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The distributed maximum power point tracking (DMPPT) technology, based on a DC optimizer (DCO, a DC/DC micro-converter) for each single photovoltaic (PV) panel, is one of the most popular solutions to mitigating the waste of solar energy when suffering mismatch conditions. However, the trade-off between the additional costs of deploying the panel-level power electronic equipment and the improved generation benefits of a large-scale PV plant (LPP) remains to be further studied. This study presents a static modeling method for the DCO-based distributed LPPs to study the long-term energy generation characteristics based on historical hourly weather data and then evaluate the economic benefits. The operational characteristics of the PV strings equipped with series-connected DCOs for three different topologies (Boost, Buck, and Buck-boost) are investigated, and then the control strategies for the PV-DCO generation units are proposed to maximize the energy generation of LPPs under frequent mismatch conditions. Different mismatch scenarios caused by the panel aging, geographical location settings, and the partial shading in PV arrays are simulated in the model. Six typical centralized or distributed PV plant configurations are carried out for comparison in case studies, to explore the generation characteristics and the advantages of energy production for the DCO-based distributed LPPs. Besides, the Levelized cost of energy (LCOE) which considers both the energy generation benefits and investment costs is introduced to the economic evaluation of different structures of LPPs.
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INTRODUCTION
Solar photovoltaic (PV) technology plays an increasingly important role in energy supply as it is freely available, environmentally friendly, and economically efficient (Ma et al., 2019; Li et al., 2020; Chen et al., 2021). The PV cumulative installed capacity has experienced significant growth from 138 GW in 2013 to 760 GW in 2020 worldwide, which shows the great potential for low-carbon energy system transition (World Energy Outlook, 2020).
Conventionally, PV panels are series-connected into a string to achieve a high DC voltage and then the strings are connected in parallel to create an array of the large-scale PV plant (LPP). Central inverters are employed to implement the global maximum power point tracking (GMPPT) technology on each PV array and connect the plant to the power grid, which is called centralized configuration. However, modules in a PV plant may show different operational characteristics when suffering from partial shading or other mismatch problems (Bana and Saini, 2017; Wang et al., 2020). The shaded panels of the PV string would limit the current of the unshaded panels since they are connected in series, thus resulting in a great solar energy loss. Besides, the mismatch conditions may cause the “hotspot” problem in the PV array; for this reason, the bypass diode is introduced to each PV panel. The seriously shaded modules in a string are usually shorted out by diodes to maintain the total power generation. However, the utilization of bypass diodes may trigger an additional problem of multiple maxima in the power-voltage curve of the PV array, resulting in difficulties in the optimization process of GMPPT implementation (Batzelis et al., 2014; Cao et al., 2020a).
Various approaches have been proposed to solve the local optimal problems under multiple extremum points. Studies (Ram et al., 2017; Alik and Jusoh, 2018; Cao et al., 2020b) have presented the improved searching methods of GMPPT techniques under mismatch conditions based on fuzzy logic control, artificial neural network, and particle swarm optimization methods. Although GMPPT shows the advantages of implementation simplicity, reduced cost, and immediate adoption, the severe power loss caused by frequent mismatch conditions remains unresolved. To address this problem, the distributed maximum power point tracking (DMPPT) technology, based on a DC optimizer (DCO, a DC/DC micro-converter) for each single PV panel, is increasingly developed for LPPs due to its superior generation efficiency, unified configuration, and modular layout (Khan et al., 2016; Vavilapalli et al., 2018; Zhang et al., 2021). Figure 1 shows the overall structure of the DCO-based distributed LPP with the series-connected structure. The PV-DCO array contains P parallel PV strings, each of which includes S cascaded PV-DCO units. A grid-connected inverter is deployed for the PV array to integrate solar energy into the power system through a short DC transmission line. The individual power optimization process (MPPT) can be realized for each PV panel with the controllers of DCOs, which eliminates the adverse effects of mismatch conditions for PV arrays compared with the global searching algorithms.
[image: Figure 1]FIGURE 1 | Overall structure of DCO-based distributed LPPs.
With the DCO-based distributed configuration, the waste of solar energy when suffering partial shading is greatly mitigated, leading to an improvement in the economic benefits of LPPs. However, the trade-off between the additional costs of deploying the panel-level power electronic equipment and the improved generation benefits for an LPP remains to be further considered. The modeling and analysis of long-term energy generation characteristics of LPPs equipped with panel-level DCOs are critical to studying the feasibility and economics of this type of structural design compared with conventional centralized configurations.
The existing modeling research studies on the DCO-based LPPs mainly focus on the dynamic models covering the high-efficiency topologies (Wang et al., 2013; Amir et al., 2019), distributed control strategies (Biswas et al., 2017; Lópezdel Moral et al., 2018), or the stability analysis (Mahdavyfakhr et al., 2017; Wang et al., 2020) for the PV system, which cannot be used for the long-term energy production calculation of PV plants. In the studies by Petrone and Ramos-Paja (2011) and Cook et al. (2018), the static models were developed for the calculation and assessment of long-term energy production of LPPs. However, none of them considered the operational characteristics of the panel-level DCOs assembled in the array. In the study by Castro et al. (2020), a steady-state model is also proposed for a multi-array PV system constructed in parallel to study the power flows and power generation issues; nevertheless, the modeling method is not applicable to analyze the mismatch problems involved in series-connected PV-DCO generation units, and only the Boost topology is considered in the micro-converters.
