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The increase of Photovoltaics (PV) units’ penetration factor in the power grids might create overvoltage over the network buses. The active power curtailment (APC) and the reactive power provision methods use inverters to regulate their output active and reactive powers for high PV-penetrated grids. However, the mentioned solutions would reduce the maximum injectable active solar power to the grid, not financially acceptable. Continuous employment of the maximum apparent power capacity of the inverters will practically decrease the inverters’ lifetime, require special design considerations, and make the control system complex. To overcome those issues, a feasible solution would be increasing the load consumption within the time intervals in which the grid faces the over-voltage problem. In this research, the demand response (DR) program is employed. Load shifting techniques are exerted to move a portion of loads from the peak hours to when further power consumption is expected for voltage level reduction purposes. A new long-term strategy based on the coordinated operation of the PV inverters and load shifting techniques is proposed to resolve the over-voltage issue in the network. Consequently, the PV inverter’s contribution to voltage control is reduced; a new sight of DR potential is implemented, and also the under-voltage level in peak times is decreased significantly.
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INTRODUCTION
Over recent decades, the aim was to install more PV units, especially PV farms, to address the global warming issue and come up with clean energy. The PV electricity generation cost has been considerably reduced, and the PV units have been employed in a wide range of applications (Wongsaichua et al., 2004). However, the high penetration factor of the PV systems leads to critical challenges in power quality (e.g., over-voltage) (Yang et al., 2020).
In high PV-penetrated power systems, the PV generators may cause to flow reverse current in grids’ lines, and then nodal overvoltage might appear. Researchers have used two general techniques, namely the active power curtailment (APC) and reactive power control of PV inverters, to mitigate the overvoltage challenge. Application of the APC techniques (which reduce the solar power generation) and reactive power consumption by the inverters can decrease the nodal voltages down to the acceptable ranges. Many significant efforts have been performed to address the over-voltage issue emerging from high active power injection from renewable sources (Yeh et al., 2012; Kryonidis et al., 2016; Molina-García et al., 2016; Li et al., 2017; Ciocia et al., 2018;; Singhal et al., 2018; Couraud et al., 2019; Fatama et al., 2020; Joseph et al., 2020). A study by (Singhal et al., 2018), has focused on implementing an adaptive volt/Var control system for the PV inverters to resolve the steady-state voltage deviation and improve the system’s response to external faults. In work done by (Ciocia et al., 2018), three different approaches have been recommended and practiced to utilize the voltage control devices and employ a static voltage controller (SVC) instead of a On-Load Tap Changer (OLTC). The authors of (Kryonidis et al., 2016) have proposed a decentralized control strategy to minimize the power losses and provide a fast response in the voltage regulation. Researchers have tried to earn revenue from the participation of the PV inverters in the ancillary services market (Karbouj et al., 2020). A three-level control system consisting of power, voltage, and current control loops has been recommended by (Molina-García et al., 2016) for the PV inverters to overcome the over-voltage issues and the power flow convergence problems. Also, a modified voltage-reactive power curve and a power flow routine have been presented to prevent time-consuming calculations for determining the nodes’ voltage and lines’ current. The utilization of a transformer with tap changing capability, switched capacitor banks, and distributed generation units have also been discussed by (Joseph et al., 2020) to improve the voltage quality. However, this method will reduce the transformer’s lifetime and requires expensive switched capacitors. The over-voltage and under-voltage challenges are expected in high PV-penetrated power systems under cloudy conditions. Therefore, solutions have been proposed by (Li et al., 2017) to mitigate those challenges by regulating the active and reactive power values of the PV inverters. Unbalanced grid voltage conditions can be mitigated by the coordinated operation of distributed inverters and other power quality devices to improve voltage unbalance condition (Peng et al., 2020).
