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Abstract

:

Maximum power point tracking (MPPT) is an essential and primary objective in photovoltaic (PV) systems implementation. Thus, in this article, the predictive fixed switching MPPT technique is proposed for a two-stage PV system, where the system under consideration consists of a PV source, boost converter, and two-level inverter. The MPPT design is based on dual adaptive step-size realization to limit the duty cycle oscillations at a steady state. Furthermore, the PI controller is eliminated, which simplifies the MPPT implementation. The suggested tuning procedure of the duty cycle is compared with the conventional adaptive step-size perturb and observe (P&O) method. The inverter is controlled using an efficient finite-set model predictive control (FS-MPC) algorithm with reduced computation burden, where the optimal switching state vector is identified based on the polarity of the reference voltage in the  α - β  reference frame and without any need for sector determination. Furthermore, the cost function of the FS-MPC algorithm is modified to include the reduction of the switching frequency as a secondary objective for the inverter control. The overall control methodology is evaluated using experimental results at different operating conditions.
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1. Introduction


Photovoltaic (PV) source has nonlinear characteristics [1], where the power-voltage (P-V) curve exhibits one peak at uniform radiation conditions [2]. This, in turn, necessitates the evolution of a maximum power point tracker (MPPT) technique [3]. In such techniques, the maximum power point (MPP) of the P-V curve is chased [4]. Different methods have been implemented in the literature [5,6,7] for that purpose. However, they can be mainly classified into model-based algorithms, training-based methods, and searching procedures. The model-based methods depend on a mathematical model for representing the characteristics of the PV source and finding an exact or accurate formulation of the MPP. The training-based approaches employ artificial neural network or fuzzy logic controller, which need prior training information to perform the MPPT function. In the searching techniques, the measured voltage and/or current of the PV source are utilized to direct the control parameter to the MPP, and within this category lie the well-known perturb and observe (P&O) and incremental conductance (INC) methods [8].



Generally, the PV systems can be categorized into single-stage and two-stage systems. However, the most popular configuration is the two-stage system, where the MPPT operation is managed in the first stage (DC-DC) [9]. Furthermore, the active and reactive power exchange with the grid is realized in the second stage (DC-AC). In this regard, and for grid integration, different strategies have been implemented to regulate the active and reactive power. Popularly, the voltage-oriented control (VOC) and direct power control (DPC) are implemented for this purpose [10]. The VOC uses the cascaded loop structure of the voltage loop, and the current loop to obtain the reference voltage (using PI controllers), which is fed to the modulation stage for generation of the switching actions. Obviously, the switching frequency of this method is fixed, whereas the DPC utilizes a hysteresis controller to generate the switching states for the converter knowing the grid–voltage position (via look-up table procedure). Therefore, the switching behavior of this method is variable. However, the implementation is very simple without any tuning efforts. Recently, model predictive control has gotten a significant attention, especially the finite-set model predictive control (FS-MPC), in which the optimal switching state of the converter is applied directly according to a predefined cost function [11].



The main classification of model predictive control techniques are continuous-set model predictive control, finite-set model predictive control, and dead-beat predictive control [9,10]. Numerous efforts have been made to employ model predictive control for MPPT implementation. In [12], FS-MPC with two-step prediction horizon is utilized for a boost converter, where the INC method is used to generate the reference current for the FS-MPC loop. A similar approach is developed in [13] for a flyback converter. However, additional sensors are required in these methods due to the prediction stage of the FS-MPC. In this respect, some attempts have been performed to reduce the number of utilized sensors. For example, sensor reduction is accomplished based on the model predictive control principle in [14]. Furthermore, a simple load observer is executed to account for potential variations in the load. A reduction based on the mathematical model of a multilevel boost converter is done in [15]. Nevertheless, still the dependency on the utilized converter is the major drawback of these methods, where the model parameter uncertainties may ruin the behavior of the MPPT. Predictive fixed switching frequency for Z-source inverter is proposed in [16]. However, the adaptive step-size design is model dependent in this approach. Furthermore, a PI controller is employed to obtain the duty cycle command, which increases the tuning efforts. A very similar technique is implemented for the boost converter in [17] and for LLC resonant converter in [18].



