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Abstract

:

Photovoltaic (PV) technology has been the focus of interest due to its nonpolluting operation and good installation flexibility. Irradiation and temperature are the two main factors which impact the performance of the PV system. Accordingly, when partial shading from surroundings occurs, its incident shadow diminishes the irradiation and reduces the generated power. Since the conventional maximum power point tracking methods (MPPT) could not distinguish the global maximum power of the power-voltage (P-V) characteristic curve, a new tracking method needs to be developed. This paper proposes a global maximum power point tracking method using shading detection and the trend of slopes from each section of the curve. Full mathematical equations and algorithms are presented. Simulations based on real weather data were performed both in short-term and long-term studies. Moreover, this paper also presents the experiment using the DC-DC synchronous and interleaved boost converter. Results from the simulation show an accurate tracking result and the system can enhance the total energy generated by 8.55% compared to the conventional scanning method. Moreover, the experiment also confirms the success of the proposed tracking algorithm.
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1. Introduction


Research in renewable energy has recently received great attention. Especially for photovoltaic (PV) technology, renewable energy has gained popularity as one of the potential avenues due to unlimited power resources and unpolluted operation [1]. To enhance the efficiency of PV, the effect of weather conditions must be considered. According to research by Patel and Agarwal [2], there are two main parameters which affect the PV-generated power, irradiation and temperature; where PV technology is installed, the generated power varies from location to location. It is apparent that we cannot control the two aforementioned parameters; therefore, the problem of “PV mismatch” can occur.



PV mismatch is defined as the difference between the expected and actual output power from a PV module, causing difficulties in PV technology generating power. Classified according to its source, mismatch can be internal or external. If PV power degradation occurs due to the quality of the panel, such as aging and impurities in the Silicon crystal, the mismatch is considered internal as it stems from the material’s properties, and product replacement can solve the issue. However, if degradation occurs due to an environmental factor, mainly shading from PV alignment and the surroundings, the mismatch is considered external. The effect from shading has also been pointed out by Femia et al. [3] and Gao et al. [4] who considered shaded PV panel a significant obstacle in the rapid growth of solar PV systems. The study by Eftichios et al. [5] offers a practical case study through PV rooftop systems in Germany, where 41% of the installed panels had been affected by shading, with energy losses up to 10%. Hence, remarkable reduction of power generated was observed. In the same manner, Daraban et al. [6] presented a case study of 13 different PV power tracking systems operating under a shading condition, where the result showed up to 70% of power was a loss due to not detecting the actual maximum power.



In electrical engineering, PV operating current and voltage form a non-linear relationship, demonstrated as the current-voltage (I-V) and power-voltage (P-V) characteristic curve. Figure 1a,b presents the series-connected PV array operated at a normal condition and with partial shading. Here, the bypass diodes were installed on each panel and a blocking diode was installed on each PV branch to reduce the effect of shading [2,7,8]. The I-V and P-V characteristic curves corresponding to each condition are shown in Figure 1c. Here, we can observe the significant difference between the two conditions is that shading exhibits multiple local peaks, while the normal condition shows only a single peak. Naming each peak as the local power peak with the highest among all points as the global power peak increases the challenge for the maximum power point tracking (MPPT) system to locate the correct global power peak point [2,9,10,11].



Under shading conditions, it has been confirmed by previous research that conventional MPPT methods fail to ensure successful and precise tracking of the global power peak [6,9,10,11,12]. Consequently, the difficulties in implementing MPPT include the complexity of the algorithm, cost, and failure while operating in shading conditions [5]. Studies of global power peak identification under shading conditions have been done, especially in the past five years; each study presented a tracking method with a variation of complexity, cost, operating speed, and range of effectiveness [12]. These variations should be taken into consideration when designing an effective MPPT system [4].



Mainly, previous MPPT techniques can be distinguished into two categories, differentiated based on the method of implementation. The first category originates from the improvement of the existing conventional tracking method; these include the well-known MPPT techniques but with further modification (for instance, perturb and observe (P&O) and incremental conductance (InC) [13]). Research in References [14,15,16,17] confirms the effectiveness of the conventional methods that can locate the correct global power peak. The second category istopologies based on the intelligence computing method. Since 2015, these intelligence methods have been used to solve the maximum power point (MPP) tracking problem under the shading situation. Examples include the fuzzy logic-based MPPT, artificial neural networks (ANN), and the artificial bee colony presented by Bidyadhar et al. [18] and Kinattigal et al. [19].



Focusing on the conventional method, Reference [14] guarantees that scanning could locate the global power peak, and the region the local power peak should be established between 75% to 80% of PV total open circuit voltage (VOC). By setting the scan point as the multiple of 75% of the PV module open-circuit voltage, the global power peak can be obtained. However, the disadvantage is the requirement of samples and the tracking time consumption. Studies have continued to investigate other tracking methods without scanning the whole P-V characteristic curve, for example: The presented work by Eftichios et al. [5] shows how the global MPPT methods work by distributing PV load lines on the characteristic curve and reference points are indicated along these lines. The result shows the complete tracking results with higher efficiency compared with the PV scanning and particle swarm optimization (PSO), which is one of the optimization methods that can be a solution for the optimization problem using the concept modeled after bird folk’s behavior. Nonetheless, the work does not provide the time response result, and the implementation requires additional switching circuits, such as a flip-flop and a comparator.



