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Abstract

:

With the large-scale development and grid connection of renewable energy, hydropower faces more intense and frequent peak shaving and frequency regulation, giving rise to water level fluctuations and frequently forced sluice adjustments at hydropower stations. This paper proposes a model that combines “offline calculation” and “online search”. First, feasible sluice opening combinations for different water levels at each hydropower station are calculated offline, and a sluice operation strategy table is constructed. Subsequently, an optimal sluice operation strategy is searched online according to the real-time water level and various regulatory requirements. As an example, we select three hydropower stations in the middle reach of the Dadu River in China, namely, Pubugou, Shenxigou, and Zhentouba. The results show that the total number of adjustments of the sluices of the cascade hydropower stations was reduced from 1195 to 675, a reduction of 43.5%, and the leading hydropower station, Pubugou, met water level control requirements, whereas the fluctuations in the water level of the two downstream daily regulating hydropower stations, Shenxigou and Zhentouba, were reduced by 1.38 m and 0.55 m, respectively. The results indicate that the sluices of hydropower stations were optimally used under high-intensity peak shaving and frequency regulation.
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1. Introduction


A typical cascade hydropower development is composed of a leading power station with a large storage capacity and multiple run-of-the-river power stations whose storage capacity is regulated on a daily basis [1,2]. With the recent large-scale development and connection of renewable energy to the grid, hydropower stations face more intense and frequent peak shaving and frequency regulation tasks [3,4,5]. For power stations subjected to daily regulation with poor storage control, frequent changes in load instructions are likely to cause large fluctuations in the water level. During the flood season, the drastic changes in water level greatly increase the risk of flood control operation in cascade reservoirs. Thus, sluices must be used to regulate reservoir levels and downstream flow to ensure the safety of reservoir dams, and downstream objects need to be protected. Traditional decision-making regarding the management of power station sluices relies on scheduling handbooks or human experience. However, high-intensity peak shaving and frequency regulation have led to more complex and repeated changes in upstream and downstream hydraulic conditions, meaning that traditional calculation methods based on water balance have difficulties complying with the accuracy requirements of water level regulation. In turn, this causes a mismatch in the flow of the upstream and downstream power stations, resulting in frequent adjustments to the operation and opening of sluices. Furthermore, small power stations are often close to each other and have close hydraulic connections. Transmission times vary from several minutes to several hours, requiring sluice operation decisions to be generated quickly. Thus, the traditional decision-making method is labor-intensive, high-risk, and insufficiently responsive. In addition, the nonlinear relationship between water level, flow rate, and sluice opening, as well as the time-varying characteristics of the sluice opening flow rate with the reservoir water level, further compound the complexity of the problem. Therefore, solving the two complex problems of accuracy and efficiency of decision-making regarding sluice operation is the key to optimizing power stations under high-intensity peak shaving and frequency regulation.



In recent years, scholars have conducted research from different perspectives, such as energy and revenue optimization, flood control scheduling, and joint operation of sluices. In terms of energy and revenue optimization, scholars have established different models and compared their optimization effects. For example, De Ladurantaye D [6] presented both a deterministic and a stochastic mathematical model to maximize the profits obtained by selling electricity produced through a cascade of dams and reservoirs in a deregulated market, and the results demonstrated the superiority of the stochastic model over the deterministic one. Avesani D [7] presented a comparative assessment of revenues provided by short-term optimizations driven by two econometric models, which may be beneficial for hydropower companies to enhance the expected revenues from storage hydropower systems, especially those characterized by large storage capacity. Regarding flood control scheduling [8,9,10], reservoir flood control scheduling has the characteristics of being multiconstraint, high-dimension, nonlinearity, and difficult to solve [11]. The overall approach has evolved from one or a few reservoirs securing a single flood protection object to multi-objective refined and comprehensive scheduling of a large group of reservoirs for multiple flood protection objects across a whole basin, including optimal scheduling modeling and solving, regular scheduling rule extraction, and flood risk assessments. For example, He et al. [12] proposed the improved sparrow algorithm (ISSA) combining Cauchy mutation and reverse learning strategy, which provided a new and effective way to solve the problem of flood control optimization of reservoir groups. Wang [13] proposed a multi-objective modeling and optimization method for flood control, scheduling large reservoir clusters based on different pre-defined frameworks. This effectively solved the complex optimization problem of scheduling schemes for large-scale reservoir clusters. Xu et al. [14] proposed an optimal scheduling model for flood resource utilization to derive optimal scheduling rules for the Three Gorges in flood season, considering flood risk. Huang et al. [15] proposed a multi-objective operation and risk decision-making model to provide strategies for real-time reservoir control to reduce flood risk. Zhu et al. [16] proposed the main steps that constitute optimal flood control decision-making and performed a flood control risk assessment, which showed improved reliability of flood control decisions. Nevertheless, these studies were mostly concerned with flood events, with the water level or flow rate as decision variables, and they rarely focused on the operation of power station sluices. In terms of sluice utilization, Su et al. [17] proposed an optimal scheduling model for reservoir flood control considering spillway constraints to generate a more accurate, executable flood control scheduling strategy. Kim et al. [18] proposed an optimal sluice decision-making method based on the particle swarm optimization algorithm, which can be effectively used to determine optimal sluice scheduling rules and generate sluice opening and closing strategies during the flood season. However, these studies tended to focus on individual power stations and in-depth research on the joint use of sluices in groups of cascade power stations has not yet been reported.



