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Abstract

:

This work presents an algorithm for Maximum Power Point Tracking (MPPT) that measures transitory states to prevent drift issues and that can reduce steady-state oscillations. The traditional MPPT algorithms can become confused under very fast-changing irradiance and perform tracking in the wrong direction. Errors occur because these algorithms operate under the assumption that power changes in the system are triggered exclusively due to perturbations introduced by them. However, the power increase triggered by irradiance changes could be more significant than those caused by the perturbation effect. The proposed method modifies the Perturb and Observe algorithm (P&O) with an additional measurement stage performed close to the maximum overshoot peak after the perturbation stage. By comparing power changes between three measurement points, the algorithm can accurately identify whether the perturbation was made in the correct direction or not. Furthermore, the algorithm can use additional information to determine if the operating point after the perturbation stage is beyond the maximum power point (MPP) and perturb in the opposite direction for the next iteration. Thus, the proposed algorithm shows reduced steady-state oscillations and improved tracking under fast irradiance changes compared to conventional P&O and P&O with power differences (dP-P&O). The design is validated via simulations using fast-changing irradiance tests based on the standard EN 50530 accelerated by a factor of 100×. The proposed algorithm achieved 99.74% of global efficiency versus 97.4% of the classical P&O and 99.54% of the dP-P&O under the tested conditions.
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1. Introduction


Solar Photovoltaic (PV) panels operation can be described with a characteristic PV-curve, which clearly shows the Maximum Power Point (MPP). The panels should operate as close to this point as possible to obtain the maximum power available even in the presence of MPP variation due to external factors such as irradiance and temperature. Thus, Maximum Power Point Tracking (MPPT) systems are implemented with algorithms to automatically locate the desired operating voltage or current that produces the maximum power available. Several MPPT techniques, such as curve-fitting, fractional short-circuit current, look-up table, differentiation technique, perturbation and observation (P&O), and variable-weather-parameter, among others, are present in the literature [1,2,3,4]. Two of the most employed in practice and commonly reported MPPT algorithms are P&O and incremental conductance (IncCond). Furthermore, a detailed analysis in [5] showed that IncCond could be treated as a specific implementation of P&O.



P&O has been widely employed due to its relatively simple structure, reasonably good performance, easy implementation on low-cost digital controllers, and no dependence on previous information about the system or environmental measurements [3]. Nonetheless, this algorithm suffers from two main drawbacks, as pointed out in [6,7]. First, the operating point oscillates around MPP, reducing overall efficiency, as it needs to keep perturbing a fixed increment (δ) to track MPP. Second, it can becomes confused and tracks in the wrong direction during fast irradiance changes in an issue commonly referred to in the MPPT literature as drift [8]. A modification of P&O that addresses these two issues while maintaining its advantages could improve the efficiency of current systems without requiring significant hardware changes.



To reduce the issue of oscillations around MPP during steady irradiance, dynamic perturbation sizes have been proposed [9,10,11,12,13]. These algorithms use the ratio between power change observed and perturbation size (Δp/δ) to establish the next perturbation size. Since the PV curve abruptly decreases around MPP, the perturbations introduced by MPPT are reduced as the system moves closer to MPP. However, this solution might exhibit some disadvantages under rapidly varying irradiance conditions, as significant variations on perturbation size may occur. In [14], constraining the increment size to a reasonable range by introducing a logarithmic function is proposed. This modification keeps the perturbation size small even if the ratio, Δp/δ, grows. Nevertheless, even if the oscillation is reduced, the loss of tracking direction is not addressed.



Several modifications to the P&O algorithm have been proposed to solve the drift issue [15,16,17,18,19,20,21]. The use of boundary conditions combined with dynamic perturbation sizes has been suggested to prevent the system from drifting away too far from the MPP by [15,16]. Although this reduces efficiency losses, the system still drifts in between the MPP and the boundary condition. In [17], a method to detect irradiance changes using fractional short circuit current (FSCC) while reducing the perturbation size is presented. In [18], a modified P&O for drift avoidance adds a current condition to the traditional P&O when it is more prone to fail. The proposed algorithm consists of three stages. First, the short circuit current is measured, and MPP is calculated as a fraction of it. Second, a regular P&O searches the MPP starting at the operating point estimated in the first stage. In the final stage, at each iteration of P&O, the module current is compared with FSCC. If a change over a certain threshold is detected, the system returns to the first stage. The use of a smaller perturbation size reduced steady-state oscillations. The algorithm showed better tracking during irradiance changes than traditional P&O. Although [17,18] reduced steady-state oscillations, an inherent loss of power occurs in the operation of FSCC. Adding extra samples associated with a combination of perturbations has been proposed in [19] to isolate the effects in power caused by irradiance (or temperature) fluctuations from the overall power change observed after MPPT perturbation. MPPT then considers this additional information to make a better decision on the next perturbation direction. This method showed better efficiencies during rapid irradiance changes than P&O (98.78% compared to 93.31%). However, the additional perturbation stage effectively divides TMPPT. The division occurs because several perturbations need to be made before making a control decision. In [20,21], the authors propose an algorithm based on the traditional P&O (dp-P&O) with an additional power measurement stage in the middle of each perturbation period (TMPPT/2) to calculate the direction in irradiance changes. Since MPPT does not perform any action between perturbation periods, it presumes that any observed power change is exclusively due to external factors. Although, experimental data showed that the algorithm would still suffer some degree of drifting from MPP.



