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Abstract

:

In this article, a modified control structure for a single-stage three phase grid-connected photovoltaic (PV) system is presented. In the proposed system, the maximum power point tracking (MPPT) function is developed using a new adaptive model-based technique, in which the maximum power point (MPP) voltage can be precisely located based on the characteristics of the PV source. By doing so, the drift problem associated with the traditional perturb and observe (P&O) technique can be easily solved. Moreover, the inverter control is accomplished using a predictive dead-beat function, which directly estimates the required reference voltages from the commanded reference currents. Then, the reference voltages are applied to a space vector pulse width modulator (SVPWM) for switching state generation. Furthermore, the proposed inverter control avoids the conventional and known cascaded loop structure of the voltage oriented control (VOC) method by elimination of the outer PI controller, and hence the overall control strategy is simplified. The proposed system is compared with different MPPT techniques, including the conventional P&O method and other techniques intended for drift avoidance. The evaluation of the suggested control methodology depends on various radiation profiles created in MATLAB. The proposed technique succeeds at capturing the maximum available power from the PV source with no drift in comparison with other methods.
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1. Introduction


Renewable energy sources are getting more attention for power generation in different fields [1]. In stand-alone applications or grid-connected ones, the renewable sources have several merits with which to compete with conventional fossil fuels generators—cleanliness, availability, environment-friendliness, etc. [2,3]. Photovoltaic (PV) power is one of the promising sources among the renewable energy structures [4]. Besides the aforementioned advantages, the PV source can produce energy silently with no emissions [5]. Hydro-power is still in first place concerning the power generation level, followed by wind and PV power [6]. Recently, the policies of many countries are directed to raising the penetration of renewable energy sources [7]. That policy may be a viable option in the coming years. However, making renewable energy sources obligatory must be delayed due to the continuous lack of conventional energy sources [8].



PV system topologies can be mainly classified into two main configurations, which are the two-stage topology and the single-stage topology [9,10]. In the two-stage topology, the maximum power point tracking (MPPT) regulation is performed in the first (DC–DC) conversion stage, where a boost converter is commonly adopted between the PV energy source and the inverter for the objective of MPPT and voltage elevation. Then, the inverter manages the active and reactive power. In contrast to the two-stage topology, the MPPT function, the active power, and the reactive power are implemented in the inverter control for the single-stage configuration [11,12]. The single-stage structure is preferred from an efficiency perspective due to the decreased number of stages; i.e., no DC–DC conversion stage is why it is called single-stage topology. From control’s perspective, the two-stage configuration outweighs the single one—specifically because of the decoupling between the MPPT operation and the inverter control (active and reactive power control) [11].



Many MPPT methods have been investigated in the literature [13,14,15]. However, the most commonly adopted techniques are the perturb and observe (P&O) method and the incremental conductance (INC) one [16,17]. Even they have a similar behavior [18]. In P&O, the control parameter (voltage, current, or duty cycle) is simply perturbed in one direction. For instance, the control parameter is increased and the behavior of the power is inspected. Hence, if the power increases, the perturbation is kept in the same direction; i.e., the perturbation is further increased. Otherwise, the control parameter’s perturbation will be decreased (reversed) [19]. With INC, the operation is mainly dependent on the power–voltage (P–V) characteristics, where the derivative of this curve is positive at left side of it, negative on the right, and zero at the maximum power point (MPP) [20]. The two methods are simple to implement and free from input parameters, except for simple factors to be tuned in cases of adaptive control [16,21]. The major drawback of these methods is the continuous oscillation at steady-state [21,22]. Actually, the oscillations can be reduced by choosing a small perturbation step. However, this comes at the cost of slow tracking speed [21]. Furthermore, the conventional methods fail to extract the maximum power during fast varying atmospheric conditions (radiation) [22]. This greatly affects the PV system’s efficiency, leading to very high voltage, current, and power oscillations, which is collectively called the drift problem [23]. The main cause of this problem is that the conventional method is not capable of differentiating whether the power variation comes from the perturbation itself or from the radiation change, as a result the operating point drifting away from the MPP [23,24].



