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Abstract

:

The increasing presence of nonprogrammable renewable energy sources (RES) forces towards the development of new methods for voltage control. In the case of centralized generation, the hierarchical regulation or secondary voltage regulation (SVR) is guaranteed by coordinated voltage and reactive power controls in transmission systems. This type of regulation loses effectiveness when the generation becomes distributed and based on small and medium sized generators. To overcome this problem, it is important that also distributed generators, typically based on RES, participate in the voltage regulation. By starting from the methodologies already applied, this work wants to present a new method for involving distributed generators in SVR. The novelty is given by the application of an existing methodology to the new configuration of electrical grids characterized by a relevant distributed generation. The aim is to control the distributed generators (DGs) as coordinated sources of reactive power for conveniently supporting the voltage regulation. In this paper, a real large photovoltaic (PV) plant is considered. The power plant is composed of several PV generators connected through a distribution network. With the algorithm proposed, the set of generators can be treated as a single traditional power plant that can participate in the hierarchical voltage regulation. The reactive power of each single generator is coordinated in a way similar to the SVR used in several national systems.
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1. Introduction


As well known in electrical engineering, user appliances work in the best conditions (i.e., performance, efficiency, and lifetime) when fed at a rated voltage or within a small voltage deviation from that value [1]. Not only the loads’ section but similar considerations can also be drawn for production, transmission, and distribution systems (e.g., generators, transformers, lines, reactors, and shunt capacitors). Indeed, also in these cases, the voltage on components is to be maintained within a limited range for avoiding various negative effects on the system operation [2,3].



During a standard operative scenario in transmission grids, undesired voltage fluctuations at the grid nodes are mainly caused by variations in absorbed power, which is variously requested from the different loads connected to the network [4]. On the other hand, temporary out of service of any network component (lines, transformers, etc.) are responsible for significant variations in supplied voltage and even the loads’ disconnection [4]. For the reasons expressed so far, the transmission system operator (TSO) must guarantee an adequate voltage control service, i.e., a complex of measures for achieving a suitable voltage control in the different network nodes [4]. Clearly, each TSO operating on a specific grid can implement a peculiar voltage control service, which is definitely not stiffly established. Being the high voltage (HV) nodes mainly influenced by the flows of reactive power [4], the voltage control is typically performed by regulating the reactive power flows by means of different reactive power resources. For giving some examples, it possible to mention FACT devices, synchronous generators, synchronous condenser, transformer tap changers, static VAR compensators, capacitor banks, and capacitance of lines and cables [5].



During the last decades, several countries have implemented hierarchical voltage control systems, practically based on the reactive power provided by conventional large power plants [6]. In this regard, a review of the adopted systems is reported in [5]. As a matter of fact, the standard voltage control systems have been designed and developed for traditional electric power grids, which are characterized by a unidirectional energy flow (from large production centers up to the loads). Nowadays, this assumption is not valid anymore, where the electric power systems are experimenting a great structural change by moving from the centralized production paradigm to the distributed generation model [7,8]. The latter is characterized by small–medium size generation centers, typically based on renewable energy sources (RES), which are conveniently (sometime randomly) distributed throughout the territory. The large penetration of RES leads relevant consequences on several aspects (power quality, power losses, and voltage profiles), as discussed in [9,10,11].



The RES scenario in EU-28 is constantly evolving [12]. Just to give some data [12], at the end of 2014, the installed RES power has been equal to 369,511 GW, more than a third of total installed power (37.8%). In detail, RES power plants are capable of contributing to the production of 930 TWh, another time almost one-third of the total production (29.2%). This data can be summarized not only in the significant growth rate of RES in the last years but also in the fact that RES growth is the only one having a positive index among the different resources. There are several technologies that contribute to renewable generation: among others, hydroelectric, wind, biomass, and photovoltaic [12,13,14]. Particularly, the last references provide some important reports for the context frame.