On the other hand, with the increased availability of DCOs, quantifying the energy generation characteristics and benefits of DMPPT solutions becomes necessary for the design of LPPs (Khan and Xiao, 2017; Wijeratne et al., 2019). Existing studies on this point can be divided into two categories. The former focuses on short-term performance under some specific mismatching conditions. Olalla et al. (2013) demonstrated that a portion of energy loss due to partial shading and panel aging can be recovered by distributed power electronics, and the corresponding economic evaluation method is carried out. Simulation results in the study by MacAlpine et al. (2012) proved that panel-level power optimization can recover 34–42% of the short-term energy lost to partial shading caused by clouds. However, the medium- or long-term analysis is more valuable and persuasive for the design of an LPP. Therefore, some researchers turn their attention to the long-term energy production of LPPs based on the experienced data. The literature (De Prada-Gil et al., 2016) has utilized the reliability multi-state models which assume that each PV module has several states of service to the annual output calculation and evaluation of PV plants. However, the micro-converter is designed for a PV string or array rather than the panel level. The literature (Hanson et al., 2014) has shown an annual generation performance increase of 5.8% after installation of the module-level DCO, which is verified experimentally against a system that has site survey images. Nevertheless, the energy loss due to panel-level mismatch that occurs in series-connected PV-DCO units is underestimated, since it is assumed to be an ideal situation that all the PV panels can operate in their independent MPPT modes under severe partial shading conditions, which is impossible in practice. Moreover, since only one topology of the DCOs is taken into consideration in the studies by De Prada-Gil et al. (2016) and Hanson et al. (2014), the comparative analysis of the operational characteristics and economic benefits with different DCO topologies is lacking, which involves the structural optimization design of DCO-based distributed LPPs.
Within the context alluded to above, this article presents a modeling and analysis method for the long-term energy generation evaluation (on the year level) of the LPPs equipped with panel-level DC optimizers, which considers three different topologies for DCOs and multiple types of mismatch conditions that occur in PV strings and arrays. Besides, the improved DMPPT control strategies designed for cascaded PV-DCO generation units are proposed, and then the solar energy loss caused by array mismatch problems can be greatly compensated for the LPPs compared with the traditional GMPPT control strategy. The main contributions of this study are listed as follows:
• A static modeling method is presented for the DCO-based distributed LPPs to study the long-term energy generation performances during 1 year with hourly simulation accuracy, combining historical hourly weather data and various mismatching factors.
• For various DCO topologies including Boost, Buck, and Buck-boost, different control strategies for the PV strings equipped with series-connected DCOs are proposed to maximize the energy production of LPPs when suffering severe mismatch conditions.
• An energy generation evaluation method is proposed to analyze the economic benefits of LPPs, based on the Levelized cost of energy (LCOE) which considers the trade-off between energy production yields and plant investment costs during the life cycle of LPPs.
• Contrastive analysis with six typical centralized or distributed PV plant configurations is carried out to explore the optimal structure and layout for LPPs during the long-term energy generation, and then the suggestions for design improvement can be given.
The rest of this article is organized as follows. Fundamental Models introduces the fundamental model of the PV-DCO generation unit. Control Strategies for Series-Connected PV-DCO Units proposes the control strategies for series-connected PV units based on the operational characteristics of the PV-DCO strings with different topologies. Framework for Static Modeling of Energy Generation Evaluation presents the framework of the static modeling method for the evaluation of the long-term energy generation performance in LPPs. Case Study gives the case studies involving six typical PV plant configurations. Finally, the conclusions are drawn in Conclusion.
FUNDAMENTAL MODELS
Model of PV Panels
PV panels are the main components of a PV plant, which generate power based on the photoelectric effect on semiconductor materials. Usually, a simplified engineering model for describing the current-voltage characteristic of a PV panel is employed in the design of the PV system (Ma et al., 2019), as shown in Eqs 1, 2:
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where U and I represent the operating voltage and current for PV panels, C1 and C2 are intermediate variables that are determined by four electrical parameters: short-circuit current Isc, open-circuit voltage Uoc, the voltage Um, and the current Im at the maximum power point. Solar radiation S and temperature T are the environmental factors around the PV panels, which affect the above four parameters with a certain rule as indicated in Eq. 2, resulting in the differences in current-voltage characteristics. [image: image] and [image: image] are the temperature compensation coefficients on the PV current and voltage, respectively, and [image: image] is the light intensity compensation coefficient on the PV voltage. “ref” means the values of each parameter under standard operating conditions.
