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High wind power penetration and peak load pose significant challenges to the power system in maintaining the power supply–demand balance. Once the power supply–demand balance is disrupted, system load shedding and wind spillage become inevitable. In this study, the aforementioned problem is defined as the tight power balance (TPB) problem. The accuracy of wind power and load forecasting increases with a decrease in the forecasting timescale. Based on the aforementioned characteristics, a TPB multi-timescale disposal strategy for wind-integrated power systems considering electric vehicle (EV) charging stations is established to address the TPB problem at different timescales. First, the operation model of an electric vehicle charging station offering flexible ramping capacity is established. Second, a multi-timescale disposal strategy, which includes an intra-day 4-h plan, an intra-day 1-h plan, and a real-time 15-min plan, is presented by quantifying the flexible demand at different timescales. Finally, the proposed strategy is verified using a modified IEEE 118-bus system. The analysis results show that the proposed TPB multi-timescale disposal strategy effectively promotes the disposal level of the TPB problem.
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1 INTRODUCTION
In response to the growing energy crisis and environmental pollution problems, increasing the share of renewable energy resources has become a roadmap for many nations (Ding et al., 2022; Han et al., 2022). However, with the large-scale integration of wind energy resources, the variability and uncertainty of the wind power output seriously affect the secure operation of the system (Khoshjahan et al., 2019; Park et al., 2022). The grid has to acquire adequate flexibility to satisfy the stochastic nature of the net load (the output of wind energy resources subtracted from the load) (Ghaljehei and Khorsand, 2022). Therefore, the exploration of system flexibility is of great significance for maintaining the secure operation of the power system.
Currently, many scholars have studied offering flexibility to power systems via flexible resources as a way of enhancing system flexibility. For example, electric vehicle (EV) charging stations (Zhang and Kezunovic, 2016), energy storage (Wang and Hodge, 2017; Khoshjahan et al., 2020), and flexible loads (Li et al., 2022) can offer flexibility to the power system, which reduces the regulation burden on thermal units. Heydarian-Forushani et al. (2018) devised an integrated stochastic day-ahead dispatching model, which included EV parking lots, bulk energy storage, and demand response, to participate in the flexible ramp market. EV charging stations aggregate EVs to provide flexibility, fast response characteristics, and high social and economic benefits (Neyestani et al., 2015). To explore the possibility of EVs providing flexible ramping products, a novel distribution system locational marginal pricing (LMP) model has been presented (Zhang et al., 2020). Wu et al. (2015) modeled the operational flexibility of the day-ahead market, which included flexible resources such as demand–response and energy storage, for managing the variability of renewable energy sources. Nikoobakht et al. (2019) proposed a methodology to estimate the flexibility of a given day-ahead scheduling model. Zhang et al. (2016) developed an integrated day-ahead stochastic scheduling model to dispatch resources and deploy flexible ramping, with demand–response providing the required flexibility. Chang et al. (2022) proposed a disposal strategy for TPB considering electric vehicle charging stations that provide flexible ramping capacity. To cover the uncertainty of wind power, an information-gap decision theory (IGDT)–based robust security-constrained unit commitment (SCUC) model with the integration of demand–response (DR) was constructed (Mirzaei et al., 2019). However, the abovementioned studies have focused on enhancing system flexibility on a single timescale. To improve the accuracy of the scheduling results, the study of system flexibility on a multi-timescale has to be undertaken.
Related methods have been proposed for the study of system flexibility on a multi-timescale. To increase the economic efficiency of power system operations, Cui et al. (2017) developed a multi-timescale unit commitment model that considers flexible ramping requirements. A hybrid stochastic/deterministic multi-timescale scheduling model has been proposed to enhance flexible ramping (Shaaban et al., 2018). Yamujala et al. (2022) studied a two-stage flexibility-constrained scheduling issue with a day-ahead security-constrained unit commitment (DA-SCUC) and real-time security-constrained economic re-dispatch (RT-SCED) models, which accurately estimated and economically scheduled flexible ramp products. Olsen et al. (2020) conducted a Fourier analysis to disentangle the energy storage and power flexibility requirements on hourly and minute timescales. Mueller et al. (2019) efficiently exploited the flexibility of energy resources by considering multiple resources with complementary physical characteristics at different timescales. Bagherinezhad et al. (2020) proposed a look-ahead optimization model simulating day-ahead and real-time operations of power systems with flexible ramp products. A multi-timescale unit commitment and economic dispatch model considering solar power ramping products was developed to accurately estimate ramping requirements on a multi-timescale (Cui and Zhang, 2018).
