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Abstract

:

As new grid codes have been created to permit the integration of large scale photovoltaic power plants into the transmission system, the enhancement of the local control of the photovoltaic (PV) generators is necessary. Thus, the objective of this paper is to present a local controller of active and reactive power to comply the new requirements asked by the transmission system operators despite the variation of ambient conditions without using extra devices. For this purpose, the control considers the instantaneous capability curves of the PV generator which vary due to the change of solar irradiance, temperature, dc voltage and modulation index. To validate the control, the PV generator is modeled in DIgSILENT PowerFactory   ®   and tested under different ambient conditions. The results show that the control developed can modify the active and reactive power delivered to the desired value at different solar irradiance and temperature.
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1. Introduction


As more large scale photovoltaic power plants (LS-PVPPs) are being installed, the electrical system can face some challenges related to four key areas: (i) active power control, (ii) reactive power control, (iii) voltage support and (iv) frequency support [1]. Thus, many countries have updated their grid codes to permit a smooth interaction between these power plants with the transmission system. For instance, Puerto Rico requires that these PVPPs behaves similar to conventional power plants despite the intermittent conditions [2]. Considering these changes on the grid codes there are two key aspects necessary to approach: active and reactive power control.



According to the grid codes presented by Puerto Rico, Romania, South Africa and Germany, the active power management for LS-PVPPs should consider: power curtailment, ramp rate control and active power reserves (Figure 1) [2,3,4,5]. Power curtailment, also called as absolute control or limiting control, addresses the reduction of the possible active power that the power plant can generate during the day depending on the grid requirements [6]. This requirement prevents overloading at peak generation hours of PVPPs (around midday) or also when the demand is lower than the possible generated active power from the PVPP. However, due to the intermittency of the solar source, ramp rate control is also necessary to be addressed [7]. The aim of these ramp rates is to smooth the change from low to high solar irradiance and vicevesa, so the change does not affect the voltage or the frequency. As more LS-PVPPs are being introduced at the transmission system, the participation on frequency regulation is a new challenge. Thus, power reserve are already being considered in some of the grid codes. The power reserve is the reduction of the output power during some hours of the day. This reduction can oscillate between 10 to 20% of the maximum possible that the PVPP can generate [1,8].



There are two main techniques used to manage the active power: (i) incorporate energy storage, and (ii) new control strategies of the PV generator [1]. In the literature, the main topology proposed is the use of the energy storage together with the PV inverter that are distributed along the PVPP [9,10,11]. For instance, the study developed by Muller et al, proposes the use of ultracapacitors together with a central inverter to manage the power transients due to the variability of solar irradiance. In this study, the output power fluctuations are reduced and it helps to comply the grid code limits [9]. Commonly, the management of the active power relays on the charge of the battery during high solar irradiance and the discharge in high peak demand [12]. This type of control smooths the output power of the single PV generator during the day [11,13,14,15,16,17,18,19]. However, the incorporation of energy storage increases the cost of installation and operation of the LS-PVPP [20]. An alternative solution is the improvement of the control by considering the characteristics of the PV generator. Commonly, the active power is managed by the maximum power point tracker (MPPT) which is part of the overall control of the PV inverter. However, the MPPT cannot withstand the power curtailment, the power reserve or the ramp rates. Therefore, this tracker should not only consider the maximum power point but also the reference of active power given by the transmission system operator (TSO). Some studies propose this method for multistring topologies (two stage inverters) used in small applications [8,21,22]. However, these studies have not been applied for central inverters that are commonly used in LS-PVPPs [23].



In the case of reactive power, the new grid codes require that the LS-PVPP injects or absorbs reactive power according to a predefined relationship between the active and the reactive power (power factor (  p f  )) or an specific value of reactive power. The grid codes presented by China, Germany, South Africa, Romania, and Puerto Rico requires that the LS-PVPP works under an specific capability curve (Figure 2). From this curve, it can be seen that Puerto Rico has the strictest requirement (   Q  m a x   = ± 0.623   p.u). Meanwhile, China, Germany, Romania and South Africa require a maximum reactive power close to   ± 0.33   p.u. To comply these grid codes, commonly STATCOMs or capacitors are added at the point of common coupling (PCC), as it is explained in [24]. However, limited research has been developed regarding the reactive power control of PV generators in LS-PVPPs without using extra equipment. For instance, Rakibuzzaman et al. [25] explain the control of reactive power and how the capability curve could influence in the response, but, the variation of ambient conditions is not considered on this approach. Additionally, R. Varma et al. and L. Luo are working on the control of LS-PVPPs as STATCOM to support the grid when power oscillation occurs [26,27]. However, it considers the remaining inverter capacity and depends on the solar irradiance behavior. From a general point of view without any specific source of energy, new types of reactive power control for grid tied inverters have been presented in [28,29]. These studies do not take into account the variation of solar irradiance during the day or the corresponding capability curves of the PV generator. It is worth to point out that the control of reactive power in a LS-PVPP has not commonly been developed considering the capability curves. There are four main parameters that characterize these curves: (i) modulation index, (ii) dc voltage, (iii) solar irradiance, and (iv) ambient temperature, as it is explained in [30,31]. From this research, it can be understood that the variation of the dc voltage and the modulation index can help to have the complete curve despite the variation of ambient conditions. Although, this can reduce the active power generated by the PV generator.



Thus, the objective of this paper is to propose a control of active and reactive power for a PV generator applied in LS-PVPPs for grid code compliance. In this paper, the PV generator has a three phase central inverter (one stage of inversion). To control the active power, two main targets are accomplished: (i) Power curtailment, and (ii) Power reserves, by using an adaptation of the Maximum Power Point Tracker (MPPT). For the reactive power control, two considerations are addressed: (i) preference of active over reactive power and (ii) preference of reactive over active power. For this control, the instant capability curves are considered by the adjustment of the dc voltage and the modulation index depending on the solar irradiance and temperature that affects to the production of active power. To validate this study, a LS-PVPP is modeled and simulated in DIgSILENT PowerFactory   ®   under different ambient conditions. The paper is structured as follows: Section 2 explains the configuration and the control structure of a PVPP. The active power control is explained in Section 3, meanwhile the reactive power control is detailed in Section 4. Then, the simulations and the results are presented in Section 5. Finally, the discussion and the conclusions are in Section 6 and Section 7 respectively.




