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Abstract

:

This study mainly discusses the implications of solar radiation profiles and changes in load with respect to base load conditions on the PV placement, size, voltage violations, and curtailment cost of PV generation in the network. The PV installation is optimized using yearly solar radiation profiles, low, medium, and high, corresponding to three different locations. The network in the study is represented as a multiphase, with provision for the installation of both single- and three-phase PV systems. For the different load changes in either one of the phases or all three phases, the optimal placement and size of PV inverters are discussed. It is indicated that with load increase in all three phases, for low solar radiation profiles, the placement and size of PVs remain non-uniform, while for medium and high solar radiation, the distribution becomes comparatively uniform throughout the network. However, with a load increase in one of the phases, for low solar radiation, optimal placement compensates with three-phase PV installation, while for medium/high solar, the corresponding load increase phase contributes to greater PV installation. The voltage rise is observed at both load-connected and non-load-connected buses. Such buses in the network are those that form the common junction with the branches connected to another set of buses having optimally placed PVs. The voltage violations are experienced at the feeder end buses with single-phase PV installation, not only in the phase having a connected load but also in one of the other phases.
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1. Introduction


Several research studies encourage small-scale distributed generation resources integration due to savings on fuel costs, deferral on infrastructure upgrades, etc. [1,2]. On the other hand, their inappropriate planning in terms of site location and sizing [3] may result in negative economic, voltage violation, high thermal loss, etc.



Several factors: penetration level, concentration, network parameters, load characteristics, and passive/active operation of distributed generators (DGs), govern positive or negative impacts on economics [4]. Studies [5,6,7] indicate that a high penetration level of distributed PVs can lead to the increased lifespan of the transformer, while high penetration level motivates for reinforcement of the network, causing over-voltages and increased losses. A review based on the classification of DG units, challenges of placement, and push factors in the growth of DGs with the advantages of PV integration into the grid is presented in [8].



Studies on DG placement and size have been extensively reported in recent years. These fall in the category of planning and operational, distribution network and DG models, the inclusion of uncertainty in renewable generation/load, and a solution approach. The authors [9] presented the placement and sizing of one or two DGs while minimizing the power losses, having considered aggregated real power balance equations of unbalanced distribution networks. An exhaustive reported work having wind power forecast, placement, and sizing of DG with loss minimization and voltage stability assessment is discussed in [10]. The studies on placement, sizing taking into account stochastic DG with capacitor banks [11], and coordination of DGs along with reactive power allocation based on probabilistic load flow analysis [12] are also proposed.



The above studies [9,10,11,12] have been limited to single-phase, aggregate power balance formulation without any assessment of multiphase power flow constraints. The low voltage distribution network is usually unbalanced and has both single- and three-phase loads connected. Due to unevenly distributed single-phase loads and asymmetrical line impedances, the prevailing voltage unbalance may lead to increased network losses and even instability in the system [13]. Researchers [14] presented approaches to mitigate voltage unbalance in multi-folds: dynamic switching of residential loads, charging and discharging of electric vehicles, control of inverters, energy storage units, and many more. Their study proposed a two-stage framework to quantify the impact of variable output power from distributed generation resources on voltage unbalance and its remedial measures. The first stage involves quantifying the impact of generation resources and whether critical resources significantly impact voltage unbalance. This follows the second stage with allocating energy storage units against voltage deviations. This means that once critical generation resources have been identified against voltage unbalance, energy storage units are responsible for mitigating voltage unbalance. The said situation further deteriorates with the integration of single- and three-phase inverter interfaced PV resources.



Recently, the authors [15] proposed the placement and sizing of DGs in a multiphase distribution network. Both single- and three-phase inverters are modeled as nodal admittances, taking into account uncertainty in power injection into the distribution network. In a two-stage stochastic formulation, the first stage results in the placement and sizing of DGs, while the second stage makes the decision about real power curtailment, reactive power support, and voltage changes along the network.



A high level of PV penetration changes the direction of the power flow and significantly affects the voltage deviation along the network. With uncertainties in PV output power and load demand in the distribution network, probabilistic approaches in studying voltage unbalance have been in focus. The probabilistic load flow and sensitivity analysis to understand the influence of variable loads on voltage unbalance is discussed in [16].



An optimization-based approach applying individual phase regulation via coordination of the on-load-tap-changer (OLTC), switched capacitor bank, and volt-var characteristic of the PV inverter is discussed in [17]. The authors [18] presented an integrated approach towards voltage regulation, with PV re-phasing through switches combined with the dynamic line rating of the overhead conductors. The coordination between OLTC and PV inverter for reactive power injection is performed to enhance the current carrying capacity of overhead lines. The optimization function for the optimal placement and size of DGs with a loss minimization objective in an unbalanced network cannot prove the optimality of solutions mathematically due to the non-convexity of the problem. Researchers [19,20] discussed the optimal tap control to regulate OLTCs along with capacitor banks in the network having multiple distributed energy resources.



