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Abstract

:

Grid-connected photovoltaic (PV) systems are commonly designed for maximum energy production. However, as their presence grows, revised grid regulations increasingly require these systems to partially adhere to the primary frequency regulation (PFR) by reducing their power production when the grid frequency exceeds the nominal value. Nevertheless, full participation in PFR of PV systems, without battery storage, would require operating with a dedicated active power reserve to be utilized in the event of underfrequency conditions. This paper presents a model-based (MB) flexible power point tracking (FPPT) algorithm for PV systems. Results of a microgrid simulation show that the proposed algorithm enables a PV system with a nominal power of 100 kW to maintain a 20 kW active power reserve under various irradiation and temperature conditions, with a relative error lower than 3%. Furthermore, a simulation of the PV system assisting in primary frequency regulation is presented. Thanks to the proposed strategy, when employing the algorithm, the frequency deviation is reduced both in the event of underfrequency and overfrequency conditions. By enabling operation with a constant active power reserve, as well as a quick adjustment of the produced active power, in the event of frequency imbalance, the proposed MB algorithm is an interesting candidate for achieving complete PFR capabilities of PV systems.
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1. Introduction


In the last decade the growth of renewable energy sources (RES) has been mainly pushed by the rising concern for global warming. Every international crisis, such as the current Russia–Ukraine conflict has resulted in a massive increase in the cost of oil and gas. This event has accelerated the process of substitution of fossil energy sources with the RES. In this direction, the renewable power capacity has grown by 276 GW and 294 GW in 2020 and 2021, respectively [1]. In particular, PV accounts for 134 GW and 151 GW beating the wind capacity addition (112 GW and 93 GW) and hydropower (18 GW and 29 GW). A massive expansion is expected in the PV sector in the upcoming years, reaching a yearly added installed capacity of 350–400 GW in 2026 and 460 GW in 2027 [2]. Therefore, PV technology will play a key role in the energy transition toward sustainable and green energy market.



The big increase in the share of RES in the energy mix of sources installed in the network requires a new and proper control strategy of these resources to guarantee the power network stability. This is particularly true in the case of microgrids where typically RES are the main energy source. As a result, the regulation authorities introduced some requirements for PV plants to partially participate in primary frequency regulation, mainly by cutting the power production when the grid frequency is higher than nominal [3,4]. This can be easily achieved using traditional hill-climbing methods by imposing an upper limit for the produced power, so that further maximum power point tracking (MPPT) is disabled once this point is reached. On the other hand, different constant power generation strategies are proposed and compared in [5,6] that enable working at reduced power, without providing the knowledge of the maximum power point (MPP) and the available power reserve at any given moment.



In traditional power plants, primary frequency regulation consists of the fast inertial response followed by a chosen droop control. However, this behavior cannot be reproduced by PV power plants operating at the Maximum Power Point (MPP) or with constant power generation strategies. The limitation of such strategies is that while they can be used in transmission systems for the goal of reducing frequency to the nominal value, they cannot be used for the opposite task, as the latter requires availability and knowledge of the active power reserve.



In previous works, the authors have presented a model-based tracking algorithm, allowing a PV system to generate predefined reduced power (RP) [7,8], without any measurement of solar radiation. The proposed flexible power point tracker (FPPT) forces the system to work at a reduced power (as a percentage of the MPP) while maintaining accurate MPP estimation even while working at a reduced power point (RPP). The algorithm was characterized by using a dataset of characteristic curves of a real PV panel acquired over a period of 6 months [7]. The high accuracy of the proposed algorithm was demonstrated for a wide range of irradiation and temperature, for a setting point of the generated power ranging from 20% to 100% of MPP [9].



In this paper, the MB algorithm has been improved to enable RPP operation together with a frequency dependent active power reserve. Afterwards, the feasibility of the MB algorithm in the context of grid frequency regulation is demonstrated in a simulated microgrid scenario. The implemented simulation consists of a grid-forming inverter (GFM), one 75 kW load, two 25 kW loads and a 100 kW PV system connected to the AC grid through a two-stage configuration. Two scenarios are performed.