2. Configuration and Control Structure


In a LS-PVPP, tens to hundreds of PV generators are interconnected through a collection grid in order to increase the power. ABB, SMA, Danfoss, and First Solar have described some topologies for this distribution as radial, ring and star [23]. The main difference among them is the reliability and the cost [32]. In the current paper, radial configuration is considered as it is the most used topology. In the case of the PV generator, the configuration can be central, string or multistring. The most used configuration is the central one where the PV array is interconnected to a single stage inverter [33,34]. Then, the inverter is connected with a three winding transformer (Figure 3).



As many PV generators are interconnected in a LS-PVPP, a central controller is necessary. Additionally, each PV generator has to perform its local control. Thus, a hierarchical control architecture is considered, as it is illustrated in (Figure 4), where the first stage is the transmission system operator (TSO) who sends the requirements, then the second stage is the power plant control (PPC) and the third stage is the PV generator’s local control.



The control of the LS-PVPP is focused in two main tasks: (i) apply grid support actions, for example in case of disturbances, and (ii) coordinate the control of active and reactive power according to TSO’s requirements [11,24]. For the second task, the PPC uses a Proportional-Integral (PI) controller to reduce the error between the reference given by the TSO and the power available in the grid. Then, the total active or reactive power calculated by the controller is divided by the total number of PV generators in the LS-PVPP and this is the reference value under which the PV generators should respond (Figure 5) [24,32]. After these references are calculated, the PV generator develops its corresponding control according to grid code requirements and the behavior of the internal grid to keep ac voltage and frequency constant.



A general control structure of a PV generator is illustrated in Figure 6. The PV generator has three main tasks: (i) MPPT, (ii) the inverter control, and (iii) the control of active and reactive power. For the first task, the MPPT, the aim is to look for the   v  m p p    at each solar irradiance and temperature according to the P-V curves characteristics. To address this, algorithms as perturb and observe, hill climbing, incremental conductance as the more known and others as fuzzy control and swarm optimization have been developed [35,36].



The second task, it is the one in charge of the general inverter control to interconnect the PV generator with the internal grid of the PVPP. This control performs the grid synchronization, the voltage modulation, the dc voltage regulation and the current loop. The third task, it is in charge of the delivering of the power demanded by the PPC. This control should consider the PQ capability curves of the PV generator analysed in [30] and the variation of ambient conditions as solar irradiance and ambient temperature.




3. Active Power Control


To address the active power control of a PV generator is nesessary to understand the limitations that it has as a system (PV array and the PV inverter). The active power production capability of a PV generator can be presented by a P-G curve (Figure 7). From the figure, four main regions can be identified. Region I is the starting phase, Region II is the controlling phase, Region III is the clipping phase and Region IV is the shut off phase. To go from one region to other three main points are considered: cut-in, rated and cut out solar irradiance. The solar irradiance at which the PV generator first starts to generate power is named as “cut-in solar irradiance”. As the solar irradiance increases, the PV generator starts to work with the MPPT control. When the rated power is reached, the point of solar irradiance is the one named as “rated solar irradiance”. Eventhough, the PV array can generate more power due to higher solar irradiance, the inverter limits the generation of active power and loses the ability to track the MPP. Thus, in this region the PV generator waste available PV power. As the solar irradiance increases, the cell temperature also does it. The active power is reduced and the system cannot track any longer the active power. When this point is reached (cut out solar irradiance), the PV generator has to shut off.



Taking into consideration this curve, the present section proposes an active power control of a PV generator for power curtailment and active power reserves.



3.1. Power Curtailment


To address the power curtailment, the PV generator cannot be working at the maximum power point. Instead the control works close to the reference of active power (  P  r e f   ) given by the PPC. Thus, a Reference Power Point Tracker (RPPT) is used. Considering the P-G curve, it can be seen that the MPPT control is applied until a point of solar irradiance depending on the power reference. Although, the solar irradiance increases, the PV generator can only supply the reference power by using the RPPT control. In this case, the RPPT control can be applied in Region II and III of the P-G curve (Figure 8a).



The control of active power will be managed according to two variables: dc voltage variation and the active power reference (  P  r e f   ). For that purpose, any algorithm used for MPPT can also be used in RPPT but the target point is what changes. The most common algorithm is Perturb and Observe, that is used in the present study. In this case, the dc voltage is changed by small steps (  Δ v  ) until the active power generated by the PV array is the same as the power reference. Each time the solar irradiance changes, the algorithm should only decide if the dc voltage reference should increase or decrease its value. On this control, the dc voltage limits are also considered according to the PV array and the inverter limitations (  v  m i n   ,   v  m a x   ). However, as the solar irradiance changes, the reference of active power could be higher than the maximum possible power that the PV generator can supply. In this case, the algorithm starts to work as a normal MPPT (Figure 8b).



An example of this control is illustrated in Figure 9, where the first point is for a given solar irradiance (blue line) and with a voltage equal to the open circuit voltage (  v  o c   ). At this point, the active power that the PV generator can supply is equal to 0. Then, the dc voltage will reduce its value in small steps   Δ v   in order to be close to the reference (2). In the case, the solar irradiance reduces, the new point of operation will be in (3). Then, again the control will change its dc voltage to get close to the reference. As the maximum power at the new solar irradiance is less than the reference, the control will change to MPPT instead of RPPT until it gets the maximum power (4). If the solar irradiance suddenly increases (red line), the PV generator operates in a new point (5). As the dc voltage is equal to   v  m p p   , this has to increase in small steps until the active power generated is the same as the reference given by the PPC (6). This algorithm is presented in the block diagram illustrated in Figure 10.




3.2. Active Power Reserves


In this paper, any energy storage is used. So, to approach the active power reserves is necessary to work in deloaded operation. This operation consists that the PV generator supply a reduced output power instead of the maximum power. The reduction can be between 10 or 20% of the maximum power for each solar irradiance as it is illustrated in Figure 11. To obtain the new operation point, the dc voltage is different than the   v  m p p   .