Nowadays, the secondary voltage regulation (SVR) for HV networks is based on traditional fossil power plants and large hydroelectric power plants, while most of the new renewable energy plants are not taking part in this task [5]. By considering this aspect, the existing voltage control systems are experiencing a decrease in the control capability, especially when the power of conventional thermal plants is replaced by the one produced by distributed generators (DGs) [5]. For what concerns the connection, medium voltage (MV) and low voltage (LV) distribution networks are the standard end-point for RES power plants, whilst the HV transmission system represents the future connecting point for high-power renewable sources. In this regard, the Italian case represents an interesting example, where 6.4% of PV plants are directly connected to the HV grid by the end of 2014 [15]. The Italian case is noteworthy also for the high presence of nonprogrammable RES power plants, whereas the Italian TSO implements a hierarchical voltage control by adopting the production plants as actuators [5].



Independently from the voltage level of interconnection, the introduction of RES technology can determine important consequences on the voltage control [16]. The RES operation outside the constant unitary power factor is commonly accepted as a standard requirement, independently from the interconnection at transmission or distribution level [17,18,19,20]. Particularly, last references are aimed at defining regulations and guidelines for network code.



In this regard, the authors have largely studied the contribution of photovoltaic (PV) plants in supporting the network voltage: in [21], the voltage control functionality is guaranteed by modulating the reactive power and bounding the injected ramp of active power, while PV power plants are regulated for behaving as STATCOM devices in [22]. As proposed in [23], PV units can provide reactive power compensation as ancillary service, whilst the dynamic reactive power compensation can be obtained by suitably controlling power electronics devices [24]. By regulating active and reactive power of PV systems, the adaptive droop-based control algorithms are useful to minimize losses and increase the capacity installation, while avoiding overvoltage [25]. For what concerns the integration of PV systems into a residential area, the papers [26] and [27] offer some interesting proposals, while the mix of RES and electrical storage is conversely described in [21,28,29,30]. Extending the concept of RES away from the PV power plants, several voltage controls have been proposed in literature [31,32,33,34,35] for the wind farms. Particularly, [36] provides important considerations on how to regulate the wind generators for emulating a hierarchical voltage control. A similar perspective is the one provided by the so-called virtual power plants (VPP) [37]. In such a case, multiple distributed generation plants are connected and managed for behaving as a virtual smart network (VSN). For the electrical grid point of view, the VSN constitutes a single provider of main services (energy and capacity) and auxiliary ones (regulations, reserves, etc.) [38,39,40,41].



The present paper wants to analyze an innovative control strategy to conveniently integrate RES power plants (i.e., large PV) into the voltage control system of the transmission network. Such a strategy is based on a hierarchical control architecture, successfully implemented in several countries [6,42,43,44]. A crucial device for this control system is the reactive power regulator (RPR), which is implemented in the so-called SART (in Italian language “Sistema Automatico per la Regolazione della Tensione”, translated as “Automatic Voltage and Reactive Power Regulator”) [45] in the Italian Grid Code. In this paper, the algorithm adopted by the control system is extended to coordinate the reactive powers of all generators that participate in the voltage control, despite their size and position in the network (and therefore applicable also to distribution networks). The final effect is the control of the voltage of the bus connecting the power plant to the rest of the system, through the reactive power of the generators. By comparing simulations and data from measurement campaigns on conventional operating power plants, the paper is initially aimed at validating the proposed methodology. Once the methodology is proved on standard cases, the control strategy can be proficiently transferred to the PV test case.



The paper is organized as follows. Section 2 describes the proposed architecture for the voltage control, while Section 3 is focused on modeling aspects, particularly on the differences in representing RES (where large PV power plant is a particular case) and traditional power plants. Then Section 4 discusses the main topic. Once demonstrated, the validity of the proposed methodology by comparing simulation results and measurements data from traditional power plants, such a methodology will be proficiently extended to the PV case. Finally, Section 5 provides a discussion about the obtained results, while Section 6 outlines the conclusions.