Although the placement and size of DGs in distribution networks have been extensively discussed in several forms, including a reduction in losses [21], stochastic modeling [22,23], aided with storage [24,25], there is still a knowledge gap of the economic and technical (voltage unbalance) impacts against the concentration of PV inverters placed and its size associated with different solar radiation profiles. A brief review of the present retail electricity market, power requirements, challenges, and next-generation electricity market is presented in [26].



Many studies [9,10,11,12] limit their scope to the placement and size of DGs and do not assess other impacts on the network. For instance, in [9], only one or two DGs are placed. On the other hand, Ref. [10] includes forecasting the DGs’ placement and size. Further, the study [14] assumed that size and placement of generation resources as three-phase in the network have been pre-determined, with voltage unbalance mitigation achieved via optimal allocation of energy storage units [27,28,29,30,31]. As such, the role of generation resources and uncertainty in output power cannot be ascertained in mitigating issues of voltage unbalance.



The distribution system resilience can be enhanced with the increased penetration of distributed forms of energy resources [32]. However, Refs. [32,33] makes assumptions about the even placement and penetration being high enough to meet the nearby load in the form of the number of microgrids. Multiple sets of self-supplied microgrids cannot be established if a given section of the distribution network is heavily loaded but placed with low or moderate levels of energy resources.



With high PV penetration levels, their placement can be planned upstream of the network to effectively reduce the voltage deviation problem caused by the distributed location of PVs [34]. A two-stage stochastic programming approach, with the first stage involving apparent power capability and the second stage involving reactive power support for optimal placement and size of PV inverters, is found in [35]. The potential of enhancement in PV hosting capacity [36] is evaluated using a two-stage transmission and generation expansion planning model, while [37] reviews hosting capacity. The hosting capacity is changeable based on its placement and applied strategy on reactive power compensation towards voltage violations [38]. The uniformity in this distribution across the complete power network can further improve the ability to recover from power outages due to accidents or natural disasters. Additionally, the distribution network’s being associated with a low impedance path, and the presence of unbalance energy resources affects more voltage unbalance levels in the branch than between the buses [39]. The hosting capacity of the PV based on a mixture of deterministic methods using time series data is reported in [40], and they suggest using year-wise data to analyze the seasonal effect in future studies. The authors [41] have examined the impact of different generation profiles in large-scale PVs integrated into a weak grid.



Past studies do not evaluate more realistic situations. With the assessment of the distribution of DGs across the network for different solar radiation profiles, uncertainty in load/generation is considered. One can observe that most efforts have been directed to optimal placement and sizing, including the assessment of voltage unbalance. The relation between the variation in solar radiation profiles and the distribution of optimally placed DGs across the network has not been explored in the context of voltage unbalance.



1.1. Problem Statement


Generally, transmission networks consist of non-radial topologies, such as loop networks, and thus do not change often. In contrast, medium voltage and low voltage distribution networks, such as radial topology, can change much more frequently.



Although the problem of placement and size of PV resources adopts optimal objectives, with uncertainties in generation and load taken into account, a high concentration or non-uniformity may lead to node voltage variations not aligned with the output power variation of energy resources. In other words, the consistency of voltage drop can become more complicated. This study on voltage violations is motivated by findings reported in [29]. The changes in optimal placement, size of PV (single-phase or three-phase) distribution among three phases throughout the network, and resulting voltage profile against connected load and solar radiation profiles provide follow-up for further investigation.



The study uses the method to explore the placement and sizing of PV inverters in the IEEE 37-bus distribution network [15]. The PVs are integrated as three- and single-phase inverters. The solar radiation data from three sites, corresponding to 13 h × 365 days, are accessed from NREL’s PVWatts (National Renewable Energy Laboratory’s power calculator). The total load connected in the bus network [15] is considered the base case in the analysis. Subsequently, with changes in load applied in each phase or all three phases, this study investigates changes in the calculated inverter size, their placement, and finally, the voltage profile along the network. In other words, the overall network hosting capacity is analyzed in terms of PV inverter location and size against the randomness in load changes and solar radiation profiles. The study is emphasized to investigate the voltage profile, being a function of optimal PV placement and location as a consequence of randomness in connected load changes and solar radiation profiles.




1.2. Contribution and Paper Organization


As mentioned above, this study aims to analyze voltage violations, particularly at feeder-end buses, with optimized PV placement and size, curtailment cost against different solar radiation profiles, and randomness in connected load. This paper presents an assessment of the distribution of optimally placed and sized PV inverters across the network and its impact on voltage unbalance. The primary objective is to achieve the maximum capacity of PV placement without violation of operational constraints. This criterion is specified on the basis of an index such as voltage deviation referred to throughout the network. Some examples of load imbalance are considered to analyze the voltage profile due to different PV output generations corresponding to solar radiation profiles.



The main contributions of the paper include the followings:




	
Discussion on the distribution of single-phase and three-phase PV installation and size across the distribution network.



	
Discussion on the maximum/minimum voltage and the voltage index (per phase) calculated for optimized solutions obtained using average yearly, monthly, daily, and hourly solar radiation data.



	
Discussion on the voltage profile distribution and curtailment cost with respect to the PV installation.










