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In this paper, the effect of electric vehicles (EVs) on load frequency control (LFC) in the context of a deregulated market within an asymmetric three-area system featuring a novel combination of hybrid power plants is presented. The paper discusses load frequency control within a deregulated market in an unequal three-area system using a new combination of hybrid power plants. All the areas have one renewable energy source and a thermal power plant (TPP), and each area incorporates electric vehicles. Area 1 contains a combination of a wind turbine system (WTS) and thermal, Area 2 has a geothermal power plant (GTPP) and thermal, and Area 3 has a biogas power plant (BPP) and thermal. This proposed system is investigated. Conventional PID, PI, and I controllers are used because they are simple, cheap, and easily available. Their performance is observed and compared. The controller parameters undergo optimization by applying an innovative optimization method called the Mine Blasting algorithm, which utilizes an integral square error (ISE)-based fitness function. The analysis is done under bilateral and contract violation cases with and without generation rate constraints. Moreover, the state of charge (SoC) estimation concept under a deregulated environment and the significance of EVs in the proposed system, especially in the case of contract violation, is presented.
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1 INTRODUCTION
Frequency control is one of the most important parameters in a power system as it maintains the stability of the system (Ulutas et al., 2020). Although supplying electric energy to consumers, it is imperative to maintain voltage and frequency at their rated values (Hussain I. et al., 2020; Das et al., 2022a). Any mismatch between the demand and supply will lead to deviation in frequency; that is, frequency may rise or fall. If frequency falls, the generation needs to be increased, and if frequency rises, the generation needs to be decreased. These can be interpreted so that if demand changes, the system deviates from the initial or normal values, causing small, unpredictable changes. So, an automated control system is introduced to identify deviations and trigger a series of counter-control measures aimed at rapidly and efficiently eliminating and neutralizing these discrepancies. This is called automatic load frequency control (ALFC) (Kundur, 2018).
There is much literature on the LFC of power systems, and many scholars are doing research in this area. Initially, Elgerd (2007) introduced the concept of power system modeling of a thermal unit, which is expanded by researchers on different types of generating units (Elgerd and Fosha, 1970). The increase in electrical power demand results in increased pollution and decreased fossil fuel stock; thereby, researchers are now concentrating on renewable energy sources (RESs) for power generation because they are free from pollution and running costs (Abdolrasol et al., 2022; Abdolrasol et al., 2023; Mazumdar et al., 2024). Wang, Y. et al. discuss the deregulation system and transfer function of different renewable sources (Wang et al., 1994).
At the same time, studies on the effect of renewable energy in LFC are needed. Das et al. presented the risk of high renewable energy (Das et al., 2022b). Singh et al. mentioned the high penetration level of renewable energy sources (Singh N. J. et al., 2021). Moreover, the type of renewable energy sources chosen is also an important parameter in multi-source power systems. Wind, hydropower, and solar PV are chosen by Ali et al. (2024), wind and solar PV are chosen by Fathy and Alharbi (2021), and hydropower and wind are chosen by (Singh N. K. et al., 2021). In this work, renewable energy sources of wind, geothermal, and BPPs are chosen for investigation because India has good resources for those energy sources. Moreover, the proposed system has not yet been investigated in the case where those power plants are combined with a thermal power plant in each area in a three-area power system.
As pollution is increasing due to the burning of petrol or diesel, many countries are developing an EV policy. Many current studies are investigating EVs to support a green environment. Therefore, vehicle-to-grid (V2G) integration is an important topic, and hence, many researchers are working on the integration of EVs into the grid. Gaur et al. (2019), Vachirasricirikul and Ngamroo (2014), Gaur et al. (2018), and Izadkhast et al. (2015) discuss V2G integration. However, there is still a wide scope of research in incorporating EVs into the LFC of multi-area systems. A study of the state of charge estimation (SoC) of EV batteries is also essential, but the SoC in LFC studies is very rare in literature, especially in the case of a deregulated environment. The SoC concept was mentioned by Deddarma and Dutta (2017), Tappeta et al. (2022), and Hussain et al. (2020b), and it is used in interconnected power systems under conventional environments (Deddarma and Dutta, 2017). However, this concept is not yet used in multi-area multi-source systems under a deregulated market.