For active and reactive power management, numerous control strategies are addressed in the literature [25,26,27]. However, voltage oriented control (VOC) is the most popular technique, in which two cascaded loops are employed for active and reactive power control [28]. The outer loop or the voltage loop provides the reference current to the inner loop. Then, incorporating the feed-forward technique, the reference voltages can be computed and applied to the inverter switches using a modulator [29]. Although the inverter control utilizing the VOC method is well established in the literature, the performance of the VOC is mainly related to a proper tuning of the PI controllers’ parameters [30]. Another common technique is the direct power control (DPC), where the cascaded loop structure of the VOC is avoided and the control is carried out by comparing the reference values of the active and reactive power with their instantaneous values, and knowing the grid-voltage position, the switching states can be generated using a hysteresis controller via look-up table; thus, no modulator is required in this methodology [31]. Despite of the simple structure of the DPC method, the variable switching behavior in addition to the high power ripples are the major disadvantages of this method [32]. Recently, model predictive control (MPC) techniques became more competitive with conventional control methods [12]. MPC can be classified into finite-set model predictive control (FS-MPC) and continuous-set model predictive control (CS-MPC) [12,33]. In FS-MPC, the discrete-time structure model of the system is developed, and using a quality function design, the optimal switching state is selected. For example, and in the case of a two-level inverter, the best switching state out of eight (the eight space vectors) is selected according to the design of the cost function [34]. A significant drawback of this control strategy is the high computational burden, especially for multilevel inverters, where the cost function should be computed for all switching states [35]. Furthermore, the resulting variable switching frequency adds to the disadvantages [36]. In the case of CS-MPC, a modulator is used to obtain the switching pulses of the inverter [37].



Various techniques are presented in the literature to enhance the behavior of the conventional P&O method—specifically, the large oscillations at steady-state and the drift problem. In [23], an additional current check condition is included as a modification to the traditional P&O algorithm. However, the system is tested only by a simple step change of the radiation. Strict limitations are applied to the P&O method in [22,38] to reinforce its performance under dynamic weather conditions. However, these limitations are expected to be violated for a wide range of atmospheric variations, especially when temperature changes. A model-based MPPT technique is combined with model predictive control in [39]. The presented methodology requires some constants to be determined every sampling period, in addition to the computation load of the MPC. A multi-power-sample-based P&O algorithm is developed in [40]. This technique detects the drift problem based on the observation that the power variation will be small in case of drift occurrence; thus, multi-power-samples will help the P&O method in drift avoidance, supposing that the radiation is linearly variant. However, the methodology suffers from slow start-up tracking speed.



In this paper, an adaptive PV model-based MPPT technique is presented. The proposed method depends on calculating the MPP voltage of the PV source considering the atmospheric conditions’ variations. Thus, to avoid the confusion of the MPPT algorithm during fast radiation conditions, a radiation estimator is utilized to estimate the radiation from the measured values of voltage and current. Knowing the radiation value, the locus of the MPP voltage can be accurately computed. Then, by employing an adaptive step-size, the MPPT operates at this point. Thus, the drift problem is eliminated by capturing the estimated point. Moreover, and for faster response of active and reactive power control, the cascaded control structure of the conventional PV inverter control is eliminated by using a predictive dead-beat function with a modulator. The MPPT gives directly the reference current to the dead-beat function, which directly calculates the required reference voltages from the applied currents. Thus, a faster response of active and reactive power regulation is secured in the inverter control. The proposed methodology is a simplified control strategy with high efficiency; the effect of the MPPT algorithm and the drift problem on the quality of the injected grid currents were extensively investigated. The superiority of the presented method is proven using simulation results and compared to other drift avoidance schemes in addition to the conventional P&O. Furthermore, the proposed method was tested with several radiation profiles.



The remainder of this article is organized as follows: Section 2 introduces the model of the PV source of power and the grid-connected inverter. The drift problem, the conventional P&O method, and the proposed adaptive model-based MPPT are examined in Section 3. Section 4 discusses the modified inverter control for active and reactive power control using dead-beat predictive control. The simulation results of the proposed method using MATLAB with other published MPPT techniques are presented and discussed in Section 5. Some key points and the suggested future direction of the research in this point are addressed in Section 6. Finally, the outcome of the current study is concluded in Section 7.




2. PV System Modeling


In this study, single-stage grid-connected PV system is studied, where the model of the PV source (DC source) and the two-level inverters (inversion stage) for grid connection are presented in this section.



2.1. PV Source Investigation and Modeling


The single-diode model is used to represent the PV source characteristics. In this model, the output characteristics or the current–voltage (I–V) relationship is expressed as [12,13]


   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, n is the ideality factor of the diode,   i o   is the saturation current of the diode,   R s   is the series resistance of the PV module,   R  s h    is the shunt resistance of the PV module,    v t  = k T / q   is the thermal voltage,   N s   is the number of cells connected in series in the PV module,   i  p v    is the delivered current, and   v  p v    is the terminal voltage. The model of the circuit that describes the PV module’s non-linearity is shown in Figure 1. Furthermore, the P–V and I–V curves of the PV module at various atmospheric situations of temperature and radiation are illustrated in Figure 2, Figure 3, Figure 4 and Figure 5, respectively.