Firstly, it is shown that the FPPT algorithm can maintain a stable power reserve of 20 kW with a low relative error in different irradiation and temperature working conditions. Secondly, the participation of PV in PFR is demonstrated, simulating underfrequency and over frequency events, by adding or removing an active power load from the microgrid. Results show that the frequency deviation reductions in both the event of overfrequency and underfrequency conditions. It has to be highlighted that, differently from the other proposed FPPTs, the proposed algorithm does not require irradiation measurement or additional reference modules, it can assist both in overfrequency and underfrequency events, it is tested in variable operating conditions, and it does not oscillate between the MPP and the steady-state reduced power point. Thanks to the flexibility of the proposed MB algorithm, by acquiring a first dataset of V-I curves, it can be theoretically adopted for different panel technologies and sizes.



In Section 2, the FPPT algorithm is reported, while in Section 3, the simulated microgrid including the PV system is described, also underlining the implemented modification required for the FPPT integration in the grid frequency regulation control. In Section 4, the results are then reported and discussed.




2. Model-Based Algorithm for Flexible Power Point Tracking


2.1. Literature Review


In recent years, the research on the employment of a flexible power tracking has been boosted by the new energetic scenario. In fact, some countries have recently introduced grid codes for the connection of PV plants to the MV network, trying to regulate and monitor the penetration of those plants in the power grid. On the other hand, the flexibility of a power point tracker would decrease the impact of the unpredictability of the generation.



Different methods have been proposed in order to reserve power for frequency regulation, described in [6,10]. The first considers the use of battery or other energy storage systems or the installation of dump loads to dissipate excessive power [11,12,13]. Combining PVs with battery energy storage allows us to exploit at maximum the PV system generation but highly increases the plant cost [14]. A more interesting approach entails the operation of the PVs in power curtailment mode, while maintaining an estimate of the MPP, by modifying MPPT algorithms, so that a portion of output power is available for the network and specifically when the frequency must be increased. Despite the loss in production, this kind of operation of PVs may become beneficial and even necessary in some power systems scenarios with a dominant renewable energy fraction. Several recent works present the feasibility of participation of PV plants in grid frequency regulation by means of these types of control strategies [15,16,17].



In [18], a multi-string system is considered, using one string as the reference to evaluate the maximum available PV power, while the other strings operate at a reduced power. This solution suffers from the well-known problem related to the mismatch of the panels resulting in an estimation error. Other approaches require us to perturbate the working point to evaluate PV parameters necessary for the control such as open-circuit voltage, or the actual maximum power (MP) [19]. This approach results in a continuous oscillation of the system, reducing its efficiency. Other methods perform an estimation of the MP thanks to the measurement of solar radiation and PV cell temperature [20,21,22], together with curve fitting strategies [23,24,25]. However, the need for irradiation and temperature sensors increases the system cost and complexity and cannot be performed in dynamic irradiation conditions, such as partially clouded days.




2.2. Proposed Strategy


MB algorithms have been employed to enhance the tracking speed and the dynamic performance of the MPPT. As MB methods are based on the electrical behavior of the panel, in general, they are complex and could require a non-negligible computational burden.



The authors have already proposed a simplified MB algorithm [26], linear in the parameters, that can completely avoid radiation measurement:


   V  M P   =  A 0  +  A 1   T P  +  A 2  ln  (   I  M P    )  +  A 3    ln  2   (   I  M P    )  .  



(1)




where TP is the panel temperature, IMP and VMP the MP voltage and current, and A0–A3 are the panel parameters derived by the single-diode model of the panel.



If the MP voltages and currents are not known, Equation (1) can be iteratively applied to reach the MPP with a limited number of iterations. It has been demonstrated that the MB MPPT reaches similar results compared to traditional algorithms in steady-state weather conditions, while reaching a better dynamic performance thanks to the limited number of iterations required for the convergence.



To evaluate the value of the A0–A3 parameters, a database of the panel has to be acquired, and the estimation procedure can be exploited by employing a weighted least squares approach [26]. In this case, the PV panel is robust and can be employed also during partial shading conditions, and it minimizes the energy loss.