The research performed by Hiren [20] shows the remarkable tracking algorithm by setting the threshold to detect changes of power when shading happens and using the change of power concerning the voltage dPdV to determine the tracking direction. The tracking algorithm was confirmed to be effective, but the simulation showed the result only in short-term, with the practical long-term result for more than 30 seconds not indicated. A similar prospect presented in Reference [4] also used the slope calculation trend of the P-V curve to indicate the peaks for small-scale PV devices. The result confirmed the success in tracking after tests lasting up to one hour during a rapid change of irradiation; however, this study does not present the analysis for medium to large scale PV systems with a capacity more than 1 kW.



The proposed method by Jubaer [21] discussed the disadvantage of P&O algorithm due to its oscillating response when operating in rapid irradiation change. The paper also proposed equations to detect power deviation, which are used together with the tracking algorithm; however, the computation contains many checking parameters which complicate programming, and the paper does not focus on the long-term operation principle. Further research by Korey [22] presents global MPPT tracking based on P&O, experimented with three PV panels connected in series. The results showed successful tracking, but oscillation still existed, and the quantity of the power generated was not analyzed. Research by Alik et al. [14] used the concept of P&O with an additional checking algorithm to track the global MPP. The simulation was tested for the short-term changes om irradiation; however, it did not mention the changes in temperature and practical experiments. Additionally, the proposed variable step perturb and observe (PO) and global scanning method (VSPO&GS) method by Duan et al. [16] contributed more tracking speed and accuracy. The drawback is that the simulation result was not compared with other conventional or global MPP methods; as a result, its efficiency could not be determined. The research by Başoğlu [17] proposed an excellent concept for improving, scanning, which included the “full scanning” and “large scanning” methods. Both methods limit the scanning interval, shortening it, and can guarantee the effectiveness of the algorithm, but similar to other reviewed papers, long-term testing was not presented, except for Reference [20], which supports the ineffectiveness of the conventional tracking method, which cannot guarantee the accuracy of MPPT during shading conditions. The algorithm proclaims the first tracked peak as the global MPP until the change of irradiation and temperature happen, causing the tracking error in the system.



In order to simplify the complicated tracking system, there is a number of previous studies that present interesting aspects. Developed by Kobayashi et al. [23] and Irisawa et al. [24], two-stage maximum power point tracking control is proposed. In the first stage, the optimum operating point of the PV system is controlled to converge the MPP; afterward, the second stage operates to move closer to the real MPP. The work still faces the same problem when operating under some non-uniform irradiation conditions. Moreover, an additional control circuit is also required. Alternatively, Bekker [25] presents the optimal MPPT method using the open-circuit voltage sweep along the P-V curve, but the loss from tracking is still present. The method by Nguyen [26] shows the adaptive reconfiguration scheme to reduce the effect of shading; consequently, the switching matrix is connected to the adaptive solar bank. The result confirms the real-time operation; however, this requires additional switches and sensors in proportion to the size of the PV array. Reference [27] proposes control topology for the bidirectional DC-DC converter implemented in parallel connection, where the objective is to reduce the effect of shading on the other PV modules. However, the drawbacks are the requirement of extra hardware and additional cost. Finally, Uno [28] presents the current-sensorless and ΔV-controlled optimization in order to reduce the number of switches and sensors in the system. Only the additional control system for the gate driving system is necessary.



As for other intelligence tracking methods proposed in many research papers, they show the guarantee for tracking MPPT in shading conditions. Nonetheless, the significant disadvantages of the intelligence technique are the requirement of additional circuits, the added complexity, and high implementation cost [4]. Research by Yuan [29] proposes adaptive inertial weight particle swarm optimization (AWIPSO) based on the original PSO method. The method has the flexibility to adjust weight coefficient parameters, which can increase the speed of tracking. The algorithm was confirmed using the simulation; however, the experimental results were not included. In References [30,31,32], MPPT from a PSO approach was also demonstrated, which shows the accuracy from the simulation and experimental results. Nonetheless, the work by Miyatake et al. [30] requires a separate converter per one module, causing the extra cost. Additionally, using PSO, the first difficulties are the calculation for the related variables, precision in setting, and the requirement of cooperative agents and learning factors [10,32]. Apart from PSO, Alajmi et al. [33] present how a modified fuzzy-logic controller can be implemented. Correspondingly, the design is based on a diode model equation of the PV panel, combining with the modified fuzzy-logic from the hill-climbing method. However, the system requires thirty-two fuzzy control rules, which add more complexity to the system.