To control the PV generator for active power reserves, it is necessary to calculate at each time step the possible maximum active power that the PV generator can supply (  P  m p p   ). Then, the power reserve is given by the percentage required by the TSO of the maximum possible active power given by the expression:


   P  r e s e r v e   = Δ  P  t s o   ×  P  m p p    ( G , T )  .  



(1)







The new reference for active power can be calculated as follows:


   P  r e f   =  P  m p p   −  P  r e s e r v e   .  



(2)







With this new reference, the RPPT control explained in Section 3.1 can be applied. Then, the new P-G curve is presented according to the new performance of the PV generator in Figure 12. In this case, the RPPT can be used in region II and III of the P-G curve.



In summary, the PV generator will be working with MPPT or RPPT depending on the ambient conditions and the PPC ’s requirements. Then, the dc voltage (  v  r e f   ) will vary according to the control chosen until it fulfills the requirements (Figure 13).



After the active control has been addressed, the reactive power control is explained in the following section.





4. Reactive Power Control


The P-Q curves of a PV generator depends not only on the variation of solar irradiance or temperature but also on the dc voltage applied at the terminals of the PV arrar or the modulation index as part of the internal inverter control. In Figure 14 can be seen the variation of these parameters and how they affect to the P-Q curve.



These curves obeys to the following expressions:


   P  r e f  2  =  S 2  −  Q  r e f  2  ,  



(3)






   P  r e f  2  +    Q  r e f   +   3  V  g r i d  2   X   2  =   3 .    V  g r i d    V  c o n v    X   2  .  



(4)







Taking into account this P-Q curve, this section presents a novel control to provide reactive power depending on the grid code requirements. In this case, the reactive power control is set as a priority (Figure 15). This control reads the reference of reactive power given by the plant operator. If the reactive power control is not a priority, the control is developed with a conventional reactive power regulation. But if the reactive power is set as a priority, then the PV generator has to calculate the maximum possible reactive power (  q  m p p   ) by taking into account the capability curves studied in [30] and the variation of ambient conditions.



The performance of the control will vary depending if it is absorbing or injecting reactive power.



4.1. Absorption of Reactive Power


For the absorption of reactive power, the area of operation is in the fourth quadrant of the PQ capability curve. The maximum limitation of the reactive power varies according to:


   Q  m p p  2   ( G , T )  =  S 2  −  P  m p p  2   ( G , T ,  v  m p p   )  ,  



(5)




where, the   P  m p p    is the maximum active power that the PV generator can supply at that instant. For a given reference of absorbed reactive power   q  r e f   , the control evaluates if this is higher than the   q  m p p    at each instant. If it is higher, then the PV generator has to reduce the injection of active power by the variation of dc voltage. So, the PV generator is not working any longer at MPP instead will be working in other point of operation of active power. The RPPT control should again track the reference of active power calculated due to reactive power reference. Every time the solar irradiance changes, the control has to track the reactive power point by the variation of active power. This control will be called as the reactive power point tracker (QPPT).



This behavior is illustrated in Figure 16, where the first point is for a given solar irradiance (A). At this point, the active power that the PV generator can supply is   P  m p p   . On this instant, a reference of reactive power is given to the generator’s control. However, with this power the   Q  m p p    is lower than the reference. Thus, a new reference of active power is calculated (  P  r e f 1   ). To achieve this point, the dc voltage has to change from   v  m p p    to   v  r e f    so the PV generator starts to work at point B. Then, the generator can supply the value of reactive power equal to the reference (point 3). In the case the solar irradiance changes a new PV curve is generated (blue line), because of the dc voltage value, the new active power is   P 2   and the PV generator starts to work in point C (PV curve) and 4 (PQ curve). As the RPPT control has to follow the reference of reactive power, then the dc voltage reduces to reach the reference (Point D and point 3).




4.2. Injection of Reactive Power


For the injection of reactive power, the area of operation is in the first quadrant of the PQ capability curve. The maximum limitation of the reactive power varies according to:


   Q  m p p   =   3  3    2  2    .    V  g r i d   ·  v  m p p   · M  X  ,  



(6)




where, the modulation index (M) varies between 0 and 1. The maximum possible reactive power for a given solar irradiance, temperature and   v  m p p    is when M is equal to 1. In order to increase this value of reactive power, the modulation index can be higher than 1 but it can cause the increment of harmonics [37].



In the case, the PPC asks a reference higher than   Q  m p p   , the control should manage in one hand the dc voltage to reduce the active power and on the other hand the modulation index. This behavior is illustrated in Figure 17, where the first point is for a given solar irradiance (A). At this point, the active power that the PV generator can supply is   P  m p p   . In this instant, a reference of reactive power is given to the generator’s control. However, with this power the   Q  m p p    is lower than the reference. Thus, a new point of operation is calculated. First, the maximum modulation index varies to a higher value in order to increase the operation area. So, the maximum possible reactive power that the PV generator can inject increases. Then, to reach this point of operation at the specific reference of reactive power, the generated active power is reduced (  P  r e f 1   ). To achieve this point the dc voltage has to change from   v  m p p    to   v  r e f    and the PV generator starts to work at point B. The corresponding algorithm that follows the logic illustrated in Figure 18.



The control of active and reactive power is tested for different scenarios. These tests and the performance of the control are explained in the following section.





5. Simulation and Results


A LS-PVPP of 24 MW is designed and modeled in DIgSILENT PowerFactory   ®   and has the configuration presented in Figure 19. For the current study the results for a single PV generator are presented. The main characteristics of the PV generator are summarized in Table 1. The design of this power plant was developed according to the solar irradiance and temperature data taken from Urcuqui-Ecuador in 2014. Besides, the inverter has been oversized 20% of the maximum active power capacity of the PV array. Each PV generator has a nominal power capacity of 0.6 MVA.



Two cases studies are considered: (i) testing the active power control (case study A) and (ii) testing the reactive power control (case study B). For each type of control, the PPC is the one that sends the references of active or reactive power to the local controller. For these tests, three days are chosen with different solar irradiance and an ambient temperature around 10 °C to 25 °C (Figure 20).



5.1. Case Study A


For this case study, three different active power values are set as references during the day:




	
Set a power reserve of 20% of the maximum power capacity from 6:00 to 10:00 and from 15:00 to 18:00.



	
Set a power curtailment of 50% of the maximum capacity from 10:00 to 15:00.