Traditional MPPT algorithms either wait for the system to reach a steady-state before measuring power changes or compute an average of numerous measurements during TMPPT to remove ripple components. Nonetheless, methods that consider natural oscillations occurring in the converters show good dynamic tracking [5,22,23,24]. It has been observed that the continuous oscillations around the MPPT produced by these schemes can decrease steady-state efficiency. Furthermore, the added complexity makes them more challenging to implement than compared with traditional MPPTs.



This study presents an improvement to the classical P&O that prevents MPPT from drifting during fast irradiance changes and steady-state oscillations around the MPP by calculating power derivatives during transitory states. Using an additional measurement in the PV curve, the proposed algorithm computes the derivative between the previous operating point and the maximum overshoot peak (dp1) and between the maximum overshoot and the final operating point (dp2). Because of this, the proposed method is referred to as transient differentiation MPPT (Td-MPPT). When the PV system has underdamped behavior, this algorithm only needs one perturbation around the MPP in each direction instead of the two required by traditional methods. Because of these enhancements, the simulation results showed that efficiency increased compared to the classical P&O and dP-P&O. Furthermore, the performance is compared to the algorithm in [21] to better illustrate differences between these two approaches. Even though this method addresses tracking a local MPPT such as P&O, it can be combined with different techniques such as the fractional short circuit (FSC) [17], the genetic algorithm (GA) [25], artificial bee colony (ABC) [26], particle swarm optimization (PSO) [27], grey wolf optimization (GWO) [28], and enhanced leader particle swarm optimization (ELPSO) [29] to operate under partial shading conditions.



This work is structured as follows: Section two presents classic P&O and dp-P&O operations. In section three, the reasoning behind the Td-MPPT algorithm and how it calculates the direction of the next perturbation is explained in detail. Then, simulation results of the proposed algorithm and comparison with the method presented in [21] and the traditional P&O are evaluated to demonstrate the added value of the proposed approach. A performance comparison for the three algorithms is carried out for global efficiency during the tests and different irradiance rates of change. Efficiency is calculated according to the definition proposed in the EN50530:2010 standard [30]. Lastly, the conclusions are presented.




2. Classical P&O and dp-P&O


The classical P&O algorithm is presented in Figure 1. This method has been widely employed due to its simplicity, relatively good performance, and generic implementation. The actions are executed for every discrete k-sampling period (usually at a given fixed interval TMPPT) to detect the PV-curve slope and determine the MPP’s location. In what follows, subindex k points out the specific value for each iteration period, e.g., vk and pk are the voltage and power of the PV module at the k-th iteration. P&O detects the slope by measuring the power difference (Δp = pk − pk−1) after adding or subtracting a fixed size perturbation (δ) to the operating point (usually in voltage). If Δp is positive, it is deduced that the perturbation moved the operating point closer to the MPP (uphill move) and that δ has to have the same sign for the next one, i.e., Δp/δ > 0 on the left side of the MPP and Δp/δ < 0 on the right side of the MPP.



2.1. Issues under Rapidly Changing Irradiance


As previously mentioned, it has been reported that the P&O method can become confused under rapidly changing irradiance scenarios [5,16,19,31]. This issue occurs because the algoritm assumes that the change observed in power output is triggered exclusively by the perturbation of MPPT. Nevertheless, if a significant enough shift in irradiance occurs, it can have an even more substantial effect on power variation than MPPT-induced perturbation. Therefore, the algorithm drifts away from the MPPs reported in [8,18,19]. The classical drift behavior is illustrated in Figure 2. A steady irradiance increment over time is shown, the MPP line (red dot) ramps up, and the system power (solid) increases along with it. At the starting operation point pk−2, increment δ in the wrong direction is introduced by the MPPT driving the power away from the MPP line. During the next perturbation stage, it can be observed that power pk−1 is greater than the previous power state pk−2 due to the rapidly increasing irradiance. Since Δp−1 > 0, the classical P&O algorithm decides to apply an increment in the wrong direction for the second time. Notice that since Δp > 0, the P&O method would keep driving the operating point away from MPP for future iterations. This would be repeated until the effect caused by the controller action is greater than the impact of external factors. An approach to determine whether the perturbation was made in the right direction is presented in this work.




2.2. dp-P&O Modification


The dP-P&O method performs an additional power measurement (px) in the middle of the perturbation period (TMPPT/2). It can be assumed that any power difference (dp2) between the power before the next perturbation (pk) and px is solely due to external causes since the operating point remains the same. In contrast, the power difference (dp1) between the perturbation point (pk−1) and px contains the change caused by the action of the algorithm and the irradiance change. Based on this premise, the power difference obtained from the MPPT operation can be calculated as follows.


  d p = d  p 1  − d  p 2  =  (   p x  −  p  k − 1    )  −  (   p k  −    p x   )  = 2  p x  −  p k  −  p  k − 1   .  



(1)







However, under rapid irradiance changes, the operating point may fluctuate without the MPPT operation because of parasitic resistances in the converter. This fluctuation could confuse the controller since the premise of the process would not be valid.