Bio-inspired methods are also addressed in the literature, especially for partial shading conditions, where the P-V curve has several peaks. However, the implementation of these algorithms is time consuming and complex, making it unsuitable for industry application [19]. Conventionally, P&O is the most popular approach for extracting the maximum power from the PV source. However, this method has a poor steady-state performance due to the oscillations inherited from its perturbation nature [20]. Therefore, adaptive step-size can be utilized to limit this oscillation, where a large step is used when the operating point is far from the MPP and a lower one is employed as the operating point approaches the MPP [21]. Furthermore, it has poor behavior under fast atmospheric conditions [22].



Considering the above, a new predictive fixed switching MPPT algorithm is proposed in this paper. The suggested technique uses only two sensors for maximum power extraction such as the case of the conventional MPPT techniques. Thus, it is suitable also for low-power PV applications. For the first time, and to the best of authors’ knowledge, two adaptive step-size are utilized in our scheme. The objective of the two-step design is minimizing the oscillations which happen at steady state of the duty cycle waveform. The proposed MPPT is compared with the conventional but adaptive step-size implementation of the P&O method. Further on, a multiobjective control for the inverter stage is achieved based on the FS-MPC, where current control is considered the main control objective. The secondary control objective is introduced as reduction of the switching frequency—thanks to the FS-MPC and the cost function, where several control purposes can be achieved within one control law. The weighting factor in the cost function is tuned based on the THD of the injected currents, i.e., the selection procedure of the weighting factor has an approximately negligible impact on the THD of the currents (the primary control objective). Therefore, the main contribution of the current study can be summarized as:




	
Predictive fixed switching MPPT technique implementation with only two sensors and without need for PI controller, which simplifies the overall control scheme.



	
Dual adaptive step-size design of the duty cycle command to reduce the oscillation at steady state.



	
Multiobjective control for the inversion stage, which are current control and switching frequency minimization.



	
Experimental verification of the proposed MPPT and inverter control at different operating conditions.








The rest of this paper is organized as follows: Section 2 presents the mathematical model of the two-stage PV system. The proposed MPPT and multiobjective inverter control are investigated in Section 3. The experimental evaluation and comparison are given in Section 4. The future work is addressed in Section 5. Finally, the outcome of the paper is concluded in Section 6.




2. Model of the Two-Stage PV System


2.1. PV Source Modeling


The characteristics of the PV source can be represented using different models. However, the most popular model is the single-exponential one, due to its simplicity and accuracy [23]. According to that model, the current–voltage (I–V) relation can be described as [24,25]


   i  p v   =  i  p h   −  i o   [  e  (    v  p v   +  i  p v    R s    n  N s   v t    )   − 1 ]  −    v  p v   +  i  p v    R s    R  s h    ,  



(1)




where   i  p h    is the photovoltaic current,   i o   is the diode saturation current, n is the diode ideality factor,   R s   is the module series resistance,   R  s h    is the module shunt resistance,   N s   is the number of cells in one module,   i  p v    is the terminal current, and   v  p v    is the output voltage. Furthermore, the characteristics of the PV source at different atmospheric conditions are given in Figure 1 and Figure 2 [10].




2.2. Boost Converter Model


The first stage of the PV system is the DC-DC converter (boost converter), where the MPPT function is executed. Moreover, it boosts the voltage of the PV source to enable grid integration. The model of the boost converter is specified by the actions of its switch. Thus, the modes of the boost converter are clarified in Figure 3. Simply put, the state-space behavior of the boost is characterized by [11].


      x ˙  = A x + B u ,       y = C x + D u ,     



(2)




where x = [  i  p v     v  d c   ]   T   is the state vector, u = [  v  p v     i  i n v   ] is the input vector, and   y =  v  d c     is the output. Furthermore,  A ,  B ,  C , and  D  are the system matrices and are expressed as follows:


  A =     0    −   1 − d  L         1 − d   c  d c      0     , B =      1 L    0     0    −  1  c  d c         , C =     0   1     , D = 0 ,  



(3)




where   v  d c    is the DC-link voltage,   i  i n v    is output current of the boost converter (input for the inverter), L is the boost inductance,   c  p v    and   c  d c    are the coupling capacitors at the PV and inverter side, respectively, and d is the duty cycle of the boost converter.




2.3. Model of the Two-Level Inverter with Grid Connection


Figure 4 shows the configuration of the grid-connected inverter. In fact, the two-level inverter has eight possible switching vectors, shown also in Figure 4 with the sector distribution (1–6). Table 1 briefly summarizes the potential switching actions and output voltages of the two-level inverter [9].