Model of DCOs
In DMPPT configurations, DCOs are introduced and equipped on the output port of PV panels to track the MPP and adjust the output voltage of PV-DCO generation units by changing the conversion ratio. The inherent voltage limit characteristic for DCOs is shown in Eq. 3:
[image: image]
where the Uin and Uout represent the input and output voltages of the DCO, the kdco indicates the conversion ratio of the DCO, and the kdcomin and kdcomax are the lower and upper limits of kdco, which bound the operating range according to the electrical topology of the DCO. Three topologies including Boost, Buck, and Buck-boost are discussed in this article. Boost topology owns the characteristic of converting the input voltage to a higher output voltage while Buck topology is the opposite. Buck-boost topology combines the features of both Buck and Boost topologies. The upper and lower bands of the conversion ratio kdco for different topologies are given as follows (Wang et al., 2013):
[image: image]
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With the above operational constraints, the operational capability of the three DCO topologies when connected to the PV panel can be presented in Figure 2. The output characteristic curves of DCOs are in red and the tracked PV panels are in blue: (A), (C), and (E) represent current-voltage curves while (B), (D), and (F) represent power-voltage curves. M indicates the maximum power point of the PV panel while N1 and N2 stand for the point with minimum and maximum operating voltages for each DCO, respectively. These characteristic curves will be used as constraints for the optimization program involving the energy generation evaluation of LPPs described in Framework for Static Modeling of Energy Generation Evaluation.
[image: Figure 2]FIGURE 2 | Operational capability of Boost DCO (A,B), Buck DCO (C,D), and Buck-boost DCO (E,F).
CONTROL STRATEGIES FOR SERIES-CONNECTED PV-DCO UNITS
For DCO-based PV systems, each DCO is connected with a PV panel from the input side to implement the MPPT algorithm on the controller of the DCO. At the output side, DCOs connect either in parallel or in series according to the voltage limit characteristic of PV inverters. The series or parallel connections are all applicable for the Buck-boost topology since the range of the PV operating voltage in this topology is flexible. However, the disadvantages of low efficiency and complex control technology limit its application and popularization. For Buck topology, the series connection is the only choice due to its lower voltage output; in this way, the output voltage of the whole PV arrays can be raised to match the rated voltage of grid-connected inverters through the sum of DCO voltages in series. On the contrary, the Boost topology is suitable for both series and parallel connections due to its higher voltage output feature.
The parallel connection structure is easier to control and achieve the maximum power output. However, the higher voltage conversion ratio between a single PV panel and DC link may limit the efficiency of the DCO. For the series connection structure, a lower voltage conversion ratio means higher efficiency. However, either the Boost or the Buck topology, the DCOs connected in series will inevitably influence each other for their unilateral operation capability (the features that can only increase/decrease the voltage), which led to the maximum available power sometimes being unachievable when suffering mismatch. This is the reason why the series-connected DCOs cannot control each PV panel in its own individual MPPT mode under severe partial shading conditions. Therefore, analyzing the interactions between the PV-DCO generation units in a PV string is critical, and the corresponding control strategies for the PV-DCOs should be studied to maximize energy generation when the PV panels deployed in the arrays cannot work in the MPP mode simultaneously. The rest of this section presents the control strategies for series-connected Boost DCO and Buck DCO based on that.
Figure 3 shows a PV string consisting of PV panels connected in series by corresponding DCOs and bypass diodes. The output voltage and current of each DCO in a PV string should satisfy Kirchhoff’s law:
[image: image]
where m represents the number of DCOs in a PV string and i indicates the index. Us and Is represent the string voltage and current, respectively. UDCO,i and IDCO,i are the output voltage and current of the ith DCO. As several PV strings in parallel share a common DC link in a PV array (as shown in Figure 1), the output voltages of all the strings equal the DC link voltage UDC. When suffering serious mismatch conditions, series-connected Boost or Buck DCOs are unable to make all PV panels work in the MPP mode while satisfying the rated operating range of the DC link voltage because the operating range of the panels (the current-voltage characteristic curves) under severe partial shading could be narrowed and the conversion ratios kdco may exceed the threshold values.
[image: Figure 3]FIGURE 3 | PV string with panel-level DCOs.
Control Strategy for Boost Topology
Assuming that each panel in the PV string can operate at the maximum power point (PMPP,i, UMPP,i, and IMPP,i), the ideal maximum output power Pmax and current Imax of the string could be obtained by using Eq. 8:
[image: image]
where PMPP,i, UMPP,i, and IMPP,i indicate the power, voltage, and current of the ith PV panel at the MPP working mode, and UDC is the rated DC link voltage. Combining (4) and (7), the constraint between the string output current and individual panel operating current can be given in Eq. 9 due to the topological feature where the input current must be greater than the output current for the Boost DCO (kdco ≥ 1).
[image: image]
If Eq. 9 is satisfied for all PV-DCO units, the PV string could obtain the ideal maximum output power Pmax and all of the PV panels could reach the MPP. This usually happens when there are no mismatch problems in the PV array. However, when suffering the mismatch conditions such as the partial shading, the MPP currents IMPP,i of the panels shaded by the cloud will be reduced. In severe cases, the IMPP,i of the shaded panels could be less than the Imax; then Eq. 9 will not be satisfied and this part of PV panels cannot operate in the MPPT mode. There are two choices to be compared:
a. Bypassing the shaded PV panels and the remaining normal PV panels are controlled in the MPPT mode.
b. Adjusting the working points of normal PV panels slightly below their MPP points and the shaded PV panels are controlled in the MPPT mode.