In practice, most of the commercial PV inverters used in PV installation used the scanning, P&O and InC algorithm to track the maximum power point [10]. From the technical specification of PV inverters, scanning is set to be every 15 min of the time interval [34,35]. The problem with this topology is that it is difficult to predict the irradiation and temperature changes in a day. The scanning interval might not match the weather conditions. By choosing a long scanning interval on the day with the rapid change of weather, tracking error may occur due to the mismatch of the selected interval. Additionally, by choosing a short scanning interval on the day with a steady change of irradiation and temperature, power loss from the unnecessary tracking is achieved. Similarly, the scanning requires tracking time, which leads to more power loss [36]. As a result, the main properties established to implement successful MPPT in shading conditions should include high efficiency and simple implementation [19]. Previously reviewed research presents the analysis of conventional scanning for commercial inverters and its weakness when the setup does not match the weather conditions. Although the system includes the blocking and bypass diodes to prevent heating and damage, the considerable decrease of power from shading still occurs.



This paper presents the original idea of studying the patterns of the P-V characteristic curve to design the new tracking method. Studies of I-V and P-V characteristic curves from several PV panels are simulated. The I-V curves are used to study the relationship between the irradiation and PV current in order to design the shading detection algorithm (the full explanation of the methods is in Section 3.2.2), whereas the P-V curves are used to design the MPP tracking (explained in Section 3.2.4). Although these patterns vary due to many factors from different PV module specifications, the typical pattern among the curves was found. The proposed algorithm uses the simple concept of mountain climbing to search the mountain’s peak, in order to locate the local and global power peaks without scanning the whole curves. This idea is new and not shown in other papers. Moreover, in order to evaluate the performance of the tracking algorithm, it is suggested by Miyatake et al. [30] to use the real measured data and test for several hours. Since most of the papers on MPPT show only the short-term response and focus on the time used for tracking, in this case, the author uses real weather data from the author’s institution to perform a long-term case study [37]. In conclusion, this paper’s contribution includes the following advantages:

	
The accuracy of global MPP tracking;



	
the fast-tracking time with less tracking power loss compared to the conventional scanning method;



	
the ability to operate at dynamic changes of shading and weather conditions;



	
no irradiation and temperature sensors required;



	
no additional control circuits required;



	
simple switching control using the centralized converter;



	
simple control topology compared to the intelligence tracking methods .








The usefulness of this research is that the proposed algorithm can be used to track the PV power in both ordinary and partial shading conditions. Additionally, the implementation can be done with the conventional DC-DC boost converter, meaning it can be used in practice for small- to medium-scale PV array. The proposed algorithm is described using mathematical equations with flowcharts and examples for better understanding.




2. Partial Shading Condition for PV Systems


An ideal PV module can be modelled as a single diode equivalent circuit [38]. Equation (1) represents the mathematical relationship between the PV module current IPV and other related parameters [39]. Figure 2 shows the single diode equivalent circuit, including a current source Iph connected antiparallel with a diode, including series resistor Rs and parallel resistor Rp.


IPV=(IPV,STC+KIΔT)GGn



(1)







From Equation (1), IPV,STC is the PV’s current of the module in standard test conditions (STC), KI is the temperature coefficient of current, G is the solar irradiation measured in W/m2 and Gn is the nominal solar irradiation (1000 W/m2). From the equation, we can observe the directly proportional relationship between G and IPV,STC in that the higher the irradiation, the more PV current is measured. However, when irradiation decreases due to shading, the current reduces. In addition, Equation (2) represents the calculation of the PV module’s open-circuit voltage (VOC) [20]:


VOC=VOC,STC+KV(T−TSTC)+aVTln(GGSTC),



(2)




where VOC,STC is the PV module’s open-circuit voltage, KV is the temperature coefficient of voltage, T represents temperature and TSTC is the temperature at STC (25 °C). Additionally, a is the diode ideality constant and VT is voltage constant. It is shown in the equation that open-circuit voltage varies with both irradiation and temperature; by assuming the last term of Equation (2) to be very small, the temperature level is the primary cause for the variation of PV’s open-circuit voltage value. Likewise, it is shown from Equations (1) and (2) that the operation of PV varies with irradiation and temperature [40].



In order to design an effective MPPT algorithm, more than 20 samples of P–V characteristic curves were analyzed. Figure 3 shows series-connected PV modules with different patterns of irradiation and temperature, specified as pattern A and B, where the temperature for each pattern is 25 °C and 30 °C, respectively.