	
Deactivate the power curtailment to reach the maximum power point during 10 min (11:25 to 11:35).








The test is developed for day one and two, and the results are illustrated in Figure 21. For any of the days tested, the control of active power makes possible to keep the power reserve equal to 20% of the maximum power capacity for active power higher than 0.20 p.u. When the generated active power is lower than 0.2 p.u, the power reserve is not reached and instead is equal to the maximum possible.



However, in the case of power curtailment, there are some differences between the first and the second day. In day 1, the active power reference is reached easily with the control due to the sufficient solar irradiance. On day 2, however, the new reference of power is only reached during ten minutes in the morning and eighty minutes in the afternoon. This behavior is because of the drastic changes of solar irradiance during the day.



The deactivation of the power curtailment in order to get the maximum power during ten minutes is successful in day 1 and day 2. It is important to notice that due to the MPPT control, the ramp rate to get the maximum power is 0.05 MW/min on day 1 and 0.026 MW/min on day 2.




5.2. Case Study B


In this case study, the reactive power control is tested considering the solar irradiance of day 3. To understand the performance of this control, some tests are developed: (a) active power priority and (b) reactive power priority.



5.2.1. Active Power Priority


In this case, the normal MPPT control is used during the day as it is illustrated in Figure 22. Taking into account this control, the maximum reactive power that the PV generator can absorb is illustrated in Figure 23 together with the operational area. It can be seen, that the maximum reactive power that the PV generator can absorb is variable in the time as it is not a priority. The reactive power varies from 0.6 pu to 1 p.u depending on the time of the day.



In the case that a reference of absorbed reactive power is required (   Q  r e f   = − 0.8   p.u) by the PV generator and the MPPT is still used, the response of it is illustrated in Figure 24 together with the operational area. With these conditions, the PV generator can follow the reactive power reference between some hours (06:00 to 08:00 and 15:00 to 18:00). However, when the active power exceeds a certain value, the PV generator cannot follow the reference of reactive power.



For a    Q  r e f   = 0.8   p.u, the PV generator can inject the reactive power depending on the voltage limitation and the modulation index. A modulation index of 1 and 1.75 is tested and illustrated in Figure 25 and Figure 26 respectively together with their operation area. When the modulation index is 1, the reactive power is equal to 0.45 p.u for any solar irradiance. Meanwhile, when the modulation index is 1.75, the reference of reactive power is reached from 07:00 to 10:00 and from 13:30 to 18:00. However, from 10:00 to 13:00, the reference of reactive power is not reached. Instead, the maximum possible reactive power is injected, which depends on the solar irradiance. The curve that limits its behavior from 10:00 to 13:00 is the current curve, for the rest of the day it is the voltage curve.




5.2.2. Reactive Power Priority


To test this control, two references of reactive power are simulated: (i)    Q  r e f   = − 0.8   p.u and (ii)    Q  r e f   = 0.8   p.u For the first reference (absorption of reactive power), the results of active and reactive power are illustrated in Figure 27 with the corresponding capability curve. In this case, the PV generator absorbs a value of reactive power equal to its reference almost all the time. Due to the changes of irradiance and the response time of the control, there are specific times where there is an error around 0.05 p.u. Because of the control and the ambient conditions, the active power is limited to 0.6 p.u between the hours 08:00 to 13:00.



For the second reference (injection of reactive power), two different modulation index are tested: (i)   M = 1   and (ii)   M = 1.75   (Figure 28 and Figure 29). When   M = 1  , the reactive power cannot reach the reference of reactive power and stays at the maximum value (0.45 p.u). In the case   M = 1.75  , the PV generator injects a reactive power equal to the reference during all the time by the reduction of active power from 09:00 to 13:30.






6. Discussion


From the controller presented in this paper and from the obtained results, some important issues are necessary to be addressed:



6.1. Active Power Control


The control of active power in a suboptimal point (lower than the MPP) can be developed with a RPPT control. The PV generator can supply power according to an active power reference. The response, however, depends as well on the solar irradiance fluctuations during the day. For instance, on the second day, between 14:00 to 15:00 quick solar irradiance variations are presented and the control tries to respect the 20% of power reserve but the control does not follow this reference.




6.2. Reactive Power Control


For the injection or absorption of reactive power, the response also depends on the solar irradiance when the active power generation is a priority. It can be stated that with a maximum active power, there will be a maximum reactive power that can be injected or absorbed depending on the capability curves. Because of this, if a reference of reactive power is set and at the same time the active power control is a priority, the reference will be reached only if it is lower than the maximum reactive power point possible at that instant. In the case that the reactive power is a priority and there is high solar irradiance, the reference of reactive power can be reached only if the active power point changes to other point of operation lower than the MPP.



It is important to notice that for injection of reactive power, the variation of this value does not present large fluctuation as it depends on the changes of dc voltage together with the modulation index. If the maximum modulation remains fix, then the reactive power that the PV generator can inject also remains close to a fix value. However, this value could be lower than the reference set by the control. Therefore, a change of modulation index helps to achieve the reference of reactive power asked by the PPC.




6.3. Compliance of Grid Codes


Considering the response of the PV generator for the different scenarios for reactive power, it can be analised if the requirements of the grid codes can be achieved under different scenarios. Figure 30 illustrates the capability curve given by the PV generator together with the capability curve required by Puerto Rico and Germany for steady state conditions.



When QPPT is utilized, the PV generator can inject or absorb reactive power according to the requirements but the active power generated could be lower than the MPP. For absorbed reactive power, if the reference is 0.623 p.u, then the new reference of active power should be 0.78 p.u. For the injection of reactive power, the modulation index has to be higher than 1 to comply this reference.



However, when the reactive power is not set as a priority then the requirements asked by the grid code of Puerto Rico cannot be accomplished for higher solar irradiance and maximum modulation index of 1. So, new equipment should be installed in order to give reactive power support as STATCOM, capacitor banks, FACTS. However, for the case of Germany, at any irradiance the PV generator can supply or inject the reference of reactive power as it is lower than 0.57 p.u without making any change on the operation of active power or the modulation index.