With respect to Figure 4 and applying KVL at the inverter output, the following results


   v  a b c   =  u  a b c   +  L f    d  i  a b c     d t   +  R f   i  a b c   ,  



(4)




where   v  a b c    are the grid voltages,   u  a b c    are the inverter output voltages,   i  a b c    are the line currents,   L f   is the filter inductance, and   R f   is the filter resistance.



In the stationary reference frame ( α - β ), Equation (4) can be rewritten as


   v  α β   =  u  α β   +  L f    d  i  α β     d t   +  R f   i  α β   .  



(5)







Furthermore, and in the rotating reference frame (d-q), the same equation is expressed as


      v d  =  u d  +  L f    d  i d    d t   +  R f   i d  − ω  L f   i q  ,        v q  =  u q  +  L f    d  i q    d t   +  R f   i q  + ω  L f   i d  ,      



(6)




where  ω  is the angular grid-frequency. As a result, the active and reactive power are expressed as


     P =  3 2   (  v α   i α  +  v β   i β  )  ,       Q =  3 2   (  v β   i α  −  v α   i β  )  ,      



(7)






     P =  3 2   (  v d   i d  +  v q   i q  )  ,       Q =  3 2   (  v q   i d  −  v d   i q  )  .      



(8)









3. The Proposed Control Strategy for the Two-Stage PV System


3.1. Predictive Fixed Switching MPPT with Dual Adaptive Step-Size Design


The predictive fixed switching method relies on the equivalent circuit of the PV source. Figure 5 shows the simplified model of the PV generator, in which the behavior of the PV circuit can be simplified to a voltage source connected to an equivalent resistance. Therefore, the design procedure of the suggested MPPT method can be summarized according to the following steps:



1. The predicted PV currents are computed as


   i  p v     ( k + 1 )   1 , 2   =  i  p v    ( k )  ± Δ i ,  



(9)




where    i  p v    ( k + 1 )    is the PV current at next sampling instant,    i  p v    ( k )    is the PV current at the present sampling instant, and   Δ i   is the step-size of the current. This step is adaptively tuned based on the gradient of the PV power with respect to the PV voltage as


  Δ i =  c 1     Δ  p  p v     Δ  v  p v      ,  



(10)




where   c 1   is a factor to be tuned.



2. Consequently, the predicted voltages are evaluated from


   v  p v     ( k + 1 )   1 , 2   =  v t   ( k )  −  i  p v     ( k + 1 )   1 , 2     R t   ( k )  ,  



(11)




where    v t   ( k )    and    R t   ( k )    are the equivalent voltage and resistance of the PV source, respectively.



3. The equivalent voltage and resistance of the PV source are calculated as


   v t   ( k )  =  v  p v    ( k )  +  i  p v    ( k )   R t   ( k )  ,  



(12)






   R t   ( k )  = −    v  p v    ( k − 1 )  −  v  p v    ( k )     i  p v    ( k − 1 )  −  i  p v    ( k )    ,  



(13)




where    v  p v    ( k − 1 )    and    i  p v    ( k − 1 )    are the PV voltage and current at the previous sampling instant.



4. The cost function for evaluation and selection is based on the predicted PV power, which can be expressed as


   p  p v     ( k + 1 )   1 , 2   =  v  p v     ( k + 1 )   1 , 2     i  p v     ( k + 1 )   1 , 2   .  



(14)







The predicted power is compared with the present PV power. Therefore, the cost function is finalized as


   g  1 , 2   =  p  p v     ( k + 1 )   1 , 2   −  p  p v    ( k )  .  



(15)







According to the cost function, the PV voltage corresponding to the higher power (between    p  p v     ( k + 1 )  1    and    p  p v     ( k + 1 )  2   ) is selected. Conventionally, this voltage is compared with the actual one, and the duty cycle is obtained using a PI controller. However, in our scheme, a second adaptive step is employed to minimize the difference between the optimal voltage and the actual value. This step is adjusted from


  Δ d =  c 2   | Δ v |  ,  



(16)




where   c 2   is an adjustable factor and   Δ v   is the difference between the optimal voltage and the actual value.