3. Proposed Td-MPPT Method


The idea behind the proposed method is that MPP can be tracked better if there is more information about the PV-curve. Traditional MPPT algorithms perturb every update interval (TMPPT) and either wait for the system to reach a steady-state or filter natural oscillations before registering power changes. Nevertheless, algorithms can enrich the information they rely on by sampling transitory states. However, implementation complexity increases if too many points are registered. By selecting key measurement points, enough data to provide an effective MPP tracking can be gathered while preserving a relatively simple algorithm.



The method presented in this investigation features an additional measurement stage during the transient state to the conventional P&O (px). The added measurement is registered during the overshoot produced after the perturbation made by MPPT, as observed in (Figure 3). This improvement prevents the drift and oscillation characteristic of the P&O algorithm while maintaining its relative simplicity.



Figure 3 shows the proposed algorithm influence on power and voltage under the steadily increasing irradiance scenario previously shown in Figure 2. By registering three different operation points, the proposed algorithm calculates two differentials of power for each perturbation period as follows.


  d  p 1  =    p  x     −  p  k − 1      T x     



(2)






  d  p 2  =    p  k     −  p x     T  M P P T   −  T x     











During the first perturbation period, dp1 k−1 and dp2 k−1 are calculated. It can be observed that dp1 k−1 is drastically reduced when the perturbation introduced by the algorithm drives the operating point away from the MPP even under rapidly changing irradiance scenarios. In contrast, dp2 k−1 depends much more on the effects of irradiance changes. For this case, it can be stated that dp2 k−1 > dp1 k−1 when the perturbation moved the system away from the MPP. Then, Td-MPPT executes the next perturbation in the opposite direction. In contrast, the perturbation performed at pk−1 brings the power closer to MPP and the following is the case:


  d  p  1     > d  p 2   



(3)




when the perturbation is performed in the appropriate direction, assuming that the change rate in irradiance remains constant during a sample period. To reduce computational burden, TMPPT can be selected as an integer multiple of the overshoot measuring time Tx; thus, condition (3) can be expressed as follows.


   (   p  x     −  p  k − 1    )  ·  (  α − 1  )  >  p  k     −  p x  .  



(4)






  α =    T  M P P T      T X     











Figure 4 shows the classical, usually underdamped, transient response of a direct control MPPT [1,2,3,4] oscillating around the MPP during steady irradiance conditions. The system operating at a point on the right of the MPP (vk−1) is perturbed in the correct direction by the MPPT to a point on the left of it (vk). The classical P&O method uses only ∆p to decide whether the perturbation was made in the correct direction or not. For this example, since ∆p > 0, P&O would assume that the next perturbation should be made in the same direction. However, doing so would drive the operating point further away from MPP since vk is already to the left of MPP. This phenomenon is why P&O is known to oscillate between three operating points around MPP. It can be noted that the overshoot can provide additional information about the PV-curve shape since it occurs in the same direction as δk. By applying this principle, Td-MPPT can decide whether perturbing in the same direction again would bring the system closer to MPP or not. Similarly to the rapidly changing irradiance scenario, it can be assumed that the perturbation was made in the correct direction if dp1 > dp2 under steady irradiance, i.e., MPP is beyond vk and MPPT should keep perturbating in the same direction to reach it. On the contrary, if dp1 < dp2, then the proposed MPPT can assume that vk is closer to MPP than vx so the next perturbation needs to be performed in the opposite direction. Td-MPPT would then reduce steady-state oscillations by alternating between two operating points around the MPP instead of three.



The flowchart of the overall Td-MPPT is shown in Figure 5. It becomes evident that Tx and TMPPT need to be determined to tune the Td-MPPT algorithm properly. To simplify the required computations, TMPPT should be selected as a multiple of Tx. Traditional MPPT algorithms might present erratic behavior caused by transient states if they perturb the operating point too quickly. A safe approach would be to use a TMPPT that is considerably larger than the natural oscillation period of the system. For a DC-DC boost converter (4) with capacitance (C) and inductance (L), TMPPT can be selected to satisfy the following.


   T  M P P T   ≫ 2 π   L C   .  



(5)







However, if the perturbation time is too slow, the MPPT cannot keep up with fast irradiation changes. The authors in [32,33,34] have carried out an analysis on the dynamic behavior of PV systems and their converters to optimize TMPPT and improve the dynamic response of traditional MPPT systems. In addition to optimizing TMPPT for the proposed algorithm, an analysis of the system’s transient response would allow choosing the optimum time to observe the maximum overshoot caused by the step perturbation. The research in [31] showed that the transient behavior of PV systems changes depending on the operating region of the system, i.e., constant current region (CCR), constant power region (CPR), and constant voltage region (CVR).



When analyzed as a small signal equivalent circuit, the simulated converter (Figure 6) contains two independent inputs: the control input (  d ^  ) and the load current (  i ^  ). The variables with hats represent the small-signal changes around steady-state values. Hence, for an ideal boost converter, the voltage output (  v ^  ) can be expressed as a superposition of these to find the following: the small control signal to array voltage transfer function (Gv) and the load current to array voltage output transfer function (GVf) as follows:


   v ^  =  G v   d ^  +  G  v f    i ^   



(6)




where the following is the case.