Regarding the review states in the introduction, conventional MPPT algorithms cannot distinguish the local and global maximum point existing on the P-V characteristic curve; this contributes to the complexity in tracking the correct maximum point. Additionally, a variation in PV current and voltage happens to the system when there is partial shading, causing the conventional MPPT not to be able to detect the changes. The interesting information obtained from the samples is that although the P-V curve has more than one maximum power point, each power peak, including local and global maximum points, exists at multiples of 70% to 85% of the PV module’s open-circuit voltage except for two rightmost sections of the curve, where the peak exists between 75% and 95%. We varied the PV module’s specifications from the manufacturer (Canadian Solar Cs5C-90M, Guelph, ON, Canada; Trina Solar TSM-170D, Changzhou, China and Jinko Solar JKM310M-72, Shanghai, China) using pattern A and B in Figure 3, because studies can distinguish to six cases. P-V characteristic curves of all cases, including power peaks, are shown in Figure 4, and the summarized information is shown in Table 1. Figure 4 presents tests with three different PV modules, varying the irradiation and temperature; the power peak, including local and global, exists in the explained highlighted searched regions. We can also observe from Table 1. that the increase of temperature brings less measured VOC, which verifies the P-V characteristics explained in Reference [13]. We can observe that although the location of global power peak varies in each pattern, the peaks still exist within the searched region. Thus, it is not necessary to search the whole regions of the P-V characteristic curves; the scanning area can be limited.




3. System Description and Proposed Global MPPT Algorithm


3.1. System Description


Generally, for the PV system, a DC-DC converter is implemented together with the MPPT controller to control the input voltage and current from PV to reach its maximum power point. In this case, it is assumed that the PV system connects to the constant DC load voltage. For this paper, the DC-DC boost converter is used to test the proposed method due to its robustness and simple switching control with only one duty cycle value (d). As for other converter topology (i.e., a buck-boost converter, single-ended primary-inductor converter (SEPIC)), the proposed algorithm can also be integrated; however, additional switching control is required since the number of switches adds and the converter operates in both buck and boost mode. Figure 5 shows the basic block diagram of the PV system integrated with the boost converter [41,42].



After measuring the PV’s voltage and current, the MPPT controller determines the maximum power point according to the level of irradiation and temperature. By tracking, the controller outputs the duty cycle to control the PV system to operate at its maximum power. Equation (3) demonstrates the mathematical relations between PV voltage VPV, load voltage VO, and duty cycle d.


VPV=(1−d)VO



(3)




d is used to generate the pulse width modulation (PWM) switching signal to control the metal-oxide semiconductor field-effect transistor MOSFET. The challenge for this model is the accuracy. In order to achieve an accurate VPV, at maximum power, the tracking system is necessary.




3.2. Proposed Global MPPT Algorithm


Figure 6 shows how the proposed global MPPT algorithm works. It mainly divides into three parts, which include the main program, shading detection, and global MPPT tracking using slope calculation, as presented.



3.2.1. Main Program


The first step is to input the necessary parameters of the PV module. These include a single PV module’s open-circuit voltage (VOC), short-circuit current (ISC), and PV current at maximum power point (IMPP) given from the manufacturer. Additionally, the number of modules connected in series (N) and the number of PV stings connected in the system (M) are inputted in the main program. When the program starts its operation, first time scanning is performed in order to determine the first maximum power point and maintains tracking with the conventional Incremental and conductance method (InC), where the tracked power is assigned as the reference point PREF[k] at the duty cycle DREF. The system keeps tracking at DREF, and after one second, the value of the maximum power point is updated as PREF[k+1], which is the next sample. After this, the ratio of power changes, calculated as PDIFF, shown in Equation (4).


PDIFF=PREF[k+1]−PREF[k]PREF[k]



(4)







In order to identify if the value of PDIFF is suitable for starting global MPPT tracking, as mentioned by Ahmed [43], the threshold needs to be chosen. If the threshold is too large, MPPT cannot initiate global MPPT, but if too small, the algorithm could perform a false trigger with unnecessary global MPPT, leading to the wastage of tracking time and power.



In Reference [44], if the setup threshold is set to 15% of power change, this condition does not guarantee the detection for all shading cases. Moreover, for Reference [39], the threshold is set up to 5%. There is no evidence of how effective this value is, but in practice, it is considered to be too small. Referring to Yi-hwa [45] and Seyedmahnoudian [46], the studies use the standard formula’s review to set up a threshold. The threshold value of 0.1 (10%) is in popular use when assuming the average change of weather condition is assigned. In this case, as the weather in Tokyo, Japan does not change rapidly, the threshold of 0.1 is used. The algorithm calculates whether or not PDIFF exceeds the threshold. If it has exceeded it, the program enters the next function, which is shading detection, whereas when the change does not exceed the threshold, the program resumes standard InC tracking.




3.2.2. Shading Detection


The next section is shading detection. The primary purpose of this section is to determine whether the changes are due to partial shading or not. Even though change of power is detected, it is still unknown whether the changes have the trend of an increasing or decreasing power level. In this case, the irradiation is the critical parameter to determine the changes of power. According to other studies on solar irradiation estimation, there are several novel techniques of algorithm proposed. For example, in Reference [47], the paper presents a closed-form expression for solar irradiance with algebraic expression. The expression mainly estimated the irradiation as the function of temperature, PV current, and voltage. Although this method can estimate irradiation, the additional temperature sensor still needs to be installed, which increases the cost. This is in the same manner for Reference [48], which proposed the cloud motion estimation for short-term solar irradiation prediction. The method uses the motion vector of passing cloud with the previous irradiation monitoring data recorded before the estimation. For the proposed method, using the expression from Equation (1), assuming the change of temperature is not significant, the instantaneous irradiation can be estimated. Either the new temperature or irradiation sensors are not required and different from other novel topology; the irradiation data record is also not required. This makes the method simpler to implement.