Additionally, it can be seen that for an active power generated lower than 0.78 p.u (corresponding to G = 900 W/m   2  ), the PV generator can absorb or inject reactive power higher than the limitations imposed by the grid codes without reducing the generated active power. Thus, it is necessary that the Grid codes will consider the effect of the PV generator performance at different solar irradiance, temperature, dc voltage and modulation index in order to set higher limitations and improve the performance of the LS-PVPP.





7. Conclusions


This paper has presented the control of active and reactive power for a PV generator considering its capability curves variation applied in a large scale photovoltaic power plant. For this purpose, the current paper has presented the general configuration and control structure used commonly in a LS-PVPP. Then the active power control for a PV generator has been presented considering active power curtailment and active power reserves. Additionally, the control of reactive power was also studied under two different considerations: active power priority or reactive power priority taking into account the corresponding capability curves. Finally, DIgSILENT PowerFactory   ®   was used to simulate the control proposed under different conditions. From the control developed and the simulation some conclusions are presented.



The quick variation of solar irradiance affects not only to the active power response but also to the reactive power. When the solar irradiance is high, then the reactive power capability is reduced. Besides, this could disrupt the plant with quick variations of reactive power, this can be reduced with an appropriate control of the reactive power.



The modulation index and the dc voltage value play an important role on the point of operation of the PV generator when reactive power is injected. For an appropriate control the maximum modulation index can vary between 1 to 1.75 to comply grid code requirements.



The capability curves play an important role in the control of the PV generator when active and reactive power control are considered. These curves should be taken into account for each solar irradiance, ambient temperature, dc voltage and modulation index. The reactive power reference can be achieved by the consideration of these capability curves together with the control.



Considering the grid code requirements regarding the management of active power, it can be stated that working with RPPT for a given reference helps to comply the basic requirements as power reserves and power curtailment. However, a deeper study on ramp rate control must be developed considering variable solar irradiance. In the case of reactive power, grid codes should also consider the behavior of the PV generator according to ambient conditions in order to set the limitations.
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Abbreviations


The following abbreviations are used in this manuscript:





	PV
	Photovoltaic



	LS-PVPP
	Large Scale Photovoltaic Power Plant



	PLL
	Phase Locked Loop



	PPC
	Power Plant Controller



	PCC
	Point of Common Coupling



	G
	Solar Irradiance



	   T a   
	Ambient Temperature



	MPP
	Maximum Power Point



	MPPT
	Maximum Power Point Tracker



	TSO
	Transmission System Operator



	RPPT
	Reference Power Point Tracker



	  P  P V P P   ,   Q  P V P P   
	Active and Reactive Power of the PVPP measured at the PCC



	P, Q
	Active and Reactive Power



	  P  r e f   ,   Q  r e f   
	Reference of Active and Reactive Power



	    P r  e s e r v e   
	Power reserve



	  P  m p p   ,   Q  m p p   
	Active and Reactive Power at the maximum power point of operation



	dc
	direct current



	   v  d c    
	dc voltage measured at the dc bus of the PV inverter



	  v  p v   ,   i  p v   
	values of voltage and current measured at the terminals of the PV array



	  v  m p p   ,   i  m p p   
	values of voltage and current at the maximum power point of operation



	M
	Modulation Index



	X
	Reactance of the grid



	   P & O   
	Perturb and Observe



	   v  c o n v    
	VSC ac voltage



	   v  g r i d    
	Grid voltage
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Figure 1. Active power variation applying the new control functions. 
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Figure 2. Reactive power requirements. 
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Figure 3. PV generator in central configuration. 
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Figure 4. Proposed control architecture for a large scale photovoltaic power plant (LS-PVPP). 
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Figure 5. Power plant control (a) Active power and (b) Reactive power. 
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Figure 6. General control of a PV generator. 
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Figure 7. Control areas of a PV generator in a Power vs Solar irradiance curve (P-G curve). 
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Figure 8. Active power curtailment (a) P-G curve when a reference is given and (b) logic between maximum power point tracker (MPPT) and Reference Power Point Tracker (RPPT). 
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Figure 9. RPPT operation in a PV generator. (1) Initial point. (2) Point of operation by using the algorithm. (3) Change of point of operation because of solar irradiance. (4) New maximum power point. (5) Reduce of power. (6) Reference of active power. 
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Figure 10. RPPT control algorithm. 
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Figure 11. Deloading operation in PV generators. 
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Figure 12. Control areas of a PV generator in a P-G curve when power reserve is considered. 
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Figure 13. Control scheme for control of active power in PV generators. 
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Figure 14. PQ capability curve of a PV generator (a) Variable dc voltage (b) Variable Modulation index [30] (Reproduced from Solar Energy, Vol 140, Ana Cabrera et al., “Capability curve analysis of photovoltaic generation systems”, Copyright (2016), with permission from Elsevier). 
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Figure 15. Control scheme for control of reactive power in PV generators. 
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Figure 16. QPPT operation in a variable PQ and ambient conditions: Absorption of reactive power. (1) MPP at one solar irradiance, (2) Variation of active power reference, (3) Reference of reactive power, (4) New active and reactive power. 
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Figure 17. QPPT operation in a variable PQ and ambient conditions: Injection of reactive power. (1) MPP at one solar irradiance, (2) Variation of active power reference, (3) Reference of reactive power. 
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Figure 18. Logic of control for reactive power in PV generators. 
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Figure 19. PVPP diagram under study. 
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Figure 20. Solar irradiance data (a) Day 1 (b) Day 2, and (c) Day 3. 
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Figure 21. Control of active power for different power references. (a) Day one, (b) Day two. 
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Figure 22. Active power response for day 3 considering MPPT. 
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Figure 23. Absorbed reactive power when MPPT is considered (a) Maximum possible reactive power and (b) Operational area. 
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Figure 24. Absorbed reactive power when a reference of reactive power is considered (a) Response of reactive power (b) Operational area. 
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Figure 25. Injected reactive power with MPPT control and   M = 1   (a) Response of reactive power and (b) Operational area. 
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Figure 26. Injected reactive power with MPPT control and   M = 1.75   (a) Response of reactive power and (b) Operational area. 
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Figure 27. QPPT response when a reactive power reference is applied (a) Active power, (b) Reactive power, and (c) Operational area. 
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Figure 28. Power response with QPPT for   M = 1   (a) Active power and (b) Reactive power, and (c) Operational area. 
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Figure 29. Power response with QPPC for   M = 1.75   (a) Active power and (b) Reactive power, and (c) Operational area. 
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Figure 30. Capability curves comparison considering the grid codes of Puerto Rico, Germany and the capability curve extracted from the current study case. 
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Table 1. PV panel and array characteristics.
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PV Panel Characteristics

