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Abstract

:

The intermittent and highly variable nature of photovoltaic (PV) sources is always the major obstacle to the growth of their deployment. Research work is increasingly demonstrating that PV generation should not only be maximized but also flexible based on the system requirements. This article presents a simple and flexible PV control mechanism, which can seamlessly switch between maximum power point tracking mode and power limiting mode. It can be integrated into a DC microgrid for efficient energy management. The proposed mechanism has two configurations that respectively converge to a lower and a higher PV panel voltage to perform PV shedding. The experimental validation carried out in this study shows that this control can effectively adjust the PV generation despite some physical constraints. The limitations of the control mechanism and the energy efficiency are also analyzed. It can be concluded that each configuration can be particularly useful depending on the different application scenarios.
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1. Introduction


Photovoltaic (PV) power generation has been proven to be a potential alternative to traditional fossil fuel power sources [1]. It is renewable and free of greenhouse gas emission and, importantly, it can be installed in urban areas which can lead to less power transmission investment and lower energy losses [2,3]. The PV panels are generally connected to the maximum power point tracking (MPPT) controller, which maximizes the energy yield and injects all the power into the utility grid. Many algorithms have been proposed for this purpose [4,5,6]; out of all MPPT algorithms, the perturbation and observation (P&O) method is particularly favored by the market since it is easy to realize and highly efficient [7]. However, there are technical issues with integrating the conventional electric grid with decentralized energy generation [8,9]. Therefore, the intermittent nature of PV generators creates the need for a large amount of ancillary services, which are relatively expensive [10]. Hence, the annually installed PV capacity has decreased recently [11].



In order to overcome this constraint and increase the use of renewable energy, microgrid technology has been proposed and becomes popular, especially urban PV implementation [12,13]. A microgrid is an aggregation of energy sources (both traditional and/or renewable), the energy storage system and the electrical loads, which can be seen as a single unit in the public grid. The PV power generation can be smoothed by means of energy storage and is ready for self-consumption by local loads. Hence, the impact of PV power intermittency on the utility grid is greatly reduced and the economic benefits that could result from this are evident [14,15,16]. Depending on the nature of the common bus, the microgrids can be categorized into AC microgrids, DC microgrids, and hybrid AC-DC microgrids. Recently, researchers have increasingly found that the DC microgrid has potential because of its compatibility with DC devices such as PV generators, battery storage and electronic loads [17,18,19]. Thus, this work focuses on DC microgrids.



Grid-injected PV generators are often cut off entirely when the grid encounters a stability issue [20]. In the microgrid context, partial PV shedding may be needed for different reasons, such as power balancing [21], dealing with the partial shading condition [22], supporting grid voltage by supplying reactive power [23] or the sudden increase of solar irradiance [24]. This type of shedding operation can be achieved by manipulating the PV output voltage and current. However, the main challenge is still the nonlinear characteristics of a PV generator. Previous research has been carried out on this subject, such as the work of Reddy and Sarkar [24] and Wang et al. [25]. The partial shedding is generally achieved by increasing the PV voltage, since it leads to a fast response and weak line losses. However, the physical constraints of the PV converter have not yet been taken into account. Moreover, there is a lack of analysis on the energy efficiency during the PV shedding procedure.



This study proposes a flexible PV power control mechanism based on the previous work presented in Wang et al. [25]. Thanks to a classical P&O MPPT algorithm and a proportional-integral (PI) power controller, it is supported in both the MPPT mode and the power limiting mode. In addition, the seamless switch between the two modes is feasible. The PI power controller allows for a faster dynamic response than the perturbation methods. It was also chosen because of its flexibility; with an easy reconfiguration, PV shedding can be achieved by reducing or raising the PV voltage. This choice is usually linked to the converter constraints. Nevertheless, it has an impact on the efficiency of the system.



In light of the statements above, the paper is organized as follows: The principle of PV power limit control is presented in Section 2, the proposed PV control mechanism is presented in Section 3, the experimental tests are demonstrated and discussed in Section 4 and the concluding remarks are given in Section 5.