   G v  =    V f    L C  s 2  +  (   L  R    (  1 − D  )   2     )  s + 1    



(7)






   G  V f   =   R  (  1 − D  )    L C R  C O   s 3  +  (  C +    C O       (  1 − D  )   2     )  L  s 2  +  (  R  (  C    (  1 − D  )   2  +  C O   )  +  L  R    (  1 − D  )   2     )  s + 2    



(8)







Small duty-cycle changes can be expressed as follows.


   d ^  =   Δ D  s   



(9)







For this application (Figure 6), the steady-state value of the duty cycle ( D ) is determined by the relationship between the voltage reference defined by the MPPT algorithm (Vref), and the output voltage of the power supply (Vf) as follows


  D = 1 −    V  r e f      V f     



(10)







Transfer function GVf is relevant for applications such as grid-tied systems since it models interfacing converter effects on dynamic behavior [33,34]. However, for an application with no variation in the load current, transfer function GVf is equal to 0.



For an ideal boost converter,    R  i n   = R    (  1 − D  )   2   ; thus,    G v    assumes the following:


   G v  =   μ  ω n 2     s 2  + 2 ξ  ω n  s +  ω n 2     



(11)




where   μ = −  V O   ,    ω n  ≈   1 /   L   C     and   ξ ≈   L   C   /  (  2    R  i n    )   .



It must be noted that Rin denotes the ratio between the PV panel voltage and current, and it depends on each panel’s characteristics, the operating point (CCR, CPR, or CVR), and external conditions such as temperature and irradiance [31]. Because of this, the maximum overshooting time is not fixed, and under certain circumstances, a direct control MPPT cannot not show underdamped behavior. It must be noted that the Td-MPPT algorithm would avoid drift even under these conditions because of the principle behind algorithms that perform additional measurements as [19,20]. Furthermore, it would operate as a regular P&O under steady-state irradiance, performing two perturbations in the same direction around the MPP since the additional measurement would not provide additional information about the PV-curve. In this research, the natural oscillation frequency of the DC-DC converter will be used to approximate Tx. An autotune stage can be added at system startup to detect Tx for a specific system.



The proposed algorithm was designed to not require additional sensors compared to the traditional P&O. The added computational burden remains marginal as it only requires two extra multiplications compared to the conventional P&O algorithm if the condition specified in equation 4 substitutes the division to calculate   d  p 1    and   d  p 2   . As specified in [34], P&O can be implemented in a low-cost embedded board such as an STM32F103 Blue pill board. A system based on this low-cost microcontroller requires only one clock cycle per multiplication [34], meaning that would only need two additional clock cycles compared to the implementation of P&O. For this reason, a system designed to operate using the classical P&O could be reprogramed to run Td-MPPT at no extra cost.



Selecting a microcontroller with at least two hardware analog to digital converters (ADC) is crucial for obtaining the maximum tracking speed as it would allow converting two analog signals simultaneously. The three algorithms in this work would benefit from this feature as they use the same two sensors to operate. However, this is even more important for the Td-MPPT as it samples a rapid change transient response.



Since the Td-MPPT algorithm is based on a conventional approach, it is unable to guarantee tracking of the global maximum power point (GMPP) under nonuniform irradiance. A hybrid algorithm between a GMPP search technique and the proposed algorithm could be implemented to solve this shortcoming. These hybrid algorithms have shown promising results in tracking GMPP by using conventional hill-climbing MPPT hybrid algorithms [17,25,26,27,28,29]. Nonetheless, these techniques involve a higher computational burden and would require a more powerful microcontroller due to the high number of divisions, multiplication, summation of series of numbers, and power calculations used in their structure [34]. However, some are more affordable techniques than others [35]; thus, a combination of a relatively inexpensive GMPP approach and Td-MPPT could be implemented at a lower cost than algorithms with equivalent efficiency.




4. Simulation Results and Discussion


The proposed Td-MPPT algorithm is simulated in MATLAB/Simulink to compare it with the traditional P&O and dp-P&O to contrast their performance and illustrate the differences between them. The algorithms are simulated using irradiance profiles based on the ones defined in the efficiency test of the EN50530 standard [30] to compare their performance under different scenarios (Table 1).



As shown in Figure 7, the irradiance profile can be divided into three regions: a low to medium irradiance region (where it fluctuates between 10% and 50% of the GSTC), a medium to high irradiance region (where it fluctuates between 30% and 100%), and a startup region (where it fluctuates between 1% and 10%). Each one comprises a given number of trapezoidal waveforms with varying slopes. The irradiance described in the EN50530 standard is presented in Table 1. For example, during the first trapezoidal waveform, irradiance rises during 800 s at a rate of 0.5 W/m2/s from 100 W/m2 to 500 W/m2, and then it remains steady at 500 W/m2 during 10 s. Then, it decreases at a rate of 0.5 W/m2/s until it reaches 100 W/m2. Lastly, it remains steady for another 10 s. The test also includes an additional settling period of 300 s between each cluster of repetitions with the same slope. The startup region consists of a single trapezoidal profile with an ascending and descending slope of 0.1 W/m2/s with 30 s settling periods before the first ramp and after each one.



To further test the Td-MPPT response under very fast-changing irradiance, a speed multiplier of 102 was introduced to the standard EN50530 efficiency test, and the startup test was not included in the simulations. The resulting profiles are shown in Table 2.