Based on the above two treatments, the flowchart of the control strategy for obtaining the maximum power output of the PV string can be presented as shown in Figure 4. Briefly, the first step involves calculating the output power Pmax and current Imax of the PV-DCO string when all series-connected PV panels operate in the MPPT mode, based on the simplified PV engineering model as indicated in Eqs 1, 2, 8. Step 2 then finds the minimum MPP current IMPP,k of the PV panels. Step 3 compares the quantitative relationship between the IMPP,k and Imax and determines whether all PV panels can operate in the MPPT mode. If the boolean output is “Y,” perform the string power calculation in final Step 5. Otherwise, Step 4 determines whether the panels under partial shading should be bypassed to maximize the power generation. Finally, Step 5 calculates the total power output of the PV string after the optimization process.
[image: Figure 4]FIGURE 4 | Control strategy of DCOs with Boost topology.
Control Strategy for Buck Topology
Similarly to the Boost topology, the ideal string power and current should be first calculated using Eq. 8. Considering (5) and (7), the value of the string current should be bigger than the operating current of all PV panels (kdco ≤ 1), which can be expressed as follows:
[image: image]
If constraint Eq. 10 is satisfied for all PV-DCOs, the PV string could obtain the Pmax and all of the PV panels could work at the MPP. Otherwise, the normal PV panels with the higher MPP current IMPP,i cannot operate in the MPPT mode and should be transferred to a new working point (Pnew,j, Unew,j, Inew,j) below the MPP, to obtain the maximum power output of the PV string in case of maintaining a current balance. The corresponding control method can be expressed in Eq. 11:
[image: image]
where n represents the number of normal PV panels and j indicates the index, u represents the index of the shaded PV panels from n+1 to m, and Ps stands for the maximum power output by the PV string after the adjustment.
Control Strategy for Buck-Boost Topology
Different from the Buck or Boost topology, the conversion ratio kdco of DCOs in the Buck-boost topology is more flexible with a larger value range as indicated in Eq. 6. Thus, there is no fixed quantitative relationship between the output current of the PV string Is and the operating current of PV panels IMPP,i. All of the series-connected PV panels can output their own individual MPP power whether there is a mismatch condition in the PV array or not. The control strategy, in this case, remains the same as the original DMPPT control.
FRAMEWORK FOR STATIC MODELING OF ENERGY GENERATION EVALUATION
This section gives a static modeling method for the evaluation of long-term energy generation performances of LPPs. The model framework is shown in Figure 5. First, the input information of the optimization program in the model should be clarified. PV panel aging, geographical location settings, and partial shading by clouds, which may cause mismatch conditions on PV energy harvest, are modeled and analyzed as the input information. Besides, the other two input variables are the time-series data for the ideal solar radiation and plant configurations, which are the basic parameters for a certain PV plant. With these five input information, the optimization process of the long-term energy generation evaluation of LPPs can be carried out based on the operational model of PV-DCO units/strings and the control strategies of DCOs described in Fundamental Models and Control Strategies for Series-Connected PV-DCO Units. The objective function of the optimization model is to minimize the LCOE of LPPs during the life cycle. Finally, the output information including the annual hourly energy generation data, the impact analysis of mismatch problems on energy production, and the economic evaluation for LPPs of different structures under various scenarios can be obtained to explore the energy generation performances and economic benefits for the DCO-based distributed LPPs.
[image: Figure 5]FIGURE 5 | Framework for static modeling of long-term energy generation evaluation in LPPs.
Impact Factors for Mismatch Conditions
PV Panel Aging:
The aging is inevitable and shows the individual difference in a PV array. For a PV panel, the main reason for the loss in energy production when aging occurs is the degradation in short-circuit current (Chandel et al., 2015), as shown in Eq. 12:

[image: image]
where [image: image] indicates the aging coefficient on the energy production of a PV panel in the kth year, which is randomly distributed among the range of [0.5%, 0.8%] per year for PV panels in a plant. Isc,k-1 and Isc,k represent the short-circuit current of PV panels in the (k-1)th and kth year.
Considering that the aging coefficient is reflected in the variation of short-circuit current, the modified current-voltage characteristic considering PV panel aging can be deduced by substituting the Eq. 12 to Eq. 1 as follows:
[image: image]
Geographical Location Settings:
The mismatch condition caused by geographical location settings can be reflected in the different solar radiation received by individual PV panels in the PV plant (Seme et al., 2019). The actual solar radiation S(t) received by the PV panel placed at an inclined angle of [image: image] with the horizon at moment t can be expressed as follows:

[image: image]
where Ss(t) is the vertical incident short-wavelength light intensity in the horizontal plane, and [image: image] indicates the latitude of the PV plant location. [image: image] and [image: image] represent the azimuth of PV panels and the Sun, respectively. [image: image] is the declination angle of the Sun and changes with time. For the nth day in a year, [image: image] can be calculated as follows:
[image: image]
After the site of the PV plant is determined, the time-series data for ideal solar radiation Ss(t) can be obtained from the MERRA as shown in Figure 6 (take Jiuquan of Gansu Province as an example). The variation trend of the maximal solar radiation received by PV panels is consistent with the declination angle of the Sun δ from the first hour to the 8760th hour during a year. When given the known Ss(t), the actual solar radiation received by the PV panel is mainly influenced by the inclined angle [image: image] and the azimuth [image: image]. PV panels are usually set at the best-inclined angle for the maximum absorbed solar radiation (Le et al., 2018), which can be calculated for a certain plant location in advance based on the Ss(t). However, the azimuth for panels in PV plants may differ in terms of the terrain.