2. Distribution Network and PV Inverter Output Modeling


2.1. Distribution Network


A given distribution network with  n  bus is connected to either single- or three-phase given as    Ω n  = { ( 1  Φ  A , B , C   ) ,   3 Φ   }  .



Load change introduced in the individual phase from the base load at bus     n   in phase   A , B , C   is written as


   S  L ,  Ω n    =  k   Ω n     S  L ,  Ω n   B   



(1)




where,    S  L ,  Ω n      is the load (kVA) at the bus,    k   Ω n      is the load scale factor,    S  L ,  Ω n   B    is the base value of load power (kVA) (connected load) drawn at each bus.



The vector of nodal current injections in terms of the vector of nodal voltages is written as


   I   Ω n    = d i a g      V   Ω n        − 1       Δ  S   Ω n       *   



(2)




where,   Δ  S   Ω n    =  S  G ,  Ω n    −  S  L ,  Ω n     ,    S  G ,  Ω n      is the apparent power (kVA) injection at bus  n  in phase    Ω n   ,    S  L ,  Ω n      is the AC load (kVA) at bus  n  in phase    Ω n   .



Following nodal current injections at bus  n , according to Ohm’s Law, written in nodal admittance models, we can write power imbalance as [15]:


  Δ  S   Ω n    ≈ M   V −  V ˜    + Ψ     V −  V ˜     *  + v  



(3)




where,   M = d i a g     Y  V ˜     *  + d i a g      Y  N S    V S     *   ,   Ψ = d i a g   V ˜    Y *   ,    V ˜  = d i a g   V ˜    Y *    V ˜  *  + d i a g   V ˜    Y  N S  *   V S *   ,    V S    is slack bus voltage (p.u.),    Y  N S     is the node admittance between non-slack buses and slack buses,   V ˜   is the voltage profile (p.u.) in the absence of PV resource at the base load value.



The real power injection from the slack bus is given as


   P S  = R e        V S     T       Y  S N   V +  Y  S S    V S     T     



(4)







Assuming voltage deviation   Δ  V  n , Φ     =  V  n , Φ   −   V ˜   n , Φ     ≪     V ˜   n , Φ       for solving linear power flow Equation (4), a lower bound on      V  n , Φ       is now given as       V ˜   n , Φ     −   Δ  V  n , Φ      , where    V  n , Φ     is voltage (p.u.) in the presence of PV at bus  n  in phase  Φ .



In the study, either a single-phase inverter or three-phase inverter or both may be installed at the potential bus, i.e.,    Ω n  .  




2.2. PV Inverter


With PV output being a function ( h ) of solar radiation  ℜ  (kWh·m−2·day−1) for rated (R) real power    P   Ω n   R    (kW) through inverter AC power rating    S  G ,  Ω n   R    the real power injection, corresponding to the base (B) load value, can be given as


   P  G ,  Ω n   B  =  P   Ω n    R B   h  ℜ  −  Ɛ   Ω n   B   



(5)






   S  G ,  Ω n    R B   =  P  G ,  Ω n   B  + j  Q  G ,  Ω n   B   



(6)







The PV output curtailment term    Ɛ   Ω n      is taken into account to keep the limit on overvoltage caused by excess PV generation.



Similarly, real and inverter AC power is written for changes in connected load condition, i.e.,    S  L ,  Ω n      is given as


   P  G ,  Ω n   L  =  P   Ω n    R L   h  ℜ  −  Ɛ   Ω n   L   



(7)




satisfying constraints


    P  G ,  Ω n   L  =  P   Ω n    R L , m a x     ;    S  G ,  Ω n   L  ≤  S  G ,  Ω n   R    



(8)







Now, the change in PV inverter size at bus  n  is given as


  Δ  P   Ω n    =    P  G ,  Ω n   B  −  P  G ,  Ω n   L     



(9)







In this study, the placement and size of both single-phase and three-phase PV inverter is optimized according to changes in the connected load condition. As such real and reactive power injection from the installed PV inverter is given as


  R e    S  G ,  Ω n   L    =  P  G , n , 1 Φ  L  +  P  G , n , 3 Φ  L  =  P  G ,  Ω n   L   



(10)






  I m    S  G ,  Ω n   L    =  Q  G , n , 1 Φ  L  +  Q  G , n , 3 Φ  L   



(11)







The back-forward sweep power flow algorithm is a better option for analyzing unbalanced radial distribution systems since it considers factors such as mutual impedance among phase conductors and different types of loads. The complete process includes: (i) assignment of initial nominal three-phase voltage at buses, (ii) calculation of branch current (backward sweep) starting from the most faraway bus and moving towards the grid connection (source) end, according to the type of loads modeled in the network, (iii) calculation of bus voltages in each phase, starting from grid connection bus to the last bus, (iv) calculation of voltage error, till its value is less than the predefined bus voltage error, (v) new power flow calculation with the integration of PV.




2.3. PV Power Curtailment


Each phase voltage    V  n , Φ     at every bus is monitored. During the situation of overvoltage towards the upper voltage limits, the PV power is sequentially (partially) curtailed by a factor    Ɛ   Ω n   L    to bring down the voltage until an optimal solution of the objective function is achieved.