2. Hierarchical Voltage Control Architecture


In this paper, the voltage control strategy is based on a hierarchical architecture (Figure 1), where the main controller has been already proposed and utilized in several countries [46,47]. Therefore, the proposed strategy is based on an already implemented algorithm. Indeed, in the last 30 years this algorithm has proved its simple implementation, while at the same time it is scalable to transmission networks of different size and topology. For all these reasons, the application of such an algorithm has been extended to HV networks populated by nonprogrammable energy resources. The proposed architecture presents an external loop and a cluster of internal controllers, where the RPR behaves as a central control unit for coordinating the reactive power from each generator. Such a regulation is therefore adopted to obtain the voltage control on a peculiar pilot bus, named point of connection (POC). By implementing this control structure, the so-obtained reactive power regulation is actually similar to what is achieved by the SVR on transmission grids [48].



The control structure is explained in the scheme of Figure 1. Particularly, the network operator forwards the voltage reference to the control system, while the POC of the RES generation plant is operating as a pilot bus (as defined in SVR). In traditional fossil fuel power plants, all the generators are normally connected through a busbar, while in a more general case all generators are connected through any kind of grid, thus without any topology regularity. In the proposed architecture, the busbar voltage regulator (BVR) plays a crucial role, being responsible for the pilot bus voltage control (time constant Tb near ten seconds). Based on a classical PI (proportional-integral) functionality, the BVR can impose a level of reactive power    q  l i v     (between −1 and +1) to be applied by each generator [48] for getting the requested voltage regulation. For particular cases in which the TSO implements a remote regional voltage control architecture, the TSO excludes the BVR function by directly sending an external    q  l i v     reference signal to the reactive power control loop (i.e., switch in Figure 1). In both cases, the so-obtained    q  l i v     signal is the input for the RPR, where the    q  l i v     is multiplied by each generator reactive power limit to define the vector of reactive power references      Q  r e f    ¯   . The vector components are then compared to the actual reactive power   Q ¯   values of each generator, thus determining a vector of errors     Δ Q  ¯   . The latter is therefore multiplied by the dynamic decoupling (DD) matrix, whose outputs constitute the inputs for the generator reactive power regulators (GRPRs) [49], thus obtaining the reactive power control loop (i.e., the time constant    T Q    is approximately few seconds). The reason for adopting the DD matrix is demonstrated by observing the MIMO (multiple-input-multiple-output) characteristic, which is typical of the generator reactive power control loop (i.e., several PI regulators, one for each generator). Instead, the dynamic decoupling matrix is capable of compensating for the mutual interactions, thus decoupling the MIMO reactive power control loop and consequently simplifying the control system design. Thus, the DD application allows the MIMO system to broken down into n single-input-single-output (SISO) loops, where the n generators are modeled by the same transfer function [49].



The control signals calculated by GRPRs are the references   Δ    V  r e f    ¯    for each generator, which is represented as static frequency converter SFC and synchronous generators AVR in Figure 2. For what regards the control functionality ensured by BVR and RPR blocks, the related regulator parameters are to be set not only for decoupling internal and external control cycle but also for ensuring a voltage time response with an equivalent time constant of about 50 s. This value is chosen similar to what is usually required in conventional HV production power plants [50]. DGs are thus modeled as “voltage actuators” in terms of a first order mathematical model in d and q-axis coordinates. The time constant    T v    of voltage control loops is fast enough compared to that one of the outer reactive power loop    T Q    (i.e., under the second), so   Δ  V i    can be assumed equal to   Δ  V  i _ r e f    . This model can be used for suitably studying the transient stability of the proposed hierarchical voltage control coupled with a simplified RES generator model (Figure 2) [51]. In the past, several studies have investigated the possibility of controlling the reactive power of a voltage source converter (VSC) independently from the active power. For instance, [52] not only shows the reactive power transient response in the presence of a changing in reactive power reference but also points out the P and Q injection decoupling. On the other hand, [53] exhibits a fast response for the reactive power control. This control algorithm can be applied on generation plants with different production technologies, coordinated by the same TSO. The application of the same control scheme allows a sort of uniformity in the dynamic responses of all generators. This control algorithm can be adopted in the case of generation plants with different production technologies, coordinated by the same TSO. Some examples are shown in [54,55,56], a cluster of hydropower plants, wind, and PV farms.