It is worth mentioning that the PV module used in the simulation was KC200GT. One can observe from the P–V curve in Figure 3 that the MPP’s voltages are limited to a narrow range in the case of radiation change. In contrast, this range is wide in the case of temperature variation, as shown in Figure 5.




2.2. Two-Level Inverter Structure with the Grid


Figure 6 shows the two-level inverter tied to the grid via RL filter for power quality purposes [27]. The behavior of this system can be simply described as


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



(2)




where   v  a b c    are the voltages of grid-side,   i  a b c    are the line currents,   u  a b c    are the inverter-side output voltages, and   L f   and   R f   are filter inductance and resistance, respectively. Further, the terminal voltages of the two-level inverter are specified by [41]


   u  a b c   =  1 3   v  d c    T  a b c    S  a b c   ,  



(3)




where   v  d c    is the DC-link voltage,   S  a b c    represents the switching actions of the inverter, and   T  a b c    is the transformation matrix, which can be deduced as [12,41]


      T  a b c   =     2    − 1     − 1       − 1    2    − 1       − 1     − 1    2     .     



(4)







In the stationary reference frame ( α - β ), Equation (2) can be rewritten as


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



(5)




where   i  α β    are the line currents in   α β   reference frame. Furthermore, the representations of the voltages in the rotating (d-q) reference frame can be 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   i  d q    are the line currents in   d q   reference frame, and  ω  is the angular grid-frequency. Assuming that we are dealing with a balanced three phase configuration, the active and reactive power in  α - β  and d-q reference frames are obtained 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. MPPT Techniques and Drift Problem


The goal of employing MPPT technique in PV systems is to operate as near as possible to the MPP due to the nonlinear attitude of the PV source. Unfortunately, the conventional MPPT techniques suffer from drift (divergence) of the operating point remote from the MPP. That problem happens when the system is subjected to a varying radiation profile that would be the case in cloudy days [23]. In this part of the paper, the drift problem and the proposed solution is presented.



3.1. Drift Analysis


With the help of Figure 7, it is known that at steady state, the P&O method oscillates around the MPP. Consider that the oscillation is like it is stated in Figure 7, i.e., from point 1 to 2 then 3 and vice versa. Now, suppose that the operating point is 1, so the next perturbation direction is toward point 2. At normal operation, the following operating point is 3. At this moment, assume that the radiation is increased; this makes the operating point go instantaneously to point 4 instead of 3. The MPPT algorithm notices that the power increases; thus, the perturbation is kept in the same direction, and as the radiation is increasing, the operating point will be further directed to point 5 and so on to point 6. It is clear that the operating point is drifting (diverging) from the MPP because of confusion due to the fast change of the radiation. It is worth noting that the drift here occurs to the right of the MPP. However, it can also happen to the left of the MPP based on the location of the operating point when the radiation varies [22,23].




3.2. The Traditional P&O Algorithm


The P&O method for MPPT depends on the fact that the P–V curve slope is positive on the left side, negative on the right, and zero at the top (MPP). Thus, the perturbation of the control parameter will lead to successful climbing of the hill (P–V curve), and hence the algorithm will operate closely to the peak of the curve (MPP). The conventional P&O can be implemented using different control parameters; i.e., the algorithm can be adopted for voltage, current, or even duty cycle [42], which is called direct control [43]. The major concern is the continuous oscillatory nature of P&O at steady state, which causes a significant efficiency drop. Furthermore, the conventional P&O losses the correct direction of tracking in cases of fast changing radiation conditions; thus, a very large deviation from the MPP will occur [44,45]. The algorithm of the P&O with reference current tracking is shown in Figure 8.




3.3. The Proposed Adaptive Model-Based MPPT Technique


The proposed MPPT relies typically on the investigation of the PV source characteristics. Figure 9 shows the P–V characteristics of the PV source, where the MPP voltages are concentrated in a narrow range with different radiation conditions; thus, a simple approach like the constant voltage operation [46] can be employed to capture the maximum power with a moderate efficiency. Furthermore, several functions based on curve fitting tools are utilized in the literature to locate the loci of the MPP voltages. Piecewise line segments and the cubic equation were introduced in [47], while logarithmic functions are used in [48,49,50].



Additionally, the PV power is affected by the temperature change; thus, some MPPT techniques relate the variation of MPP voltages or currents to the temperature [51,52]. It should be mentioned that neglecting the variation of the radiation is more convenient for simple operations of MPPT, as the range of the MPP voltages is limited with radiation’s variation, but neglecting the temperature change will deteriorate the PV system’s performance, leading to extensive power reduction. The variation of the MPP voltages with temperature is linear [51], and hence neglecting the temperature effect leads the system to operate nearly at the open circuit point, as illustrated in Figure 10.