2.4. System Loss


Line loss cannot be avoided but can be reduced to an optimum level while achieving optimal placement, size, and number of PVs. The active power loss of the distribution network between bus  n  and  m  with the addition of PV unit is computed and limited to


   P  n , m   l o s s   ≤  P  n , m   l o s s , m a x   ∈  Ɛ  l o s s    



(12)







Next, a new PV unit is added to the network in every iteration, and total system power loss is computed again. When increasing the number of PVs, the total power loss is checked regularly. If it has a lower value than the previous loss, then the PV number increases. This procedure is repeated until a higher value than the preceding one is achieved.




2.5. Objectives Function


The objective function towards optimal placement and size is formulated to minimize the PV systems installation, grid electricity import, and curtailed power costs, and it is written as:


  m i n =   ∑  n   ℂ   Ω n    +  ℂ s   



(13)







The cost term    ℂ   Ω n      takes into account the cost of PV (including the inverter) installation as single-phase and three-phase at candidate buses for optimal location in the network. The cost    ℂ s    is scenario dependent, which includes the grid electricity import cost and the economic loss due to PV curtailed power.



Equation (13) becomes a mixed integer second-order cone program due to the second-order cone constraint defined for:




	
The upper limit on voltage magnitude,      V  n , Φ       ≤  v  m a x    ;



	
Operational region of single-phase inverter or three-phase inverter,    P  G ,  Ω n   L  + j  Q  G ,  Ω n   L  ≤  S  G ,  Ω n   L   .










3. Methodology


Figure 1a presents the layout of the IEEE 37-bus distribution network, showing the connected load and provision for installation of the PV system. For instance, bus #1 is shown to have a connected load in all three phases, and also, both single-phase and three-phase PVs can be optimally placed. On the other hand, bus #12 has a connected load only in phase C, and a single-phase PV can be placed in either of the three phases. It may be understood that three-phase, being balanced, results in lower voltage peaks. A single-phase connection may lead to a voltage rise in one of the phases, which can counter-effect due to the three-phase presence at the bus. Bus #1, 14, 17, 21, and 34 have three-phase PV installation in addition to the option for single-phase installation. Out of these buses, #1 and 21 have a load connected in all three phases. Other buses in the network have connected loads either in phases A, B, or C. The chosen IEEE 37 bus feeder has base power and line voltage of 2.5 MVA and 4.8 kV, respectively. The total load in the network is 1.009 + j0.4998 p.u. distributed among phases A, B, and C with values of 0.3582 + j0.2263, 0.2736 + j0.1557 and 0.3770 + j0.1177 p.u., respectively.



The optimization objective [15] is introduced in two stages; the first is on installation cost, while the second stage accounts for power input cost and economic loss due to excess power curtailment. The first stage determines the location of the PV installation and its initial capacity, and the second stage involves maximizing the investment benefits, keeping the voltage within limits, and minimizing the line losses. The objective function is solved as a mixed integer second-order cone program. The exact version of the flowchart [15] is not reproduced here, but it is represented in Figure 2 to align with the study. The optimization step begins with the placement and sizing of the PV inverter. The network and solar radiation data of three different locations are uploaded. The optimal placement and sizing objective function defined in terms of cost is solved based on the Z-bus method to compute the voltage at every bus    V  n , Φ    .



Data Preparation


The uncertainty in system parameters is modeled via stochastic programming methods by random scenarios, according to probability distribution on measured data. On the one hand, the use of a few numbers of scenarios will degrade the accuracy and reliability of the optimal solution, while a large number of scenarios will incur a heavy computational burden.



The solar radiation data for the year 2019 from three locations, Fishers Island (zip code—06390), San Antonio (zip code—78249), and Compton, California (zip code—90224), is downloaded from [42] having 4745 samples. The monthly solar radiation profile for the year 2019 is illustrated in Figure 2, wherein, during the discussion, these profiles are referred to as low (Fishers Island), medium (San Antonio), and high (Compton California). The categorization of solar radiation profiles as low, medium, and high is considered on the basis of their distribution throughout the year.



An uncertainty analysis is performed to consider the stochastic variation in solar radiation/PV output power and the variability of load demand. Monte Carlo sampling is applied to generate 5 random scenarios of PV output and load demand based on a Gaussian distribution function (with the standard deviations equal to 5% and 2%, respectively, of the expected values). Next, the reduction of the data set using Kantorovich distance is applied so that its value is 0.2231, 0.1339, 0.0674, 0.0527, and 0.0427 for Fishers Island, 0.2331, 0.1393, 0.0691, 0.0563, and 0.0448 for San Antonio, and 0.2588, 0.1601, 0.0711, 0.0559, and 0.0465 for Compton California respectively so as to fit the best approximations of variable uncertainty. With the connected load change    k   Ω n      introduced in the phase at a time, the given algorithm is run for solar radiation from three different locations.