Figure 6 shows the flow process of the proposed predictive fixed switching MPPT with two adaptive step-size design, where the equivalent voltage and resistance of the PV source are calculated. Then, the predicted currents are computed using the first adaptive step and based on the equivalent values of the source. Following, the predicted voltages are obtained, which enable the power computation and the cost function evaluation. According to the cost function, the optimal voltage is selected. Finally, the duty cycle command is obtained using the second adaptive step according to the distance between the actual and the optimal voltage.




3.2. Multiobjective FS-MPC with Reduced Computation Burden for Grid Integration


The conventional FS-MPC depends on the discrete nature of the system [26]. For the two level inverter, and as mentioned previously, the cost function is calculated eight times for the eight voltage vectors. The best voltage vector is selected among the eight vectors based on the design of the cost function. In brief, the design of the conventional FS-MPC for the two-level inverter can be summarized as follows:



Firstly, the predicted currents are calculated from the following, which is the discrete form of Equation (6):


      i d   ( k + 1 )  =  ( 1 −    T s   R f    L f   )   i d   ( k )  + ω  T s   i q  +   T s   L f    (  v d   ( k )  −  u d   ( k )  )  ,        i q   ( k + 1 )  =  ( 1 −    T s   R f    L f   )   i q   ( k )  − ω  T s   i d  +   T s   L f    (  v q   ( k )  −  u q   ( k )  )  .      



(17)







Secondly, the optimal voltage vector is applied to the inverter based on the cost function design as


   g i   = |    i d    ( k + 1 )   u  0 , . . , 7    −  i  d r e f    ( k + 1 )    | + |    i q    ( k + 1 )   u  0 , . . , 7    −  i  q r e f    ( k + 1 )    | ,   



(18)




where    i  d r e f    ( k + 1 )    and    i  q r e f    ( k + 1 )    are the reference currents coming from the outer loop.



In the proposed method, the voltage vector at  α - β  reference frame is calculated by substituting    i  d r e f    ( k + 1 )    and    i  q r e f    ( k + 1 )    instead of    i d   ( k + 1 )    and    i q   ( k + 1 )    in Equation (17), which results in


      u  d r e f    ( k )  = −  R f   i d   ( k )  −   L f   T s    (  i  d r e f    ( k + 1 )  −  i d   ( k )  )  + ω  L f   i q  +  v d   ( k )  ,        u  q r e f    ( k )  = −  R f   i q   ( k )  −   L f   T s    (  i  q r e f    ( k + 1 )  −  i q   ( k )  )  − ω  L f   i d  +  v q   ( k )  .      



(19)







Then, using the Park transformation


   u  α β r e f    ( k )  =      cos ( θ )     sin ( θ )       − sin ( θ )     cos ( θ )       u  d q r e f    ( k )  .  



(20)







Therefore, the two components of the reference voltage vector are determined. This can be further revisited in Table 1. According to the calculated components, the voltage vectors can be sorted into two groups of positive and negative voltage vectors. Referring to Figure 4 and Table 1, the vectors   u 1  ,   u 2  , and   u 3   are defined as the positive vectors. Furthermore,   u 4  ,   u 5  , and   u 6   are defined as the negative vectors. One zero-voltage vector is selected with each group, which is   u 0   in the current design. Thus, the cost function is reformulated as follows:


   g m  =       |   u α   ( k )  −  u  α r e f      ( k )  |    u 0  ,  u 1  ,  u 2  ,  u 3    +   |  u β   ( k )  −  u  β r e f    ( k )  |    u 0  ,  u 1  ,  u 2  ,  u 3    ,     if  (  u α  +  u β  ) > 0 ,        |   u α   ( k )  −  u  α r e f      ( k )  |    u 0  ,  u 4  ,  u 5  ,  u 6    +   |  u β   ( k )  −  u  β r e f    ( k )  |    u 0  ,  u 4  ,  u 5  ,  u 6    ,     if  (  u α  +  u β  ) < 0 .       