To measure the effects of radiation and temperature on the MPP location, open circuit voltage, and short circuit current methods are very common in the literature [13,15]. In these methods, the MPP is calculated as a fraction from the open circuit voltage or the short circuit current. The value of this fraction (constant) is mostly dependent on the utilized PV module’s characteristics. However, a 70%–90% range is provided in the literature [13,15]. A significant drawback of these methods is that they need to momentarily interrupt the PV power to get the values of the open circuit voltage or the short circuit current. Moreover, these interruptions are periodic to account for the atmospheric conditions’ variations. Thus, power losses and inaccuracies add to the concerns related to these methods.



So far, it is obvious that most of model-based MPPT techniques rely on radiation or temperature effects separately. Furthermore, open circuit and short circuit methods isolate the load or the grid from the PV source during calibration of the MPP’s location. Thus, concerning this gap in the model-based MPPT methods, the effects of temperature and radiation are included in this work.



As a conclusion from the last discussion, the MPP voltages’ locus should be precisely located based on the radiation and temperature variations as follows [48,50]:


   v  m p p l   =  v  m p p n    1 + k  l o g (  G  G n   )  +  k v   ( T −  T n  )  ,  



(9)




where   v  m p p n    is the MPP voltage at standard test conditions (STC) (25 °C, 1000 W/m   2  ), k is a small factor that represents the effect of radiation variation on MPP voltage’s location (  k = 0.0539   [48]), G is the radiation,   G n   is the nominal radiation (1000 W/m   2  ),   k v   is the open circuit voltage temperature coefficient (provided in the data-sheet), T is the actual temperature in Kelvin, and   T n   is the nominal temperature in Kelvin (273.15 + 25).



It is quite obvious from the previous equation that locating the MPP voltage needs the knowledge of the atmospheric conditions (T, G). The temperature can be simply sensed using a low cost sensor. However, the radiation is estimated using the already measured current and voltage to sustain the simple operation of MPPT and reduce the sensing circuitry requirements. The radiation is computed based on simple but efficient estimator as [53,54]


   G ^  =  G n      i  s c n   + Δ i    i  s c n   +   k i   k v    (  R s  Δ i + Δ v )     ,  



(10)




where   G ^   is the estimated radiation;   i  s c n    is the short circuit current at STC (provided in the data-sheet);   k i   is the short circuit current temperature coefficient (provided in the data-sheet);   Δ i   and   Δ v   are the variations of the PV source current and voltage due to atmospheric conditions, and they can by calculated as


     Δ i =  i  p v   −  i  m p p   ,       Δ v =  v  p v   −  v  m p p   ,     



(11)




where   i  p v    and   v  p v    are the present measurements of current and voltage;   i  m p p    and   v  m p p    are the current and voltage at MPP. These values at STC are available on the data-sheet. However, to consider the variation of conditions. They can be updated with relatively high accuracy as follows:


      i  m p p   =  i  m p p n   +  k i   ( T −  T n  )  ,        v  m p p   =  v  m p p n   +  k v   ( T −  T n  )  ,     



(12)




where   i  m p p n    is the MPP current at STC. Furthermore, the updated short circuit current for radiation estimation is corrected as


   i  s c n u   =  i  s c n   +  k i   ( T −  T n  )  .  



(13)







Finally, and to limit the oscillations at steady state, an adaptive step-size is tuned as


   s = c |   v s   | ,   



(14)




where s is the step-size, c is a factor to be tuned, and   v s   represents the interval between the measured voltage and the MPP voltage location, which is computed as


   v s  =  v  m p p l   −  v  p v   .  



(15)







The procedure for harnessing the maximum power from the PV source using the adaptive model-based MPPT technique is further illustrated in Figure 11. The proposed scheme has a small computational burden and it locates the MPP voltage based on accurate modeling of the PV source; thus, the drift problem can be avoided without any iterations, boundary limitations, or complicated calculations. Moreover, the actions of the proposed MPPT technique depend on the present voltage calculation; i.e., there is no need to compare the present values of voltage and current with previous measurements as in the conventional P&O; thus, the noise effect will be highly reduced using the proposed method.