4. Results and Discussion


The algorithm is run for the placement and sizing of the PV inverter at every bus for the base load conditions. Equation (8) computes the change in PV inverter size on every bus for load change conditions against those at the base load. The load flow is run during the optimization and validation steps to compute the corrected and validated voltages at every bus. The voltage violation in the set      v  m i n   ,  v  m a x       corresponding to the corrected and validated voltages is computed at the base load condition in the network. Next, the voltage violation set is determined at load change conditions. In order to understand the impact of unbalance levels on different buses in the same branch, PV inverters are optimally placed and sized for different changes (in percentage) in loads applied from the base value.



The maximum (max) and minimum (min) voltage limit at every bus is set as    v  m i n   = 0.9   p . u .  ,    v  m a x   = 1.1   p . u  . Now, the voltage change at every bus is determined as the difference of voltages for the load change conditions against the base load. The statistical value of the voltage index,    V  n , Φ   i n d e x     to quantify the voltage variation throughout the network at every bus is used, given as:


   V  n , Φ   i n d e x   =   ∑   i = 1  n      1 −    V  n , Φ        2   



(14)







4.1. Placement and PV Inverter Size


The discussion of the results begins with an investigation as a reference presented for existing base load conditions in the IEEE 37 bus network. The three-phase PV system is selected to be optimally placed at buses #1, 14, 17, 21, and 34. The optimal placement of the single-phase PV across the network for three different solar radiation profiles can be observed in Figure 3. The inverter size of optimally placed PV resources can also be noted in said figure. As suggested in Figure 3a, for a low solar radiation profile, a single-phase inverter accounts for just 15.08% of the total PV generation. Single-phase PVs are not located on buses lying in region 1. With a medium solar radiation profile, in Figure 3b, bus #1 has the largest size of the inverter, placed in all three phases. As can be observed in Figure 3c, most of the buses have placement of the PV system in at least two of the phases and single-phase PV installation accounts for 70.52% of the total PV size. The high solar radiation profile results in comparatively greater PV installation across the network. Bus #1, 14, and 34 have PVs installed as both three-phase and single-phase in all three phases.



The analysis is further extended, with the connected load increasing by 10% in all phases. The change in inverter size for the said condition with respect to the base load condition is computed and shown in Figure 4. There is an addition of three-phase PV installation at buses #17 and 34. Moreover, changes are applied for single-phase PVs but not uniformly throughout the network. With a low solar radiation profile, buses (in region 2) that are far away from the grid connection have larger inverters placed than nearby buses (in region 1). Altogether, phase A and phase B share 21.64% and 12.92% of the total PV installed.



On the other hand, with a medium solar radiation profile, the change in inverter size in regions 1 and 2 is 63.51% and 36.49%, respectively. Similarly, with high solar radiation profiles, this percentage margin between regions 1 and 2 becomes closer and amounts to 55.81% and 44.19%, respectively, out of the total PV capacity installed. Note a larger share of installation is at buses in region 2. Additionally, no PVs are located on buses where there does not exist any connected load.



It is quite obvious to expect an increase in PV installation for increased connected load, as illustrated in Figure 5. Having a load increase by 40% in all phases leads to major changes in inverter size at buses located in region 2, with 60.68% of the total PV capacity. This is shown in Figure 5a for the low solar radiation profile. The largest three-phase inverter size change takes place on bus #17. Similarly, as discussed above, for medium and high solar radiation profiles, the share of PV installation in region 2 of the network remains higher, as indicated in Figure 5b,c. Further, it is indicated that the change in inverter size for medium and high solar radiation is 44.66% and 34.62% of the total size change reported for the low solar radiation profile. Three-phase installation takes place only on bus #17.



Considering a load increase of 40% in phase A only, the changes in inverter size obtained for three solar radiation profiles are shown in Figure 6a. The single-phase PV installation, mostly on buses in region 2, can be observed in Figure 6a(i). The increase in the connected load in phase A is also shared by the three-phase installation of an amount of 27.01% with a low solar radiation profile. On the other hand, this distribution remains similar for most of the buses in region 2 for medium and high solar radiation, as suggested in Figure 6a(ii,iii). Phase A accounts for 36.96%, 55.76%, and 62.27% of the total PV installation for low, medium, and high solar radiation profiles, respectively. In other words, with a low solar radiation profile, the reduced PV installation in phase A is compensated with a three-phase installation. Further, to note for medium and high solar radiation profiles, there is a negative change in the inverter size, i.e., at these buses, the size of the PV installation with respect to the base load is reduced.



Similarly, as shown in Figure 6b(i), with a low solar radiation profile, phase A and the three-phase PV installation share a maximum contribution towards the increased load (+40%) in phase C. Moreover, the distribution remains uniform at most of the buses in region 2 for medium and high solar radiation, as suggested in Figure 6b(ii,iii). Phase C accounts for 26.31%, 40.21%, and 54.81% of the total PV installation for the low, medium, and high solar radiation profiles.