A precise analysis of the literature shows that the APC techniques and reactive power control of PV inverters have been commonly practiced to overcome the over-voltage issue in different conditions. However, relying on those methods will reduce the voltage control freedom. Furthermore, they will initiate other technical problems for the PV inverters and impose a more economic burden on the owners. The reactive power injection/absorption by PV inverters will increase the required Volt-Ampere (VA) of the inverters. Therefore, the size of the inverters would be increased, advanced cooling systems would be required, and investment costs would be increased. In addition, injection of the reactive power through the inverters may potentially decrease their lifetime because of the implied current stresses (Anurag et al., 2015). Employing APC techniques would lead to solar power spillage and would reduce the financial benefits. Also, the network operators should pay a penalty cost to the PV units’ owners for their contribution to the voltage regulation. Therefore, it is essential to reduce the PV inverter’s contributions to improve voltage quality issues.
This study proposes a new technique considering DR program to address the discussed challenges. This letter’s main contribution is proposing simultaneous and coordinated employment of the DR programs and reactive/active power regulation of the PV inverters to improve the voltage quality of the network. Nevertheless, DR techniques have been employed by researchers (Aghaei et al., 2016; Dong et al., 2017; Yao et al., 2019; Antonopoulos et al., 2020; Barik and Das 2020; Li et al., 2020; Xie et al., 2020) to cover different objectives such as voltage stability, short-term voltage stability, and long/short term voltage quality. All mentioned works have been implemented without considering Distributed Generators (DGs) and PV units’ contribution to the voltage support. Also, Electric Vehicles (EVs) have been considered additional tools to improve the voltage quality (Prabawa and Choi, 2021; Dutta et al., 2021; Pournazarian et al., 2019). However, EVs can mainly address dynamic voltage deviations quickly, while utility operators prefer to adopt a long-term voltage control strategy. The literature has not yet studied the DR potential for reducing the PV system’s contribution to voltage control. To be more precise, the aim is to overcome the over-voltage issues of distribution networks by proposing a coordinated operation of DR of loads and APC and reactive power regulation of PV farms. The effective performance of the proposed methodology is examined over the IEEE 33 bus distributed network.
The proposed strategy is introduced in section 2. The criteria, fitness functions, and the case study with its characteristics are presented in section 3. To assess the proposed strategy, simulations are conducted and their results are discussed in Section 4. Finally, section 5 is dedicated to highlighting the main conclusion.
THE PROPOSED STRATEGY
The derivation steps of the proposed methodology are shown in Figure 1. In Figure 1A, the over-voltage issue is clear around noontime due to high PV power generation. In consequence, a real power curtailment has been applied to the PV farm inverters, and reactive power compensation has been applied to mitigate the over-voltage issue, see Figure 1B. Different reactive control methods can also be applied over the PV inverters during the over-voltage conditions, such as adjusting the reactive power considering IEEE 1547–2018. A relatively high APC level has been applied, and the PV inverters have regulated their reactive power generation to mitigate the over-voltage issue.
[image: Figure 1]FIGURE 1 | The derivation steps of the proposed methodology: (A) Without voltage support by PV inverters and without implementing the DR program, (B) conventional voltage support by PV inverters and without implementing the DR program, and (C) the proposed strategy for coordinated operation of PV inverters and DR program.
The main challenges of the contribution of PV inverters in voltage control without employing a suitable DR program can be inferred from Figure 1B. In more detail:
• Increasing the reactive power generation of inverters will increase the required VA rates for the PV inverters, and then investment costs would be increased.
• The clipped active power, which is indicated by P1, is very significant; considerable financial losses would be incurred because of employing APC methods.
In the proposed technique, shifting load from the peak times to times in which the PV farm injects high power to the grid (in our case: around noon time) would be an effective approach. It is assumed that the customers allow the network operator to shift a certain percentage of their power consumption from peak times to off-peak times using DR programs. Hence, Figure 1C shows the voltage profile of the grid employing the coordinated operation of PV inverters and DR programs where the over-voltage issue is eliminated. The load-shifting (LSH) technique is selected to implement the DR program. As a result, the PV inverters’ levels of active power curtailment and reactive power generation are reduced. Another advantage would be decreasing the under-voltage issue during peak times which this support is highlighted in Figure 1C.