With the widespread integration of wind energy resources into the existing power system, the power system operation is likely to face the following scenario. When facing a short-term peak load (Baniasadi et al., 2019), the installed capacity of the system generation is insufficient to supply the load. When the wind power is generated at its maximum with a relatively low system load, the system regulation capability is insufficient to completely accommodate the wind power. In such cases, the power supply and demand are unbalanced, which is defined as the TPB problem. The abovementioned studies investigated system flexibility without considering the impact of the TPB state on system flexibility. The TPB state further reduces the capability of the system to offer flexibility, resulting in extra load shedding and wind spillage. Moreover, the accuracy of wind power and load forecasting tends to increase with a decrease in the forecasting timescale (Hu et al., 2022). Therefore, a TPB multi-timescale disposal strategy should be developed to mitigate the effects of wind power and load forecasting errors on the power system.
The main contributions of this article are summarized as follows:
1) To address the TPB problem at different timescales, a TPB multi-timescale disposal framework is presented, and a TPB multi-timescale disposal strategy considering an EV charging station that offers flexible ramping capacity is developed to promote the disposal level of the TPB problem.
2) Based on the fact that the accuracy of wind power and load forecasting increases with a decrease in the forecasting timescale, the demand for flexibility is quantified at different timescales. Consequently, the effects of wind power and load forecasting errors on TPB disposal are mitigated, thereby reducing system load shedding and wind spillage.
The remainder of this article is organized as follows. Section 2 introduces the TPB multi-timescale disposal framework. Section 3 establishes the EV charging station operation model. Section 4 proposes a TPB multi-timescale disposal strategy. Section 5 analyzes and discusses a numerical example. Section 6 presents the conclusions of this article.
2 TIGHT POWER BALANCE MULTI-TIMESCALE DISPOSAL FRAMEWORK
2.1 Demand for flexibility
In the TPB state, the capacity and regulation capability of the power system generation are insufficient to completely supply the load and accommodate wind power. High wind power penetration and peak load result in a high demand for flexibility. The system demand for flexibility only offered by thermal units limits the output range of thermal units. As a result, the capability of the system to maintain the power supply–demand balance is weakened, resulting in load shedding and wind spillage.
As shown in Figure 1, in the TPB state, the capacity and regulation capability of the thermal units are both insufficient. When facing a peak load, load shedding is required, as illustrated in the dark red section of Figure 1. When facing high penetration of wind power, wind spillage is required, as illustrated in the dark blue section of Figure 1. The system flexibility offered by the thermal units limits their output range. The section between the dashed red and blue lines indicates the output range of the thermal units after they offer flexibility. During the peak load period, the requirement for thermal units to offer up-ramping lowers their maximum output, resulting in load shedding, as illustrated in the light red section of Figure 1. During the high wind power penetration period, the requirement for thermal units to offer down-ramping increases their minimum output, resulting in wind spillage, as illustrated in the light blue section of Figure 1. Additionally, wind power may have anti-peak load characteristics, which further cause load shedding and wind spillage.
[image: Figure 1]FIGURE 1 | Schematic of the demand for flexibility limiting the thermal units’ output range.
2.2 Tight power balance multi-timescale disposal structure
Herein, the study of TPB multi-timescale disposal is divided into three timescales: an intra-day 4-h plan, an intra-day 1-h plan, and a real-time 15-min plan, with a time resolution of 15 min. Based on the fact that the accuracy of wind power and load forecasting increases with the decrease in forecasting timescale, a multi-timescale disposal strategy is developed to promote the disposal level of the TPB. The structure of TPB multi-timescale disposal is illustrated in Figure 2, and the detailed disposal structure is as follows:
1) Intra-day 4-h TPB disposal strategy. The TPB disposal strategy is formulated once every 4 h, with a time resolution of 15 min. Based on the intra-day 4-h wind power and load forecasting data, the thermal unit start-up and shutdown statuses and power output, charging and discharging statuses, and power of the EV charging station, system reserve, and flexible ramp are all updated over the next 4 h.