[image: Figure 6]FIGURE 6 | Hourly data for the ideal solar radiation Ss(t) received by the PV panel and the declination angle of the Sun [image: image] during a year.
Partial Shading by Clouds:
Irradiance fluctuations due to cloud shading are the main cause of mismatch problems in LPPs. Power losses can be up to 25% during a partial shading event caused by the slow-moving clouds. Therefore, the impact of moving clouds on the solar radiation received by PV panels is supposed to be investigated.
Figure 7 gives a simplified simulation of the cloud movement for a 12 × 9 PV array consisting of 108 PV panels. The moving direction is from the upper left to the bottom right (Sánchez Reinoso et al., 2013). The effective radiation received by each PV panel is reduced in proportion to the coverage of the cloud (the gray area) at a given time, as expressed in Eq. 16:
[image: image]
where coordinate (x,y) indicates the position of the PV panel in a PV array, S and Sc represent the solar radiations received by the PV panel before and after partial shading occurs, respectively, and [image: image] represents the cloud cover coefficient.
[image: Figure 7]FIGURE 7 | Simplified simulation of the cloud movement for a PV plant.
Available PV Plant Configurations
Six typical centralized (PV1∼PV2) or distributed (PV3∼PV6) configurations of LPPs are carried out for comparison in this study, as shown in Figure 8: PV1---PV plant with conventional array-level central inverters; PV2---PV plant with string-level inverters; PV3---PV plant with series-connected panel-level Boost DCOs and central inverters; PV4---PV plant with series-connected panel-level Buck DCOs and central inverters; PV5---PV plant with series-connected panel-level Boost-Buck DCOs and central inverters; and PV6---PV plant with small array-level Boost DCOs in parallel and central inverters.
[image: Figure 8]FIGURE 8 | Six typical configurations for LPPs. (A) PV1. (B) PV2. (C) PV3–PV5. (D) PV6.
PV1 represents the conventional array-level GMPPT configurations and can be viewed as the baseline scenario. In this configuration, several PV panels are series-connected to form a PV string by corresponding bypass diodes, and then several PV strings are parallel connected into a PV array by corresponding blocking diodes. Each PV array is connected with a central converter. The numbers of series-connected PV panels Npanel and parallel-connected PV strings Nstring in a PV array are constrained by the parameters of central inverters, given in Eqs 17–19:
[image: image]
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where UDCmax and IDCmax represent the maximum input DC voltage and current of the central inverter, respectively. Umpptmin and Umpptmax show the lower and upper operation voltage limits for the MPP tracker. Tmin and Tmax indicate the minimum and maximum ambient temperature for PV panels.
PV2 employs string-level inverters equipped with multiple MPP trackers in place of central inverters compared to PV1. An improvement of power generation by implementing string-level MPPT can be achieved in this configuration, but still belonging to the GMPPT architecture. Similar constraints should be satisfied for string inverters as indicated for central inverters.
PV3–PV5 are series-connected DMPPT architectures with three different topologies of DCOs. PV-DCO units are connected in series to form a PV-DCO string with panel-level decentralized MPPT implementation. Several PV-DCO strings share a common DC link in a PV system and are connected to the central inverter. The series-connected PV-DCO units for PV3–PV5 are constrained by Eqs 4–6, respectively, and the proposed control strategies are adopted.
PV6 shows the parallel-connected DMPPT architectures. Buck topology can only convert the voltage to lower and Buck-boost topology may suffer lower conversion efficiency than boost topology under the same conversion ratio. Thus, the Boost topology is chosen for the DCOs in this configuration to match the high-level DC link voltage for central inverters. Besides, a small PV array instead of a single panel is connected to the input side of the Boost DCO since the difference between the panel-level voltage and the DC-link voltage is so high that it results in lower energy generation efficiency of LPPs.
The total number of PV panels employed for each type of plant configuration should be identical in the following comparative analysis in Case Study.
LCOE Calculation
The LCOE is used for the economic evaluation for the long-term energy generation performances of LPPs in this study, which equals to the hardware cost C divided by the total energy production Plife during the life cycle, given by Eq. 20:
[image: image]
The hardware cost considering the capital and installation costs of PV components Ci, as well as the operation and maintenance costs Com over the lifetime of PV plants, is expressed in Eq. 21:
[image: image]
where CW is the installation cost per unit capacity of the PV components, including PV panels, inverters, DCOs, cables, etc., and W represents the installed capacity. Rom and nlife indicate the annual O&M rate and life cycle of a PV plant, respectively.
The life-cycle energy production Plife is calculated based on the energy yield for the first year P1 and the annual energy loss coefficient Ap, given by Eq. 22:
[image: image]
Assuming that the power loss of PV plants caused by PV panel aging grows linearly year by year, the Ap could be calculated by dividing the reduced energy production for the 25th year compared with the 1st year by the nlife (the life cycle is 25 years in this study). The energy reduction (P25—P1) during the life cycle can be obtained after the optimization process of annual energy production (as presented in Figure 5) for the 1st year and 25th year, respectively.