The model provided with MATLAB/Simulink of a solar panel UP-M155M made by Upsolar was chosen due to its low series resistance. It includes 72 cells, a temperature coefficient of VOC = −0.40122%/°C, a temperature coefficient of ISC = 0.057535%/°C, a light-generated current (IL) = 5.0443 A, a diode saturation current (I0) =   6.41 ×   10   − 10    , a diode ideality factor = 0.98551, a shunt resistance (RSH) = 111.1072 Ω, and a series resistance (RS) = 0.31595 Ω. This model has the following electrical characteristics at standard test conditions (STC, GSTC = 1000 W/m2 and TSTC = 25 °C): PMPP = 154.905 W; Voc = 41.4 V; VMPP = 34.5 V; Isc = 5.03 A; IMPP = 4.49 A. The PV-curves for this panel under the static irradiances described in the EN505030:2010 standard are shown in Figure 8. The dashed red line shows the theoretical MPP for every irradiance value between 100 W/m2 and 1100 W/m2. The duty cycle–voltage curves for these same irradiances are plotted in Figure 9. It can be observed that there is a rise in PV voltage at the boost converter input with an increase in irradiance at the same duty cycle. This phenomenon is due to parasitic resistances in the simulated boost converter that cause a larger effect as the current produced by panel increases.



The overall efficiency during the test was calculated for both algorithms. Additionally, the dynamic efficiency for each set of iterations testing different slopes is calculated as follows:


   %   Efficiency =      ∫  0   T M    P       ∫  0   T M     P  M P P     × 100 ,  



(12)




where TM consists of the simulation time, PMPP is the maximum theoretical power available at the MPP at the given conditions, and P is the actual power delivered at the given operating point. The algorithms were tested with a fixed TMPPT = 15 ms. Parameter δ was also fixed size to 2% of the Voc as suggested in [8].



Additionally, the simulated results are compared to the theoretical PMPP and VMPP. These comparisons will better illustrate contrasts between the algorithms being tested and the resulting efficiency differences. In Figure 10, the simulated behavior of both P&O and Td-MPPT while being subjected to a rise in irradiance from 100 W/m2 to 1000 W/m2 at a changing rate of 5000 W/m2/s is displayed. This graphic format allows observing better the classical P&O drift, although it makes it harder to observe oscillations around MPP during static irradiance. It can be observed that both P&O and Td-MPPT start around the theoretical MPP represented in the red dashed line. However, as MPP shifts towards the right with increasing irradiance, P&O keeps perturbing away from the optimal value until the perturbation produces a power reduction significant enough to counter the power increase caused by irradiance increases. In contrast, Td-MPPT tracks the theoretical MPP very close through its trajectory.



A format that includes time in the figure is presented from now on to better illustrate oscillations around the theoretical MPP. The classical P&O behavior during the complete test described in Table 2 is shown in Figure 11a. The graph shows the simulated voltage and power (solid-blue) and the theoretical ideal at MPP (dotted-red). It can be noted that the algorithm tracks relatively well during the first iterations of both regions. In contrast, as the slopes become steeper in later iterations, the P&O displays significant drift from the MPP, negatively affecting the power output and, consequently, efficiency. It must be noted that the simulation results correspond with the behavior described in the literature [13,19,35]. The dP-P&O in Figure 11b shows fewer and smaller excursions away from MPP than the P&O. The proposed Td-MPPT displayed in Figure 11c does not exhibit drift issues and tracks the most effective during the complete test. Due to this, the overall efficiency of Td-MPPT reaches 99.68%, while dP-P&O achieves 99.56%, and classical P&O drops to 97.26%.



Figure 12 shows the dynamic efficiency of the tested algorithms in response to the trapezoidal profiles of the test for the low to medium (solid-blue) and the medium to high (dashed-red) sections. It can be noted that P&O efficiency in Figure 12a deteriorates rapidly as the slope becomes steeper with each iteration. However, efficiency stops decaying after a certain point and rises with even steeper irradiance slopes. This phenomenon occurs because the P&O does not have enough time to drift away from the MPP with the fastest repeating trapezoidal irradiance profiles as with the slower ones. This contrast between fast (700 W/m2/s) and the fastest (5000 W/m2/s) irradiance slopes can be observed in Figure 13. Similar results were observed in [19,36] as it was noted that the P&O algorithm did not show significant drift from the MPP when being subjected to step-shaped irradiance changes.



It can be noted that the efficiency for dP-P&O in Figure 12b modification does not decay as fast with steeper slopes as with the classical P&O. However, some degree of efficiency loss is displayed as the irradiance slope rises. Contrary to what is observed with these two algorithms, the proposed Td-MPPT in Figure 12c shows an almost imperceptible reduction in tracking efficiency even at the steepest irradiance slopes. It must be noted that the efficiency axis for both the dP-P&O and the Td-MPPT are zoomed-in compared to the P&O. This was used to observe the differences in efficiency between these two algorithms better.



In Figure 14, Figure 15, Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21, Figure 22, Figure 23, Figure 24 and Figure 25, the response of the algorithms is displayed in more detail for some sections of the test or specific irradiance profiles. First, the case of the slightest slope (50 W/m2/s) of the first section (low to medium irradiance) is considered (Figure 14, Figure 15 and Figure 16) as an example of the performance under a slowly changing rate of irradiance. Second, the fastest-changing rate (5000 W/m2/s) of the first test section (low to medium irradiance) is displayed (Figure 17, Figure 18 and Figure 19) as an example of the performance under a very rapidly changing rate of irradiance. Then, a steady irradiance (300 W/m2) case is considered to validate the steady-state oscillations in Figure 20, Figure 21 and Figure 22. Lastly, a specific irradiance profile is proposed that takes irradiance down from a medium (500 W/m2) to a low irradiance (100 W/m2) at a fast-changing rate (5000 W/m2/s). This specific profile was designed to validate how the platform would react to irradiance on the PV panel being rapidly decreased by a passing obstacle.