When a point different from the maximum power point has to be tracked, it is straightforward to adapt the MB-MPPT algorithm to reach a desired RPP. Introducing the curtailment factor of the voltage KV and the current KI,


   K V  =    V  R P      V  M P     ;    K I  =    I  R P      I  M P     ,  



(2)







Equation (1) can be manipulated as follows:


   V  R P   =  K V   V  M P   =  K V   (   A 0  +  A 1   T P  +  A 2  ln  (     I  R P      K I     )  +  A 3    ln  2   (     I  R P      K I     )   )  .  



(3)







As far as the RPP current is similar to the MPP current, the MPP can be estimated in a single step, and the voltage is reduced by the factor KV. As for the MPPT, by implementing Equation (3) iteratively by substituting the actual value of the current I to IRP, the tracking voltage will converge to VRP with any desired power ratio, as presented in [9].



It is worth to underline that this method is robust with respect to the value of KI and to dynamic conditions in the leftmost part of the characteristic, in which the current value is almost flat and so the two logarithms do not significantly differ when V < VMP. Therefore, the power curtailment efficiency mostly depends on the estimation of KV and on the uncertainty of the employed MPP model (1).



From previous works, it has been demonstrated that the FPPT algorithm provides remarkable performance when it is required to allow a certain percentage of the maximum power point (between 20% and 100%) as a power reserve, allowing the system to achieve an error lower than 2.5% over 6 months of observation [9]. Unfortunately, the power reserve is not constant, but it depends on the theoretical available power, which is variable and unpredictable in time.



Starting from the previous results, this paper improves the proposed MB algorithm to enable operation with a constant active power reserve under different working conditions, as would be preferred in practical applications. This is possible thanks to the inherent property of the MB algorithm to maintain an accurate estimate of the MPP, while operating at reduced power; with this new feature, the power reserve is kept constant enabling the operation in any weather condition. Furthermore, a droop control was implemented, determining the target amount of reserve power, based on the grid frequency.



Differently from the other algorithms presented in the literature, the proposed MB algorithm



	
Can assist both overfrequency and underfrequency events;



	
Does not require the measurement of irradiation, or additional reference modules to perform FPPT;



	
Can operate in variable weather and load condition;



	
Is able to directly track a power point without oscillation between the MPPT and FPPT.








3. Numerical Verification


3.1. Microgrid


Microgrids are a fast-growing research topic that have been studied in recent years due to their potential to address several challenges of future grid when comparing to classical power system structures. AC, DC and hybrid microgrids, as well as clusters of those, are able to provide increased reliability and flexibility, strengthening the central grid, while at the same time lowering energy costs for businesses and bringing economic value to local communities [27,28]. In the presented test case, the simulated microgrid consists of two three-phase DC/AC inverters, one grid following (GFL) inverter and one grid forming (GFM) inverter, one 75 kW load, and two 25 kW loads (Figure 1). A 100 kW PV plant is also connected to the AC grid through a two-stage configuration (DC/DC boost plus DC/AC 3-phase inverter).



Grid-forming inverters are essential for AC microgrid applications due to their ability to establish operation in islanded mode, enhance system stability and resiliency especially when a microgrid is dominated by intermittent RES interfaced by power electronics. GFM inverters fulfill their role by directly controlling the voltage at their output terminals, which distinguishes them from grid following inverters that rather control injected currents at their terminals. Additionally, GFM inverters effectively regulate voltage and frequency for other devices in islanded operation, including no-load conditions, while the GFL inverters require reference angle for injection of their currents.



In this exemplary microgrid, the internal control of GFM inverter is designed with voltage and current loops as described in Figure 2.



It mimics the behavior of synchronous generators in classical power systems according to the droop equation:


   ω 1  =  ω n  +  D p   (   P *  − P  )   



(4)




where nominal frequency ωn equals 2πfn, Dp is the droop coefficient, P* is the desired power, while P is the instantaneous measurement of the active power which is calculated from output voltages and currents (v1abc, i1abc) at bus 1. The synchronization angle θ1 is obtained by integration of ω1. Such a structure does not need a dedicated PLL-based synchronization unit during normal operation.