Now, the study is extended to the assignment on optimal placement and size of PV installation against changes in connected load in the two regions. Figure 7a shows that bus #17 and 34 (in region 1) includes three-phase PV installation. The remaining buses in region 1 have single-phase PVs installed only in two phases. There are no PVs located on the buses, which do not have any connected load. On the other hand, it is also indicated that PV integration is more uniformly distributed at buses located in region 2, as compared to region 1. This is expected since only a single-phase load (Figure 1) distribution exists across the buses in region 2. With a medium solar radiation profile, the changes in inverter size are insignificant, as depicted in Figure 7b. In other words, for the amount of solar radiation available, there cannot be further addition of PV systems in the network for increased load demand. None of the buses have the addition of single-phase PV in all three phases. Similarly, as shown in Figure 7c, adding a PV inverter accounts for 5.18% of the total amount at the base load condition.



With the connected load reversed between the regions, the results are shown in Figure 8. No change was observed in placement (mainly in region 2) and size of the PV inverter for the low solar radiation profile, as shown in Figure 8a against the above-discussed case. One exception has a comparatively increased three-phase inverter at bus #17. The increase in the inverter size noted for medium solar radiation is just 12.58% of the total PVs installed at the base load. From Figure 8b, regions 1 and 2 shares 76.38% and 23.62% of the total PV installed for this load distribution. Bus #14 and #34 have single-phase PV installation in all three phases. Similarly, with a high solar radiation profile, regions 1 and 2 shares 72.64% and 27.36% of the total PV installed, as depicted in Figure 8c. Even with the increased 40% connected load in region 1, some buses (#12, 13, 14, 20, 23) with single-phase loads do not have any PV installed. Additionally, bus #16 indicates a negative change in PV installation.




4.2. Discussion on Voltage Index


The assignment on optimal placement and size of PV is based on the available solar radiation and the connected load demand in the network. The algorithm should compute the number of PVs integrated into the distribution network while maintaining the allowable voltage limits. When a PV system installed at a given bus is subjected to active (reactive power) generation (injection), the corresponding active/reactive power injections at bus  n  will also change. The buses, which do not have any PV installation, enforce zero power injections.



The calculated value of the voltage index throughout the network, using yearly and daily solar radiation data, is shown in Figure 9. The daily calculated values lie far lower throughout 365 days than the average yearly value. The scatter of the voltage index in phase A is sparsely placed.



Figure 10 indicates the maximum and minimum voltage index maintained throughout the network in a month. With placement and size of the PV installation obtained for the base load condition, it is possible to achieve a minimum value of voltage index close to zero. Additionally, its value remains in the same range as those calculated using daily solar radiation data. This analysis makes it difficult to say anything about the voltage limit violations. The maximum value of the voltage index for these three phases is found for the month of March, which does not coincide with maximum PV generation in accordance with available solar radiation (Figure 1). On the other hand, during the summer months (May, June, and July), the variation in the maximum voltage index follows the solar radiation pattern. Furthermore, for Phase B, during the month of December, the maximum-minimum voltage index is at par with those of the summer months. The difference between the maximum and minimum values is found to be the least for several months in phase A.



The calculated bus voltage of each phase is shown in Figure 11a. The minimum/maximum value of voltage in the network beyond the acceptable range corresponds to the voltage collapse condition. As can be seen, phases A and C result in a higher number (worst) of violations compared to phase B. Furthermore, phase A includes voltage violations on both sides, higher and lower, while phase C has violations only on the higher side. In fact, phases A and C experience upper voltage limit violations every day, while phase A also undergoes lower limit violations on 42 days in a year. The algorithm running on average daily solar radiation data reveals voltage violation on several days, which could not be observed with the solution obtained using yearly data (Figure 9). Figure 11b shows the total number of buses that violate the voltage limits, which is significantly indicated in phase A. This voltage violation is suggested for an additional 40% load in phase C and all three phases.



Next, the solution of the algorithm to satisfy the voltage constraint at the feeder end node for hourly data is discussed. It would be interesting to investigate the duration of overvoltage violations throughout the day. The variation in voltage profile at feeder end buses throughout the 24 h for a day during summer and winter months, with low solar radiation, is shown in Figure 12. Two feeder-end buses, #18 and 34, are located at extreme points toward the grid, while the other two feeder-end buses, #28 and 33, are at the opposite end of the grid connection. Only bus #34 has a connected load in phases A and B, with optimal PV placement as single- and three-phase. The remaining feeder end buses, #18, 28, and 33, have a load connected in phases B, C, and C, respectively, and can have single-phase PV installation.



During the sunshine hour, at bus #18, phase B keeps its voltage at maximum violation limits (middle subplot). On the other hand, phase C of said bus violates the limits. Phase C, at bus #28 and 33, experience voltage violation (sudden rises) during a certain period of sunshine (lower subplot), while phase A reaches maximum voltage limits. This means the integration of a single-phase PV influences not only an increase in the voltage of the phase having a connected load but also one of the other phases as well. This is attributed to non-uniformity in the amount of PV installed among the phases.



Important to note that bus #34 (load in phases A and B), having three-phase PV installation, keeps the least variation in voltage profile without reaching the voltage violations. Such an installation performs satisfactorily in keeping the voltages within the set limits, as constrained by the optimization algorithm. In other words, the sensitivity of the voltage magnitude is less for the bus, which has three phase PV installation, towards the injected active power or reactive power as compared to the ones that have a single-phase PV.