3. Power Plants Modeling


By observing Figure 1, the importance of the DD matrix appears undeniable, being capable of subdividing the initial system into n independent SISO subsystems. In this regard, the calculation of DD matrix is firstly shown in Section 3.1 for a generic distribution grid connecting all the generators (suitable for distributed RES production power plants). Then, the matrix is provided in Section 3.2 for the standard case, where large traditional generators are connected to the HV busbar through their step-up transformers (i.e., as in traditional large fossil fuel power plants).



3.1. Large RES Production Power Plants


As represented in Figure 3, the large RES production power plants are based on multiple small–medium generators, usually grouped as a medium voltage (MV) cluster interconnected to the single HV POC. This topology is common in practice, regardless of RES source (PV, wind, hydro, etc.) and generators technology (static, synchronous, asynchronous, etc.).



By adopting the well-known power flow equations, the MV distribution grid can be described by Equation (1), when considering active/reactive power for the node k:


   {       P k  =    ∑   i = 1  n    V k  ·  V i  ·  Y  k i   · cos  (   θ k  −  θ i  −  γ  k i    )         Q k  =    ∑   i = 1  n    V k  ·  V i  ·  Y  k i   · sin  (   θ k  −  θ i  −  γ  k i    )         



(1)




where    P k    and    Q k    are the active/reactive power at the node k, while    V k    and    V i    are the RMS voltage, respectively, at the node k and node i. The magnitude of admittance coefficients in branch    i k    is represented by    Y  k i    , whereas    θ k    and    θ i    are the voltage phase angle at node k and node i. Finally,    γ  k i     is the admittance phase of branch    i k   , whereas  n  the total number of nodes constituting the analyzed grid. By considering the per-unit notation (i.e., rated values are the basis) and linearizing (1) at a given operating point, the Jacobian matrix is defined as in Equation (2):


   [       [  Δ p  ]              [  Δ q  ]       ]  =  [       [    d p   d θ    ]     |     [    d p   ∂ v    ]       −      −       [    d q   d θ    ]     |     [    d q   d v    ]       ]  ·  [       [  Δ θ  ]              [  Δ v  ]       ]   



(2)







By taking into account a behavior around the operating point, the partial derivatives matrices    [    d p   d v    ]  ,  [    d p   d ϑ    ]  ,  [    d q   d v    ]  ,  [    d q   d ϑ    ]    are the link between active/reactive power and magnitude/phase angle of voltage at buses. As a matter of fact, such matrix coefficients embed the information about the characteristic parameters of the network lines. For the purposes of voltage control, the last equation is to be particularized as in Equation (3), neglecting the active power variations (   [  Δ p  ]  = 0 )   and assuming the only reactive power sources as actuators [57]:


   [  Δ q  ]  =  [   [    d q   d v    ]  −  [    d q   d θ    ]  ·    [    d p   d θ    ]    − 1   ·  [    d p   d v    ]   ]   [  Δ v  ]   



(3)







By setting a system-operating point, the power flow problem is solved, thus deducing the following equations for the linearized system:


   [  Δ q  ]  =  [ A ]  ·  [  Δ v  ]   



(4)




where    [  Δ q  ]    and    [  Δ v  ]    are the vectors (n,1) of reactive power/voltage variations, whilst the (n,n) matrix    [ A ]    models the electric coupling between reactive powers and voltage magnitudes. Hence, the generators are electrically coupled according to the coefficients (5):


   [    d q   d v    ]  −  [    d q   d θ    ]  ·    [    d p   d θ    ]    − 1   ·  [    d p   d v    ]   