Besides outer power synchronization loop with droop equation, the internal control of GFM inverter consists of current and voltage loops that ultimately produce the required PWM signals according to the measured output voltages and currents.



The control scheme of the grid following a DC/AC inverter that interfaces the PV system is also presented in Figure 2. The AC output current of the GFL inverter is regulated by the internal current loop, where the reference current i2* is derived in the DC voltage regulation block,


   i 2 *  =  K p   (   V  D C   −  V  D C  *   )  +  K i   ϕ i   



(5)






     ϕ i   ˙  =  v  2 d  *  −  v  2 d   ,  



(6)




based on the error of output voltage of the boost converter (VDC), which in turn depends on duty cycle and on reference value V*DC; Kcp and Kci are the current controller PI regulator coefficients. The duty cycle of the IGBT on the boost converter is controlled by the maximum and flexible power tracker of the PV system.




3.2. PV System


The 100 kW PV plant consists of 330 panels divided into 66 strings, each composed of 5 panels. The panels are nominally identical; their characteristics are synthesized in Table 1.



To train the MB algorithm, 1000 I-V curves of the PV system operating under a random combination of irradiation (G) and temperature (T) conditions have been generated from a real acquired dataset [26]. More specifically, for every I-V curve, one random value of irradiation (in W/m2) was sampled from a normal distribution with a mean of 700 W/m2 and standard deviation of 150 W/m2. Additionally, one value was sampled for temperature (in °C) from a normal distribution with a mean of 25 °C and a standard deviation of 10 °C. Then, the A0 ÷ A3 coefficients are estimated, following the procedure described in [28]. Since the complete I-V curves have been synthesized, the values for the voltage and current ratios KV and KI could be easily calculated in any power point. In particular, power ratios between 50% and 100% of the MPP have been considered, with a resolution of 1%. For every power ratio (KP), the mean value of 1000 values of KV and KI have been calculated from the dataset. As explained in Section 2, it has been chosen to work on the left side of the characteristic for stability reasons. The values of KV and KI as a function of KP are shown on Figure 3 and Figure 4, respectively.



Once the KV and KI have been calculated, the MB algorithm enables working at a reduced power, while maintaining an accurate estimate of the MP. This opens the possibility to establish a constant power reserve. As an example, in this paper, it has been decided to maintain a margin of 20% of the nominal power, corresponding to 20 kW. The best value of the power reserve is case- and market-dependent, as it is linked to the potential revenue that the producer forgoes to be able to provide grid services and to the revenue for the grid services or more in general to the security of operation of the microgrid.



The implemented control strategy based on the FPPT equation onto a DC/DC boost converter (for a two-stage configuration) is shown in Figure 5. With the voltage and current ratios, it is possible to reduce the power output by up to 50% of the MP available. However, the MP value is constantly changing with the ambient conditions (temperature, irradiation), while it is necessary that the desired active power reserve remains constant.



Considering that the reduced power is equal to the maximum power subtracted by the reserve power Pres and that the power ratio KP is defined as the ratio between the RP and MP (corresponding to PMP), the following equation can be written:


   K P  = 1 −    P  r e s      P  M P      



(7)







As shown in [8], in a few iterations, the MB equation accurately converges to the MP under various working conditions. Therefore, considering the implemented control, a change in the ambient conditions will result in a change in the MP and, of course, a change in the instantaneous value of the RP. This in turn will result in an adjustment of the value of KP. Iteratively, the division of produced RP and KP will converge to the new MP, and through Equation (7), the correct value of KP will be determined, so that the necessary power reserve is maintained.



Hence, through the maximum power estimate, the correct KP is determined, following the changes in the environmental conditions. KP is then passed to the look-up tables resulting in the updating of the KV and KI values to maintain the constant power reserve. Linear interpolation has been used to interpolate between the data.



The MB equation requires the measurement of current and temperature as well as the KV and KI values of the panel and regulates the reference voltage. Once the reference voltage is known, the duty cycle is set by the PI controller to adjust the actual voltage value. The schematic is shown in Figure 5.