According to Equation (1), the increase in PV current is the consequence of the irradiation. Starting from the calculation, the program calculates irradiation at the PV short-circuit current (G1) and at 80% of PV open-circuit voltage of PV string (G2). By setting up the duty cycle, current IPV1 and IPV2 are measured and used to calculate irradiation. Equations (5) and (6) demonstrate how irradiation G1 and G2 is calculated. Using the ratio between PV measured current with IMPP and ISC, respectively, and multiplying with 1000, which is the irradiation at STC, the irradiation G1 and G2 can be obtained.


G1=IPV1IMPP·M·1000



(5)






G2=IPV2ISC·M·1000



(6)







After calculating the irradiation, the values are used to determine whether shading happens or not. According to Reference [43], the experiment is performed by testing samples of monocrystalline and polycrystalline PV panels and determining the threshold of difference between the irradiations. The testing achieves the threshold of 40. If the difference is greater than 40, it means partial shading can occur, more than one local power peaks exist, and the proposed global MPPT algorithm uses slope calculation calls.


G1−G2|>40



(7)







As shown in Equation (7), if the absolute difference between G1 and G2 is greater than 40, partial shading has a high possibility to occur. In this case, the value of PV open-circuit voltage (VOC) is updated (as presented in Equation (2) that VOC can change due to the impact from the temperature). In this case, the updated VOC can be calculated using Equation (8). The PV open-circuit voltage per one module (VOC_module) can also be estimated by dividing VOC with the input number of PV modules N.


VOC=VOC_U+(0.8·N·log(G21000))



(8)






VOC_module=VOCN



(9)







According to Equations (8) and (9), VOC_U is the PV open-circuit voltage at STC; using Equations (8) and (9), the values of PV open-circuit voltage can be updated. The new value of VOC contributes to more precise and accurate tracking for the proposed algorithm, which is explained in the following section. Additionally, the updated values are tested in short-term testing as part of the simulation result so that the efficiency can be confirmed.




3.2.3. Global MPPT Using Slope Calculation


The last section of the proposed algorithm is called “Global MPPT using slope calculation”, which was published in the authors’ published paper [49]. The concept of this algorithm is based on the inclined and declined slopes on each section of the P-V characteristic curve. The curve of the PV array is divided into sections based on the value of VOC_module from the main program part (or from the shading detection part if it has been updated). A step-by-step procedure of this section is described using the example in Section 3.2.4.




3.2.4. Example


The proposed system is tested by setting up 2 PV strings connected in parallel, each of which has 5 PV panels connected in series, as shown in Figure 7a,b. Patterns C and D are defined for different irradiation and temperature (25 °C and 30 °C, respectively). Table 2 presents the parameters for a single PV module used in this example. Based on the proposed algorithm in Figure 6, the algorithm starts to operate—the demonstration of the algorithm is present in Figure 8 and Figure 9 with the I-V and P-V curves. Firstly, first time scanning is performed for pattern C since it is the initialization of the process. The system found the global power peak (point 2 in Figure 9) and remained at the point using the conventional InC method. After 1 second, pattern D started to operate with less irradiation and more temperature. rising from 25 °C to 30 °C; the tracking point moved from point 2 to point 3 at the same duty cycle. the decrease of tracked power is recognized here, so the change of power detection algorithm operates. The system acknowledges the decrease, since the value of PDIFF calculated is 0.40 (PDIFF=1480−24722472=0.40), in this case, which is greater than 0.1; then, the system can detect the change of power.



Following the second part of the algorithm, which is the shading detection, the primary objective is to determine whether the detected change of power is caused by partial shading or not. Due to the fact that the change of power can also occur from the increase of irradiation (restored to the uniform irradiation at 1000 W/m2), Global MPPT is considered to be unnecessary. In order to prevent additional tracking, the shading detection applies. The detection can be determined from the I-V characteristic curve, as shown in Figure 8.



In order to detect the shading, Equations (4) and (5) are used to calculate the irradiation G1 and G2. The duty cycle is set to be 0.35 and the current I1 is measured as 4.32 A. Using Equation (5), the irradiation G1 is equal to 370.5 W/m2. Similarly for the duty cycle of 0.95, the current I2 is measured given the value of 9.92, and the irradiation G2 is 802.6 W/m2. The difference between G1 and G2 is calculated and compared with the threshold set in Equation (6). The difference is 370.50−802.60|=432.10. which is higher than 40. From this result, the system considers the I-V characteristic curve as shaded. According to Section 3.2.2., the value of PV open-circuit voltage VOC is updated using Equation (8).


VOC=428+(0.8·5·log802.61000)=427.12V










VOC_module=427.125=85.42V











From the calculation result, VOC reduces due to the increase of the temperature. The updated value of VOC uses in the global MPPT’s part. After the system acknowledged that the shading occurs with more than one power peak located in the P-V characteristic curve, global MPPT uses a slope calculation, which is the final part the algorithm performs. Figure 9 shows the steps of how the proposed global maximum power point (GMPPT) operates.