(5)







In other words, a voltage variation at every network node causes a reactive power variation in all the  n  nodes, according to the matrix    [ A ]    coefficients, as expressed in Equation (6):


   [      Δ  q 1        Δ  q i        Δ  q n       ]  =  [       a  11        a  1 i        a  1 n          a  i 1        a  i i        a  i n          a  n 1        a  n i        a  n n        ]  ·  [      Δ  v 1        Δ  v i        Δ  v n       ]   



(6)







It is remarkable to notice that    [ A ]    is considered full rank in the most practical applications, while the discussion of idiosyncratic cases (i.e.,    [ A ]    singular) is beyond the study aims. Finally, Equation (7) is capable of modeling the voltage at the POC, where    [ S ]    is the vector (1,n) of the sensitivity coefficients   d v / d q   for combining the POC to the network nodes:


  Δ  v b  =  [ S ]  ·  [  Δ q  ]  =   ∑   i = 1  n   s i  ∗ Δ  q i   



(7)







Depending on the relative coefficients   d v / d q  , the reactive power variation achieved at different grid nodes thus produces at the POC the voltage variation as in Equation (7). The matrix    [ A ]     (n,n) and the vector    [ S ]    (1,n) can also be determined by a numerical sensitivity analysis. Indeed, once all the network parameters are established and the reactive power of each DG plant is increased, the consequent voltage variation can be calculated as already discussed in [58]. On the other hand, by starting from the inverse of the electric coupling matrix, the dynamic decoupling matrix is found as in Equation (8). Such a matrix is then composed by the coefficients   d v / d q  ; thus its definition is then given by Equation (9):


   [  D D  ]  =    [ A ]    − 1    



(8)






   [  Δ v  ]  =  [  D D  ]  ·  [  Δ q  ]   



(9)







To finally calculate the constants values for the two PI controls, a traditional synthesis is sufficient, once the cascade system is determined. By observing Figure 1, the latter is constituted by the capability matrix, the decoupling matrix, the reactive power regulators, and finally the AVRs or SFCs.




3.2. Traditional Power Plants


The grid topology for a traditional power plant based on fossil fuel is offered in Figure 4, while Figure 5 shows the equivalent electrical model. By comparing the two topologies (i.e., Figure 3 RES versus Figure 4 traditional), the main difference is made manifest: the MV distribution grid in the RES power plant case. In the traditional power plant case, each generator is connected to the main busbar by the only generator transformer, which is characterized by a reactance    x  t i     [49]. This assumption is true even in the case of a generator directly connected to the main busbar, where the compound action provides    x  t i    , i.e., the equivalent reactance introduced by the control. Therefore, it is possible to categorize the traditional power plant as a subcase of the RES power plant case, where the internal distribution network is merely given by the reactance of generator transformers    x  t i    . In such a way, the electrical coupling of generators is only determined by the reactance of generator transformers    x  t i     and the equivalent reactance of upstream network    x  c c    , as clarified in [49]. In this perspective, the network topology represented in Figure 3 and its mathematical model constitutes the general case, albeit it is introduced for the RES case. As a matter of fact, this representation can describe a production power plant either based on RES or on traditional fossil sources. Therefore, the application of control strategy on traditional power plant is also a particular case of the RES production power plant.



For the traditional power plant case, the model can be attained by considering Figure 5. In such a case, the relation between generator voltage variations and reactive power variations is expressed with the algebraic relations (10):


   {      Δ  v 1  =  x  t 1   · Δ  q 1  +  x  c c   ·   ∑   i = 1  n  Δ  q i       ⋮      Δ  v i  =  x  t i   · Δ  q i  +  x  c c   ·   ∑   i = 1  n  Δ  q i          ⋮       Δ  v n  =  x  t n   · Δ  q n  +  x  c c   ·   ∑   i = 1  n  Δ  q i         