1.1 Limitations and motivation
From the above-mentioned literature review, it is observed that the incorporation of three unequal areas under a deregulated environment with the integration of renewable sources and EVs has not yet been investigated. Comparative studies of dynamic responses integrating EVs with SoC and MBA-optimized controllers by considering a deregulated environment under different scenarios need to be explored in LFC. On the basis of the above-mentioned limitations, the motivation and inspiration for this work are based on the points listed below:
1. To achieve a stable and dependable power supply, it is crucial to research and analyze the performance of a multi-area power system in a combination of RESs and EVs with SoC estimation.
2. To achieve better dynamic performance of the considered power system by considering a deregulated environment under different scenarios, it is required to optimize the gain values of the controllers using robust optimization techniques.
3. When integrating a diversified group of RESs with the grid, it becomes more important to review the impact of RESs with EVs on system performance under different sets of operating conditions.
1.2 Novelty and contribution
Considering the above-mentioned motivations, the following novelties are captured:
1. Performance evaluation of the power system considering integration of renewable sources (wind turbine system, geothermal power plant, and biogas power plant) and EVs with the SoC concept in each area under a deregulated scenario.
2. Included the SoC estimation concept in each area of the study system.
3. Address the impact of a combination of RESs and EVs with SoC estimation in LFC under a deregulated environment under different scenarios.
Based on the above novelties, the contributions of the present work are as follows.
(a) Develop a new system with three unequal areas with a combination of renewable sources and EVs with SoC.
(b) Analyses the impact of incorporating EVs in the deregulated environment under different scenarios.
(c) Optimize the gains and other parameters of controllers and compare their performance.
(d) Study the SoC estimation concept under a deregulated environment.
(e) Study the significance of EVs in the case of contract violation.
(f) The dynamic responses are studied by considering a deregulated environment under different scenarios and also comparing the results, including and excluding EVs.
The arrangement of the rest of the paper will be as follows: descriptions of the system are presented in Section 2, simulation results and analysis/discussion are presented in Section 3, and the conclusion is in Section 4.
2 DESCRIPTION
Figure 1 presents the power system transfer function model under study incorporating RESs. The proposed model area capacity is assumed to be 1:2:3. Each area in the proposed system contains different types of energy sources. All areas comprise two energy sources, one of which is a reheat thermal plant: a wind turbine system (WTS) in Area 1, a geothermal plant (GTPP) in Area 2, and a biogas power plant in Area 3. Then, EVs are incorporated in each area to examine the effect of EVs on LFC. All the required nominal system data are given in Appendix A. The MBA algorithm is utilized to tune the gain and other parameters of the controllers. Optimization techniques use the cost function to converge to its optimum value. Cost functions, also known as loss functions or objective functions, are fundamental concepts in machine learning and optimization. The four types of cost functions are integral squared error (ISE), integral absolute error (IAE), integral time-weighted squared error (ITSE), and integral of time multiplied absolute error (ITAE). Equations 1–4 expressed the cost function for ISE, ITAE, ITSE, and IAE, where c and d stand for area numbers (c = 1, 2, 3; d = 2, 3; assuming c ≠ d) (Babu and Saikia, 2021).
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[image: Figure 1]FIGURE 1 | (A) Transfer function model of the three-area hybrid source system. (B) Transfer function model of the electric vehicle.
2.1 Wind turbine system
Wind turbines (WTs), also known as wind generators or windmills, are machines designed to convert wind kinetic energy into electrical power. The amount of power generated by a wind turbine is reliant on the speed of the wind. The pitch angle of the wind turbine blades, which can be adjusted per requirements, plays a vital role in controlling and optimizing power generation in varying wind conditions. The mechanical output power (Pwts) is calculated as Equation 5.
[image: image]
where Cp is the power coefficient, ρ is the density of air, A is the blade-swept area, and υ is the wind speed (Tasnin and Saikia, 2018).
2.2 Geothermal power plant
Geothermal power is one potential source of renewable energy that can be used to generate electric power. Geothermal power plants operate based on the principles of thermodynamics, harnessing heat from the interior of the Earth to produce electricity. The operation of a geothermal power plant (GTPP) involves several key thermodynamic processes, and these processes often include phase changes of the working fluid (Chatuanramtharnghaka et al., 2024).