4. Dead-Beat Predictive Control for the Two-Level Inverter


The conventional control of the inverter using VOC technique requires three PI controllers, one for the outer voltage control loop and two other PI controllers for the inner current loop [29]. The present study eliminates all the PI controllers by generating the reference current for the inner loop directly from the MPPT algorithm, and hence the currents are regulated based on a dead-beat predictive function for active and reactive power management. The discrete-time model of the system for such purpose is derived by rearranging Equation (6) as follows.


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



(16)







Using the Euler method for forward discretization, the following results:


      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)




where   T s   is the sampling period, k is the current sampling instant, and   k + 1   is the predicted one. The dead-beat predictive principle assures that the predicted currents will be equal to their references at the next sampling period. Thus, 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 )   , and solving the equation for reference voltages, yields


      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 )  .      



(18)







Furthermore, the predicted reference currents can be estimated using linear extrapolation as [28]


      i  d r e f    ( k + 1 )  = 2   i  d r e f    ( k )  −  i  d r e f    ( k − 1 )  ,        i  q r e f    ( k + 1 )  = 2   i  q r e f    ( k )  −  i  q r e f    ( k − 1 )  ,      



(19)




where   k − 1   is the previous sampling instant. Then, using Park transformation, the reference voltages in  α - β  reference frame are computed form


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



(20)







Finally, the calculated reference voltages are applied to space vector pulse width modulator (SVPWM) to generate the switching pulses for the two-level inverter. Figure 12 shows the whole scheme of the proposed single-stage grid-connected PV inverter, in which the adaptive MPPT provides directly the reference current for the dead-beat predictive function without the need for a PI controller. Furthermore, the reference current in q-axis direction (  i  q r e f   ) is set to zero to operate at unity power factor. The proposed overall control strategy is simply structured; there is no need for PI controllers tuning or predefined switching tables and constant switching frequency behavior. Besides, a fast transient response is achieved.




5. Simulation Results and Discussions


The proposed PV grid-connected inverter consists of a PV array of 30 kW followed by two-level inverter; a DC-link capacitor is inserted between them for coupling. Then, an RL filter is added for grid connection, as shown in Figure 12. The details of the simulated model are summarized in Table 1. The proposed adaptive model-based technique is compared with the traditional P&O method, the modified P&O with drift avoidance [23], and the multi-power-sample-based P&O algorithm [40] for investigations in various atmospheric conditions. Furthermore, and due to the coupling between MPPT and inverter control in single-stage topology, the effect of this coupling is further evaluated. Unlike most MPPT techniques, the present study investigates not only the performance of MPPT, but also its effects on the quality of the currents, power, and reactive power injected into the grid. Moreover, the drift problem impacts were checked in kind for better evaluation.



5.1. Performance Investigation of the Grid-Connected PV System with Radiation Variation


Various radiation profiles are used in this study to examine the efficiency of the PV system. Step changes, ramp variation, and sinusoidal profiles are used to judge the drift problem. Figure 13 shows the performances of the conventional P&O, the modified one with drift avoidance, the multi-power-sample, and the proposed adaptive model-based technique, where the radiation conditions are changed according to step variation from   400 W /  m   2   to   1000 W /  m   2   at a constant temperature of 25 °C.



All the MPPT techniques have excellent tracking at steady state, where the efficiency of all methods is very close, and it is about   99.98  % (calculated at   1000   W /  m   2   and 25 °C). However, the multi-power-sample method has a slow transient behavior with step changes of the radiation, especially at start-up, as shown in Figure 13. The reason for this high value of efficiency is the high power rating of the utilized PV array (30 kW). Thus, if there are some extra ripples in range of watts in one method compared to another one, they will not be significant at this power level. This proves that testing the PV source’s efficiency with only step changes is not sufficient. Thus, the European test for efficiency (EN 50530) evaluation considers different ramp profiles with different slopes to simulate as much as possible the real atmosphere profile and to account for fast radiation change [55].



Figure 14 shows the injected active power, reactive power, d-axis current, q-axis current, and   a b c   currents, respectively, when the system is operating with the conventional, modified P&O, multi-power-sample, and proposed methods.



The behavior of all methods is similar. However, the transient behavior of the multi-power-sample method is a little bit slower. This slowness is inherited from the MPPT performance. The start-up of this method as shown in Figure 14 is remarkably slow; thus, a significant reactive power oscillation occurs at this period, as a result non-sinusoidal currents are injected into the grid for a long time in comparison with other methods. The ripple content of the d-axis current is smaller for the proposed model-based method, and hence the active power shows superior performance. This reflects on the THD of the injected   a b c   currents, as illustrated in Table 2, where the proposed control methodology has the smallest THD among other methods.



The drift problem appears when a gradual change in radiation happens; thus, the performance of the MPPT was studied with a ramp profile variation of radiation. Figure 15 shows the performances of P&O, modified P&O, the multi-power-sample, and the proposed method.