2) Intra-day 1-h TPB disposal strategy. The TPB disposal strategy is formulated once every 1 h, with a time resolution of 15 min. Based on the intra-day 4-h updated thermal unit start-up and shutdown statuses and the intra-day 1-h wind power and load forecasting data, the thermal unit power output, charging and discharging statuses, and power of the EV charging station, system reserve, and flexible ramp are all updated over the next 1 h.
3) Real-time 15-min TPB disposal strategy. The TPB disposal strategy is formulated once every 15 min, with a time resolution of 15 min. Based on the intra-day 4-h updated thermal unit start-up and shutdown statuses, the intra-day 1-h disposal results (thermal unit output, EV charging station discharging power, reserve, and flexible ramp offered by the thermal unit and EV charging station), and the real-time 15-min wind power and load forecasting data, the thermal unit output, charging and discharging statuses, and power of the EV charging station, system reserve, and flexible ramp are updated over the next 15 min.
[image: Figure 2]FIGURE 2 | Flow chart of TPB multi-timescale disposal.
3 ELECTRIC VEHICLE CHARGING STATION OPERATION MODEL
EV charging stations are aggregators representing EVs involved in power, reserve, and flexible ramp scheduling (Heydarian-Forushani et al., 2018). In this section, the EV charging station uncertainty is first modeled. Subsequently, an EV charging station offering flexible ramping capacity is developed.
3.1 Electric vehicle charging station uncertainty model
EV charging station uncertainty is derived from the uncertain behavior of EVs, which include the number of EV arrivals and departures, the initial state of energy (SOE) of EVs, and the capacity of EVs. Thus, to model EV charging station uncertainty, three groups of stochastic numbers based on the truncated normal distribution (Bessa, et al., 2012; Su and Chow, 2012) are employed, which are the arrival and departure times of EVs—[image: image], [image: image]; the initial state of charge (SOC) of EVs; and [image: image]. In addition, based on the probability distribution model of the capacity of EVs (Shafie-Khah, et al., 2016), 24 different types of capacities of EVs, [image: image], are employed.
3.1.1 Number of EVs in EV charging stations
The number of EVs that arrived at the EV charging station, cs, at [image: image] and departed from the EV charging station, cs, at [image: image] can be formulated by the arrival and departure times of EVs in Eq. 1. The number of EVs in the EV charging stations, which is an uncertain parameter, is modeled in Eqs 2, 4.
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where [image: image] is the number of EVs that arrived at the EV charging station, cs, at [image: image] and departed from the EV charging station, cs, at [image: image]; [image: image] is the EVn that arrived at EV charging stations at [image: image] and departed from EV charging stations at [image: image]; [image: image] and [image: image] are the total number of periods of EV arrivals and departures; [image: image] is the total number of EVs that arrived at EV charging stations; [image: image] is the total number of EVs that departed from EV charging stations; and [image: image] is the total number of EVs in EV charging stations at [image: image].
3.1.2 Initial SOE of EV charging stations
The SOE is the remaining energy of the EV capacity. The initial SOE of EV charging stations is obtained by aggregating the initial SOE of EV arrivals and departures, which is shown in Eqs 5–7.
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where [image: image] is the initial SOE of EVs that arrived at EV charging stations; [image: image] is the initial SOC of EV arrivals and departures; [image: image] is the capacity of EV arrivals and departures; [image: image] is the initial SOE of EVs that departed from EV charging stations; and [image: image] is the total initial SOE of EV charging stations at [image: image].
3.1.3 Total capacity of EV charging stations
The total capacity of EV charging stations is obtained by aggregating the capacity of EV arrivals and departures, which is shown in Eqs 8–10.
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where [image: image] is the capacity of EVs that arrived at EV charging stations, [image: image] is the capacity of EVs that departed from EV charging stations, and [image: image] is the total capacity of EV charging stations at [image: image].
