be located at the poles observed in the Z domain as follows:


  ( z I −  A k  +  H k  .  C k  ) = ( z −  β 1  ) ( z −  β 2  ) … ( z −  β n  )  



(11)










3.2. Proposed Control Scheme Based on a Super-Twisting Algorithm for SA Mode


Fault detection, otherwise defined as islanding detection, is a significant issue in this application. When an islanding condition occurs, the STS is deactivated. The load fluctuates and must be isolated from the utility grid. In this case, voltage and frequency regulation with power sharing should be constantly considered. Therefore, the V/f controller is employed as the voltage control through the droop control technique.



Under the V/f controller, a flexible control that includes the regulation of the active and reactive power is employed to keep a consistent power delivery to the load. As illustrated in Figure 5, a hybrid control is designed using voltage and current loops. The droop control is primarily responsible for setting the correct references upon grid disconnection, when the reference voltages on the dq axes are    v   * *     and zero, respectively.



Additionally, a super-twisting sliding mode controller, which will be detailed in the next section, is fed as a voltage control by measuring the difference between    v   * *     and    v  c d    . Furthermore, the resulting control is compensated with    i  l d q     to obtain the inputs for the current loop. In order to regulate the estimated inverter-side currents,     i ^   i n v d q    , inner current loops are considered. It is worth mentioning that the inner loops’ dynamics are considerably quicker than the voltage loops.



3.2.1. Droop Control Strategy


In the case of an islanding mode, the droop control is employed to share the load requirement, in order to guarantee the stable microgrid operation. Hence, during this operation mode, the inverter should be capable of regulating the output voltage and frequency by detecting the fluctuations in the reference and value measurements [29]. It can calculate the active    P  i n v      and    Q  i n v      reactive power from the (   v  c d    ,    v  c q    ) and (   i  o d    ,    i  o q    ), which are sensed and changed locally. In Equation (11), the formula for calculating    P  i n v      and    Q  i n v      is defined as follows:


       Q  i n v    =  3 2  (  v  c q    i  o d    −  v  c d    i  o q    )           P  i n v    =  3 2  (  v  c d    i  o d    +  v  c q    i  o q    )      



(12)







The references generated by the droop control method are achieved using Equation (13).


         v  * *   = − n . Δ Q      ω  * *   = − m . Δ P         



(13)







As n and m represent the droop coefficients, the method is often designed in inverse proportion to the DG unit rating to share the load requirements in proportion to its power rating [30].




3.2.2. Outer Loop Voltage Regulation Based on Super-Twisting Algorithm


In an AC microgrid inverter operation, the DG inverter control should be resistant to parameters and external disturbances, in order to maintain the system’s reliability and efficiency. In contrast, the process is abrupt and unpredictable during an islanding scenario. In this case, the controller must take quick action to limit harm to the system.



This section explains how the proposed control should start preparing the DG for disconnect in the event of an islanding situation. The process for disconnection is equipped with a robust ST-SMC voltage control to achieve a seamless transfer between the GC and SA modes. The super-twisting algorithm (STA) is one of the major frequently applied nonlinear approaches for DG inverter operation control, owing to its adaptability and the simplicity of its application. The ST-SMC is well-suited for real-world applications because it is less susceptible to small perturbations in the output and potential errors [31]. When compared to the conventional SMC approach, the STA algorithm reduces chattering issues. The control consists of two portions, u1 and u2, as defined by [32] in Equation (15).


   U  s t   =  u 1  ( t ) +  u 2  ( t )  



(14)




with


       u 2  = − λ   S  r  s i g n ( S )            u ˙  1  = − α s i g n ( S )      



(15)




where λ and α represent the control gains required to build a successful ST-SMC [33]. To preserve the stability, the nonlinearity can be adjusted by altering the coefficient r. It must be positive and have a value between 0 and 0.5. ST-SMC employs simple information about S and does not need to evaluate the sign of   S ˙  . The ST-SMC’s structural design is illustrated in Figure 6.



The sufficient requirements for limited time convergence are presented in [34], as presented in (16):


      α >  Φ   Τ M             λ ≥   4 Φ  Τ M  ( α + Φ )    Τ m    3  ( α + Φ )        



(16)







α, λ, Φ, and TM represent the positive constants. Φ is defined as a positive bound for the undefined function ϕ, while TM and Tm are the positive lower and upper limits of the unknown variable γ at the second derivative of the sliding surface, provided by [35].