Considering the discussion above, reactive power support by inverters is still needed in power grids, but its level can be significantly reduced. In this context, a regulation loop should be implemented in the control software of the PV inverters to regulate its reactive power (Q) as a function of grid conditions [voltage level (V)]. The IEEE Std. 1,547 has defined the required Q-V function for the PV inverters, see Figure 1B.
In this part, the DR concept is discussed. Nowadays, loads’ behavior can be predicted with high accuracy. In DR programs, customers contribute voluntarily, contract-based and mandatory-based in some emergency conditions in power consumption patterns. Therefore, there is little concern about unpredictability and uncontrollability from users’ perspectives. Figure 2 clearly shows the DR concept and Eqs 1–3 try to express this concept. It is assumed that customers allow the network operator to be able to shift certain percentages of their power consumption from peak times to non-peak times. The final load at each time after participation in DR programs may be more or less than the base load. Figure 2; Eqs 1–3, [image: image] and [image: image] indicate the final load in the peak and non-peak times, respectively. [image: image] and [image: image] are the base-load in non-peak and peak times, respectively. Idr (tp) indicates the shifted load from a peak time to other off-peak times. On the other hand, Idr (ti) factor shows the consumer participation level in absorbing Idr (tp) at ith off-peak time. The loads’ values after running the DR program at peak times and off-peak times could be obtained via 2) and 3).
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[image: Figure 2]FIGURE 2 | The concept of the LSH technique.
IMPLEMENTATION OF THE PROPOSED STRATEGY
This section aims to clarify the implementation process of the proposed strategy. As discussed in this paper, the contribution of PV units in voltage control means owners of PV farms would lose some revenue due to applying the APC technique, which must be compensated by the grid owner. On the hand, the owner of the grid must pay PV unit owners for their contribution to reactive power control as an ancillary service. To reduce the mentioned costs, it is proposed to employ DR programs in this research. Shifting the loads from peak times to off-peak times is an incentive program and induces costs. However, by implementing optimum schedules, an optimum solution can be found in which the total penalty cost allocated to the owner of the grid would be the lowest. In general, different fitness functions, optimization algorithms, scenarios, and load profiles can be considered to examine the performance of the proposed strategy. But, this study tries to simply implement the proposed strategy. In this context, three fitness functions are first defined.
The costs of the contribution of the PV inverters in voltage regulation can be expressed as:
[image: image]
[image: image]
where, [image: image] and [image: image] are the exchanged reactive and active power by a PV inverter. The allocated per unit reactive and active power costs for each time interval are indicated by Cq-t and CP-t, respectively. A penalty cost is also expressed by (6) to consider the cost of load shifting from peak time to off-peak times. It is assumed that the load change after applying the DR program is ∆P (t). Thus, the allocated penalty cost can be obtained as,
[image: image]
where CPL-h is the daily price of electricity determined by the distribution network owner for each time interval. In this step, a multi-objective optimization problem is indicated. One of the techniques to simplify multiple objective problems is aggregating all objectives in one expression by assigning a certain weight factor to each objective:
[image: image]
where, ωi is the weighted factor for the ith fitness function It is worthy of mentioning that, concerning the operator’s aims and priorities, certain weight factors can be defined to realize the power quality requirement and maximize the operator’s profit simultaneously.
CASE STUDY
The IEEE 33-bus, as a test platform, is selected to evaluate the proposed technique. This system is a Medium Voltage (MV) distribution and a suitable network for grid-connected large-scale PV farms. It has a radial feature to enlarge the effect of high PV penetration. The single-line diagram of the case study is illustrated in Figure 3. Since the MW sized and GW sized and grid-connected PV units have been developed around the world (Trindade et al., 2016), it is assumed that the large-scale PV farm is connected to the proposed network. In particular, a PV farm is connected to bus#18 to highlight the operational effect of the PV farm on the over-voltage phenomenon. To simplify the analyses, all the parameters are expressed in Per Unit (p.u.) format for load flow studies, the load types are P-Q, while the PV farm is modeled as a load with the capability to inject and absorb reactive power.