	
PV Array Characteristics






	
   V  o c    

	
58.8 V

	
   P  a r r a y    

	
0.5 MW




	
   I  s c    

	
5.01 A

	
   N  s e r    

	
15




	
   I  m p p    

	
4.68 A

	
   N  p a r    

	
175




	
   V  m p p    

	
47 V

	
  T  m i n   ,   T  m a x   

	
0–70 °C




	
   k v   

	
0.45 1/°C

	
   G max   

	
1100   W /  m 2   












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






media/file13.jpg
P (MW) Cut in solar Rated Solar Cut out Solar
irradiance irradiance irradiance

Rated power
]
T 1 1 m w
3
=
=
-

Solar irradiance G (kW/m?)





media/file4.png
CHINA, GERMANY, ROMANIA
SOUTH AFRICA (category B)

SOUTH AFRICA (category C)

PUERTO RICO (steady state)

PUERTO RICO (dynamic state)

Q(pu)

P(pu)

A

A
on
S
QU
5 on
| N
S 6.
0
S 4
.- 8
5 IIII/II
5 IIIIIIIIIII
7 0
9 | N
S 2
,,,,,,,,,,,,,,,,,,,,, :
-
Y
- = 8
ol 2
(i N
n_u <
on
T 0
9 S
0. 1
1
on
~H
<
<H
o0
9 <t
n_u. <
5 on
oo. o~
0 O
_ <

|
-0.73






media/file52.png
4 Plp.u.
Q[p'ul —1 Q reference i S
- P=082p.u. 1.20 P=082p.u.
Q response Q=-057 pu. Q=045pu
0.80 - ] G= 1000 W/m? G=1000 W/m?
\\ ﬁ, | 0.90
leedl operation point
NI Y———
0.40
Increase of solar
irradiance 0.30
0.20
. . . . » . -
09:30 11:30  13:30  15:30 tlh] 125 -1.00 -0.50 0.00 0.50 Qref~0.80 Qfp.u.]

(a) (b)





media/file39.jpg
)

250

00l

0
750
0]
20
oo
T T T ET ) [ T R = T

)

1000

7

0]

250

o0l

[ T T T

©





media/file18.png
A
P(w)

P ref

Omin

A|_Z|) 1 Omax

Vdc(V)





media/file21.jpg
Pw) 4

P
Deloaded
Prppiz
Peyi operation
Pus
-

Vnin v yy)





media/file44.png
y
P[p. M] —Maximum active powen

—Controlled active power

0.80|

0.60

0.40

0.20}

.

09:30 11:30  13:30  15:30 th]






media/file26.png
Pr

PV PP control
level

P ref

refgen

KR4
N

Y

Decision algorithm for the
coordination of MPPT,
RPPT, ramp rate

P*

A

Control
requirement

PV PP control
level

»| RPPT/MPPT

Oref





media/file57.jpg
Pl e

os0)

o60)

o0)

o020)

a0 10 B30 B0 M

@
Qi o
o)

060

010

020

R T A T
®

= oreman]






media/file55.jpg
Plp.ui
080
060
040

o00)

@

Qpa

0500 0825

os0)

060

a0

0|

®

0

S T )

o500

o4

050 B0 1555 18004l

O

@

e aremar





media/file7.jpg
.\'«’OQ TSO
7 Proamo || || ranonm
LS-PVPP CONTROL
Prep Qref. PR PrpQuf | | @ PrfQuf | B P Qs P

v ipo
10,G

LI I | vag e [
Ta, G, Ta, G, Ta, G,





media/file28.png
Voltage limitation (Inverter) P
Current limitation (Inverter)
Power variation

Pmax INVERTER P &
\ Pmax(G, T, vmpp)
DC voltage
variation P1(G, T, vmin or v2)
Voc \/
'3Vgrid2/)<\ ~ Q
~

Power limitation (PV array) PA Variation of
Voltage limitation (Inverter) Modulation
Current limitation (Inverter)
Variation of power Index P
p M
M;< M, A ,
GI]‘[aX ——————— K— I B - —G;ix-
/— Gil N Ge
L // G Variation of solar
Variation of solar > G~ radiation
radiation 4+ G
i """" : ] G [y
-3V /X Q ; y Vdc
E g
> >
k*(vg*vmpp(GaT)*M)
X






media/file10.png
Prax

P tot

Q max
I

tot

Np Vgen

N PVgen

re,

—>| PV generator 1 m
—>| PV generator 2 T&_l

_,I PV generator n TAI

PV generator 1 Ez _CI]_]
PV generator 2 E _CI]_]

4y

_,I PV generator n E _d]_]






media/file49.jpg
sl e T T
%) N S . - u-z...‘ - 2
apf et oo
ol -
oml L

T o = e areman]

@ ®





media/file11.jpg





media/file6.png
nternal grid

=

- | -~ | > | - | >

-
R

> | v |~ | - | >






media/file36.png
( QPPT )

|/

P gen, Qgen y

Ompp, QmPP
G, Tu

No

Qref > Qumpp

Yes

Y

Calculate
reference of
active power

Reactive power
requlation

PPT

( Repeat )






media/file15.jpg
P(MW) ) Cutinsolar

irradiance

Rated solar

Cut out solar

PV generator active

(@

i
Upo

MPPT

oo
Upo

RPPT

iradinee irrdionce
Rated power
Reference
w
-
Solar irradiance G (kW/m?)
Unpp Ppo < Pref
Vref
Dppt |

(b)





nav.xhtml


  energies-12-03872


  
    		
      energies-12-03872
    


  




  





media/file54.png
Plp.u]