2.3 Biogas power plant
A biogas power plant (BGPP) utilizes animal droppings and biodegradable wastes to produce biogas used to generate power. They are considered environmentally friendly because they not only produce electricity but also help in waste management by converting biodegradable waste into energy and reducing greenhouse gas emissions compared to letting organic waste decay naturally (Latif et al., 2021). The transfer function model of all these sources is shown in Figure 1A.
2.4 Electric vehicle model
The EV transfer function model is depicted in Figure 1B (Das et al., 2022b). It consists of a battery charger, LFC, and primary frequency control (PFC). The battery charger manages the power exchange between the grid and the battery. The main reason for connecting the EV fleet with the grid is to facilitate participation in LFC during sudden mismatches in load and power generation. Each EV is equipped with a dead band function featuring droop characteristics to mitigate undesired frequency responses upon sudden disconnection from the grid. The dead band value is set as +10 mHz and −10 mHz for the upper limit (∆fUL) and the lower limit (∆fLL), respectively. The value for the droop coefficient of an aggregate model (R) is 2.4 Hz/p.u. MW, which is the same as conventional units. The gain (KEVm) of each EV depends on its SoC, maintained at 1 within the SoC range of 50%–70%. TEVm denotes the battery’s time constant. ∆Pmax and ∆Pmin represent the maximum and minimum power output of EV fleets, respectively. NEVm signifies the number of EVs connected to the grid, set at 2,000, 4,000, and 1,500 for Areas 1, 2, and 3, respectively (Dang et al., 2017).
2.5 State of charge (SoC)
“The SoC describes the remaining discharge capacity of a battery relative to its total discharge capacity. It plays a crucial role in battery management systems (BMS) as many of its functionalities depend on the SoC of individual cells. Accurate SoC measurement is essential to ensure smooth BMS operation and to maximize energy extraction from the battery pack. However, directly measuring SoC is challenging due to its internal nature, relying heavily on the accuracy of the cell model used in the estimation algorithm” (Das S. et al., 2022). SoC can be formulated by its conventional definition as given in Equation 6 below:
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where SoC0 is the initial value of the SoC, Qact is the actual capacity of the battery, and i is the current of the battery. i is positive in the discharging mode and negative in the charging mode.
“The SoC of a battery is also defined as the ratio of its current capacity (Q(t)) to the nominal capacity (Qn). The nominal capacity is given by the manufacturer and represents the maximum amount of charge that can be stored in the battery. So, the SoC can be defined as follows (Equation 7):” (Tappeta et al., 2022):
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However, in the case of EVs, SoC is co-related with the gain (KEVm), which influences the EVs’ participation in LFC when they are connected to the grid. The KEVm value varies between 0 and 1. An experiment examined the impact of KEVm variation in this range (i.e., 0–1). As KEVm approaches 1, EVs become more active in LFC helping in regulation of the system frequency during load fluctuations. SoC is between 50% and 70% when KEVm is 1; KEVm varies in the range of 0 ≤ KEVm < 1 when SoC is below 50% or above 70% (Deddarma and Dutta, 2017). Therefore, the value of KEVm is taken as 1 in our case study, which means the SoC is estimated as 50%–70%.
2.6 An overview of the proposed system under a deregulated market
In this case study, the proposed system contains six GENCOS and six distribution companies (DISCOs), considering two DISCOs in each area. These generation companies (GENCOs) and DISCOs depend on the cost participation factor (cpfkl) in the DISCO participation matrix as shown in Equation 6; the DISCOs and GENCOs will be communicated to each other similarly to the design by Farooq et al. (2022). In Equation 8, “k” and “l” signify the GENCO and DISCO numbers, respectively.
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The cpfkl is expressed in Equation 9 (Babu and Saikia, 2021).
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and Equation 10 holds true.
[image: image]
The schedule tie-line power in the areas is given in Equation 11 (Babu and Saikia, 2021):
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where [image: image] = Area-c’s GENCO power demanded by the DISCOs in Area-d (Tasnin and Saikia, 2018).
[image: image] = Area-d’s GENCO power demanded by the DISCOs in Area-c (Tasnin and Saikia, 2018).
Tieactualpower deviation is expressed in Equation 12:
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Tieerrorpower is as in Equation 13.
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The area control error (ACE) is given in Equation 14, which is the addition of frequency change and tie-line power error (Gaur et al., 2019).