CASE STUDY
In this section, different case studies are carried out to verify the correctness and validity of the proposed static model and energy generation evaluation methods. First, the hourly energy generation performances without mismatch problems are studied. Second, the impact analysis of the various mismatching factors on long-term energy generation of LPPs is presented, and the simulation scenarios only considering one mismatching factor are built, including the PV panel aging, the geographical location settings of plants, and the partial shading condition caused by clouds. Finally, the comparative analysis of the six typical PV plant configurations for the operational economy of LPPs is simulated combining three different mismatching factors, to explore the optimal structure and layout.
Data Preparation
The investigated PV plant is assumed to be located in the city of Jiuquan, Gansu province (98.5E, 40N), in which all the PV panels are placed at the best-inclined angle. The total capacity of the PV plant is 10 MVA. Solar radiation and temperature profile are obtained from Modern-Era Retrospective Analysis for Research and Applications (MERRA) (Project Science Office (2016). Table 1 gives the parameter values of the employed PV panels. The parameters of central inverters, string inverters, and three types of DCOs are collected from three manufactures (ABB; Sungrowpower; Solaredge, 2021), as well as the relationship curves between conversion efficiency and input power of the electrical topologies. According to the rated capacity of the PV plant and the nominal DC output power of PV panels, the layouts of the six typical PV plants are listed in Table 2 to be compared. Table 3 investigates the investment costs per unit of capacity for the components of PV plants (Annual Energy Outlook, 2019). The life cycle of the LPP is set as 25 years as stated in the latest global PV report (World Energy Outlook, 2020). The annual O&M rate for a PV plant is usually 3% (U.S. Energy Information Administration, 2019).
TABLE 1 | Parameter values of a PV panel.
[image: Table 1]TABLE 2 | Layouts of the six PV plants.
[image: Table 2]TABLE 3 | Investment costs per unit of capacity for the components of PV plants.
[image: Table 3]Hourly Energy Generation Performances Without Mismatch Problems
Assuming that all the PV panels in the PV plant are placed at the azimuth of zero, and there is no PV panel aging and cloud shading events in the PV array. In other words, the mismatch conditions are not considered in this scenario. The total energy production of the PV plant for six typical configurations during a year is calculated on the hour level as displayed in Figure 9.
[image: Figure 9]FIGURE 9 | Energy production for each hour during a year of the six configurations. (A) PV1. (B) PV2. (C) PV3. (D) PV4. (E) PV5. (F) PV6.
As shown in Figure 9, the shape of the energy envelope curve mainly depends on the solar radiation received by the PV plant when there are no mismatch problems. The generation performances among these six configurations are similar since there are no energy loss events caused by mismatch conditions and the advantages of DMPPT structures cannot be highlighted. Since the solar radiation around noon is better than that in other times, the energy generation will also peak at about 12:00 and drop to almost zero before 8:00 and after 19:00 in a day. Besides, the daily peak values of energy production throughout the year show a similar variation trend to that of the ideal solar radiation distribution as shown in Figure 6. More specifically, PV1 and PV2 can yield more power than the other four configurations during the periods with stronger solar radiation in a day for the reason of not considering the transmission loss of DCOs. However, during the periods (08:00, 09:00) and (18:00, 19:00) in a few days, the energy production for PV1 and PV2 is nearly zero since the received radiation is too poor to produce sufficient input voltage for the GMPPT operation of centralized inverters. Therefore, total annual energy production for DMPPT configurations may exceed PV1 and PV2 if the conversion efficiency of DCOs is high enough.
Impact Analysis of Mismatch Problems
The impacts of the three factors for mismatch conditions on solar energy yields of LPPs are analyzed one by one in this section.
PV Panel Aging: Assuming that all the PV panels in the PV plant are placed at the same azimuth of zero and there is no cloud shading. Six cases are set as listed in Table 4 to analyze the impact of PV panel aging on the long-term energy production of LPPs. Considering that the difference of aging degrees between PV panels in an array will increase as the aging year increases because of the multiplicative effects of the random variable [image: image] as indicated in Eq. 13, the effect of the mismatch problems is also becoming more significant.
TABLE 4 | Case settings for the PV panel aging.