Having PVs installed in the network for summer and winter days, the variation in bus voltage is shown in Figure 13. This study is carried out for different connected loads. The variation in bus voltages reaches a maximum violation limit for summer days, while for winter days, at most of the buses, it remains lower, as shown in Figure 13a. Important to note that the pattern of variations in bus voltage of phases A and C are similar. For winter days, bus #10 connected through feeders to #27, 28, and 29, all having a single-phase PV installation and experiencing the maximum voltage violation limit. This can also be found for bus #11, connected through feeders to #30, 31, 32, and 33. Similarly, for phase B, bus #7, connected through feeders to #17 and 18, reaches a maximum voltage close to that of a summer day. Note that bus #17 involves both single- and three-phase PV installation, while #18 is a feeder end bus. Figure 13c presents the bus voltage variation for a high solar radiation profile obtained at an additional 40% load connected. In this case, the bus voltage variation for winter days remains above the summer days for most of the buses in the network. The voltage of the above-identified buses corresponding to summer days crosses the limit of winter days. Additionally, in phase B, bus #29, a feeder end bus, also reaches the limit of the winter day.



In summary, with the discussion given in the above paragraph, it can be said that the pattern of voltage profile throughout the network remains the same with changes in connected load for a given solar radiation profile. There is only a seasonal shift in terms of voltage magnitude. However, for the same connected load, on different solar radiation profiles, seasonal shifts accompanied by a pattern of voltage distribution can be observed. At low solar radiation profile for winter days, buses #12, 13, 14, 15, 16, 17, 18, 19, 21, and 22 (region 1) located nearer to the utility grid have more voltage magnitude sensitivity against reactive power as compared to the ones located in the middle and downstream (region 2) of the network. The complete network remains voltage magnitude sensitive to active power injection for summer days, thus resulting in constant voltage magnitude (with upper limit) throughout the network. On the other hand, voltage distribution is also almost constant throughout the network for winter days, suggesting high sensitivity to active power at a high solar radiation profile. This means the voltage magnitude remains sensitive to either active or reactive power injection according to the seasons and prevailing solar radiation profile. At noon, the inverter capability of reactive power support is at a minimum.



Next, the results are discussed for changes in voltage index, calculated for different connected loads and solar radiation against PV installation in the network. At a low solar radiation profile, with the addition of a connected load above the base case, a larger size of DC inverters is installed, mostly in phase A, as suggested in Figure 14a (upper subplot). Three-phase DC inverter installation if any, has not been shown in said figure. The least size of the inverter is installed in phase B. An unbalance in the DC inverter (PV installation) among the three phases is revealed for the low solar radiation profile, mainly with a +40% load in all phases. Improved solar radiation leads to having a larger size, indicated in the middle and lower subplots in said figure. It is obvious that with good solar radiation, PV installation size will increase. However, with an increase in connected load (different cases), the addition of PVs (single phase) is marginal and remains uniform among the three phases. This can be noted not only for the base load but also for additional load cases in the network, as shown in Figure 14a.



In accordance with the DC inverter’s size, as discussed in the above paragraph, Figure 14b indicates the total number of buses with a PV installation. At base load conditions, the smallest size of the DC inverter is found, and so is the number of PVs installed with a low solar radiation profile. With a 10% increased connected load in all phases, a higher number of PVs are installed in phase C, while its inverter size is at par with that of phase A (Figure 14a upper subplot)). This suggests that a smaller size of the inverter but a large number of PVs are installed in phase C with a low solar radiation profile. On the other hand, with medium and high solar radiation profiles (middle and lower subplot), the number of PVs installed is in accordance with the size of the inverter placed among the three phases (Figure 14a).



Similarly, at 40% increased load in phase A, for all three solar radiation profiles, the size of the inverter located in phases B and C is the same (Figure 14a). Still, their respective number (nodes) is different (more in Phase C), as indicated in Figure 14b. Furthermore, for the remaining connected load: the base case, +10% increase in all phases, +40% increase in both phase C and all phases, at different solar profile conditions, the number of PVs installed coincides with the size of the inverter placed in three phases.



As discussed above, with the addition of a connected load, the size of the PVs installed has also increased, influencing the voltage index. With a low solar radiation profile, at the base load condition, the smallest size and number of PV is placed in the network. However, the voltage index is not significantly affected with respect to additional load conditions, as observed in Figure 14c (upper subplot). With a 10% increased connected load in all phases (low solar radiation profile), the voltage index of phase C is close enough to phase B, having both the smallest size and number of PVs installed. This means a higher number and size (at par with phase A) does not influence the reduction of the voltage index. Observing medium and high solar radiation profiles, the voltage index of the three phases lies in the same range. In other words, improved solar radiation leads to increased size and number of PVs across the network, but the voltage index is not significantly affected.



The voltage index of phase C is the largest, though its inverter size is equal to phase B (Figure 14a), with a 40% increased load in phase A for all three solar radiation profiles. In other words, a greater number of PVs but a small size in phase C does not bring down the value of the voltage index, the same as phase B.