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DISCOs can engage in communication and transactions with GENCOs from any geographical area (bilateral type of power transaction). A contracted demand of 0.01 per unit (pu) megawatts is taken into account for each DISCO, and they can collaborate with various GENCOs across regions. The DISCO participation matrix (DPM) for this specific case study is described by Matrix (Equation 15), which encapsulates the bilateral transactions between each DISCO and GENCO.
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3 RESULTS AND ANALYSIS
Simulations were performed on four different sources, three non-identical and area-based interconnecting power systems under various conditions as shown in Figures 2–12. The capacities of each power source are considered as follows: the WTS and thermal in Area 1 are 10 MW and 90 MW, respectively; the GTPP and thermal in Area 2 are 20 MW and 180 MW, respectively; and the BGPP and thermal in Area 3 are 30 MW and 270 MW, respectively. The scheduled tie-line power within interconnected areas is determined by utilizing matrix Equations 16–21. From the DPM (Equation 15), active power generated by GENCOs under bilateral conditions in a steady state is as follows:
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where ∆Pwts, ΔPth1, ∆Pgtpp, ΔPth2, ∆Pbgpp, and ΔPth3 are the incremental generation of the GENCOs in Areas 1, 2, and 3, respectively (Gaur et al., 2019).
[image: Figure 2]FIGURE 2 | Frequency variation in Area 2 under the bilateral condition. (A) Without any constraint. (B) With a GRC of 0.03/min.
[image: Figure 3]FIGURE 3 | Frequency variation in Area 3 under the bilateral condition. (A) Without any constraint. (B) With a GRC of 0.03/min.
[image: Figure 4]FIGURE 4 | Tie-line power variation between Areas 1 and 2 under the bilateral condition. (A) Without any constraint. (B) With a GRC of 0.03/min.
[image: Figure 5]FIGURE 5 | Tie-line power variation between Areas 2 and 3 under the bilateral condition. (A) Without any constraint. (B) With a GRC of 0.03/min.
[image: Figure 6]FIGURE 6 | Tie-line power variation between Areas 1 and 3 under the bilateral condition. (A) Without any constraint (B) With a GRC of 0.03/min.
[image: Figure 7]FIGURE 7 | Frequency variation in Area 1 under a contract violation. (A) Without any constraint. (B) With a GRC of 0.03/min.
[image: Figure 8]FIGURE 8 | Frequency variation in Area 2 under a contract violation. (A) Without any constraint. (B) With a GRC of 0.03/min.
[image: Figure 9]FIGURE 9 | Frequency variation in Area 3 under a contract violation. (A) Without any constraint. (B) With a GRC of 0.03/min.
[image: Figure 10]FIGURE 10 | Tie-line power variation between Areas 1 and 2 under a contract violation. (A) Without any constraint. (B) With a GRC of 0.03/min.
[image: Figure 11]FIGURE 11 | Tie-line power variation between Areas 2 and 3 under a contract violation. (A) Without any constraint. (B) With a GRC of 0.03/min.
[image: Figure 12]FIGURE 12 | Tie-line power variation between Areas 1 and 3 under a contract violation. (A) Without any constraint. (B) With a GRC of 0.03/min.
In this case study, the PID, PI, and I controllers are used to monitor the dynamic responses of the system. The MBA algorithm is utilized to tune gain values and other parameters of the controllers. The results obtained are performed under (i) a bilateral condition with no non-linearity, (ii) a bilateral condition with a 3% Generation Rate Constraint (GRC), (iii) a contract violation in Area 3 with no non-linearity, and (iv) a contract violation in Area 3 with a 3% GRC. The SoC of each EV is 50%–70%.
3.1 Case 1: bilateral condition
In this case, simulation is performed as per the contract agreement (a) with no constraint or non-linearity and (b) with a GRC. Optimum values of PID, PI, and I controllers shown in Table 1 are used.
TABLE 1 | Optimum values of PID, PI, and I controllers under the bilateral condition.
[image: Table 1]As per the results obtained above, the proposed system gives a stable response. There is no large difference in the responses when EVs are included or not in the case of bilateral conditions. However, it can be observed that the responses are a little better when EVs are included in the system except in frequency variation in Area 1 (Figure 13). Regardless of the controller used, the EVs themselves help to improve the system responses. As per simulation results, the PID controller gives better dynamic responses than the PI and I controllers as shown in Table 2.