(10)




where the quantities are expressed in the per unit notation. Particularly,    x  t i     is the reactance of the i-th generator transformer, while    x  c c     is the equivalent reactance of the upstream network. The symbol    v i    represents the voltage at the terminals of i-th generator and    q i    the reactive power of the i-th generator. Finally,    v b    is the voltage at POC to the transmission network. By expressing Equation (10) in matrix form, the important Equation (11) is determined. For a traditional electric plant, an additional important result is provided in Equation (12), where the elements of the dynamic decoupling matrix are clearly defined by the reactance    x  t i     and    x  c c       [49].


   |      Δ  v 1       ⋮      Δ  v i       ⋮      Δ  v n       |  =  [       x  t 1   +  x  c c        x  c c        x  c c              ⋮           x  c c        x  t i   +  x  c c        x  c c              ⋮           x  c c        x  c c        x  t n   +  x  c c        ]     |      Δ  q 1       ⋮      Δ  q i       ⋮      Δ  q n       |     



(11)






  D  D  i , j   =  {       x  c c                   if           i ≠   j        x  t i   +  x  c c             if           i = j        



(12)









4. Case Studies


Currently, the proposed algorithm results are already implemented in Italian transmission systems (involving coal-fired and combined cycle gas power stations rated above 100 MVA) to achieve a coordinated production of reactive power [48]. In this section, the experimental data collected from the field for some traditional power plants equipped with a SART apparatus and the simulations for a large PV power plant are reported and compared. Three different power plant configurations are considered. In each of them, tests have been conducted applying at time t = 35 s a step in the    q  l i v     signal. Simulations have been carried out adopting the proposed control system, according to the mathematical model presented in the third chapter. The mathematical model of the control has been implemented in DOME (a Python based simulation tool) [59], together with the models of the networks for the three cases. Three additional files (Case A, Case B and Case C) are made available as supplementary materials. Datasets and experimental details are in these files.



4.1. Case A) 940 MVA Combined-Cycle Power Plant


The combined-cycle power plant is composed of two identical groups, where each one has a synchro generator-gas turbine (300 MVA) and a synchro generator-steam turbine (170 MVA).



The considered power plant is connected to the Italian 400 kV transmission grid, whilst its topology is depicted in Figure 6. The effectiveness of the control (essentially a PI) is checked by analyzing the step response on the controlled variable reference (the reactive power level,    q  l i v    ). The obtained results are reported in Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12. Particularly, the correspondence between the simulated trends and the trends measured in the real plants can validate the proposed mathematical model. Such a correspondence between simulation and experimental data accredits the suitability of the adopted mathematical model.



By observing the last figures, it is possible to see the different level of reactive power reached by the groups two and four; this aspect obviously depends on the different size of groups two and four (170 MVA) in respect of the two twin gas generators of 300 MVA. Particularly, the SART system reactive requests are proportional to the reactive power capability of each generator. Each group changes its generated reactive power according to its capability curve and its generated active power (not shown). In the simulation, a little difference has been considered in the capability of groups one and three, while all active powers are kept constant during the simulations.




4.2. Case B) Synchronous Condenser of 160 MVA


This case considers a synchronous condenser rated 160 MVA, whose aim is mainly the reactive power production to compensate for voltage perturbations in the transmission network. The plant topology is depicted in Figure 13.



The obtained results are reported in the Figure 14, Figure 15, Figure 16 and Figure 17. In this case, the mathematical model is very simple. Experimental data and simulations are shown both for voltages and reactive powers. The correspondence between experimental data and simulations is shown as a proof of the correctness of the proposed mathematical model.




4.3. Case C) PV Power Plant of 46.8 MWp


The considered RES power plant [56] is a large PV plant with a peak power of 46.8 MWp. Particularly, the plant is composed of 82 photovoltaic subfields, each one rated about 0.57 MWp. Every subfield has its own inverter with a rated power of 0.5 MVA, connected to the 20 kV-internal distribution network by a transformer. The topology of the considered network is depicted in Figure 18, whereas all components are interfaced by using two different types of cables (in Figure 18 the two different types are drawn with different style according to Table 1). The lengths of all cables are in the order of hundreds of meters. All lengths have been taken into account in the mathematical model.