(21)







To fulfill the switching frequency reduction purpose, the final cost function design is


   g f  =       |   u α   ( k )  −  u  α r e f      ( k )  |    u 0  ,  u 1  ,  u 2  ,  u 3     + |   u β   ( k )  −  u  β r e f      ( k )  |    u 0  ,  u 1  ,  u 2  ,  u 3    + λ  ∑  i = 1  4   |  S i   ( k )  − S  ( k − 1 )  |  ,     if  (  u α  +  u β  ) > 0 ,        |   u α   ( k )  −  u  α r e f      ( k )  |    u 0  ,  u 4  ,  u 5  ,  u 6     + |   u β   ( k )  −  u  β r e f      ( k )  |    u 0  ,  u 4  ,  u 5  ,  u 6    + λ  ∑  i = 1  4   |  S i   ( k )  − S  ( k − 1 )  |  ,     if  (  u α  +  u β  ) < 0 ,       



(22)




where   S ( k )   is the current switching instant,   S ( k − 1 )   is the previous one, and  λ  is the weighting factor. It is obvious that the computation burden of the suggested FS-MPC approach is reduced by 50% in comparison to the conventional method, where only four calculations of the cost function are required in this design. Furthermore, there is no need to determine the sector of the voltage vector as in [9], which simplifies the overall control strategy. It is worth mentioning that the selection of the weighting factor is crucial in the design of the cost function. It should not affect the primary objective of the controller [11]. Figure 7 shows the overall control strategy for the two-stage PV system, where the predictive fixed switching MPPT technique is implemented in the DC-DC conversion stage. Furthermore, the computationally efficient FS-MPC with switching frequency minimization ability is executed in the inversion stage.





4. Experimental Results and Discussion


4.1. Test Bench Description


The system under consideration consists of a PV emulator, boost converter, two-level inverter, and inductive load. The PV emulator is constructed using DC source and group of resistors. Firstly, the DC source is connected with one resistor in series to emulate the P-V characteristics at a certain power level. After a period of time, another resistor is connected in parallel to the first one to emulate a sudden increase in power. Finally, the added resistor is removed to simulate an abrupt decrease in the output power of the emulator. Isolated voltage and current sensing module (USM-3IV) is used to measure the voltages and the currents. These measurements are fed to dSPACE DS1202 MicroLabBox, which is used as a real-time system. The control algorithm is developed using Matlab software, and hence, the generated switching state is applied to the switches. The smart gate drive module (GDA-2A2S1) is used as an interface between the dSPACE controller and the power switches. Figure 8 shows the experimental configuration of the set-up, while the specifications and components of the whole PV system are summarized in Table 2.




4.2. Evaluation of MPPT Behavior


In this subsection, the performance of the predictive fixed switching MPPT is investigated and compared with the P&O method. For fair comparison, an adaptive step-size is also utilized for the conventional P&O with the same constraints as of the predictive method. Figure 9 exhibits the results of the two methods, namely the predictive method and the P&O, where the PV power (  p  p v   ), voltage (  v  p v   ), and current (  i  p v   ) are shown, respectively. The two methods exhibit a very similar behavior at the step response of the PV emulator. However, the PV power with the proposed method gives a lower ripple content in the power waveform, which increases the efficiency. Furthermore, the tracking speed of the proposed method is faster than the P&O. Table 3 summarizes the behavior of the two methods regarding the average efficiency (  η  p v , a v g   ) and the tracking speed. It is worth mentioning that the average efficiency is calculated according to [27,28]. It seems that the average efficiency of the predictive method has a slight increase with respect to the conventional one. However, this value is calculated within a short span of time (range of seconds) as shown in the experimental results. Therefore, for a long time run, the energy utilization is expected to have a significant increase.



The duty cycle is examined in Figure 10, where the duty cycle with the adaptive step-size for the P&O method and the dual step-size for the predictive method are shown. It is obvious that the duty cycle with the P&O method has higher oscillations, especially at high power values. However, the duty cycle’s variation of the predictive technique is very tiny, and the duty cycle appears as a constant value. The reduced oscillation contributes to an enhanced waveform of the voltage and current, which results in an improved efficiency.



The behavior of the duty cycle is further investigated by inspecting the variations of the adaptive steps in the MPPT methods. For the two methods, the duty cycle is limited to a maximum change of 0.005 (saturation limit). This means that when an abrupt change happens, the duty cycle is limited to that value. This in turn has the benefit of limiting the oscillations of the voltages and currents at fast-changing atmospheric conditions. Additionally, and at steady state, if (at a certain operating point) the adaptive step-size is high, the oscillation of the duty cycle is restricted. Furthermore, the first step (corresponding to the current) of the predictive method is limited to 0.05 (saturation boundary).