[image: Figure 3]FIGURE 3 | Single line diagram of IEEE 33 bus distribution network.
The basic active and reactive power of the loads is reported in the literature (Yuvaraj et al., 2021). However, the load profile is not reported for different time intervals of a day. Thus, a time-based factor (HBFt) should be applied to the base-load data to create a daily load profile. This factor will be changed over a day, see Figure 3, to model the load profile during peak and off-peak times. However, different scenarios considering load and power generation profiles can also be considered. The active [image: image] and reactive [image: image] powers of ith bus at tth time interval are calculated as,
[image: image]
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where, [image: image] and [image: image] are the base active and reactive powers.
As demonstrated in Figure 3, a large-scale PV farm is connected to the grid. Figure 3 also illustrates the forecasted average power generation of the large-scale PV farm for the day ahead.
RESULTS AND DISCUSSION
To assess the proposed methodology’s effectiveness, the case study and its characteristics during a day are modeled and simulated in the MATLAB software environment. The power flow technique is based on the matrix lines-nodes concept, which is discussed in detail by (Sotkiewicz and Vignolo, 2006). In each step of the MATLAB code, the loads and generation data are called, the reactive power is adjusted, the voltage of nodes is checked, and PV power generation is reduced in the case of over-voltage happening; this process repeats until the requirements of stopping criteria met.
It should mention that the optimization algorithm, load and generation profiles, and the studied test system are selected to highlight this paper’s goals. Different scenarios considering load and power generation profiles can be considered by researchers.
The simulation results are provided in Figure 4. Note that, due to eliminating the slack bus in power flow, the remaining bus numbers are 32 buses. Therefore, the nth bus in voltage profile figures is that of (n+1)th bus over the examined network. The active power profiles of the PV farms in different scenarios are also shown in Figure 4A. The APC level by applying the LSH method is lower than that in the case of LSH absent. Therefore, employing the LSH method can increase the benefits of the PV owners by selling more active power. Moreover, the contribution of the PV farm in consuming reactive power is reduced, which will decrease the inverter power loss and consequently increase the inverter’s lifetime. Considering the employed Q support, see Figure 1, the PV unit should consume the reactive power around noon times to reduce the over-voltage issue. On the other hand, the PV unit is responsible for injecting reactive power into the grid to support the profile voltage during the night with respect to the IEEE 1547–2018 standard. The mentioned contribution of the PV unit in Q support is illustrated in Figure 4B.
[image: Figure 4]FIGURE 4 | Profiles of output power with and without load LSH method: (A) active power generation and (B) reactive power compensation, (C) Demand profile variation after performing the LSH method, and (D) Comparison of voltage profile concerning different voltage control strategies.
The demand profile variation of all the grid buses after implementing the LSH method is also provided in Figure 4C, where the most demand variations occur during noontime. In addition, the demand reduction occurs during hours 8 p.m. to 12 a.m. for all the buses. The resultant voltage profile is shown in Figure 4D. The voltage value during the day and for all buses remains under 1.05 p. u. Correspondingly, the under-voltage issue is reduced during peak times.
CONCLUSION
A novel strategy to coordinate the PV units’ active and reactive power controllers and the demand response program is proposed. The proposed strategy mitigated the challenges of the contribution of PV inverters in voltage control. Those challenges consist of high mandatory APC levels and the increased cost and stresses of the PV inverters in reactive power generation. The high contribution of PV units in the voltage control is not cost-effective and may impose complexity in the design and control of inverters. The proposed strategy solved the over-voltage issue and the mentioned challenges by proposing a method for coordinated operation of the PV inverters (considering their active and reactive power exchange) and DR program. Three fitness functions were introduced and integrated into a fitness function. The DR program coordinated the PV unit’s operation to minimize the final fitness function simultaneously and solve the over-voltage issue. The proposed strategy’s effectiveness has been verified successfully on the IEEE 33 bus grid test.
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