The system starts to track from point 4, which is the rightmost region of the P-V curve and has the highest percentage of global power peak to be located. Since the number of PV panels connected in series is 5 (N=5), the system calculates the reference point for calculating the slope, shown as dark blue and light blue points in Figure 9. The slope calculation points are assigned based on the test mentioned in the introduction. The analysis shows the MPP exists between 70–85% of the multiples of open-circuit voltage except for the two rightmost regions, which are the regions between 75–95%. According to this information, the slope calculation chooses from the multiples of each open-circuit voltage in the region deducted by the scaling ratio. Equations (10) and (11) show the calculation for each slope calculation point on the P-V curve.


VHIGH[n]=(VOC_module·n)−[(1−0.46)·VOC_module],n>N−2(VOC_module·n)−[(1−0.51)·VOC_module],otherwise



(10)






VLOW[n]=(VOC_module·n)−[(1−0.51)·VOC_module],n>N−2(VOC_module·n)−[(1−0.56)·VOC_module],otherwise



(11)




where N is the number of the PV module connected in series, and n is the variable assigned in the flowchart in Figure 6. Using Equations (10) and (11), all slope calculation points can be calculated. For example, the rightmost blue point is assigned as VHIGH[5], which is calculated from Equation (10) as:


VHIGH[5]=(VOC_module·5)−[(1−0.46)·VOC_module]=(85.42·5)−[(1−0.46)·85.42]=381.54V








.



The PV voltage is controlled by the duty cycle to move to the point; after that, the reference power (PHIGH[5]) is measured as 8.21 W. Following the next reference point VLOW[5] determined from Equation (11):


VLOW[5]=(VOC_module·5)−[(1−0.51)·VOC_module]=(85.42·5)−[(1−0.51)·85.42]=385.6V








.



In the same manner, the reference power (PLOW[5]) is recorded as 3.45 W. The system then uses this information to calculate the slope at the rightmost region.


Slope[5]=PHIGH[5]−PLOW[5]VHIGH[5]−VLOW[5]=8.21−3.45381.54−385.6=−1.17











From the calculation, the negative value of the slope is shown, so the graph has a trend of incline, and the power peak can exist. Because of this, the system starts the conventional tracking at the region using InC and finds point 5 as the local power peak. The value is assigned as PLOCAL and saved for comparison with tracked powers in other regions. The steps are repeated in other regions of the P-V characteristic curves from regions 4 to 1. For this part, VHIGH[n] and VLOW[n] are tracked in each region. Table 3 presents the summarized result of the slope calculation in each region of the P-V curve. The system finds the power peak in regions 4 and 2 but finds the decline slope in regions 3 and 1 according to Figure 9.



From the results shown in Table 3, the proposed algorithm locates the global power peak in region 4 (1710.00 W). The result confirmed by Figure 9 shows where the maximum power point is located. Overall, this example demonstrates the operations of the proposed algorithm step by step and verifies the result of MPPT.






4. Simulation Results


In order to test the performance of the proposed Global MPPT algorithm, short-term and long-term testing are performed. Figure 10 shows the circuit diagram of how the proposed global MPPT is tested. The circuit consists of PV arrays (ten strings with ten panels connected in series), where each panel has the specification as described in Table 2, with voltage and current sensors and a DC-DC converter circuit, which is the synchronous and interleaved boost converter. The working principle is similar to the two-phase DC-AC converter when switches on the opposite legs will synchronously turn on. As labelled in Figure 10, for the period Ts, switches 1 and 2 will turn on, while switches 3 and 4 will be turned off. In sequence, for the next period (1−Ts), switches 1 and 2 will be turned off instead, while switched 3 and 4 will be on. Voltages can be determined using the boost converter mathematical expression from Equation (3).



4.1. Short-Term Testing


For short-term testing, case studies of ten different P-V characteristic curves are used to test the proposed algorithm. Using P-V characteristic curves from patterns 1 to 10, as shown in Figure 11a and applied to the circuit in Figure 10, graphical and numerical results are considered. Each pattern is set to change to the next pattern at ten-second intervals. Figure 11b presents the graphical results of power tracking using the proposed algorithm compared to conventional scanning.



Table 4 presents the performance comparison of conventional scanning and the proposed GMPPT algorithm. It can be observed that the tracking time used for the proposed global MPPT method is less than the conventional scanning method. This reduces tracking time and consumes less power during the tracking operation. The loss of power gradually reduces each time tracking is performed.




4.2. Long-term Testing


In order to perform the testing as demonstrated in the daytime operation similar to what the PV system operates in one day, the long-term test simulates different weather conditions in a period of 10 h (36,000 s). The test divides into a steady and rapid change of weather conditions, in which the information is collected from the real measured data at Shibaura Institute of Technology, Tokyo, Japan in June 2018. Figure 12a,b shows the graphical results of tracking power using the scanning and proposed algorithm. The scanning is set to be as default every 15 min, as described in the introduction.