4. Results and Discussion


To validate the proposed algorithm, different simulations have been performed. Firstly, the capability of the MB FPPT algorithm to maintain a stable power reserve of 20 kW in different working conditions was validated. Afterwards, the participation of PV in PFR was analyzed, simulating underfrequency and overfrequency scenarios, by connecting or disconnecting a 25 kW load, respectively.



4.1. Maintaining a Constant Power Reserve


In order to demonstrate that the FPPT algorithm can maintain a desired active power reserve under various environmental conditions, it was necessary to replicate the working condition of a PV system during a clear day. To that end, the irradiation on a panel and its temperature were measured on the roof of a building at Politecnico di Milano. Their profiles are represented by the blue curves on Figure 6a,b. Afterwards, applying linear interpolation, approximated daily irradiation and temperature profiles were obtained, to be used in simulation. They are represented by the red curves of Figure 6a,b. Using the approximated daily profiles, a second simulation was executed two times. In the first instance, the PV system performed using the MB MPPT algorithm, while in the second instance, the FPPT with a desired reserve of 20 kW has been selected. The difference between the produced power and MP under the different environmental conditions is shown in Figure 6c. It shows that throughout a typical clear day, the algorithm can maintain an active power reserve of 20 kW with an error smaller than 600 W, or a relative error smaller than 3%.




4.2. Primary Frequency Regulation


Once the ability of the algorithm to maintain an active power reserve has been established, the second objective of the paper was to realize a PFR scenario, for a set of ambient conditions. PV plant operation under irradiation of 900 W/m2 and a temperature of 30 °C was selected, typical for the central part of the day. The PV system provides P = 67.6 kW, working with a 20.25 kW margin. Since the desired reserve at nominal frequency is 20 kW, this means that the system is operating with a relative error of 1.25%. The connected loads require 100 kW of active power. Therefore, the rest of the power demand is met by the grid forming inverter. Both the scenarios of underfrequency and overfrequency have been simulated. Moreover, both the conditions with the PV participating or not in the PFR have been simulated and compared.



The droop curve of the PV system is presented in Figure 7. When the system frequency reduces, the injected power increases, by utilizing the power kept in reserve. The system reaches MP output for the frequency of 49.6 Hz. The opposite happens in the case of a frequency increase, which results in less power injected by the PV. Power kept in the reserve reaches 40 kW, for a frequency of 50.4 Hz. A similar droop is implemented for the grid-forming inverter, designed to provide 32 kW at the nominal frequency of 50 Hz.



First of all, when the simulation starts, the PV is working with the traditional MB algorithm at its maximum power, which corresponds to 87.85 kW. After 0.2 s of simulation time, the operator requires the PV to operate with a power reserve of 20 kW, by implementing the correct curtailment factors and the PV system reduces its output to the previously mentioned value of 67.65 kW. The additional power is provided by the battery connected to the grid forming inverter, and in fact, the output frequency remains stable to the nominal value. At t = 0.5 s of simulation time, the droop control is enabled, resulting in a very slight frequency drop, as the grid forming inverter is providing slightly more power than 32 kW.



First, the simulation of a load connection is carried out. In this case, after t = 1 s, an additional load of 25 kW is connected, creating a power imbalance, consequently resulting in an underfrequency condition. The transient dynamic has been evaluated, resulting in reaching the new steady state condition in less than 0.2 s.



Figure 8 shows the dynamic response of the microgrid frequency based on whether the PV system participates or not in PFR, while Figure 9 shows the power output of the PV system in both cases.



From the figures, we can see the consistency of the participation of the PV in the frequency regulation. In fact, when the PFR of the PV system is enabled, it increases its power output from 67.6 kW to 76.21 kW, and as a result, the frequency of the system drops to 49.831 Hz as opposed to 49.746, when the control is not enabled and only the GFM inverter is forced to completely supply the additional load, decreasing the frequency reduction from 5% (when the PV does not participate in frequency regulation) to 3.4% (when the PV is able to sustain the grid frequency).