In Figure 14, Figure 15 and Figure 16 it can be noted that both algorithms track the MPPT (dotted-red) very similarly for the slightest slope scenario. During this test section, the P&O (Figure 14) obtained an efficiency of 99.61%, the dP-P&O (Figure 15) achieved 99.53%, and lastly, Td-MPPT (Figure 16) reached the highest efficiency at 99.75%.



For the fastest irradiance changes in the low to medium section of the test, it can be observed that the P&O (Figure 17) shows the characteristic drift reported in the literature. The operating point determined by the MPPT (As in Equation (10)) can be observed in Figure 17a. Even when MPPT perturbs in the correct direction at the beginning of the trapezoidal form, it cannot detect that it has passed the MPP. Furthermore, when the irradiance profile begins its descent, the P&O attributes the measured power reduction to the effect of the perturbations introduced and keeps perturbing around the same operating point until irradiance reaches a steady state. In Figure 17c, it can be observed that the current of the system drops under the theoretical maximum because of this behavior. Also, this produces a decrease in the power output that can be noted in Figure 17a. Because of this, P&O reaches an efficiency of 98.12% (average). On the other hand, dP-P&O (Figure 18) becomes confused at the beginning of the trapezoid and corrects the search direction by reaching MPP shortly after. The efficiency achieved by it during this test was 99.22%.



In contrast, the Td-MPPT (Figure 19) keeps perturbing in the correct direction almost every time, and the actual operation point (solid-blue) does not drift away from MPP. The system only becomes confused when the irradiance changing rate shows a significant enough change, i.e., when the edges of the trapezoidal irradiance profile occur between a cycle of the MPPT. However, the system corrects the trajectory and effectively follows MPP. Because of this, the efficiency of Td-MPPT for this section is 99.69% (average).



Lastly, the behavior of the algorithms during steady irradiance of 300 W/m2 is displayed in Figure 16. It can be observed that both P&O (Figure 16a) has to perturb three times around the MPP while dP-P&O (Figure 16b) performs only two. This difference could be caused by the fact that dP-P&O obtains additional information at TMPPT/2 since the system has not reached a steady state when it is being measured. In contrast, Td-MPPT (Figure 16c) perturbs only one time in the same direction, reducing steady-state oscillations. Accordingly, P&O achieved 99.35% and dP-P&O achieved 99.38% efficiency during the steady irradiance settling time (3 s) of the first part of the test. In comparison, Td-MPPT (99.42) achieved 99.82% efficiency.



For the behavior of the algorithms during steady irradiance of 300 W/m2 displayed in Figure 20, Figure 21 and Figure 22, the P&O (Figure 20) has to perturb three times around the MPP, while the dP-P&O (Figure 21) performs only two. This difference could be caused by the fact that dP-P&O obtains additional information at TMPPT/2 since the system has not reached a steady state when it is being measured. In contrast, Td-MPPT (Figure 22) perturbs only one time in the same direction, reducing steady-state oscillations. Accordingly, during the steady irradiance settling time (3 s) of the first part of the test, the P&O obtained 99.35% efficiency, the dP-P&O achieved 99.38% efficiency, and the Td-MPPT reached 99.82% efficiency.



In Figure 23, Figure 24 and Figure 25, inverted profiles proceeding from 500 W/m2 to 100 W/m2 at a change rate of 5000 W/m2/s were tested for the three algorithms proposed. This change rate is the same as the fastest presented in the EN50530 test (Figure 17, Figure 18 and Figure 19). However, during this test the irradiance starts at a medium value (500 W/m2) and drops to a low value (100 W/m2). A profile such as this could be observed if irradiance is blocked by an obstacle, e.g., a moving cloud. It can be observed that the P&O (Figure 23) becomes confused only when irradiance rises from a low to a medium value. This simulation is consistent with the behavior observed in the literature [1,2,19]. The efficiency of the P&O was similar to the standard test with a changing rate of 5000 W/m2/s (98.05%). The dP-P&O (Figure 24) displayed a better efficiency under this test than under the standard one (99.39%). Moreover, Td-MPPT (Figure 25) showed a slightly lower efficiency than the observed under the standard test (99.59%). It must be noted that these results were very similar to the ones observed in Figure 23, Figure 24 and Figure 25, with the P&O showing the worst performance of the three algorithms tested and Td-MPPT performing the best.



Partial shading is not addressed in this work since it would need a different approach and methodology since EN50530 only considers uniform irradiance in the test ramps. However, a modification to Td-MPPT would be relatively simple. For example, in [37], the authors propose a novel probability algorithm to track the global maximum power point (GMPP), and then a variable step-size P&O performs fine tracking.