3.2 Model for electric vehicle charging station offering flexible ramping capacity
The EV charging stations can offer up-ramping in the vehicle-to-grid (V2G) mode and down-ramping in the grid-to-vehicle (G2V) mode. The EV charging stations that offer flexible ramping capacity are limited by the charging and discharging rate, capacity, and SOE of the EV charging stations.
3.2.1 Charging and discharging rate constraints of EV charging station
The power, reserve, and flexible ramp of EV charging stations are constrained by their charging and discharging rates, as shown in Eqs 11–13.
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where [image: image] and [image: image] are the power from EV charging stations to the grid and from the grid to EV charging stations, respectively; [image: image] and [image: image] are the up-ramping and down-ramping offered by EV charging stations, respectively; [image: image] and [image: image] are the spinning and non-spinning reserves offered by EV charging stations, respectively; [image: image] and [image: image] are the upregulation and downregulation reserves offered by EV charging stations, respectively; [image: image] is the replacement reserve offered by EV charging stations; [image: image] and [image: image] are the discharging and charging rates of EVs; [image: image] and [image: image] are the states of power from EV charging stations to the grid and from the grid to EV charging stations, respectively.
3.2.2 SOE coupling constraints of EV charging stations in adjacent periods
The SOE of EV charging stations in a period is affected by the SOE of EV charging stations in the previous period, EVs arrival and departure, charging and discharging power, offered reserve, and flexible ramp, as shown in Eq. 14
[image: image]
where [image: image] is the SOE of EV charging stations, and [image: image] and [image: image] are the charging and discharging efficiencies of the EV charging stations, respectively.
3.2.3 Power exchange limit with grid of EVs in V2G mode constraints
A contract is signed between EV charging stations and EVs to permit EV charging stations to utilize the V2G mode of EVs (Neyestani, et al., 2015; Shafie-Khah et al., 2016). EV charging stations aggregate the SOC demand allocated for each period to limit power exchange with the grid, as shown in Eq. 15
[image: image]
where [image: image] is the percentage of net discharge due to the SOC demand signed for EVs.
3.2.4 Upper and lower limits of SOC and SOE of EV charging station constraints

[image: image]
[image: image]
[image: image]
where [image: image] is the SOC of EVs; [image: image] and [image: image] are the upper and lower limits of the SOC of EVs, respectively; [image: image] is the SOC of EV charging stations; and [image: image] and [image: image] are the upper and lower limits of the SOC of EV charging stations, respectively.
4 TIGHT POWER BALANCE MULTI-TIMESCALE DISPOSAL STRATEGY
4.1 System flexible demand
The demand for flexibility originates from the variability and uncertainty of the system net load. The value of the subtraction of the net load of the previous period from that of the next period is obtained. A positive value indicates the demand for up-flexibility, while a negative value indicates the demand for down-flexibility, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | System demand for flexibility.
The range of net load fluctuation is calculated from the forecasting errors of wind power and load, and thus the system demand for flexibility is acquired, as shown in Eqs 19–21.
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where [image: image] and [image: image] are the forecasting errors of the wind power and load, respectively; [image: image] is the net load fluctuation factor; [image: image] is the system net load; [image: image] and [image: image] are the limitations of the net load fluctuation range; and [image: image] and [image: image] are the system demands for up-flexibility and down-flexibility, respectively.
At different timescales, the system demand for flexibility varies with the forecasting accuracy of the wind and load. As the timescale continues to shorten, the forecasting accuracy of the wind power and load continues to improve, the forecasting error decreases, and the system demand for flexibility decreases.
4.2 Intra-day 4-h tight power balance disposal strategy
The intra-day 4-h TPB disposal strategy is formulated once every 4 h with a time resolution of 15 min. Based on the intra-day 4-h wind power and load forecasting data, the thermal unit start-up and shutdown statuses and power output, charging and discharging statuses, and power of the EV charging station, system reserve, and flexible ramp are all updated for the next 4 h.
4.2.1 Objective function
The objective function of the intra-day 4-h TPB disposal strategy is to minimize the total system operation cost, which includes the thermal unit operation cost, EV charging station operation cost, load shedding cost, and wind spillage cost, as shown in Eqs 22–27.