Table 5 presents the numerical results for long-term testing. Results show the total power achieved per day, per annum, and estimated revenue achieved using an energy selling rate in Tokyo, Japan in 2018 (20 JPY per kWh).



This shows the proposed GMPPT can increase revenue and have more additional income compared to the conventional scanning method, which creates benefits in the operating day. Additionally, for the rapid change condition, the proposed method can enhance the total energy of 8.55% compared to the conventional algorithm. As described from short-term testing, the advantage of the proposed algorithm is not only the performance to operate in both steady and rapid change weather conditions; the tracking speed enhancement also reduces power loss. To summarize, the tracking speed enhancement is shown in the short-term testing, where each track has less power loss than conventional scanning. Consequently, it increases the energy generated from the PV system when operated in long-term.





5. Experimental Results


For the experiment, the primary circuit system used is the synchronous and interleaved DC-DC boost converter shown in Figure 13a. The MPPT algorithm is programmed using a Texas instrument F28335 digital signal processor (DSP) control card where the input voltage and current is inputted via the sensor unit to scale down the parameters before inputting to the control card. The PWM signals (PWM 1 to 4) are generated and sent to the switches. Figure 13a shows the photo of the experiment system; the list of the components includes (1) a DC power supply, (2) a PV simulator circuit, (3) a DC-DC synchronous and interleaved boost converter, (4) a voltage and current sensor, (5) electronic load, (6) a DSP control card, (7) 12V DC power supply and (8) a laptop for data acquisition. The switching control of this converter is performed by setting up the phase shift, according to Figure 13b. The inverted switching waveform consists of PWM4 (inverted from PWM1) and PWM2 (inverted from PWM3); the phase shift is set to be fixed at 180° for PWM3 (shifted from PWM1 which is the primary signal).



The test consists of two different short-circuit current values set using the DC power supply to represent the different irradiation. The current is set as 1.03 A for level I of irradiation and 0.89 A for level II. The programs have a task to track the power changed from level I to II before restoring to level I again. The setup parameters for the experiment included the sampling frequency as 10 kHz for the scanning and proposed method, and the incremental step is 0.2 s, which is the minimum step in which the tested DC-DC converter can operate efficiently. The experimental results are achieved from the voltage and current sensors connected to the converter’s circuit, then evaluated in the control card and imported to the PC. Figure 14a,b shows the graphical results of tracking.



From the result shown in Figure 14a, the conventional scanning takes approximately 4.96 s to track the power from level I to level II, which gives the value of 16.3 W and 12.6 W, respectively. As for the proposed method in Figure 14b, it takes approximately 0.42 s The result confirms the simulation outcome that scanning consumes more time to scan throughout all values of power. The experiment verifies the performance of both algorithms.




6. Conclusions


This research proposes the studies of P-V characteristic curves, partial shading detection, and a global maximum power point tracking algorithm. As irradiation and temperature affect generated power, the work presents an analysis using mathematical equations. The simulation result shows the tracking process is successful, with accuracy and requiring less tracking time compared to conventional scanning. More energy is achieved by 8.55% from the long-term study, which also increases revenue. The experimental result shows successful tracking when the change of irradiation happens. This paper’s proposed algorithm is advantageous because it requires fewer samples and less power loss, while tracking increases the energy achieved.
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The following abbreviations are used in this manuscript:



	ANN
	Artificial neural network



	d
	Duty cycle



	DSP
	Digital signal processor



	G
	Irradiation



	GMPPT
	Global maximum power point tracking



	I-V
	Current–voltage



	InC
	Incremental conductance



	JPY
	Japanese Yen



	MDPI
	Multidisciplinary Digital Publishing Institute



	MOSFET
	Metal-Oxide Semiconductor Field-Effect Transistor



	MPP
	Maximum power point



	MPPT
	Maximum power point tracking



	P&O
	Perturb and pbserve



	P-V
	Power–voltage



	PSO
	Particle swarm pptimization



	PV
	Photovoltaic



	PWM
	Pulse width modulation



	SEPIC
	Single-ended primary-inductor converter



	STC
	Standard test conditions



	T
	Temperature
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Figure 1. (a) Normal condition at 25 °C, (b) partial shading condition at 25 °C, (c) power-voltage (P-V) characteristic curves for both conditions. 
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Figure 2. Photovoltaic (PV) module equivalent circuit. 
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Figure 3. (a) Pattern A at 25 °C, (b) pattern B at 30 °C. 
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Figure 4. P-V characteristic curves for Cases 1–6. 
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Figure 5. Basic PV system with the DC-DC boost converter. 
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Figure 6. Flowchart of proposed global maximum power point tracking method (MPPT) algorithm. 
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Figure 7. (a) Pattern C at 25 °C, (b) pattern D at 30 °C. 
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Figure 8. Example current-voltage (I-V) characteristic curves for patterns C and D. 
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Figure 9. Example of P-V characteristic curves for patterns C and D. 
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Figure 10. System diagram for MPPT testing. 
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Figure 11. Short-term testing. (a) P-V characteristic curves for short-term testing; (b) result of tracked power. 
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Figure 12. Tracking power for long-term testing at tested weather conditions. (a) Steady change; (b) rapid change. 
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Figure 13. (a) Photograph of the experimental system. (b) Diagram of the experimental system. 
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Figure 14. Experimental results. (a) Conventional scanning; (b) proposed GMPPT algorithm. 
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Table 1. Summarized information of example cases.
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Case