[image: Table 4]Figure 10 compares the energy production performances for six typical PV configurations under the given cases: (A) annual total energy production of LPPs and (B) the average increased energy production per hour (marked in the red lines) for PV2∼PV6 compared to PV1 in case 1.6. In Figure 10A, the energy productions of the PV plant for all configurations decrease from case 1.1 to case 1.6 since the energy loss caused by the PV panel aging becomes more serious with the increase in the aging coefficient. Comparing Case 1.1 to Case 1.6, the energy loss in PV1 and PV2 is greater than that in PV3∼PV6 due to the lower generation efficiency of the GMPPT structure compared to the DMPPT deployment when suffering mismatch conditions. Besides, the overall energy generation level in PV1 is lower than that in PV2 due to the array-level GMPPT control. On the other hand, it can be found in Figure 10B that PV2 owns the minimum average energy production level (63.64 kWh) while PV3 and PV4 enjoy the maximum (about 92.35 kWh). It indicates that the mismatch problems caused by the difference in the aging coefficients of PV panels could be greatly mitigated by the proposed control strategies of Boost and Buck DCOs. Since the energy transmission efficiency is lower for Buck-boost DCOs, the generation level in PV5 (77.71 kWh) is between that of PV1 and PV3/PV4. PV6 shows a smaller production increase (74.11 kWh) than PV5 because of the greater effect of mismatch problems in small array-level DCO deployment compared with the panel-level DMPPT structure. Moreover, the box areas in PV3 and PV4 are almost zero, which shows the smaller variance of the hourly energy generation performances throughout a year compared with other configurations, resulting in better stability for energy capture with the proposed control strategies for DCOs.
[image: Figure 10]FIGURE 10 | Comparison of six cases for the PV panel aging. (A) Annual total energy production. (B) Average increased energy production per hour.
Geographical Location Settings: Assuming that there is no PV panel aging and cloud shading events. Five cases are set as listed in Table 5 to analyze the impact of the azimuth setting of PV panels on the energy production of LPPs (Case 2.1 is the baseline scenario). Considering the terrains of PV plant sites could be gentle or steep, the PV panels should be placed at various azimuths to maximize the received solar radiation.
TABLE 5 | Case settings for geographical location settings.
[image: Table 5]The comparison of the energy production performances for six typical PV configurations in the five given cases is displayed in Figure 11: (A) annual total energy production of LPPs and (B) the average increased energy production per hour (marked in the red lines) for PV2∼PV6 compared to PV1 in case 2.5. Similar to the conclusions drawn in the cases for PV panel aging, the energy productions of LPPs decrease from case 2.1 to case 2.5 gradually as shown in Figure 11A since the azimuth settings for PV panels are more uneven and the solar radiations accepted by PV panels become less. The DMPPT configurations including PV3∼PV6 show a better mitigation effect for the energy loss under mismatch conditions. In Figure 11B, the average increased energy production per hour for PV2∼PV6 are 69.29 kWh, 101.71 kWh, 102.06 kWh, 85.61 kWh, and 85.16 kWh, respectively, whose variation trend is similar to the analysis of case 1.6 (as shown in Figure 10B). However, the box areas of PV3 and PV4 become manifest, which indicates that the mismatch problems caused by geographical location settings impose a bigger influence on long-term energy production than that for the PV panel aging, and the DMPPT technology could not completely make up for the energy loss sometimes.
[image: Figure 11]FIGURE 11 | Comparison of five cases for the geographical location settings. (A) Annual total energy production. (B) Average increased energy production per hour.
Partial Shading by Clouds: Assuming that all the PV panels in the PV plant are placed at the same azimuth of zero and there is no PV panel aging. Five cases are set as listed in Table 6 to analyze the impact of cloud shading on the energy production of LPPs (Case 3.1 is the baseline scenario). The duration of the partial shading caused by clouds is assumed as 1 h per time, and the cloud cover coefficient τ is generated in a random way.
TABLE 6 | Case settings for the partial shading by clouds.
[image: Table 6]Figure 12 shows the energy production comparison for six configurations in the five given cases: (A) annual total energy production of LPPs and (B) the average increased energy production per hour (marked in the red lines) for PV2∼PV6 compared to PV1 in case 3.5, a severe mismatch scenario. As shown in Figure 12A, the annual energy productions of the PV plant for all configurations also decrease from case 3.1 to case 3.5 since the more times the cloud shading occurs, the less radiation the panels receive, and the more energy is lost. However, it should be noted that the rank of the six PV configurations for the energy production level in cases 3.1–3.5 shows some differences compared to the first two case sets (cases 1.1–1.6 and 2.1–2.5). More specifically, PV4 enjoys better energy generation performances than PV3. It indicates that a better effect can be obtained with the control strategy of series-connected Buck DCOs to deal with the mismatch problems than that of series-connected Boost DCOs. The main reason is that the severely shaded PV panels may be shorted by the bypass-diodes according to the control strategy of Boost DCOs to avoid affecting the solar energy utilization of normal panels in PV-DCO strings; nevertheless, all of the PV panels within the strings can output the power in Buck-DCO–based LPPs.
[image: Figure 12]FIGURE 12 | Comparison of five cases for the partial shading by clouds. (A) Annual total energy production. (B) Average increased energy production per hour.
Similarly, the average increased energy production per hour for PV2∼PV6 is 92.69 kWh, 131.05 kWh, 141.55 kWh, 124.31 kWh, and 123.51 kWh, respectively, which is consistent with the changing trend of the annual total energy production levels in Figure 12A. Besides, the significant increases in the box areas of all configurations can be found in Figure 12B, which proves that the mismatch problems caused by cloud shading impose the biggest influence on the long-term energy production performances compared to the other two factors including the PV panel aging and geographical location settings. Although the DCO-based DMPPT technology could not entirely mitigate the power loss when suffering serious partial shading, the improvement of energy production is still considerable compared to the GMPPT-based LPPs (PV1 and PV2).