This paper proposes a method named the “Sluice Decision Method Based on Sluice Operation Strategy Table”, which consists of “offline calculation” and “online search” to enhance the accuracy and efficiency of sluice operation in a group of cascade power stations under high-intensity peak shaving and frequency regulation. First, an “offline calculation” of the feasible sluice operation scheme at different water levels is conducted, and a sluice operation strategy for the cascade hydropower stations is developed. Then, according to the current status and scheduling requirements of the group of cascade power stations, the optimal sluice control strategy is searched online in the strategy master list. Finally, a case study is conducted in the middle-course cascade power stations of the Dadu River.




2. Methods


2.1. Model Principles and Calculation Steps


The use of sluices in cascade hydropower stations requires simultaneous decisions on the combination of sluices and the extent to which each sluice is opened. Cascade power stations often have dozens or even hundreds of different sluices; thus, numerous options exist, with a complex nonlinear relationship between the water level, flow rate, and degree of sluice opening. In addition, the variation in the sluice flow with the reservoir water level with time further exacerbates the complexity of the problem. In the practical scheduling of hydropower stations, the traditional optimization decision-making method for sluices involves manually calculating the water level process for various sluice operation schemes at each time period and selecting sluice schemes based on this calculation. However, this method is susceptible to the curse of dimensionality, leading to potential adverse effects on computational efficiency and accuracy.



To this end, in this study, we first calculated all feasible sluice operation schemes at different water levels based on the rules of the symmetrical opening of sluices of each power station and established a master list of sluice operation strategies for power stations, which was stored to reduce real-time decision-making computations. In the real-time decision-making process, based on the control objectives of fewer adjustments of sluice and water level stability, the optimal sluice operation strategy for cascade power stations was generated using an “online search” of the master list of sluice operation strategies for power stations. Usually, the opening of sluices does not change significantly over a short period of time; hence, the real-time decision-making model uses a 15-min calculation scale. The model uses power and water forecast information as boundaries, simulates and deduces the operation of each power station in the cluster of cascade power stations within 24 h, and determines whether the intra-day scheduling process of the reservoir meets the scheduling requirements based on simulation deduction results; if so, the current sluice opening is maintained, and otherwise, based on the forecast information and scheduling requirements for the future, an “online search” is conducted to find the optimal sluice control strategy. A flowchart illustrating the calculation process is presented in Figure 1.




2.2. Establishment of Sluice Operation Strategy Table Based on “Offline Calculation”


As the operation mode and requirements of the sluices at each power station are different, the feasible sluice combinations under different conditions are also different, and the decision is affected by many variables. The inclusion of all sluices in the group of cascade power stations in the optimization calculation could lead to the curse of dimensionality. Therefore, it is necessary to conduct an “offline calculation” of the feasible sluice combinations for different water levels and flow conditions, construct a sluice operation strategy table, and store the feasible combinations to achieve accurate and rational sluice regulation. We selected four indicators, namely water level, combination of sluices, sluice opening, and discharge flow rate, of each power station to construct a sluice operation strategy table for each station as follows:



Step 1: Identifying the water level interval between normal and dead levels of each power station in increments of 0.1 m.