Eq. 22 is the total system operation cost; Eq. 23 is the thermal unit operation cost, which includes the thermal unit fuel cost, start-up cost, reserve, and flexible ramp cost; Eq. 24 is the thermal unit fuel cost; Eq. 25 is the EV charging station operation cost, which includes the EV charging station discharging cost, battery depreciation cost, reserve, and flexible ramp cost; Eq. 26 is the EV charging station battery depreciation cost, while Eq. 27 is the load shedding and wind spillage cost.
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where, in Eq. 22, [image: image] is the intra-day 4-h total system operation cost, [image: image] is the thermal unit operation cost, [image: image] is the EV charging station operation cost, and [image: image] is the load shedding and wind spillage cost. In Eq. 23, [image: image] is the total number of intra-day 4-h TPB disposal periods; [image: image] is the total number of thermal units; [image: image] is the start-up and shutdown statuses of the thermal units; [image: image] is the thermal unit start-up cost; [image: image] is the thermal unit fuel cost; [image: image] and [image: image] are the thermal unit spinning and non-spinning reserve cost coefficient, respectively; [image: image] and [image: image] are the spinning and non-spinning reserve offered by thermal units; [image: image] and [image: image] are the thermal unit regulation and replacement reserve cost coefficients, respectively; [image: image] and [image: image] are the upregulation and downregulation reserve offered by thermal units; [image: image] is the replacement reserve offered by thermal units; [image: image] and [image: image] are the thermal unit up-flexible ramp and down-flexible ramp cost coefficients, respectively; and [image: image] and [image: image] are the up-flexible ramp and down-flexible ramp offered by thermal units. In Eq. 24, [image: image] is the thermal unit output, and [image: image], [image: image], and [image: image] are the thermal unit fuel cost coefficients. In Eq. 25, [image: image] is the total number of EV charging stations; [image: image] is the EV charging station discharging cost coefficient; [image: image] is the EV charging station battery depreciation cost; [image: image] and [image: image] are the EV charging station spinning and non-spinning reserve cost coefficients, respectively; [image: image] and [image: image] are the EV charging station regulation and replacement reserve cost coefficients, respectively; and [image: image] and [image: image] are the EV charging station up-flexible ramp and down-flexible ramp cost coefficients, respectively. In Eq. 26, [image: image] is the battery charging and discharging loss coefficient, and [image: image] is the TPB disposal time resolution. In Eq. 27, [image: image] and [image: image] are the total number of loads and wind power units, respectively; [image: image] and [image: image] are the wind spillage and load shedding cost coefficients, respectively; and [image: image] and [image: image] are the wind spillage and load shedding, respectively.
4.2.2 Constraints
4.2.2.1 Thermal unit operational constraints
The thermal unit operation constraints include the thermal unit up-ramping and down-ramping capacity constraints, shown in Eqs 28, 29, and the thermal unit output maximum and minimum constraints, shown in Eqs 30, 31.
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where [image: image] and [image: image] are the thermal unit's up- and down-ramping rates, respectively, and [image: image] and [image: image] are the thermal unit maximum and minimum outputs, respectively.
4.2.2.2 Operational constraints of EV charging stations
The electric vehicle charging station operation constraints have been listed in Eqs 1–18 and are, therefore, not presented here.
4.2.2.3 Wind power unit operational constraints
The wind power unit operation constraints include the wind power unit's maximum and minimum output and system wind spillage constraints, as shown in Eqs 32, 33, and the flexible ramping capacity offered by the wind power unit constraint is shown in Eq. 34:
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where [image: image] is the wind power output, [image: image] is the wind power maximum and minimum outputs, and [image: image] and [image: image] are the up-flexible ramp and down-flexible ramp offered by the wind power units.
4.2.2.4 System demand for up-flexible and down-flexible constraints
The demand of the system for flexibility can be supplied by thermal units, EV charging stations, and wind power units. In extreme scenarios, the system demand for flexibility can be offered by load shedding and wind spillage, which will cause a significant rise in the operation cost, as shown in Eqs 35–37.