2. PV Limit Control Principles and State of the Art


Figure 1 shows the typical power-versus-voltage (P-V) characteristic of PV panels. The MPPT algorithms focus on finding the unique maximum power point (MPP), which is indeed floating due to the variable operating conditions. In the microgrid context, the storage and the grid connection can absorb the excessive PV generation to some extent. However, in a microgrid where the PV generation is designed to be the major power supply, the storage and grid connection sizing is limited due to economic constrains. Thus, their capability is also limited and PV shedding capability is often required in order to adapt to the load demand [26,27]. Therefore, sometimes the PV control algorithm should be switched from MPPT mode to PV limiting mode immediately, reducing the PV generation to keep the power balance in the microgrid.



Like the MPPT methods, the instant PV power can be reduced by adjusting the output voltage and current. Some effective methods for PV limit control have been presented in previous research work. In [24], the authors described a method to control a storage-free PV system with a given power reference. It is based on the voltage P&O algorithm and the system tends to converge towards a higher voltage step by step when the power reference is less than the maximum power. Ahmed et al. [28] presented a PV control method based on a variable-step-size incremental conductance algorithm, which supports the MPPT operating mode and the reduced power operating mode. When passing to the reduced power mode, the PV voltage increases following the perturbation step. A decentralized power management system was designed by Mahmood et al. [29] for a hybrid PV-battery system. It includes a conventional MPPT algorithm and a control loop that can pause MPPT and move the PV operating point to a higher voltage when the battery is fully charged or the battery charging power is too large. In research by Sangwongwanich et al. [30], four different constant PV generation strategies were tested in experimental tests, including the power control method, the current limit method and two P&O algorithms converging to the left and right side of the MPP. Their dynamic and static performance, complexity and stability were compared.



It should be noted that in these articles, as well as in most literature, PV power limiting is realized by increasing the PV voltage. This is partially because the slope on the right side of the MPP in Figure 1 is steeper, thus it can be expected to have better dynamic performance. Moreover, high voltage would lead to less current and thus fewer ohmic losses. However, in the aforementioned work, the operation voltage range of the converter was not considered. As each converter has an acceptable input voltage range, defined as the operational range in Figure 1, the lower and upper voltage bounds correspond to different sheddable power. Therefore, it is essential to consider these impacts in real applications. Moreover, the effect on the converter efficiency has not been thoroughly explored. Even though the ohmic losses are reduced, a high input voltage can lead to high switching losses; thus, the total power losses can increase in some cases. This can also impact the economic benefits of the installed PV system. Hence, research work that considers all the above points is warranted.




3. Proposed PV Control Mechanism


The purpose of this work is to conceive a flexible PV control method for a DC microgrid, as shown in Figure 2. It should be able to operate in both MPPT and power limiting modes, and can switch from one to another to respond to the dynamic power demand of the system.



In order to realize simple and robust power control, the proposed PV power limiting control is realized by a PI controller which receives the error between the power reference pPV_LIM∗ and the actual PV power pPV. The limited PV voltage reference can be expressed as in Equation (1). The proportional gain (Kp) and the integral gain (Ki) determine the dynamic of limited power control and their values can be tuned in a classical way.


vPV_LIM∗=Kp(pPV∗−pPV)·(1+Ki)



(1)







However, this voltage reference is only valid in PV power limiting mode. During the MPPT mode, the maximum allowed PV power pPV_LIM∗ is greater than actual PV power pPV and the difference between them accumulates in the PI controller. As a result, this calls for an anti-windup to prevent the saturation of the integrator. The saturation block makes sure that this voltage reference is within the functional range of the system, and the windup is canceled by the gain (Kc). The entire power limiting control is depicted in Figure 3.



The PV power limit is imposed by the microgrid central controller and it can vary at any time. Hence, it demands seamless switching between the MPPT control and the PV limited control. The global PV control mechanism is presented in Figure 4. It is worth noting that the P&O MPPT algorithm is chosen in this work for its simplicity, but it can be replaced by any other algorithm based on discrete steps, such as the incremental conductance algorithm.