Step 2: Determining the feasible combinations of sluice options at different water levels. Therefore, it is necessary to analyze the feasible combination of sluices at different water levels according to the sluice operation mode and operation requirements and retain the feasible combination of sluices at each water level. In the table, an open sluice is represented by 1, and a closed sluice is represented by 0.



Step 3: Enabling discrete sluice openings in increments of 0.1 m based on the feasible sluice combinations at different water levels. Considering the adverse effects of the zigzag currents on the safe operation of power stations, when multiple sluices need to be opened at each power station, it is necessary to ensure that these sluices are opened in a consistent manner.



Step 4: Calculating the sum of the flow rate of each sluice under each scheme for different water levels, sluice combinations, and sluice opening combination schemes, using the flow curve of each discharge facility. Considering the numerous scenarios covered by the sluice operation strategy table, it is impractical to display all of them. Therefore, this paper presents an example using a hydropower station with five sluices to demonstrate the sluice operation strategy table when the water level is h m, and the discharge rate is Q m3·s−1. Refer to Table 1 for specific details, eij represents the i-th sluice in the j-th scheme.




2.3. “Online Search”-Based Sluice Operation Strategy Generation


After building the sluice operation strategy table, a sluice operation strategy is efficiently generated using the “online search” method. First, the operational status and processes of each cascade power station under different incoming water and load conditions are deduced based on the power requirements [19]. Based on the results of each cascade power station, it is determined whether the water level and flow rate of each station meet the control requirements, and if the control requirements are met, the extent to which the sluices are opened remains unchanged; otherwise, to meet the water level and flow constraints, an “online search” is conducted for the optimal control strategy with the objective of performing the minimum number of sluice operations.



2.3.1. Objective Function


The primary optimization objective of the model is to minimize the number of sluice operations by optimizing the decision on the opening of each by optimizing the opening of each sluice. However, in calculations, situations often arise where the objective function values of multiple schemes are equal. To address such situations, the model introduces a second optimization objective function. Considering that a significant change in flood discharge flow and resulting fluctuations in water level may occur if the amplitude of two adjacent adjustments is too large, the secondary optimization objective is to minimize the opening change amplitude of adjacent sluice adjustments. Only when there are multiple solutions that result in equal values for the primary optimization objective function will the secondary objective function values of these solutions be calculated. The solution with the best secondary objective function value will then be selected among them. The objectives of the model are as follows:


   F 1  = min   ∑  i = 1  n     ∑  t = 1  T    d  i , t          ,   d  i , t   =  {    0     e  i , t   =  e  i , t − 1       1     e  i , t   ≠  e  i , t − 1        



(1)






    F 2  = min |   ∑  i = 1  n    e  i , t     −   ∑  i = 1  n    e  i , t − 1     |   



(2)







In the formula, i is the number of sluices, i = 1, 2, …, n; n is the total number of sluices; t is the sequence number of the calculation period, t = 1, 2, …, T; T is the total number of time periods;    d  i , t     is the number of adjustments during time period t of sluice i in the power stations;    e  i , t     and    e  i , t − 1     is the opening of the sluice i during the period t and t − 1.




2.3.2. Constraints


	
Water balance [20] constraint







    V  i , t + 1   =  V  i , t   +  (   I  i , t   −  Q  i , t    )  Δ t   



(3)





In the formula, i is the number of the hydropower stations, i = 1, 2, …, N, N is the total number of cascade hydropower stations; t is the sequence number of the calculation period, t = 1, 2, …, T; T is the total number of time periods, T = 96;    V  i , t     and    V  i , t + 1     are the reservoir storage volumes of the hydropower station  i  at  t  and   t + 1  , respectively;    I  i , t     is the average inlet flow of the hydropower station  i  at  t ;    Q  i , t     is the average outlet flow of the hydropower station  i  at  t ;   Δ t   is the computational interval,   Δ t   = 15 min.



	b.

	
Power quantity balance constraint








   E =   ∑   t = 1  T    ∑   i = 1  N   (   P  i , t   × Δ t  )    



(4)





In the formula, i is the number of the hydropower stations, i = 1, 2, …, N, N is the total number of cascade hydropower stations; t is the sequence number of the calculation period, t = 1, 2, …, T; T is the total number of time periods, T = 96;    P  i , t     is the output power of the hydropower station  i  in time period  t ;  E  is the total power generation;   Δ t   is the computational interval,   Δ t   = 15 min.



	c.