As expected, the conventional P&O suffers from drift problem, where the algorithm is confused and keeps tracking in the wrong direction. The modified P&O also suffers from divergence. Furthermore, the PV voltage (  v  p v   ) has a significant drop during the ramp period. In contrast, the multi-power-sample and the proposed methods succeeded in capturing the maximum power during the gradual variation of radiation. However, the proposed model-based technique shows a better start-up performance.



The performance of the inverter control is further examined with the ramp variation of radiation. Figure 16 shows the injected active power; reactive power; d-axis current; q-axis current; and the   a b c   currents, respectively, when the system operates with P&O, modified P&O, muti-power-sample, and the proposed method. As a result of the drift problem, the d-axis has very large oscillations causing the same for the active power. With P&O, the active and reactive power behavior presents enhanced performance in comparison with the modified one. The modified P&O suffers from large reactive power oscillations in conjunction with d-axis current divergence from its reference value; at the same interval the PV voltage suffers from a high voltage drop, as mentioned previously. The multi-power-sample method also suffers from some reactive power’s oscillations at start-up, whereas the proposed methodology has no oscillations, as illustrated in Figure 16.



The behavior of the grid-connected PV inverter is further investigated with more complicated radiation variation for better evaluation of drift problem. A sinusoidal profile was suggested in [38], where the radiation starts with a fixed pattern, and then follows a sinusoidal one. Figure 17 shows the MPPT’s behavior of all studied methods. The P&O present some power losses due to drift. Furthermore, the PV voltage exhibits some high peaks corresponding to these losses. The modified P&O suffers from a significant power drop during the sinusoidal radiation profile, where the PV voltage shows a notable decrease.



With a sinusoidal radiation profile, the multi-power-sample method presents some drift occurrence. However, it provides an enhanced performance in comparison with the conventional and modified P&O. In the case of the proposed model-based algorithm, the drift problem completely vanishes with an excellent tracking performance, as presented in Figure 17, where the power generation is smooth. Additionally, the PV voltage is limited to the maximum power region.



For obvious inspection of the MPPT behavior with gradual change of the radiation, the power–voltage portraits of the PV source are investigated for a sinusoidal profile of radiation. Figure 18 shows the power–voltage portraits for all studied MPPT methods, where the modified P&O has the widest range variation of voltage followed by P&O, then multi-power-sample method. All the three methods suffer from divergence from MPP. In contrast, the proposed model-based technique follows perfectly the MPP’s locus without any divergence, where the PV voltage is limited to the specified range according to the developed model.



Furthermore, the injected active power, reactive power, d-axis current, q-axis current, and   a b c   currents are illustrated in Figure 19 with P&O, modified P&O, multi-power-sample method, and the proposed technique.



With P&O, the d-axis current presents large oscillation and drops to zero, and hence the active power exhibits the same. However, the reactive power presents very good tracking. The modified P&O shows large oscillations in both active and reactive power, where the d-axis current diverts from its reference during the ascending period of the sinusoidal profile, and thus high reactive power ripples occur. As a result, non-sinusoidal currents are injected into the grid. The multi-power-sample method provides improved tracking for both active and reactive power in comparison with the P&O and the modified P&O methods. However, the d-axis current and hence the active power show some divergences inherited from the MPPT; thus, distorted sinusoidal currents are injected into the grid. The proposed technique provides the most elegant performance among the studied methods, with which excellent d-axis and q-axis current tracking were achieved. The quality of the injected active power is very high, with no drift. Furthermore, the reactive power tracking is adequate, and the injected   a b c   currents are sinusoidal with low THD.




5.2. Performance of the Grid-Connected PV System with Temperature Variation


The performance of the proposed MPPT technique is further investigated with temperature variation. Figure 20 shows the performance of the MPPT at 50 °C, where the radiation is varied according to a ramp profile. The results show that the proposed technique succeeded to move the MPP in the correct direction, despite the radiation variation.



Moreover, the temperature was varied according to a ramp profile, where it began at 25 °C and then gradually increased to 75 °C. It is known that the temperature variation is slower than the radiation one to the degree that some authors neglect its effect. However, this condition is studied to show the effectiveness of the proposed MPPT and drift avoidance during both radiation and temperature variations. Furthermore, this was done to better evaluate the system’s performance in widely varying operation conditions, even in the worst case scenarios. The power–voltage portrait was drawn to show that the MPPT algorithm follows accurately the locus of MPPs in linear relationship, as provided in Figure 21 (see also Figure 10). Figure 21 shows that the proposed method tracks the maximum power without any drift occurrence.