Synthetic Analysis and Economic Evaluation
To combine all the impact factors, three types of mismatch conditions are coordinated in this section for the synthetic analysis and economic evaluation of the long-term energy generation performances of LPPs. Nine cases are carried out as listed in Table 7 to compare the life-cycle energy production characteristics and the LCOEs for six PV plant configurations based on (20–22). Since the effect of the panel aging on power loss is less than the other two factors, the annual aging coefficients for all the cases are set as the same. Different combinations for the placed azimuth for PV panels and times of partial shading by clouds in a year are reflected in these nine cases.
TABLE 7 | Case settings for the synthetic analysis.
[image: Table 7]Figure 13 simulates the trend of life-cycle energy production in two dimensions (azimuth and partial shading) to include all possible mismatch conditions bounded by the settings in Table 7 from PV1 to PV6. Energy production decreases with either the increased placed azimuth for PV panels or times of cloud shading. For PV1 and PV2, the energy yields are smaller than those in the other four DMPPT configurations during the life cycle. Besides, the mean curvatures of the surface that represents the decline rates of energy production when suffering a mismatch are larger in PV1 and PV2, showing that the DMPPT is superior to the GMPPT in dealing with mismatch conditions. Similarly, it can be seen that PV4 enjoys the most energy generation level and the least decline rate when suffering mismatch, which indicates that the Buck topology is a superior choice for the long-term energy generation over the entire life cycle for LPPs.
[image: Figure 13]FIGURE 13 | Life-cycle energy production of PV plants for six configurations. (A) PV1. (B) PV2. (C) PV3. (D) PV4. (E) PV5. (F) PV6.
On the other hand, the total investment costs of LPPs for six configurations can be calculated as given in Table 8. PV1 enjoys the least hardware cost due to its simple structure. PV2 owns the most investment cost due to the expensive string inverters. The costs for PV3 and PV4 are different since the hardware cost of Buck DCOs is less than that of Boost DCOs. Besides, deploying panel-level power electronic devices requires additional costs compared to PV1. PV5 and PV6 share almost the same cost, which is more expensive than that in PV3 and PV4 since the higher voltage ratios between DCOs and inverters in PV5 and PV6 require the higher cost for DCOs.
TABLE 8 | Total investment cost of the PV plant of six configurations.
[image: Table 8]Based on the life-cycle energy production and total investment costs, the LCOE of the six PV configurations in cases 4.1–4.9 can be calculated using Eq. 20 as shown in Figure 14. For each PV configuration, the LCOE shows the same changing trend from case 4.1 to case 4.9 since more energy production corresponds to a smaller LCOE when the investment costs are the same. In addition, it can be seen that PV3∼PV6 show more cost-effective LCOE for all the cases than PV1 and PV2. The main reason is that the additional benefit from increased energy generation with DMPPT control methods is more than the additional costs for the deployment of the panel-level DCOs; in other words, net earnings are achieved by the DCO-based distributed structures for LPPs compared to the GMPPT configurations. More importantly, when the mismatch problems become more serious, the PV4 configuration equipped with the Buck DCOs shows more competitive LCOE performances for all the nine cases due to the more efficient control strategy for energy generation and the lower hardware costs for DCOs, compared with the PV3 configuration involving Boost DCOs.
[image: Figure 14]FIGURE 14 | LCOE of the PV plants for six configurations.
In conclusion, the PV4 configuration deploying panel-level Buck DCOs and the corresponding DMPPT control strategy is the optimal choice for LPPs in terms of the optimization objective for minimizing the LCOE. PV3, PV5, and PV6 own a relatively lower LCOE than PV1 and PV2, which can be regarded as the sub-optimal solution depending on the actual operational situation of PV plants.
CONCLUSION
This article presents a modeling and energy generation evaluation method for large-scale PV plants equipped with panel-level DCOs. Based on the operational characteristics and the proposed control strategies for PV-DCO strings with three different topologies (including Boost, Buck, and Buck-boost), the design-oriented analysis method is proposed for the economic evaluation of the long-term energy generation performances in LPPs, considering frequent mismatch conditions. The modeling for various factors affecting mismatch problems, including panel aging, geographical location settings, and partial shading by clouds, are structured in this study. After that, six typical centralized or distributed PV plant configurations are carried out for comparison analysis, and finally, the optimal designing scheme with the least LCOE is obtained for LPPs. The main conclusions can be listed as follows:
a. The influence of the partial shading by clouds on the mismatch problems is more serious than that of the PV panel aging and geographical location settings.
b. The DCO-based DMPPT configurations, especially the Buck topology, have higher energy utilization efficiency than the GMPPT operation structure in terms of the long-term energy generation performances for LPPs when considering frequent mismatch.
c. The PV plant configuration, which deploys panel-level Buck DCOs and the proposed control strategy for maximizing solar energy captures, is the economically optimal choice for LPPs with the least LCOE.
It is worth pointing out that the interaction for the power flow between PV power plants and the thermal power generators of AC systems is not considered in the proposed static models. Since the unit commitment could affect the power output of PVs, the power flow calculation methods for the power system incorporating the DCO-based large-scale distributed PV plants can be further studied in our future works for the steady-state power flow studies of practical electrical networks.
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