The proposed stability analysis in [36] can be shown using an appropriate candidate Lyapunov function V, as defined by:


  V = α  S  +  1 2   S 2   



(17)







As a factor of unknowns such as changing parameters, perturbations, and measurement errors, the rule for a system with a disturbance can be stated as follows:


   x ˙  = a x + b u + k  



(18)




where x and u define the state vector and the input, respectively, assuming that the system disturbance is constrained, and k represents the disturbance, as defined in the equation below:


  k ≤  k  m a x      S    0.5    



(19)







The Lyapunov function’s time derivative can be expressed as follows:


   V ˙  ≤ α s i g n ( S )   − λ    S    0.5   s i g n ( S ) +  k  m a x      S    0.5      



(20)







By selecting    k  m a x    , this gradient is negative and certain for the system to be asymptotically stable.



An ST-SMC is explored to regulate the dq axis for the outer loop voltage based on the following sliding surface equations:


      S (  v  c d   ) =  v  r e f − d   −  v  c d       S (  v  c q   ) =  v  r e f − q   −  v  c q        



(21)




where    v  r e f − d q     are the voltage references generated by the droop control, as mentioned previously, and vcdq are the capacitor voltages in the dq-frame. The block diagram of the outer loop voltage regulation is illustrated in Figure 7.


       i  d q  *  = −  λ   v  c − d q        S (  v  c − d q   )   r  s i g n S (  v  c − d q   ) +  u 1  +  i  l d q         u ˙  1  =  α  v c − d q   s i g n S (  v  c − d q   )      



(22)







Supported by past analysis, the voltage reference in the SA mode can be mathematically represented as:


       u d *  = (  k    p    +    k i     s     ) (  i d *  −  i     i n v d     ) − (  w    o     L 1  .   i ^   i n v q    ) +  v     c d     +  λ   v  c d        S (  v  c d   )   r  s i g n S (  v  c d   ) +  u 1  +  i  l d        u q *  = (  k    p    +    k i     s     ) (  i q *  −  i     i n v q     ) − (  w    o     L 1  .   i ^   i n v d    ) +  v     c q     +  λ   v  c q        S (  v  c q   )   r  s i g n S (  v  c q   ) +  u 1  +  i  l q        



(23)










4. Simulation Results and PIL Validation


To demonstrate the efficacy of the control mechanism proposed in this section, specifically for establishing a seamless mode transfer from the GC to SA mode, a comparative test with the classical transfer approach is addressed using PSIM software. The simulation results are developed under a PIL test in quasi-real time to assess the effectiveness of the control scheme.



The estimated gains for the digital Lunenberger observer and the suggested controller parameters are scheduled in Table 1. The planned scenario assumes that the system functions in the GC mode before switching to the SA mode at t = 0.35 s.



4.1. Simulation Results and Discussion


Figure 8 shows the observer and measured currents on the inverter-side    i  i n v    . Evidently, the observed current of the a-phase inductor accurately corresponds with the measured current for the GC and SA modes. The proposed sensorless controller responds with a greater tracking precision and quicker reaction time in both modes. Even though islanding is detected at t = 0.35 s, their dynamic effectiveness is maintained.



To emphasize the observer’s efficiency even further, the three-phase estimated inverter side currents rapidly drop at the transition instant, as shown in Figure 9a,b. In addition, as can be observed, the dynamic tracking performance is superb and there is no tracking loss for the three-phase waveforms during the transition instant, which is approximately without overshooting when the SA mode starts.



The estimated error in both the GC and SA modes is illustrated in Figure 10. This obtained value is extremely small at around 0.1 V, confirming the great estimation accuracy of the suggested Luenberger observer. Evidently, the proposed technique provides a superior steady-state (minimal observation errors) and dynamic performance (reduced settling time).



In Figure 11, the estimated and measured currents of the three-phase inverter-side are depicted separately, evaluating the observer’s estimating performance. The comparison clearly demonstrates that the presented controller exceeds the measured one in terms of the quality of its signals, sensitivity, and rapid dynamic response. The proposed method has exceptional harmonic suppression capabilities.