A single 132/20 kV transformer is used to step-up the voltage to the final HV bus, thus the single POC to the HV network. From the transmission grid point of view, the POC is seen as a unique generator similar to a traditional power plant. This PV power plant is traditionally operated at unity power factor, which is no longer considered satisfactory by the TSO. The presence of several generators based on inverters suggests the possibility of using their reactive capability for supporting the HV network voltage control through the proposed control. Additionally, in this PV power plant, a step in the reactive power level is applied as in the previous cases, while only simulation results are shown. In this regard, Figure 19 reports the p.u. reactive power (i.e., rated power as basis) of 6 representative PV inverters, where in total they amount to 82 unities. Each generator injects an amount of reactive power according to its rated power and its residual capability; therefore, the differences are almost negligible. By considering only one size for the inverters, the results are coherent. The voltage outputs of the considered inverters are shown in Figure 20, while the voltage profile at the POC is highlighted in Figure 21. The time responses show stable behaviors, whilst the dynamics result in accordance to the expected time constants. Finally, it possible to highlight the absence of cross dynamics disturbances between the different PV subfields.





5. Results and Discussion


By focusing on Case A and Case B, the good correspondence between simulated results and experimental data validates the mathematical models, then the way for representing power distribution grid and control architecture in DOME platform. This verified methodology can be then applied to the RES power plant (i.e., Case C), where the results are indeed consequent and thus capable of well-representing the dynamics of this kind of controlled power plant. It is interesting to highlight that both simulations and experimental data show a first-order behavior in presence of a reactive power reference step. On the other hand, the controlled voltage can reach the no-error steady-state condition without oscillations. In such a way, the group of generators (whether in parallel configuration or in star configuration) behaves as a single generator in a primary voltage regulation or as a group when coordinated by means of a secondary voltage regulation. Furthermore, Case C actually shows a behavior similar of what is observable in the presence of a standard power plant operating for a secondary voltage regulation. The latter is an important aspect in which the authors are interested in drawing attention. Finally, the proposed control methodology is not only applicable to the example of this paper but also it can be used when small–medium generators are interconnected to whichever distribution grid’s topology.




6. Conclusions


The proposed work has presented a coordinated voltage and reactive power control architecture. The control algorithm has been originated from well-known techniques, already widely used in the transmission network of many national systems for conventional power plants. The novelty is the capability of the algorithm in being adaptable to different technology, size, and topology of generating plants connected to the HV network. A mathematical model of the control system has been discussed and then implemented in DOME (a python-based simulation tool). Firstly, this implementation has been used to simulate the dynamical behavior of traditional power plants, and experimental data have been compared to validate the control system model. Thus, the validated control system model has been applied to a large PV power plant, where numerical simulations have verified the behavior. The performed simulations have demonstrated how a large controlled PV field exhibits an asymptotically stable behavior, in terms of voltage and reactive power. Moreover, the PV dynamics (i.e., time constants) are fully comparable to the ones of large traditional power plants, which are involved in coordinated voltage and reactive power controls in HV networks. Therefore, the reactive capability of PV power plants and large power stations can be synergistically exploited, while keeping a uniform dynamic performance.



The proposed control scheme is finally characterized by several advantages: it is capable of ensuring a fast response, while performing a perfect tracking of both the HV bus voltage and RES reactive powers. In addition, there is no steady-state error and the system dynamics does not highlight oscillations. Each generator participates in the control by sharing its reactive power (in absorption or injection), where the provided quota is proportional to its capability at the point of operation. An important note to be highlighted regards the communication data. The proposed control strategy is based on the communication of a single control signal (i.e., the reactive power level) to all the generators involved, thus making its implementation rather simple. The transmitted    q  l i v     value is coherent to the reactive power level’s control signal that is already in use in the coordinated voltage and reactive power control of transmission networks. This makes the proposed control architecture fully compatible with existing ones. As a further development, authors are investigating how this control architecture can be scaled and integrated into distribution networks. In a glance, the proposed control is characterized by the two important pros: a) only one signal is requested for regulating multiple-generators and b) it is strictly alike to the secondary control already used in transmission system, thus consequently it is compatible. The proposed solution is feasible when promoting the integration of large PV systems in the HV networks’ control strategies (i.e., voltage and reactive power).
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	Busbar Voltage Regulator