TABLE 2 | Undershoot (U−), peak overshoot (O+), and settling time (ST) of responses considering different controllers under the bilateral condition.
[image: Table 2][image: Figure 13]FIGURE 13 | Frequency variation in Area 1 under the bilateral condition. (A) Without any constraint. (B) With a GRC of 0.03/min.
3.2 Case 2: contract violation
In this case, simulation is performed under contract violation. (DISCO exceeds its contracted power demand; the additional power must be supplied by local power sources). The DISCO in Area 3 demands extra power of 0.01 p.u. MW, violating the contract. This additional load request will be managed by power sources in Area 3.
(a) Without incorporating EVs, the biogas power plant and thermal power plant-3 will manage power requirements, and their power generation can be calculated as in Equations 22, 23.
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(b) When EVs are incorporated, the biogas power plant, thermal power plant-3, and EVs will manage the power requirements, and their power generation can be calculated as in Equations 24, 25.
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This means each EV will produce 0.0010 pu MW power. The simulation results obtained are given below.
In this case, the proposed system also gives a stable response with the Optimum values of PID, PI, and I controllers shown in Table 3. As per the results obtained, it can be seen that the responses are much better when EVs are included in the system. Regardless of the controller used, the EVs themselves help to improve the system responses. As shown in Table 4, the responses are more or less the same when using a PID or PI controller when EVs are included in the system. EVs also make significant contributions in the case of contract violation by giving sufficient power to meet the extra demand from that area, as shown in Figures 14, 15. As per simulation results, the PID controller gives better dynamic responses than the PI and I controllers.
TABLE 3 | Optimum values of PID, PI, and I controllers under a contract violation.
[image: Table 3]TABLE 4 | Undershoot (U−), peak overshoot (O+), and settling time (ST) of responses considering different controllers under a contract violation.
[image: Table 4][image: Figure 14]FIGURE 14 | Power generated by a biogas power plant under a contract violation. (A) Without any constraint (B) With a GRC of 0.03/min.
[image: Figure 15]FIGURE 15 | Power produced by a thermal power plant in Area 3 under a contract violation. (A) Without any constraint. (B) With a GRC of 0.03/min.
4 CONCLUSION
In this work, an ALFC in a multi-area system incorporating EVs along with renewable sources under a deregulated market is presented. The system has three areas with two power sources in each area. Each area comprises one renewable source along with a thermal unit; this combination is new in the literature. The proposed system is tested successfully under bilateral and contract violation types of power transactions using classical controllers with and without a GRC. The effect of EVs under a deregulated environment is studied successfully by estimating the SoC of each EV at 50%–70%. The findings show that the EVs play a vital role in controlling tie-line power deviation and frequency fluctuation under both the bilateral condition and contract violation cases. Moreover, EVs also make significant contributions in the case of contract violation by giving sufficient power to meet the extra demand from that area. Hence, the conclusion can be made that incorporating EVs may play a vital role in LFC under the deregulated environment in the near future. In this work, few RESs are considered in the multi-area multi-source power system to study the dynamic performance of the system; that is, limited RESs like wind, biogas, and geothermal are considered. Therefore, this work can extend to large traditional and deregulated multi-area power systems while integrating other RESs such as wave energy, tidal, solar PV, etc.
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APPENDIX A
Nominal system parameters are as follows:
1. Power system: f = 60 Hz; Rc = 2.4 Hz/p.u. MW; βc = 425 × 10−3 p.u. MW/Hz; Kpc = 120 Hz/p.u. MW; Tpc = 20 s; Tcd = 0.086 s; Suffix c,d = Areas 1, 2, and 3.
2. WTS: Kwts = 1; Twts = 1.5 s.
3. GTPP: Kgt = 1; Ksg = 1; Tgt = 0.1299 s; Tsg = 0.1 s
4. BGPP: Yla = 0.041 s; bA = 0.05 s; Xle = 1; Tcb = 0.5 s; Tbg = 0.5 s; Kb = 0.8; Td = 0.5 s.
5. Reheat thermal plant: Tsg = 0.08 s; Tt = 0.3 s; Tr = 10 s; Kr = 0.5.
6. Electric vehicle: KEVm = 1; NEV1 = 2,000; NEV2 = 4,000; NEV3 = 1,500;
7. Charging and discharging = ±50 KW; ∆fUL and ∆fLL = ±10 mHz.
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