5.3. Performance of the Grid-Connected PV System with Parameter Mismatches


The predictive dead-beat function for reference voltage generation (see Equation (18)) depends on the parameters of the system, namely, the filter resistance (  R f  ) and inductance (  L f  ). The effect of resistance’s variation is small and can be neglected [12]. However, the inductance’s change is investigated in this subsection. The range for inductance’s variation is assumed to be   ± 25 %  .



Figure 22 presents the inverter behavior with the proposed MPPT technique at various step changes of the filter inductance. The proposed methodology maintains very good behavior in all intervals, even with low values of filter inductance. Table 3 summarizes the THD of the currents at various values of the inductance, where the highest THD value is   2.66 %  , which is beyond the IEEE standard limitations [56] despite the mismatch. It worth mentioning that underestimating the value of the filter inductance in the model is better due to the filtering capability of the inductance, as is obvious in the intermediate interval of Figure 22.





6. Future Scope


Model-based MPPT techniques present high efficiency, even higher than most of the conventional methods [14]. Furthermore, no complex calculations are required. However, a relatively accurate model for the PV source should be used to describe the PV characteristics with high precision. It compensates for the effects of the radiation and temperature in the proposed algorithm, with limited numbers of factors for better tuning and adjusting the MPPs location. However, some key points can be inspected to further enhance the MPPT model-based algorithms; to mention a few:




	
Other curve fitting tools can be utilized for accurate MPP location identification. Moreover, the data-sheet parameters as used in the proposed algorithm and experimental characteristics should be accounted for to mitigate expected deviations when working at real PV and harsh atmospheric sites.



	
Investigation of the PV source parameters’ variations in the developed MPPT. The parameters of the PV source are exposed to variations due to aging and atmospheric condition changes. Thus, the MPPT should consider that issue and make sure to use factors that are most likely slow varying, while avoiding models or factors that may deteriorate the MPPT efficiency. For example, neglecting the temperature effect in the model-based MPPT techniques may lead to the operation at open circuit condition.



	
Recently, monitoring of the PV source is very important to supervise online the performance of the PV system, and to expect potential faults; and to estimate the PV parameters of the PV source for the purpose of fault diagnosis. Thus, the calibration of the model-based MPPT technique can be included in the monitoring stage for MPPT enhancement and ease of operation.



	
Sensorless operation—in the proposed study, the radiation is estimated using the already existing current and voltage sensors. This indeed increases the system’s reliability with cost reduction. However, a more powerful estimator can be implemented for efficiency improvement. Meta-heuristic algorithms can be combined for radiation or temperature estimation. However, the calculation burden should be taken into consideration for practical implementation. Moreover, long-term prediction techniques for atmospheric conditions can simplify the sensorless operation.



	
Partial shading’s effects should be investigated on the system’s performance, as could modifying the algorithm to track the global peak to maximize the harnessed PV power.









7. Conclusions


In this paper, a detailed model of the single-stage grid-connected PV system has been proposed. The MPPT has been accomplished using a new adaptive model-based technique, where the locus of the MPPs has been located based on extensive analysis of the characteristics of the PV source at different atmospheric conditions of temperature and radiation, and thus the proposed MPPT can track the MPP location without any divergence, especially for a gradual change of radiation. The proposed technique has been compared with different techniques available in the literature for solving the drift problem. It was found, at various radiation profiles, that the developed algorithm had the most efficient performance without any drift in comparison with other methods. However, at steady state with step changes of radiation, the efficiencies of the studied MPPT techniques were very close (99.98%). Thus, the MPPT methods were evaluated based on dynamic radiation profiles, as recommended by the European efficiency test (EN 50530). Furthermore, the adaptive step reduces the oscillations around the MPP. The inverter control has been achieved with a dead-beat predictive function; thus, the cascaded loop structure of the conventional VOC was avoided. Additionally, there is no need for the outer-loop voltage controller (PI controller) associated with the conventional control techniques of the single-stage topology, as the MPPT directly generates the reference current to the inverter control; thus, the overall control strategy is simplified and the transient behavior becomes faster. The effects of the parameters’ variations on the system, specifically the inductance of the filter, have been studied. The proposed control strategy investigates the MPPT efficiency in addition to its effects on the quality of the injected currents, active power, and reactive power. As a conclusion, it is important to account for the drift problem in regions of fast atmospheric profiles. The drift problem can cause severe fluctuations of the injected active and reactive power, and hence the quality of the injected power will be deteriorated.
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Figure 1. Equivalent circuit of the PV module. 
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Figure 2. I–V characteristics of the PV source for various radiation values. 
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Figure 3. P–V characteristics of the PV source for various radiation values. 