	DD
	Dynamic Decoupling



	DGs
	Distributed Generators



	GRPRs
	Generator Reactive Power Regulators



	HV
	High Voltage



	LV
	Low Voltage



	MIMO
	Multiple-Input-Multiple-Output



	MV
	Medium Voltage



	PI
	Proportional-Integral



	POC
	Point Of Connection



	PV
	Photovoltaic



	RES
	Renewable Energy Sources



	RPR
	Reactive Power Regulator



	SFC
	Static Frequency Converter



	SISO
	Single-Input-Single-Output



	STATCOM
	Static Synchronous Compensator



	SVR
	Secondary Voltage Regulation



	TSO
	Transmission System Operator



	VPP
	Virtual Power Plants



	VSC
	Voltage Source Converter



	VSN
	Virtual Smart Network
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Figure 1. Synoptic scheme of secondary voltage control applied to a general case where all generators are connected by means of a distribution grid with a given topology. 
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Figure 2. Distributed Generator model. 
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Figure 3. The topology of a renewable energy sources (RES) power plant composed of a medium voltage (MV) network and a unique point of connection (POC) to the high voltage (HV) network. 
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Figure 4. The typical topology of a traditional power plant: several generators parallel-connected to a busbar. 
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Figure 5. Equivalent electrical model. 






Figure 5. Equivalent electrical model.



[image: Energies 13 02441 g005]







[image: Energies 13 02441 g006 550] 





Figure 6. The topology of plant A. 
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Figure 7. Generators reactive powers response (in p.u.) to a step in the reactive power level reference (experimental data). 
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Figure 8. Generators reactive powers response (in p.u.) to a step in the reactive power level reference (simulated data). 
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Figure 9. Voltage profile (in p.u.) at the different nodes of generation (experimental data). 
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Figure 10. Voltage profile (in p.u.) at the different nodes of generation (simulated data). 
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Figure 11. Voltage profile (in p.u.) at the POC (experimental data). 
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Figure 12. Voltage profile (in p.u.) at the POC (simulated data). 
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Figure 13. The topology of plant B. 
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Figure 14. Reactive power profile (in p.u.) of a generator (experimental data). 
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Figure 15. Reactive power profile (in p.u.) of a generator (simulated data). 
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Figure 16. Voltage profile (in p.u.) at the POC (experimental data). 
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Figure 17. Voltage profile (in p.u.) at the POC (simulated data). 
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Figure 18. The topology of photovoltaic (PV) power plant, plant C. 
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Figure 19. Reactive power profile (in p.u.) of six representative PV inverters (simulated data). 
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Figure 20. Voltage profile (in p.u.) at the six representative PV inverters output (simulated data). 
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Figure 21. Voltage profile (in p.u.) at the POC (simulated data). 






Figure 21. Voltage profile (in p.u.) at the POC (simulated data).



[image: Energies 13 02441 g021]







[image: Table] 





Table 1. Cable types.






Table 1. Cable types.





	
Line Type

	
Graphic Symbol

	
R

	
X

	
C




	
(Ω/km)

	
(Ω/km)

	
(μF/km)






	
RG7H1R 3 × 1 × 240 mm2

	
 [image: Energies 13 02441 i001]

	
0.0754

	
0.12

	
0.25




	
RG7H1R 3 × 1 × 120 mm2

	
 [image: Energies 13 02441 i002]

	
0.153

	
0.11

	
0.32
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