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where [image: image] and [image: image] are the up-flexible ramp offered by load shedding and the down-flexible ramp offered by wind spillage, respectively.
4.2.2.5 System power supply–demand balance constraint

[image: image]
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where [image: image] is the system load and [image: image] is the load shedding rate (the proportion of maximum load shedding to the system load).
4.3 Intra-day 1-h tight power balance disposal strategy
The intra-day 1-h TPB disposal strategy is formulated once every 1 h with a time resolution of 15 min. Based on the start-up and shutdown statuses of the intra-day 4-h updated thermal unit and intra-day 1-h wind power and load forecasting data, the thermal unit's output, charging and discharging statuses, and power of the EV charging station, system reserve, and flexible ramp are updated for the next 1 h.
4.3.1 Objective function
The objective function of the intra-day 1-h TPB disposal strategy is basically the same as that of the intra-day 4-h TPB disposal strategy, but the start-up cost of the thermal units is not considered. The objective function minimizes the total system operation cost, which includes the thermal unit operation cost, EV charging station operation cost, load shedding cost, and wind spillage cost.
[image: image]
4.3.2 Constraints
The constraints of the intra-day 1-h TPB disposal strategy are basically the same as those of the intra-day 4-h TPB disposal strategy, which include the thermal unit operation constraints (Eqs 28–31), EV charging station operation constraints (Eqs 1–18), wind power, system flexibility, and load constraints (Eqs 19–21, 32–39), which are not presented here.
4.4 Real-time 15-min tight power balance disposal strategy
The real-time 15-min TPB disposal strategy is formulated once every 15 min with a time resolution of 15 min. Based on the start-up and shutdown statuses of the intra-day 4-h updated thermal unit and the real-time 15-min wind power and load forecasting data, the thermal unit output, charging and discharging statuses of the EV charging station, and power, system reserve, and flexible ramp are updated for the next 15 min.
4.4.1 Objective function
The objective function of the real-time 15-min TPB disposal strategy is to minimize the total operation adjustment cost between the real-time 15-min and intra-day 1-h TPB disposal, which include the thermal unit operation adjustment cost, EV charging station operation adjustment cost, load shedding cost, and wind spillage cost, as shown in Eqs 41–44.
Eq. 41 is the total operation adjustment cost of the system, and Eq. 42 is the thermal unit operation adjustment cost, which include the thermal unit output adjustment cost, reserve, and flexible ramp adjustment cost; Eq. 43 is the EV charging station operation adjustment cost, which include the EV charging station discharging adjustment cost, battery depreciation cost, reserve, and flexible ramp adjustment cost. Eq. 44 is the load shedding and wind spillage cost.
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where [image: image] is the real-time 15-min system total operation adjustment cost; [image: image] is the real-time 15-min thermal unit operation adjustment cost; [image: image] is the total number of real-time 15-min TPB disposal periods; [image: image] is the real-time 15-min EV charging station operation adjustment cost; [image: image] is the real-time 15-min load shedding and wind spillage cost; [image: image] is the adjustment of thermal unit output, reserve, and flexible ramp, with EV charging station discharging between the real-time 15-min and intra-day 1-h TPB disposal; [image: image] is the thermal unit output adjustment cost coefficient; [image: image] is the thermal unit reserve and flexible ramp adjustment cost coefficient; and [image: image] is the EV charging station discharging, reserve, and flexible ramp cost coefficients.
4.4.2 Constraints
The constraints of the real-time 15-min TPB disposal strategy are basically the same as those of the intraday 4-h strategy, which include the thermal unit operation constraints (Eqs 28–31), the EV charging station operation constraints (Eqs 1–18), the wind power, system flexibility, and load constraints (Eqs 19–21, 32–39), which are not presented here.