0.80

0.60

—P maximum

— P reference

0.40

0.20

09:30  11:30  13:30 1530 k]
(a)
Q[pur —1 Q reference
—1Q response
-0.20 .
-0.40 |- .
0.60} .
09:30  11:30 1330 1530  t[h]
(b)
- Plp.u.l
P=0.82 p.u. 1.20 P=0.82 p.u.
Q=-0.57 p.u. Q=0.45p.u.
G= 1000 W/m? \ 0.90 G=1000 W/m?
0.60
[ncrease of solar — Operationalared
irradiance 0.30
—1.é5 -1.00 Qref=-0.80 0.50 0.00 0.50 Q[p.u.}





media/file2.png
P(W),

e Maximum active power

Reference of active power
Maximum Power Power Maximum
power reserves curtailment power
> € < > € >

————— RS

e —

Ramp down Ramp up t(h)





media/file53.jpg
ripal e
030 -
060
00
020

w50 130 1330 1530 ]
@
Qpa o
-020) F
0ol
-060)
osf— e

W30 1m0 B0 1m0 Ml






media/file23.jpg
P (MW) Cut in solar Rated solar Cut out solar

irradiance irradiance irradiance
- T T T A
g
g RPPT
§5
g5 1! m v
£ g
%
=4
[
/
/
>

Solar irradiance G (kWinit)





media/file59.jpg
Qpacl

0623

-aisy
1<Mo <175

0

033

000

L P —
SN .
P R &
ge.8

3eit H o
[ 2y B
H i

H






media/file24.png
P (MW) A Cut in solar Rated solar Cut out solar
irradiance irradiance irradiance
P -~ AP
S 4
S RPPT RPPT
> 0~
SIS /
S S 11 111 1%
3
§O /
~ /
¥ /
/
/

Solar irradiance

G (kW/m?)





media/file29.jpg
Gl T.|M
L 4

PVPP control
level

) | Do

Qur

rfen

Decision algorithm or the| Quew

v, M, Q*
>

coordination of eactive
powcer

'y

Reactive or
active powwer
priority

PVPP control
level

.|

QPPT/IRPPT






media/file1.jpg
P(W)y

= Maximum active power

= Reerenceofactive pouer

Maximum Power Power Maximum
powwer reserves  curtailment  powcer

>

Ram don Rarip th)





media/file12.png
PV array

Capacitor

~00-

1
i

Bus DC

MPPT control

Inverter Filter
DC
AC
Modulation

Current, voltage control, vac
control, grid synchronization)

Ompp

Umin /

Oref,
M,Q*

Active & Reactive

ower control

Pry, Qref .:6:. ﬂ

G, Ta

LS-PVPP control

Umax

Pn, Qn

Bus AC

Prver , Qpver

LV

Transformer

O

Bus AC

MV

Internal grid
LS-PVPP






media/file9.jpg
PV generator 1
Puue
P PV generator 2
P Pu

(a)

PV generator 1(oh )

Dl PV generator 2(h )
0.

N W goenor | 2]

(®)





media/file42.png
Plp.ult

0.60

——Controlled active powe:

—Maximum active powe;

0.45

e
—_—
et

0.30

0.15

v

09:30

11:30

13:30

15:30 t[l;]

P [ le] f\M\ L Controlled active powe
060 AJAM I H
0.45 f/ \,:\\M
0.30 //://[: A\ |
0.15 j % A
»
9:30 11:30 13:30 15:30  t[h]





media/file56.png
Plp.uft

o e
BV
0.20/\}

06:00 08:25 10:50 13:10  15:35 18:00 't[h]
(a)
Qlp.u]
0.80
Qref=0.800
0.60
0.40 \
\Q= 0.456 p.u.
0.20
0.00 >
06:00 08:25 10:50 13:10  15:35  18:00 t[h]
(b)
\ Plp.u.]
P=082p.u. 1.20 P=082p.u.
Q=-057 pu Q=045p.u.
G= 1000 W/mz G=1000 W/m?
0.90
LMa imum operation point
| / 0.60 I"0")Q"=
| Increase of solar / % e
irradiance 0.30 87—
—1.é5 -1.00 -0.50 0.00 0.50 Qref=0.80 Q[p.u.]:





media/file47.jpg





media/file38.png
o <

MM
5 3 8

o <

LN
CE 3 ©

o <

n
— 3@ E
BE oM «©

- .:

:::::::

DC

AC

PV generator

AC

DC

PV unit

PV generator






media/file17.jpg
P(W)

Prf

-

1
Umin &





media/file60.png
r—-e—_————— - - - —_—_r—_———— —_—— —— —_——_——————

-0.50

_ I
_ I
_ I
_ I
_ I
_ I
_ o I
| = =S [
| & a= [
| 02
sesl o /0 |
I
| & Qo I _ _
F————- —_—— Y t——— 4-——- -
_ I _ _
_ I _ _
_ I _ _
_ I _ _
_ I _ _
_ II_ IIIIIIIIIIIIII
_
~ |
= |
< |
|
P_ I
..-_
|
- =) - -
_7_ D O o
| v S S S
|
_
_
_
_
_
_
_
F————
_ o
| =35
| 522
| 828
| S S
L&Y
_
_
_
_
[7,) I I
Wo m I I
| - _
nUnmvm ! !
= | e |
CmAM _ = _
> x = _ 15 _
=S & | = |
-— ) > SO
Ja0d | €n_
2| : .
[ ] Ed
& . _ 5 8|
< . _ = .5 |
9 " |||_||||._||||L..”||L||||_I|||

-1.00

450 0.623 | Qlpul

0.33

0,00

-0.33

-0.623

-1.25

1<M,,, <175





media/file30.png
PVPP control
level

Qref

fgen
Qn re

QmPP

Y

Decision algorithm for the
coordination of reactive
power

Quew

A
Reactive or
active power

priority
PVPP control
level

|

QPPT/RPPT

Oref, M, Q>e
—





media/file51.jpg
ol g 7y S s

o080} 2 Kl

o = I

040 ' o pe——

o o |
W30 T30 B0 1530 W — o W0 oo Gral

@ ®





media/file35.jpg
QPPT

Peer, Qeen,
O Qur
GT.

o> Q)

Yes

Y
Reactive porwer Caleulate
g reference of
regulation e
° active power

PPT






media/file48.png
X Plpu.]