Figure 11 shows the adaptive steps variation of the predictive method, where the first step (  Δ i  ) and the second step (  Δ d  ) are investigated. At the first interval, the current step-size variation is very small. This also applies to the corresponding duty cycle at the same interval. When a step-up change in the power occurs, the step-size of the current and duty cycle is saturated according to the predefined limits (0.05 and 0.005). At the second interval, the step-size variation of the current is a little bit higher in comparison to the first interval. However, the duty cycle variation remains approximately unchanged, thanks to the dual step-size design of the proposed method. Finally, when a step-down change (to the previous power level) in the power happens, the saturation limits are activated again, and the system goes into a steady state, similar to the first interval.



Figure 12 shows the step-size variation for the P&O method. It is quite obvious that the change of the duty cycle is remarkably large in comparison with the predictive technique. In the first and third intervals, the system succeeds to operate adaptively (under the saturation limit). However, at the second interval, the MPPT technique under P&O operates partially in the adaptive mode. In the zoomed part of the figure, the system operates at fixed step operation for certain operating points.




4.3. Inverter Control Results


Figure 13 presents the response of the inverter control with the conventional FS-MPC and the proposed efficient one, where the results show the DC-link voltage (  v  d c   ), the d-axis current (  i d  ), the q-axis current (  i q  ), and the injected three-phase currents (  i  a b c   ). The DC-link voltage exhibits over and undershoots in conjunction with the step changes of the PV power. However, the system returns quickly to the steady-state condition. As a consequence of the PV power change at the PV side, the d-axis current responds to that change to inject the excess power into the load. The q-axis current is maintained at its reference value (  i  q r e f   =0 for the unity power factor operation at grid-connected situation). Furthermore, the injected currents are sinusoidal.



As a result of the second objective of the inverter control (reduction of the switching frequency), the d-axis current and q-axis current reveal a slightly higher ripple. Therefore, the THD of the injected currents with the proposed method has a marginal increase evaluated against the conventional technique. To this end, Table 4 gives the values of the THD for the currents. It should be stated that the tuning procedure of the weighting factor is accomplished as discussed in [11].



The two methods are further evaluated according to the required computational load and average switching frequency (  f s  ). Table 5 presents the calculated values with the help of the control desk program of the dSPACE controller. The execution time of the conventional FS-MPC is higher than the proposed one. Furthermore, the average switching frequency with the proposed method is decreased by approximately 10%. This percent can be increased by increasing the weighting factor value. However, this leads to a significant impact on the THD values.





5. Future Work


The current study proposed a predictive fixed switching MPPT strategy for the boost converter and a reduced complexity FS-MPC approach for the two-level inverter. However, the authors believe that the following points can be further discussed to enlighten the future directions in this aspect:




	
Investigation of the MPPT at dynamic operating conditions, in which the atmospheric conditions may have a slow or fast varying manner.



	
Comparative evaluation against the FS-MPC technique and other similar approaches for MPPT.



	
Further simplification for the FS-MPC to reduce its computational burden and include different control objectives.



	
Online adjustment of the weighting factor using intelligent techniques (optimization methods). Even more, elimination of the weighting factor in the cost function design to simplify the control objective and remove tuning efforts.



	
Robustness assessment and enhancement for the FS-MPC method. In this matter, analytical methods or observers can be utilized.



	
Implementing the control methodology with fewer sensors to improve the system’s reliability. In fact, these sensorless strategies can be an effective back-up during disturbances, noise, or even sensor failure.