5 NUMERICAL EXAMPLE
In this study, numerical simulations were conducted on a modified IEEE 118-bus system (Cui, et al., 2017) to verify the effectiveness of the proposed TPB multi-timescale disposal strategy. The EV charging stations were aggregated into 10 charging stations, each comprising 13,500 charging spots, integrated into the grid. Wind power output, load forecasting data, and actual data were extracted from the study by Heydarian-Forushani et al. (2018). The thermal unit reserve, flexible ramp capacity, and cost were obtained from the study by Heydarian-Forushani et al. (2015). The load shedding and wind spillage costs were 200 $ MWh−1 and 40 $ MWh−1, respectively (Heydarian-Forushani, et al., 2018). To simulate EV charging station uncertainty, the number of EVs in the EV charging stations, SOE, and capacity of the EV charging stations were acquired. The EV charging station parameters are presented in Table 1 (Heydarian-Forushani, et al., 2018). The proposed TPB multi-timescale disposal strategy for wind integrated power systems considering EV charging stations was implemented on MATLAB R2018a using the YALMIP toolbox and solved by the ILOG CPLEX 12.8 on a personal Dell computer with an Intel 2.6-GHz dual-core processor and 6 GB of RAM. For each TPB multi-timescale disposal strategy in the numerical simulations, the optimal solutions were found within 562 s.
TABLE 1 | EV charging station parameters.
[image: Table 1]5.1 Analysis of tight power balance multi-timescale disposal results
On a multi-timescale, to investigate the impact of the integration of EV charging stations on load shedding and wind spillage problems, four cases were set up to analyze the results, as presented in Table 2.
TABLE 2 | Intra-day 4-h and multi-timescale TPB disposal.
[image: Table 2]For different cases, the total system operation cost, load shedding, wind spillage, thermal unit flexible ramp, and thermal unit flexible ramp savings are listed in Table 3. The thermal unit flexible ramp saving indicates the flexible ramping capacity offered by the EV charging stations.
TABLE 3 | TPB multi-timescale disposal results.
[image: Table 3]First, we analyze the impact of the integration of EV charging stations. According to Table 3, Case 2 shows a 20.49% reduction in the total system operation cost, 39.99% reduction in load shedding, and 63.87% reduction in wind spillage when compared to Case 1. Case 4 shows a 16.05% reduction in the total system operation cost, 47.21% reduction in load shedding, and 100% reduction in wind spillage when compared to Case 3. Owing to the flexibility offered by EV charging stations, the secure and economic operation of the system is improved. Accordingly, the integration of EV charging stations can effectively address the TPB problem.
Subsequently, the impact of different timescale disposal strategies is analyzed. The results are evident by comparing the intra-day 4-h and multi-timescale disposal strategies. Without the integration of EV charging stations, Case 3 shows a 40.72% reduction in the total system operation cost, 61.21% reduction in load shedding, and 99.65% reduction in wind spillage when compared to Case 1. With the integration of EV charging stations, Case 4 exhibits a 37.41% reduction in the total system operation cost, 65.88% reduction in load shedding, and 100% reduction in wind spillage when compared to Case 2. Accordingly, the multi-timescale TPB disposal reduces the total system operation cost, load shedding, and wind spillage to varying degrees when compared to the intra-day 4-h.
The intra-day 4-h thermal unit output and multi-timescale thermal unit output adjustments are illustrated in Figure 4. According to Figure 4, the total adjustments of the intra-day 4-h and multi-timescale thermal unit outputs are 1777.86 and 628.41 MW, respectively. The total multi-timescale thermal unit output adjustment is less than that of the intra-day 4-h output. The intra-day 4-h thermal unit output adjustment significantly increases in periods 5 and 15, and the multi-timescale thermal unit output adjustment significantly increases in period 5. The situation is caused by the varying forecasting accuracies of the wind power output and load at different timescales. In certain periods, the forecasting results of different timescales can deviate significantly, which increases the thermal unit output adjustment. The intra-day 4-h and multi-timescale load shedding for each period are depicted in Figure 5. The multi-timescale load shedding for each period is much less than that of intra-day 4-h.
[image: Figure 4]FIGURE 4 | Thermal unit output adjustment at different timescales.
[image: Figure 5]FIGURE 5 | Load shedding at different timescales.
The aforementioned analysis shows that the proposed multi-timescale TPB disposal can promote the disposal level of the TPB and reduce the thermal unit output adjustment more effectively than the intra-day 4-h TPB disposal strategy.