To highlight the robustness of the designed ST-SMC scheme, a comparison with the classical PI controller is conducted and the results are given in Figure 12, Figure 13 and Figure 14. Figure 12 portrays the system response obtained with the two compared controllers (the classical PI and proposed ST-SMC based on the DLO algorithm) in a specified test scenario. It displays the active powers transferred to the output of the DG system on both the grid and load sides. The suggested control method is less impacted by the transfer between the two modes. The success of the suggested control is shown by the fact that the switching between the two modes has less of an effect on the active powers.



Figure 13 depicts the comparable current response at the local load side    i  l o a d . a b c    .This result demonstrates that the suggested method reduces the impact of the operation transition from the GC to SA mode on the system.



Figure 14 depicts the load voltage achieved using the two comparative controllers in the suggested test scenario. It illustrates the frequency and temporal responsiveness of the output voltage. In this case, comparing the results of the voltage shows that the suggested control strategy is better at getting rid of disturbances. In order to allow for seamless transitions, the present control considerably improves the quality of the voltage waveform.



Figure 15 and Figure 16 show the angle phase and grid frequency extracted by the SRF-PLL under the GC and SA modes. As an effective example of the SRF-PLL’s capability, it is evident that the frequency displays an excellent effectiveness and smoothly reacts in a transition instant. Moreover, the phase angle holds constant in both modes, indicating that a system synchronization could successfully develop in the inverter system.




4.2. PIL Implementation Using DSP Board TMS32F28335


Leading to outcomes that are precise and close to practical conditions, the processor in the loop (PIL) has steadily emerged as a useful tool for the implementation of converters and regulation in AC microgrids. In a DG inverter operation, some tests are difficult to execute in practice because they need variations in the states of the grid-connected or stand-alone conditions; this is simple to implement in a PIL based on the TMS32F28335 DSP board. In this paper, the effectiveness and achievability of the super-twisting algorithm based on a digital Luenberger current observer are validated using a processor in the loop. Figure 17 depicts the steps for configuring the PIL test using the TMS32F28335 DSP board in the PSIM platform.



The proposed digital control generates a C-code, which is compiled and linked with the code composer studio (CSS), where it is then encoded and executed on the DSP board with a sample time of 40 μs [37]. However, an established PIL block is built in the control structure that integrates the produced code based on the TMS32F28335 DSP board from Texas Instruments.



The co-simulation PIL-based DSP delivers an alternative test stage for controlling and designing an embedded system, with a minimal set of options and a simple implementation. Furthermore, the PIL test system decreases the setup time by demonstrating the validity of the suggested digital control. Figure 18 depicts the hardware implementation of the proposed technique. The PIL tool is regarded as one quasi-real-time method for designing efficient control techniques with a great flexibility [38].



Considering that transitions occur at t = 0.35 s, the same tests are evaluated as those in the PSIM simulations. Figure 19, Figure 20, Figure 21 and Figure 22 show the obtained results, which highlight the high responses of the load voltages and currents under the GC and SA modes, as well as the voltages and currents of the inverter side and their estimates. In addition, the acquired results demonstrate robust control qualities, including a seamless transition between the MG operating modes, as well as efficacy and resilience throughout both the GC and SA operation modes. From Figure 23, it is clear that the proposed scheme significantly improves the total harmonic distortion (THD) of the voltage waveform, which is reduced from 3.14% with a conventional controller to 0.74% with the proposed technique. Comparing the voltage responses shows that the suggested control strategy has a better ability to minimize disturbances.



As a consequence, the co-simulation PIL technique may be used in a practical environment to verify the hardware validation of several process controls.