Moreover, the overfrequency scenario has also been realized similarly to the previous scenario, by disconnecting a 25 kW load after 1 s of simulation time. Results in terms of frequency and power are provided in Figure 10 and Figure 11.



Again, the effectiveness of the solution is evident. In fact, when the PV system participates in the regulation, the output power is automatically reduced from 67.6 kW to 59.4 kW. Thanks to the power injection reduction, the frequency rise is dampened to a value of 50.16 Hz, as opposed to 50.242 Hz, when the control is not enabled (in relative terms from +4.8% to +3.2%). Both the performances during load connection and disconnection are summarized in Table 2.



In summary, during both critical scenarios, the participation of the PV system in the PFR leads to a smaller deviation of the frequency from the nominal value. Furthermore, inverter-based photovoltaic or battery systems can adjust their output power more rapidly than synchronous generators, due to the lack of system inertia and the high switching frequency of the power electronics [29]. Correspondingly, it can be observed that in both presented scenarios, the simulated PV system increases or reduces its produced active power with a transient lower than 0.1 s. This time response is fully compliant with the needs of the TSO for the purpose of primary frequency regulation.



The proposed model-based algorithm has demonstrated to be accurate and reliable in maintaining constant active power reserves in the simulated conditions and quick in adjusting active power output in the case of frequency imbalances. This makes it a highly promising solution for enabling PV systems to achieve full PFR capability and a key step in the complete integration of PVs in grid operability.





5. Conclusions


Full participation in PFR of PV systems will allow the increase in their implementation in the new grid scenario, allowing us to reduce the energy demand from non-renewable energy sources and the impact of the system on global warmth. On the other hand, to reduce the economic impact of PV systems, one can decide to avoid the use of battery storage, but it would require operating with a dedicated active power reserve to be dispatched in the event of underfrequency conditions. This paper presents a model-based FPPT algorithm for PV systems, designed to control their operation between 50% and 100% of MP, along with its model estimation procedure. Differently from the other proposed FPPT algorithms, the proposed algorithm does not require irradiation measurement or additional reference modules, it can assist both in overfrequency and underfrequency events, it has been tested in variable operating conditions, and it does not oscillate between the MPP and the steady-state reduced power point. Moreover, the flexibility of the MB algorithm allow its implementation for any PV technology.



Simulations show that in a microgrid simulation, the MB algorithm enables a 100 kW PV system to maintain a 20 kW active power reserve under various irradiation and temperature conditions. Furthermore, the results demonstrate the PV system participation in the PFR, using the proposed MB control. In the event of a frequency drop, the increased production of the PV system limits the frequency drop in the microgrid. This value cannot be achieved with the current constant power control strategies. Moreover, in the event of a sudden load reduction, the PV system reduces its power output, limiting the frequency rise. Thanks to the accuracy of the model-based algorithm in maintaining a constant active power reserve under various environmental conditions, as well as the rapid active power change in the event of frequency imbalance, it is a very promising candidate for enabling PV systems to fully perform primary frequency regulation.
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Figure 1. Simulated microgrid. 
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Figure 2. Grid-forming and grid-following inverters control. 
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Figure 3. Mean value of voltage ratio coefficient KV against KP. 
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Figure 4. Mean value of current ratio coefficient KI against KP. 
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Figure 5. FPPT control strategy. 
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Figure 6. (a) Irradiation profile, (b) temperature profile (measured values in blue line and interpolated values in red line), (c) maintained active power reserve. 
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Figure 7. Implemented active power–frequency droop control. 
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Figure 8. Frequency behavior during a load connection with (red line) or without (blue lines) PV system participating to PFR. 






Figure 8. Frequency behavior during a load connection with (red line) or without (blue lines) PV system participating to PFR.



[image: Energies 17 02049 g008]







[image: Energies 17 02049 g009] 





Figure 9. PV power injection during a load connection with (red line) or without (blue lines) PV system participating to PFR. 
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Figure 10. Frequency behavior during a load disconnection with (red line) or without (blue lines) the PV system participating in the PFR. 
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