5.2 Comparison of different EV scales
To investigate the impact of different EV scales on the TPB multi-timescale disposal results, this section establishes ten scenarios of EV scales from 20% to 200% of the initial EV scale. Under the ten scenarios, the total operation cost, thermal unit flexible ramp saving, and load shedding are illustrated in Figures 6, 7.
[image: Figure 6]FIGURE 6 | Impact of different EV scales on the total operation cost and thermal unit flexible ramp saving.
[image: Figure 7]FIGURE 7 | Impact of different EV scales on load shedding.
According to Figures 6, 7, as the EV scale increases, the total operation cost and load shedding decrease, and the thermal unit flexible ramp saving increases. Therefore, an increase in the EV scale promotes the disposal level of the TPB and enhances the economic operation of the system.
5.3 Comparison of different wind power scenarios
To investigate the impact of different wind power scenarios on TPB’s multi-timescale disposal, three wind power scenarios are set up in this section, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Three different wind power scenarios.
Wind power scenario 1: the penetration rate of wind power is 10.75%. Wind power scenario 2: the penetration rate of wind power is 21.51%. Wind power scenario 3: the penetration rate of wind power is 40.66%.
The total system operation cost, load shedding, wind spillage, thermal unit flexible ramp, and thermal unit flexible ramp savings under the three wind power scenarios are listed in Table 4.
TABLE 4 | TPB multi-timescale disposal results of three wind power scenarios.
[image: Table 4]According to Table 4, in the case of multi-timescale disposal without the integration of EV charging stations, that is, Case 3, Wind power scenario 1 exhibits the highest total operation cost and load shedding; Wind power scenario 2 has an intermediate total operation cost and load shedding; and Wind power scenario 3 has the lowest total operation cost and load shedding. In the case of multi-timescale disposal with the integration of EV charging stations, that is, Case 4, the total system operation cost, load shedding, wind spillage, thermal unit flexible ramp, and thermal unit flexible ramp savings of each wind power scenario are all decreased to a certain extent.
Therefore, the integration of EV charging stations for multi-timescale disposal can promote the disposal level of TPB under different wind power scenarios. The aforementioned analysis indicates that the proposed strategy can be applied to different wind power scenarios, thereby verifying the effectiveness of the proposed strategy.
5.4 Comparison of different load shedding rates
To analyze the impact of different load shedding rates on the TPB multi-timescale disposal results, the total operation cost under different load shedding rates is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Impact of different load shedding rates on the total operation cost.
According to Figure 9, as the load shedding rate increases, the total operation cost shows a decreasing trend. Therefore, the increase in load shedding rate improves the economic and security operation of the system. In addition, when the load shedding rate falls below 6% due to insufficient load shedding, the system power balance constraint cannot be met, and the proposed strategy becomes unsolvable. Therefore, to ensure the solvability of the proposed strategy, the load shedding rate should be more than 6%.
6 CONCLUSION
In this article, a TPB multi-timescale disposal strategy considering an EV charging station that offers flexible ramping capacity is proposed to address the TPB problem at different timescales. By analyzing the simulation results, the following conclusions can be drawn:
1) The integration of EV charging stations can offer flexible ramping capacity to the power system, thereby effectively addressing the TPB problem. The increase in the EV scale promotes the disposal level of the TPB and enhances the economic operation of the system.
2) The accuracy of wind power and load forecasting increases with a decrease in the forecasting timescale. Compared with single-timescale TPB disposal, multi-timescale TPB disposal can significantly reduce system load shedding and wind spillage.
3) Multi-timescale disposal with the integration of EV charging stations can promote the disposal level of the TPB problem under different wind power scenarios. The analysis of the simulation results indicates that the proposed strategy can be applied to different wind power scenarios, thereby verifying its effectiveness.
The focus of this article was to address the TPB issue at multi-timescales and propose a TPB multi-timescale disposal strategy for wind-integrated systems considering EV charging stations. The future research direction can include: 1) investigating the application of other flexible resources, such as dispersed energy storage and thermostatically controlled loads, to the proposed TPB multi-timescale disposal strategy and 2) extending the proposed TPB multi-timescale disposal strategy with automatic generation control (AGC) to capture 1-min timescale variability and uncertainty of wind power output.
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