5. Conclusions


This paper presents a novel MPPT algorithm referred to as Td-MPPT based on the classical P&O algorithm. This algorithm calculates the derivative of power during transient states of an undamped controller to reduce the number of oscillations around the MPP under steady-state irradiance. In this manner, it determines whether a perturbation was performed in the correct direction. Since the algorithm proposed is based on a conventional MPPT, the complexity and hardware implementation are relatively simple compared to other algorithms. Because of this, the implementation ease and cost of the proposed algorithm are reduced. Although the tracking speed of these algorithms is traditionally low, simulations showed that the Td-MPPT algorithm efficiently tracked MPP during a test based on the EN50530 standard multiplied by a factor of 102. An overall efficiency improvement over the algorithms benchmarked was observed for steady-state irradiance and rapid irradiation changes. Since the algorithm is based on a hill-climbing method, it is possible to combine it with partial shading techniques to address this issue. Furthermore, the presented method could be easily extended or mixed with variable perturbation times and perturbation sizes techniques already being applied to the classical P&O to improve its performance further. It was observed that an approximation of the natural frequency could be used to tune the proposed algorithm. However, this could not be optimal under every scenario. Because of this, the algorithm can be further improved by adding a self-tuning stage in the future. This modification could also facilitate the implementation of Td-MPPT for different kinds of topologies and PV-panel types. To this end, a common improvement to the classical P&O is to combine it with more advanced methods to track GMPP. The same modifications could be easily applied to the proposed method to make it suitable to operate under partial shading conditions for future works.
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Figure 1. Flowchart of the classical P&O MPPT. 
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Figure 2. Classical drifting behavior of P&O around MPP under increasing irradiance, as reported in the literature. 






Figure 2. Classical drifting behavior of P&O around MPP under increasing irradiance, as reported in the literature.



[image: Applsci 12 02671 g002]







[image: Applsci 12 02671 g003 550] 





Figure 3. Perturbation performed by the Td-MPPT algorithm around MPP under increasing irradiance. 
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Figure 4. PV system voltage and power transient response after perturbation around the MPP under steady irradiance. 
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Figure 5. Flowchart of the proposed Td-MPPT algorithm. 
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Figure 6. Test platform for simulations. 
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Figure 7. Irradiance profile evaluated as described in the EN50530 standard comprising low to medium and medium to high changes as described in Table 1. 
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Figure 8. PV-curves for all static irradiance values described in the EN50530:2010 standard with the theoretical MPP of every intermediate irradiance for the solar panel, UP-M155M. 
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Figure 9. Simulated duty ratio–voltage curves of the boost converter and the solar panel UP-M155M curves for all static irradiance values described in the EN50530:2010 standard. 
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Figure 10. Simulated behavior of P&O (a) and Td-MPPT (b) when subjected to a steady increase from 100 W/m2 to 1000 W/m2 at a changing rate of 5000 W/m2/s. 
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Figure 11. Behavior of the P&O (a), dP-P&O (b) and Td-MPPT (c) during the full simulation: simulated PV voltage (solid-blue) and VMPP (dotted-red), corresponding PV power simulated (solid-blue), and PMPP (dotted-red). 
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Figure 12. Plotted MPPT efficiency for every sequence of the trapezoidal shapes described in Table 2 organized according to the Irradiance slope of every section for the P&O (a), dP-P&O (b), and the Td-MPPT (c): efficiency for the low to medium irradiance test section (solid blue) and efficiency for the medium to high irradiance test section (dashed red). 
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Figure 13. Behavior of the classical P&O during irradiance trapezoidal profiles tested with an irradiance slope of 700 W/m2/s (a) and 5000 W/m2/s (b); simulated PV voltage (solid-blue) and corresponding VMPP (dotted-red). 
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Figure 14. Response of the P&O algorithm to slow irradiance change (50 W/m2/s) from the low to medium irradiance section of the test; (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 
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Figure 15. Response of the dP-P&O algorithm to slow irradiance change (50 W/m2/s) from the low to medium irradiance section of the test; (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 
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Figure 16. Response of the Td-MPPT algorithm to slow irradiance change (50 W/m2/s) from the low to medium irradiance section of the test; (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 
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Figure 17. Response of the P&O algorithm to fast irradiance change (5000 W/m2/s) from the low to medium irradiance section of the test; (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 
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Figure 18. Response of the dP-P&O algorithm to fast irradiance change (5000 W/m2/s) from the low to medium irradiance section of the test; (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 






Figure 18. Response of the dP-P&O algorithm to fast irradiance change (5000 W/m2/s) from the low to medium irradiance section of the test; (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red).
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Figure 19. Response of the Td-MPPT algorithm to fast irradiance change (5000 W/m2/s) from the low to medium irradiance section of the test; (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 
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Figure 20. Response of the P&O algorithm to steady irradiance at (300 W/m2); (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 
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Figure 21. Response of the dP-P&O algorithm to steady irradiance at (300 W/m2); (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 






Figure 21. Response of the dP-P&O algorithm to steady irradiance at (300 W/m2); (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red).



[image: Applsci 12 02671 g021]







[image: Applsci 12 02671 g022 550] 





Figure 22. Response of the Td-MPPT algorithm to steady irradiance at (300 W/m2); (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 
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Figure 23. Response of the P&O algorithm to fast irradiance change (5000 W/m2/s) from medium (500 W/m2) to low (100 W/m2) irradiance and back; (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 
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Figure 24. Response of the dP-P&O algorithm to fast irradiance change (5000 W/m2/s) from medium (500 W/m2) to low (100 W/m2) irradiance and back; (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 
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Figure 25. Response of the Td-MPPT algorithm to fast irradiance change (5000 W/m2/s) from medium (500 W/m2) to low (100 W/m2) irradiance and back; (a) Simulated PV power (solid-blue) and PMPP (dotted-red), (b) PV voltage simulated (solid-blue) and VMPP (dotted-red), (c) simulated PV current (solid-blue) and IMPP (dotted-red), and (d) irradiance (solid blue) and duty cycle (solid red). 
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Table 1. Irradiance profile as described in the EN50530 standard.
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a. Irradiance low to medium (100 W/m2–500 W/m2)




	
Settling

	
Rep.