On the other hand, a 40% additional load in phase C only, with an optimal PV size so obtained (least placed in phase B), a comparatively higher voltage index in phase B is noted. However, for the 40% load change in phase C, with a low solar profile, close observation indicates phases A and C share an additional increase of 43.14% and 26.31% of the total PV installed in the network. Consequently, the voltage index of phase A is the least, followed by phase C.



On the other hand, for a 40% additional load in all phases, increased PV size leads to a reduced value of the three-phase voltage index (upper subplot). Similarly, with medium and high solar radiation profiles, the placement of PVs is uniform throughout the network, and the difference in PV size among the three phases remains marginal. Thus, as expected, their voltage index is comparatively lowest with respect to other load conditions.



For the different load conditions, with these solar radiation profiles, medium and high, the increase in inverter (PV) size among the three phases remains uniform. In contrast, changes in voltage index do not follow accordingly. In other words, the voltage distribution characteristics throughout the network among the three phases are not similar under these solar radiation profiles.




4.3. Electricity and Curtailment Cost


In this study, the electricity price corresponding to the solar radiation value for low (5.263 MWh·year−1), medium (5.976 MWh·year−1), and high (6.634 MWh·year−1) is $0.29/kWh, $0.08/kWh and $0.19/kWh [42] respectively. The electricity price is lowest for San Antonio and remains dominant for Fisher Island, as indicated in Figure 15a. Moreover, the price is consistent for different cases of connected loads, except for a +40% increase in all phases. The PV resources are to be optimally placed and sized to mitigate against over-voltage (Figure 11a) with the least amount of cost of PV-curtailed energy. The discussion in the above section suggested a maximum number of voltage violations in phase A, having the largest size of inverter placed. It can be observed in Figure 15b for all three solar radiation profiles, the curtailment cost for PV energy remains highest for low, followed by high and medium solar radiation profiles. This trend remains consistent for all the connected load cases. In other words, voltage violations are restricted, with the burden of curtailment relative to the size of the PV installed.





5. Conclusions


The voltage magnitude sensitivity to an active or reactive power (negative) injection was suggested to be dependent on seasonal and available solar radiation profiles. This calls for more proper voltage regulation management according to the inverter size, active power produced according to available solar radiation, and connected load, including their daily and seasonal variations.



Clearly, bus voltage violations depend on the placement and size of PVs and changes in connected load among the three phases and the solar radiation profiles. There appears to be a strong relationship between the placement, size, and solar radiation profile. Hence a more generalized approach, possibly involving a reformulation of the objective function, along with a new level of defining constraints, may be an attractive option.



In future work, a more generalized methodology needs to be examined and formulated through a detailed analysis of renewable integration and its distribution throughout the network. An objective function formulation in terms of minimizing the voltage index/voltage improvement, minimizing loss (active power/reactive power), improvement in the sensitivity factor, economic criteria (profit-maximizing, system cost minimizing), taking into account uncertainty in variations, not only in yearly but also monthly and daily solar radiation data could help decrease the disparity. Furthermore, appropriate control strategies can be applied to achieve a fair level of dispatch so as to prevent a large number of over-voltage violations while distributing the burden of curtailment relative to the size of the PV inverter.
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Figure 1. Overview of framework for the presented study on optimally placed and sized PVs in the distribution network. (a) IEEE 37 bus network showing the connected load and feasibility of PV installation. (b) Framework of the presented study. 
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Figure 2. Monthly solar radiation for different locations. 
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Figure 3. PV inverter placement and size at the base load condition. 
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Figure 4. PV inverter placement and size with a load change of +10% in all phases. 
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Figure 5. PV inverter placement and size with load change by +40% in all phases. 
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Figure 6. PV inverter placement and size with load change in one of the phases. 
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Figure 7. PV inverter placement and size with load change of +10% in region 1 and +40% in region 2. 






Figure 7. PV inverter placement and size with load change of +10% in region 1 and +40% in region 2.



[image: Energies 16 00653 g007]







[image: Energies 16 00653 g008 550] 





Figure 8. PV inverter placement and size with a load change of +40% in region 1 and +10% in region 2. 
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Figure 9. Computed voltage index at base load condition with low solar radiation profile. 
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Figure 10. Maximum and minimum voltage index at the base load condition with a low solar radiation profile. 
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Figure 11. Bus voltage assessment on violation of limits. (a) Maximum and minimum voltage of the network at base load condition with low solar radiation profile. (b) Violation of bus voltage. 
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Figure 12. Variation of feeder end bus voltage at base load conditions with low solar radiation profile. (a) Summer day—4 July. (b) Winter day—31 December. 
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Figure 13. Voltage at 12 h for summer and winter days. (a) Low solar profile at the base load condition. (b) Low solar profile at an additional 40% load in all phases. (c) High solar profile at an additional 40% load in all phases. 
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Figure 14. Optimal solution for the inverter size and its corresponding voltage index. (a) Inverter size. (b) Total number of PVs installed at nodes. (c) Voltage index. 
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Figure 15. Economics of optimized PV installation. 
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