	
PV Module’s Specification

	
Irradiation Pattern

	
VOC per Module (V)






	
Case 1

	
Canadian Solar Cs5C-90M

	
A

	
22.20




	
Case 2

	
B

	
21.24




	
Case 3

	
Trina Solar TSM-170D

	
A

	
43.60




	
Case 4

	
B

	
41.72




	
Case 5

	
Jinko Solar JKM310M-72

	
A

	
47.10




	
Case 6

	
B

	
44.90
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Table 2. Parameters for Single PV module.
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	Parameters
	Value





	Maximum power
	425 W



	Current at maximum power
	5.83 A



	Voltage at maximum power
	72.9 V



	Short-circuit current
	6.18 A



	Open-circuit voltage
	85.6 V



	Voltage Temperature coefficient
	−0.36099 (%/°C)



	Current Temperature coefficient
	0.102 (%/°C)
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Table 3. Summarized result for Global MPPT using slope calculation of pattern C and D.
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Region (N)

	
Reference Data

	
Slope

	
Decision

	
Power Tracked (W)




	
PHIGH(W)

	
VHIGH(V)

	
PLOW(W)

	
VLOW(V)






	
1

	
527.69

	
43.56

	
568.20

	
47.83

	
9.48

	
Not detected

	
-




	
2

	
1220.00

	
128.98

	
1230.00

	
138.00

	
1.11

	
Not detected

	
-




	
3

	
1570.00

	
215.12

	
1560.00

	
219.18

	
−1.96

	
Detected

	
1570.00




	
4

	
1700.00

	
296.30

	
1680.00

	
300.36

	
−5.37

	
Detected

	
1710.00




	
5

	
8.21

	
381.54

	
3.45

	
385.60

	
−1.17

	
Detected

	
1640.20
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Table 4. Performance comparison of conventional scanning and proposed GMPPT algorithm using short-term testing.
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Shading Pattern

	
Tracking Method

	
Power (W)

	
Tracking Speed(s)

	
Maximum Power from P-V Curve (W)

	
Efficiency (%)






	
1

	
Conventional scanning

	
41.67

	
2.35

	
41.75

	
99.81




	
Proposed GMPPT

	
41.72

	
2.33

	
99.93




	
2

	
Conventional scanning

	
25.24

	
2.49

	
25.26

	
99.92




	
Proposed GMPPT

	
25.25

	
0.91

	
99.96




	
3

	
Conventional scanning

	
34.71

	
2.57

	
35.36

	
98.16




	
Proposed GMPPT

	
35.33

	
0.87

	
99.92




	
4

	
Conventional scanning

	
17.42

	
2.06

	
20.48

	
85.06




	
Proposed GMPPT

	
20.47

	
0.71

	
99.95




	
5

	
Conventional scanning

	
21.61

	
2.79

	
27.14

	
79.62




	
Proposed GMPPT

	
27.12

	
0.91

	
99.93




	
6

	
Conventional scanning

	
30.10

	
2.41

	
30.37

	
99.11




	
Proposed GMPPT

	
30.34

	
0.77

	
99.90




	
7

	
Conventional scanning

	
19.63

	
3.39

	
20.39

	
96.27




	
Proposed GMPPT

	
20.38

	
0.56

	
99.95




	
8

	
Conventional scanning

	
8.87

	
2.65

	
8.90

	
99.66




	
Proposed GMPPT

	
8.73

	
0.74

	
98.09




	
9

	
Conventional scanning

	
10.17

	
2.10

	
10.19

	
99.80




	
Proposed GMPPT

	
9.05

	
0.71

	
88.81




	
10

	
Conventional scanning

	
8.59

	
2.60

	
8.71

	
98.62




	
Proposed GMPPT

	
8.69

	
0.78

	
99.77
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Table 5. Performance comparison and revenue of scanning and proposed GMPPT algorithm using long-term testing.
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Weather Condition

	
Tracking Method

	
Energy Extracted per Day (kWh)

	
Annual Energy (kWh)

	
Revenue in JPY

	
Additional Income in JPY






	
Steady change

	
Conventional scanning

	
224.83

	
82,062

	
1,641,259

	
-




	
Proposed GMPPT

	
227.18

	
82,921

	
1,658,418

	
17,159




	
Rapid change

	
Conventional scanning

	
206.51

	
75,376

	
1,507,520

	
-




	
Proposed GMPPT

	
224.16

	
81,818

	
1,636,360

	
128,840












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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