While performing the MPPT operation, i.e., pPV_LIM∗>pPV, the input of the PI controller is positive. By selecting a negative value of Kp, the value of the generated vPV_LIM∗ is always less than vPV_MPPT∗. Consequently, vPV_MPPT∗ is sent as the final vPV∗ to the associated PV control loop to command the PV converter. Conversely, if the power limiting mode is active and pPV_LIM∗<pPV, vPV_LIM∗ will consequently be greater than vPV_MPPT∗; thus, vPV_LIM∗ will be sent to the control loop. Moreover, in order to prevent the P&O algorithm from being disturbed, the MPPT algorithm should be paused in power limiting mode. In conclusion, the final PV voltage reference can be expressed as shown in Equation (2). This configuration is called the “max” configuration.


vPV∗=max(vPV_MPPT∗,vPV_LIM∗)



(2)







The proposed mechanism can be easily reconfigured to obtain the minimal value between vPV_MPPT∗ and vPV_LIM∗. By altering the sign of Kp, one can force vPV_LIM∗ to be less than VMPP. Moreover, the direction of the relational operator needs to be changed from “greater than” to “less than” as well. A configuration such as this is depicted in Figure 5 and is called the “min” configuration.



Both configurations can achieve seamless switching between the MPPT and power limiting modes. However, the maximum sheddable PV power can be different, as stated in the preceding section. The experimental validation and comparisons are conducted in the next section.




4. Experimental Validation


The experimental validation was carried out on the technological platform, which is located on the campus of Université de Technologie de Compiègne in Compiègne, France, as shown in Figure 6.



The electric scheme of the PV subsystem, i.e., the PV generator and its power converter, is presented in Figure 7 and some of the parameter values are given in Table 1.



The PV generator is composed of 12 PV panels connected in series, which make up to 4.14 kW under Standard Test Conditions (STC, solar irradiance of 1000 W/m2 and panel temperature of 25 °C). Since its MPP voltage is 687.6 V under STC, there is a three-phase interleaved buck converter (Triphase PM15F03P02 15kW) that interfaces the PV generator and the DC bus. The bus voltage is set to 400 V because of the low line losses and the compatibility with the existent infrastructure [31]. The power is equally allocated to each phase, and all the phases are equipped with a dedicated LCL filter, which consists of two inductors and one capacitor. This LCL filter has better filtering performance than the classical LC filter which consists of a single inductor and a capacitor, and the size of the two inductors is usually much smaller than that of a single bulk filter, although it calls for a special control algorithm as described in Vanassche [32]. The control algorithm is programmed in MATLAB/Simulink and then implemented in the real-time target, which commands all of the physical converter components.



Due to the characteristics of the buck converter, the PV output voltage cannot be less than the DC bus voltage. In addition, the maximum input voltage of this converter is fixed at 760 V with the aim of being compatible with the aforementioned PV generator. Evidently, this voltage range of 400 V to 760 V is satisfactory for MPPT control.



4.1. Static Characteristic of the PV Panels


First, the static characteristic of the PV generator is tested. Figure 8 shows the P-V characteristic under certain typical function points, where g indicates the solar irradiance and θ represents the PV cell temperature.



Due to the aforementioned voltage constraint, the tested PV voltage varied from 400 V to 760 V. The dotted lines in the left part of the graph are just linear extrapolations between the original point and the respective measured values at 400 V. It can be seen that all of the curves have the same form that was presented in Figure 1. The curves imply that the MPP voltage is generally less than 700 V, which justifies the choice of the converter input voltage range.



The static performance of PV power limiting control can also be observed in this figure. PV shedding can be realized by both decreasing and increasing the MPP voltage. From the difference between the minimal powers on the left and right sides, one can note the different shedding capacities of the two configurations. On the one hand, the power values at 760 V are all close to zero, meaning that the “max” configuration can shed almost 100% of the PV power. On the other hand, the power values at 400 V are at least about 70% of the maximum power, meaning that the “min” configuration can only shed 30% of PV power.




4.2. Dynamic Performance of the Flexible PV Power Control Mechanism


The dynamic performance of the proposed flexible PV control mechanism was validated under real conditions. Its parameters are shown in Table 2. It should be noted that the P&O MPPT algorithm works with a frequency of 1 kHz, which is a good tradeoff between the convergence speed and stability. Meanwhile, the PV power limiting controller works synchronously with the main real-time system, i.e., 14 kHz, because as a continuous PI controller the high frequency allows for good dynamic performance. The values of Kp, Ki, and Kc in Table 2 are steady examples obtained by experimental tests rather than optimal values. The fine-tuning of these parameters can improve the dynamic performance, but that is not the subject of this work.