Qlp-uf
T Q reference P=082pu 1.20 (F;’)= %?‘25 p.u.
— Q=-057 pu. =045p.u.
0,20 Q response L G= 1000 W/m2 G=1000 W/m?
-0.40
-0.60 VA
/ Increase of solar
irradiance
_0.80 Z Af‘\
-1.00 >

09:30 11:30 13:30 15:30 th] ' -1.25  -1.00 Qref=-0.80  0.50 5.00 0.50 Qlp.u.]

() (b)





media/file27.jpg
Ve - -
ocvotnge
Sy VeV
RO
o,
il
@
= | P v
—— N[ e
i/
w -

- T

®





media/file3.jpg
SOUTH AFRICA ey €

P

a8 09 w35 _awrs, | ows 0% 05 oss pf

5

T =T
073 0623 0484 043 -033 0228 0 028 033 0430484 0623 073

—T Q)





media/file22.png
P(W) A

P mpptl /\ I AP
Popi / N\ Deloac?ed
/i o\ |4 operation

P [ N\

Omin Omax Vdc(V)





media/file19.jpg
RPPT

Ve iy O

. A

w=ot-Dra | [o=otnrav| | ow=otn-av| o=or-1rav

i )





media/file58.png
P[leJ P maximum

— P reference
O. 8 O / \\M — P respornse
0.60 /4

0.40 [r
0.20

09:30 11:30  13:30 15:30  t[h]
()
Q[p M] _i Q reference i
—EQ response i
0.80
0.60
0.40
0.20
0.00 >
09:30 11:30 13:30  15:30 t[h]
(b)
X Plp.u.]
P=0.82p.u. 1.20 P=0.82p.u
Q=-0.57 p.u. Q=045p.u.
G= 1000 W/m? G=1000 W/m?
0.90
| 1debt operation point

0.60
Increase of solar
irradiance 0.30
-1.25 -1.00 -0.50 0.00

-
0.50 Qref~0.80 Qlp.u.]





media/file40.png
r S

GIW/m?] GIW/m?]
1000 Al ’l\ 1000
750 'f/\/ { 750 A‘w v‘\\‘
500 n'l‘/\'J V\/\r"\.\ 500 A i
j\/ V \\ /f r
™™
250 L‘/_, \ 250 L/ N H\
0,0 > 0,0 >
9:30 11:30 13:30 15:30  t[H] 09:30 11:30 13:30 15:30 tlh]
(a) (b)
GIW/m?]
1000 / "L\‘\«
750 /, VA \,l\r N
500
/ |
250 w
0,0 >
13:30 15:30  t[h]

(c)

09:30

11:30





media/file33.jpg
P






media/file32.png
P A

ph

Pnpp Pwpp
___gﬂ_l’_f_eﬂ_I AP Prefi / e
P> \ P> //

Omin

Ompp

Oref

OUmax

Vdc





media/file14.png
P (MW) A Cut in solar Rated Solar Cut out Solar
irradiance irradiance irradiance
Rated power

D

R

kS

S

55

S S| I II 111 v

2 S

W

50

N

ol

| .

Solar irradiance

G (kW/m?)





media/file41.jpg
Plp.u]
0.60
045
030

015

0930 11:30 1330 1530 Hh]

9:30 1130 1330 1530 Hh]
(b)





media/file37.jpg





media/file46.png
Q[p.ujk

-0.20

-0.40

-0.60

-0.80

-1.00

,/ | MM\
A

09:30 11:30 13:30  15:30

tlh] :

- Plp.u.]
P=082p.u. 1.20 P=082p.u.
Q=-057pu. Q=045p.u.
G= 1000 W/m?2 G=1000 W/m?
| Increase of solar
irradiance
-1.25 0.50 Qlp.u.]





media/file45.jpg
apal
o)

o)
o)
o8

100

@

=y

[

=g

=3

i






media/file16.png
P (MW) A Cut in solar Rated solar Cut out solar
irradiance irradiance irradiance
Rated power
-~
S s RPPT RPPT Reference
S / power
- /
b
S 1 MPPT /o 11 v
S /
S /
~ /
Ry /
/
/
Solar irradiance G (kW/m?)
(a)
Ipo
—>
Opv MPPT Umpp_, Ppv < Pref
—>
\ Oref
Ipv o
. B Oppt
Opv RPPT PP,
—_—>






media/file20.png
< RPPT )
Opo, ipv, Ompp

v

P pv = Upv.ipv

No No
Upv > Umpp

Yes

Y
v(t)=o(t-1)+A v v(t)=o(t-1)-A v v(t)=o(t-1)+A v

) ' ' |
( Repeat )

v(t)=o(t-1)+A v






media/file50.png
\ Plp.u.]

Q[p M] —IQ reference P=082pu. 1.20 P=0.82 p.u.
O response ] Q=-0.57 p.u. Q=045p.u.
< P G= 1000 W/m? G=1000 W/m?
0.80 0.90
LMa ximum operation point
0.60
0.60
0.40
| Increase of solar
irradiance 0.30
0.20
0.00 > =
09:30 11:30 13:30  15:30  t[h] -1,.00 -0.50 0.00 0.50  Qref~0.80 Qlp.u.l





media/file5.jpg
Internal grid

Capacitor

PVarray






media/file31.jpg
P






media/file25.jpg
Pu

W

PVPP contral
lm”, Prry
» |
e [ Decision algoritim for e P*

coordination of MPPT,

[ RPPTIMPPT]_

RPPT, ramp rate

Iy

Control
requirement

PVPP control
level






media/file0.png





media/file8.png
OO TSO

T,, G P150,QT150 Ppyrp,QpyprP

LS-PVPP CONTROL

Pref, Qref P1,Q1 Pref,Qref P2,Q2 Pyef,Qref P3,Q3 Pref, Qref Py, Qn

Vac, Iac . Vac, Iac . Vac, Iac . Vac, Iac .

Vpo, Ipv

Vpo, Ipo Vpo, Ipo Vpo, Ipv

Ta/G Ta,G Ta/G Ta,G

PV generator 1 PV generator 2 PV generator 3 PV generator n





media/file43.jpg
- >
09:30 11:30  13:30 15:30 Hhl





media/file34.png
P A P \
Mmin Mimax
]
Pupp !QMEP ! Pumpp
| |
P refl ) ! P refl ) .

Lo

I
) |

Omin Ompp Oref ax
Qref ¢ Ve