Figure 3. P–V characteristics of the PV source for various radiation values.



[image: Energies 13 06656 g003]







[image: Energies 13 06656 g004 550] 





Figure 4. I–V characteristics of the PV source for various temperature values. 






Figure 4. I–V characteristics of the PV source for various temperature values.



[image: Energies 13 06656 g004]







[image: Energies 13 06656 g005 550] 





Figure 5. P–V characteristics of the PV source for various temperature values. 
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Figure 6. Configuration of the two-level inverter with grid connection. 
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Figure 7. Drift occurrence with the conventional P&O method for fast change of radiation. 
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Figure 8. Traditional P&O algorithm for MPPT. 
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Figure 9. MPP voltages’ variation range with different radiation conditions. 
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Figure 10. MPP voltages’ variation range with different temperature conditions. 
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Figure 11. The proposed adaptive model-based MPPT algorithm. 
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Figure 12. The proposed control strategy for grid-connected PV inverter. 
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Figure 13. MPPT performance at step changes of radiation: (a) P&O method; (b) modified P&O; (c) multi-power-sample method; (d) the proposed model-based technique. 
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Figure 14. Grid-connected inverter behavior at various step changes of radiation (from top): Active power injected into the grid, reactive power, d-axis current, q-axis current, and the   a b c   currents for: (a) P&O method; (b) modified P&O; (c) multi-power-sample method; (d) the proposed model-based technique. 
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Figure 15. MPPT performance with a ramp radiation profile: (a) P&O method; (b) modified P&O; (c) multi-power-sample method; (d) the proposed model-based technique. 
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Figure 16. Grid-connected inverter behavior with a gradual change of radiation (from top): Grid-injected active power, reactive power, d-axis current, q-axis current, and the   a b c   currents for: (a) P&O method; (b) modified P&O; (c) multi-power-sample method; (d) the proposed model-based technique. 
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Figure 17. MPPT performance with sinusoidal radiation change: (a) P&O method; (b) modified P&O; (c) multi-power-sample method; (d) the proposed model-based technique. 
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Figure 18. Power-voltage portraits of the PV system’s MPPT with sinusoidal radiation change: (a) P&O method; (b) modified P&O; (c) multi-power-sample method; (d) the proposed model-based technique. 
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Figure 19. Grid-connected inverter behavior with sinusoidal changes to radiation (from top): Grid-injected active power, reactive power, d-axis current, q-axis current, and the   a b c   currents for: (a) P&O method; (b) modified P&O; (c) multi-power-sample method; (d) the proposed model-based technique. 
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Figure 20. MPPT performance of the proposed model-based technique at 50°C and gradual radiation change. 
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Figure 21. Power–voltage portrait during constant radiation and gradual change of temperature. 
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Figure 22. Grid-connected inverter behavior at filter inductance variation (from top): active power injected into the grid, reactive power, d-axis current, q-axis current, and the   a b c   currents. 
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Table 1. Parameters of the grid-connected PV system.






Table 1. Parameters of the grid-connected PV system.





	Variable
	Value





	Array power level (kW)
	30



	DC-link capacitance   c  d c    (  μ F  )
	1000



	Switching frequency   f s   (kHz)
	10



	Filter’s inductance   L f   (  m H  )
	5



	Filter’s resistance   R f   ( Ω )
	   0.1   



	Angular grid-frequency  ω  (  rad / s  )
	   2 π × 50   



	Grid-voltage v ( V )
	400
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Table 2. THD performances of the   a b c   currents with P&O, modified P&O, multi-power-sample, and the proposed method.






Table 2. THD performances of the   a b c   currents with P&O, modified P&O, multi-power-sample, and the proposed method.





	
Condition

	
THD






	

	
P&O

	
Mod. P&O

	
Multi-Power-Sample

	
Proposed




	
  400   W /  m   2  

	
2.88%

	
2.88%

	
2.89%

	
2.67%




	
  600   W /  m   2  

	
1.97%

	
1.94%

	
1.98%

	
1.78%




	
  800   W /  m   2  

	
1.48%

	
1.47%

	
1.50%

	
1.34%




	
1000 W/m   2  

	
1.19%

	
1.18%

	
1.23%

	
1.09%
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Table 3. THD of the currents for the suggested technique with variation of filter inductance.






Table 3. THD of the currents for the suggested technique with variation of filter inductance.





	Condition
	THD





	5 (  m H  )
	1.78%



	6.25 (  m H  )
	1.27%



	3.75 (  m H  )
	2.66%
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