	
Slope

	
Rise

	
Wait

	
Fall

	
Wait

	
Duration




	
[s]

	
[n]

	
[W/m2/s]

	
[s]

	
[s]

	
[s]

	
[s]

	
[s]




	
300

	
2

	
0.5

	
800

	
10

	
800

	
10

	
3540




	
300

	
2

	
1

	
400

	
10

	
400

	
10

	
1940




	
300

	
3

	
2

	
200

	
10

	
200

	
10

	
1560




	
300

	
4

	
3

	
133

	
10

	
133

	
10

	
1444




	
300

	
6

	
5

	
80

	
10

	
80

	
10

	
1380




	
300

	
8

	
7

	
57

	
10

	
57

	
10

	
1372




	
300

	
10

	
10

	
40

	
10

	
40

	
10

	
1300




	
300

	
10

	
14

	
29

	
10

	
29

	
10

	
1080




	
300

	
10

	
20

	
20

	
10

	
20

	
10

	
900




	
300

	
10

	
30

	
13

	
10

	
13

	
10

	
760




	
300

	
10

	
50

	
8

	
10

	
8

	
10

	
660




	

	

	

	

	

	

	
Total

	
15,936




	

	

	

	

	

	

	

	
04:25:39




	
b. Irradiance medium to high (300 W/m2–1000 W/m2)




	
Settling

	
Rep.

	
Slope

	
Rise

	
Wait

	
Fall

	
Wait

	
Duration




	
[s]

	
[n]

	
[W/m2/s]

	
[s]

	
[s]

	
[s]

	
[s]

	
[s]




	
300

	
10

	
10

	
70

	
10

	
70

	
10

	
1900




	
300

	
10

	
14

	
50

	
10

	
50

	
10

	
1500




	
300

	
10

	
20

	
35

	
10

	
35

	
10

	
1200




	
300

	
10

	
30

	
23

	
10

	
23

	
10

	
960




	
300

	
10

	
50

	
14

	
10

	
14

	
10

	
780




	
300

	
10

	
100

	
7

	
10

	
7

	
10

	
640




	

	

	

	

	

	

	
Total

	
6980




	

	

	

	

	

	

	

	
01:56:27
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Table 2. Irradiance profile as tested.
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a. Irradiance low to medium (100 W/m2–500 W/m2)




	
Settling

	
Rep.

	
Slope

	
Rise

	
Wait

	
Fall

	
Wait

	
Duration




	
[s]

	
[n]

	
[W/m2/s]

	
[s]

	
[s]

	
[s]

	
[s]

	
[s]




	
3

	
2

	
50

	
8

	
0.1

	
8

	
0.1

	
35.4




	
3

	
2

	
100

	
4

	
0.1

	
4

	
0.1

	
19.4




	
3

	
3

	
200

	
2

	
0.1

	
2

	
0.1

	
15.6




	
3

	
4

	
300

	
1.33

	
0.1

	
1.33

	
0.1

	
14.44




	
3

	
6

	
500

	
0.8

	
0.1

	
0.8

	
0.1

	
13.8




	
3

	
8

	
700

	
0.57

	
0.1

	
0.57

	
0.1

	
13.72




	
3

	
10

	
1000

	
0.40

	
0.1

	
0.40

	
0.1

	
13




	
3

	
10

	
1400

	
0.29

	
0.1

	
0.29

	
0.1

	
10.8




	
3

	
10

	
2000

	
0.2

	
0.1

	
0.2

	
0.1

	
9




	
3

	
10

	
3000

	
0.13

	
0.1

	
0.13

	
0.1

	
7.6




	
3

	
10

	
5000

	
0.08

	
0.1

	
0.08

	
0.1

	
6.6




	

	

	

	

	

	

	
Total

	
159.36




	

	

	

	

	

	

	

	
00:02:39




	
b. Irradiance medium to high (300 W/m2–1000 W/m2)




	
Settling

	
Rep.

	
Slope

	
Rise

	
Wait

	
Fall

	
Wait

	
Duration




	
[s]

	
[n]

	
[W/m2/s]

	
[s]

	
[s]

	
[s]

	
[s]

	
[s]




	
3

	
10

	
1000

	
0.7

	
10

	
0.7

	
0.1

	
19




	
3

	
10

	
1400

	
0.5

	
10

	
0.5

	
0.1

	
15




	
3

	
10

	
2000

	
0.35

	
10

	
0.35

	
0.1

	
12




	
3

	
10

	
3000

	
0.23

	
10

	
0.23

	
0.1

	
9.6




	
3

	
10

	
5000

	
0.14

	
10

	
0.14

	
0.1

	
7.8




	
3

	
10

	
10,000

	
0.07

	
10

	
0.07

	
0.1

	
6.4




	

	

	

	

	

	

	
Total

	
69.8




	

	

	

	

	

	

	

	
00:01:09
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