Figure 9 shows the results of a 90 second test of the “min” configuration, carried out on 25 July 2018, where pPV_LIM is arbitrarily set to be constant at 2000 W. In Figure 9a, the continuous variance of the solar irradiance and PV cell temperature can be seen. Figure 9b shows that the MPPT algorithm is in control before the imposed PV power limit is reached. The PV generation increases as the irradiance goes up. As soon as pPV and pPV_LIM meet, the PV power limiting controller takes control. In Figure 9c, a sudden drop of voltage can be noted. At the beginning of this process, a sharp overshooting image can be observed in Figure 9b, which is caused by switching between the MPPT algorithm and the PI limited power controller. Also, the PV power is well constrained at 2000 W most of the time, despite some oscillations. On the other hand, pPV exceeds the limitation for a while between the 34th second and 51st second. During this period, the PV voltage evolution (Figure 9c) proves that the voltage drops, and the system is saturated at the lower limit of 400 V. In this case, the “min” configuration can shed no more power. In this validation test, the excessive power is absorbed by the other components in the microgrid; thus, in Figure 9c the bus voltage vBUS is kept at 400 V. However, in a situation where the other components can absorb no more excessive power, this can cause severe accidents.



A second experimental test was carried out on 24 July 2018 for the “max” configuration where the PV power limit was also set to 2000 W. By comparing Figure 10a,b, one can observe the PV generation following the solar irradiance evolution during the MPPT operating mode. The power limiting mode is activated when the solar irradiance exceeds approximately 500 W/m2. Accordingly, in Figure 10c, the sudden increase of vPV can be observed at the moment of the activation of the PV limiting mode. Moreover, vPV reaches 730 V when the solar irradiance goes up to about 900 W/m2, meaning that the “max” configuration can still increase the voltage to shed even more PV power if needed. There were some oscillations within ±20 W, which can mostly be observed in power limiting mode. These oscillations are relatively small (about 1%) compared to the actual power, and therefore can be considered acceptable.



Two other tests were carried out on 19 and 20 March 2019 for 2 h, as shown in Figure 11 and Figure 12. The PV power limits were respectively 2500 W and 2000 W. By comparing PV power and solar irradiance, it can be seen that the effectiveness of both configurations was proved for daily operation. Moreover, the seamless switching between the MPPT and power limiting modes worked well without stability issues, even when the irradiance changed suddenly.



In the above tests, the dynamic performance of both configurations were validated under real circumstances. Both are able to switch between the MPPT mode and the power limiting mode, according to the given power limit. However, the “min” configuration has limited shedding capacity as stated in the previous section. In the microgrid context, failure to reach the given PV generation limit may break the power balance of the microgrid and the PV systems should generally be cut off entirely from the microgrid to prevent serious safety issues. Obviously this is a last resort and not the best option as it is not only a waste of available solar energy, but may also cause stability issues since the other sources in the microgrid may not have enough power to supply the loads without the PV sources. A simple solution is to make the capacity of the energy storage and public grid injection oversized, but that calls for greater investment in equipment. A better solution is to conceive an intelligent microgrid control, which is able to limit the PV shedding power according to the PV generation forecast and load power prediction. In this way, the excessive power can be absorbed by the energy storage and public grid connection without having to make any of the components oversized.




4.3. Energy Efficiency Analyses


In the previous experimental results, it was proved that the “min” configuration causes the current to rise and the “max” configuration causes the voltage to rise in power limiting mode. A high current leads to high ohmic losses and a high voltage leads to high switching losses [33]. Hence, experimental tests were carried out to measure the integral energy efficiency of the PV converter at different voltages.