5. Conclusions


In this paper, a control scheme based on a super-twisting sliding mode control algorithm and a Luenberger current observer has been proposed. This scheme was implemented for a three-phase inverter to ensure an appropriate and smooth transition from the grid-connected mode to the island mode. In the control scheme, a current controller based on Luenberger’s current observer was adopted for synchronizing the grid-connected inverter to the utility grid. While in the SA mode, an external voltage control loop within a cascaded voltage/current control scheme was designed based on a super-twisting algorithm. In addition, the Luenberger observer was also adopted for estimating the inverter-side current. The proposed control scheme contributed, in addition, to providing a seamless transition between both modes of operation and reducing the system cost by eliminating the current sensors. A simulation model and PIL system of a three-phase inverter within an MG were built in the PSIM environment to assess the efficiency of the designed control scheme. The presented results revealed that the suggested transition control guaranteed a seamless transfer between the GC and SA modes without any undesirable distortions, as well as appropriate transient and steady-state performances during the GC and SA operating modes. The results indicate that the designed control provided a low-THD sinusoidal load voltage, which was reduced from 3.14% to 0.74%. Additionally, the estimated error was completely minimal, at around 0.1 V, validating the excellent estimation accuracy of the proposed Luenberger observer. In the near future, the proposed work can be expanded to experimentally validate the control approach for paralleled inverters functioning in GC and SA modes.
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Figure 1. Schematic diagram of: (a) a three-phase grid-connected with the proposed control scheme; and (b) synchronization algorithm. 
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Figure 2. Basic structure of a three-phase grid-connected inverter. 
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Figure 3. Control structure for the grid-connected operation: (a) PQ control; (b) inner current control; and (c) proposed digital Luenberger observer. 
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Figure 4. Conceptual description of the DLO. 
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Figure 5. Control structure for the SA operation. 
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Figure 6. The super-twisting control trajectory’s block design. 
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Figure 7. Block diagram of the outer loop voltage regulation. 






Figure 7. Block diagram of the outer loop voltage regulation.



[image: Energies 16 03878 g007]







[image: Energies 16 03878 g008 550] 





Figure 8. Simulation results of an inverter-side current for phase A and her observed under GC and SA modes with the suggested ST-SMC based on the DLO scheme. 
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Figure 9. Transition from GC and SA modes: (a) three-phase inverter-side currents and their observed with the proposed ST-SMC based on the DLO scheme; and (b) zoom in. 
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Figure 10. Observation error of inverter-side current for phase A under GC and SA modes. 
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Figure 11. Comparative results for three-phase inverter-side current: (a) measured values; and (b) estimated value with proposed ST-SMC based on the DLO scheme. 
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Figure 12. Active power flow simulation results: (a) the traditional PI technique; and (b) the suggested ST-SMC scheme based on the DLO scheme. 
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Figure 13. Simulation results of load current: (a) the traditional PI technique; and (b) the suggested ST-SMC based on the DLO scheme. 
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Figure 14. Simulation results of load voltages: (a) the traditional PI technique; and (b) the suggested ST-SMC based on the DLO scheme. 
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Figure 15. Result of the simulation of phase angle extracting by SRF-PLL under GC and SA modes. 
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Figure 16. Result of the simulation of frequency extraction by SRF-PLL under GC and SA modes. 
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Figure 17. Steps for parameterizing PIL test with DSP board TMS32F2. 
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Figure 18. The DSP-based PIL layout implementation of the proposed digital control. 
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Figure 19. PIL results of transition from GC and SA modes for three-phase inverter-side currents and their observed times with the suggested ST-SMC based on the DLO scheme. 
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Figure 20. PIL results of an inverter-side current for phase A and her observed under GC and SA modes with the proposed ST-SMC based on the DLO scheme. 
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Figure 21. PIL results for a comparative test for three-phase inverter-side current: (a) measured values; and (b) estimated value with the proposed ST-SMC based on the DLO scheme. 
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Figure 22. PIL results of the load side waveforms: (a) load voltages; and (b) load current. 
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Figure 23. Simulation results of the magnitude and THD load voltage: (a) the traditional PI technique; and (b) the suggested ST-SMC based on the DLO scheme. 
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Table 1. Power and controller parameters.
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	Parameters
	Specification





	DC-link Voltage
	600 V



	Grid Voltage (RMS)
	155.56 V



	Switching Frequency
	20 kHz



	Sampling Time
	10 μs



	Grid Impedance
	0.05/0.0016 mH/mΩ



	Load
	72.5 Ω + 93.4 mH



	Filter Inductor
	4 mH



	Filter Capacitor
	60 μF



	Control Gain ST-SMC (α)
	12



	Control Gain ST-SMC (λ)
	3.46



	Proportional Gain      k     p c     ,  k     i c        
	   19.6 /  49.10 3    



	Proportional Gain      k     p v     ,  k     i v        
	0.294/10.5
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