6. Conclusions


In this paper, a predictive fixed switching MPPT is proposed, where two adaptive steps are designed to obtain the duty cycle of the boost converter. The first step is utilized during the prediction stage of the optimal voltage, whereas the second adaptive step is used to provide the duty cycle for the converter. Therefore, the conventional PI controller is eliminated, which simplifies the overall control strategy and reduces the tuning efforts. The proposed MPPT has higher efficiency and fast tracking speed in comparison with the conventional P&O. Furthermore, the conventional FS-MPC for inverter control is replaced with an efficient technique to reduce the computational load of the conventional method. In this technique, the polarity of the reference voltage is used as a guide of selectivity, where the switching vectors of the two-level inverter are sorted into two groups of positive and negative vectors. Based on that, only one set is considered for evaluation in the cost function design. This, in turn, reduces the possible computations of the cost function from 8 times with the conventional method to only 4 with the proposed one, which represents a 50% reduction. Moreover, the inverter control is modified to include the switching frequency reduction as an additional objective for the controller without any significant impact on the main one. In total, 10% reduction of the switching frequency is accomplished in our scheme. Future suggestions to improve the control performance include the elimination of the weighting factor and robustness enhancement.
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Figure 1. P-V characteristics of the PV source under different radiation conditions. 
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Figure 2. I–V characteristics of the PV source under different radiation conditions. 
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Figure 3. Equivalent circuit of the boost converter when: (a) switch is OFF, and (b) switch is ON. 
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Figure 4. (a) Two-level voltage source inverter with grid connection. (b) Switching states and voltage vectors of the inverter. 
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Figure 5. The simplified equivalent circuit of the PV source. 
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Figure 6. The flowchart of the proposed predictive MPPT technique. 
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Figure 7. The configuration and proposed control strategy for the two-stage PV system. 
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Figure 8. The experimental set-up of the two-stage PV system. 
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Figure 9. The behavior of the MPPT techniques: (a) Conventional P&O method with adaptive step-size; (b) proposed predictive method with two adaptive step-size. 
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Figure 10. The duty cycle command of the boost converter: (a) Conventional P&O method with adaptive step-size and (b) proposed predictive method with two adaptive step-size. 
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Figure 11. Variation of the adaptive step-size of the proposed predictive method: (a) current step-size and (b) duty cycle step-size. 
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Figure 12. Variation of the duty cycle step-size with the conventional P&O technique. 
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Figure 13. Performance of the inverter control: (a) conventional FS-MPC and (b) The proposed FS-MPC with switching frequency minimization. 
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Table 1. Switching actions and output voltages of the two-level inverter in  α  β  and   a b c   frames.
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	Voltage Vectors
	Switching States    (  S abc  )   
	Output Voltages    (  u α    ,    u β   )    
	Output Voltages    (  u a    ,   u b   ,    u c   )    





	   u 0   
	000
	0 0
	0 0 0



	   u 1   
	100
	   2  v  d c    3   0
	    2  v  d c    3       −  v  d c    3       −  v  d c    3   



	   u 2   
	110
	    v  d c   3        3   v  d c    3   
	    v  d c   3       v  d c   3       − 2  v  d c    3   



	   u 3   
	010
	    −  v  d c    3        3   v  d c    3   
	    −  v  d c    3       2  v  d c    3       −  v  d c    3   



	   u 4   
	011
	   − 2  v  d c    3   0
	    − 2  v  d c    3       v  d c   3       v  d c   3   



	   u 5   
	001
	    −  v  d c    3       −  3   v  d c    3   
	    −  v  d c    3       −  v  d c    3       2  v  d c    3   



	   u 6   
	101
	    v  d c   3       −  3   v  d c    3   
	    v  d c   3       − 2  v  d c    3       v  d c   3   



	   u 7   
	111
	0 0
	0 0 0
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Table 2. PV system parameters.
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	Parameter
	Value





	Boost inductance   ( L )  
	  8.5   mH



	Output capacitor   (  c  d c   )  
	   240  μ F   



	Power switch
	single switch (IGBT-Module FF50R12RT4)



	Diode   ( D )  
	fast recovery diode BYW77PI200



	DC-link reference voltage   (  v  d c r e f   )  
	50 V



	Load resistance   (  R l  )  
	   5  Ω   



	Load inductance   (  L l  )  
	11 mH



	PV emulator resistors
	  15  Ω  /   16.5   Ω  



	Sampling time   (  T s  )  
	   100  μ s   
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Table 3. Tracking speed and average efficiency of the MPPT techniques.
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	Method
	Tracking Speed
	   η  pv , avg     (%)





	P&O with adaptive step-size
	7   T s  
	97.45



	Predictive method with two adaptive step-size
	5   T s  
	97.51
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Table 4. THD of the   a b c   currents with the conventional and proposed method.
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	Method
	THD %





	Conventional (low/high power)
	4.53/3.42



	Proposed (low/high power)
	4.68/3.44
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Table 5. Execution time and average switching frequency for inverter control techniques.
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	Method
	Execution Time (  μ  s)
	Avg.    f s    (kHz)





	Conventional method
	15.34
	2.26



	Proposed technique
	12.55
	2.04
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