For this investigation the PV generator was set to work with some specific voltages. The input power of the PV converter is pPV=vPV×iPV and the output power pPV_OUT is the product of the DC bus voltage and the output current of the converter iPV_OUT. Thus, the converter efficiency can be defined as η=vBUS·iPV_OUTvPV·iPV. From the efficiency curves shown in Figure 13, it can be noted that all of the efficiencies increase when pPV increases, and most importantly that the converter at the same power is more efficient when the voltage is lower. At medium power (2000 W), the efficiency at 450 V is 7% higher than that at 740 V, and this difference becomes more significant when the power is lower. This means that in regard to the buck converter, the “min” configuration, which converges at the low voltage, is favorable in the view of energy efficiency.



From the above experimental results, it can be seen that PV power shedding is feasible both by increasing and decreasing the PV voltage. Both configurations of the proposed PV control mechanism can switch seamlessly between the MPPT and the power limiting mode, but they have different power shedding capacities and thus result in different levels of efficiency.





5. Conclusions


With the aim of sustaining PV source integration in a microgrid, this work presents a simple and flexible PV power control mechanism which supports both classical MPPT and PV generation shedding. The research includes the physical constraints and energy efficiency of the power converter, in terms of PV operation in a DC microgrid. Two configurations, which increase or decrease the PV voltage while limiting the PV generation, were proposed. Experimental tests were carried out on a PV system with a buck converter and both configurations were validated. Results show that the “min” configuration can shed only 30% of PV power while the “max” configuration can shed nearly 100%. However, the former has better energy efficiency than the latter.



This fact suggests that the choice between the two configurations should be well considered. The “max” configuration can be applied in cases where the power balance capacity of the microgrid is relatively weak. The “min” configuration is more suitable when economic costs are more sensitive but an appropriate microgrid control is needed to coordinate the load consumption and PV generation in order to maintain PV shedding in a feasible range.



In conclusion, an intelligent microgrid control can be developed which integrates the proposed PV control mechanism and optimal power dispatching. In this way, PV power shedding can be planned within a feasible range and the economic benefits can be maximized.
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Figure 1. Power-versus-voltage (P-V) characteristic of a photovoltaic (PV) panel. 






Figure 1. Power-versus-voltage (P-V) characteristic of a photovoltaic (PV) panel.



[image: Energies 12 01233 g001]







[image: Energies 12 01233 g002 550]





Figure 2. Simplified presentation of a DC microgrid. 
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Figure 3. The PV power limiting controller. 
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Figure 4. Seamless switching PV control topology in “max” configuration. 
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Figure 5. Seamless switching PV control topology of the “min” configuration. 
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Figure 6. PV generator and control room of the technological platform. 
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Figure 7. PV subsystem scheme. 
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Figure 8. Static power-versus-voltage characteristic of the PV generator. 
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Figure 9. Experimental validation of the “min” configuration: (a) solar irradiance and PV panel temperature evolution; (b) real PV power generation and PV power limitation; (c) PV output voltage and current with bus voltage. 
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Figure 10. Experimental validation of the “max” configuration: (a) solar irradiance and PV panel temperature evolution; (b) real PV power generation and PV power limitation; (c) PV output voltage and current with bus voltage. 
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Figure 11. Two-hour experimental test of the “min” configuration. 
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Figure 12. Two-hour experimental test of the “max” configuration. 
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Figure 13. Energy efficiency comparison of the power converter under different values of vPV. 
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Table 1. PV subsystem parameter values.






Table 1. PV subsystem parameter values.





	Parameter
	Value





	Number of PV panels SunPower SPR-X21-345
	12



	Maximum power point (MPP) voltage for each panel
	57.3 V



	MPP current for each panel
	6.02 A



	Open circuit voltage for each panel
	68.2 V



	Short circuit current for each panel
	6.39 A



	LCL filter sizing
	L1 = 930 μH, C = 10 μF, L2 = 850 μH



	Switching frequency
	14 kHz
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Table 2. Parameters for the flexible PV controller.






Table 2. Parameters for the flexible PV controller.





	
Parameter

	
Value






	
MPPT perturbation step size

	
25 mV




	
MPPT perturbation frequency

	
1 kHz




	
PV limited power control parameters

	
Kp = −0.01 in case of “max” configuration

Kp = +0.01 in case of “min” configuration




	
Ki = 500




	
Kc = 100




	
Data log sample frequency

	
100 Hz
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