	
Power balance constraint








    P  o u t p u t , t   =   ∑   t = 1  N   P  i , t             



(5)





In the formula, i is the number of the hydropower stations, i = 1, 2, …, N, N is the total number of cascade hydropower stations; t is the sequence number of the calculation period, t = 1, 2, …, T; T is the total number of time periods, T = 96;    P  o u t p u t , t     and    P  i , t     are the total output power of cascade power stations and the hydropower station  i  in time period  t .



	d.

	
Power station output constraint








    P  i , t , min    ≤  P  i , t   ≤  P  i , t , max      



(6)





In the formula, i is the number of the hydropower stations, i = 1, 2, …, N, N is the total number of cascade hydropower stations; t is the sequence number of the calculation period, t = 1, 2, …, T; T is the total number of time periods, T = 96;    P  i , t     is the load of the hydropower station  i  in time period  t ;    P  i , t , min      and    P  i , t , max      are the upper and lower limits of output of hydropower station  i  in time period  t .



	e.

	
Flow rate balance constraint








    Q  i , t   =  Q  i , t , e    +  q  i , t     



(7)





In the formula, i is the number of the hydropower stations, i = 1, 2, …, N, N is the total number of cascade hydropower stations; t is the sequence number of the calculation period, t = 1, 2, …, T; T is the total number of time periods, T = 96;    Q  i , t    ,    Q  i , t , e     , and    q  i , t     are the outflow, power generation flow, and waste flow, respectively, of hydropower station  i  in time period  t .



	f.

	
Power generation flow rate constraint








    Q  i , t , e , min    ≤  Q  i , t , e    ≤  Q  i , t , e , max      



(8)





In the formula, i is the number of the hydropower stations, i = 1, 2, …, N, N is the total number of cascade hydropower stations; t is the sequence number of the calculation period, t = 1, 2, …, T; T is the total number of time periods, T = 96;    Q  i , t , e , m i n      and    Q  i , t , e , m a x      are the upper and lower limits of the power generation flow rate of hydropower station  i  in time period  t , respectively;    Q  i , t , e      are the power generation flow of hydropower station  i  in time period  t .



	g.

	
Discharge flow rate constraint








    Q  i , t , min    ≤  Q  i , t   ≤  Q  i , t , max      



(9)





In the formula, i is the number of the hydropower stations, i = 1, 2, …, N, N is the total number of cascade hydropower stations; t is the sequence number of the calculation period, t = 1, 2, …, T; T is the total number of time periods, T = 96;    Q  i , t , m i n      and    Q  i , t , m a x      are the upper and lower limits of the discharge flow rate of hydropower station  i  in time period  t , respectively.



	h.

	
Water level constraint








    Z  i , t , min    ≤  Z  i , t   ≤  Z  i , t , max      



(10)





In the formula, i is the number of the hydropower stations, i = 1, 2, …, N, N is the total number of cascade hydropower stations; t is the sequence number of the calculation period, t = 1, 2, …, T; T is the total number of time periods, T = 96;    Z  i , t     is the water level of hydropower station  i  in time period  t ;    Z  i , t , m i n      and    Z  i , t , max      are the upper and lower limits of the water level of hydropower station  i  in time period  t , respectively.



	i.

	
Outbound flow rate variation constraint








   Δ  Q  i , t   ≤ Δ  Q  i , t , max    , Δ  Q  i , t   = |  Q  i , t   −  Q  i , t − 1   |   



(11)





In the formula, i is the number of the hydropower stations, i = 1, 2, …, N, N is the total number of cascade hydropower stations; t is the sequence number of the calculation period, t = 1, 2, …, T; T is the total number of time periods, T = 96;   Δ  Q  i , t     and   Δ  Q  i , t , m a x     , respectively, are the variation and maximum variation in the outflow of the power station between time period  t  and   t − 1  ;    Q  i , t     and    Q  i , t − 1     are the outflow of the power station in time period  t  and   t − 1  .




2.3.3. Search Strategy


The method proposed in this paper utilizes the sluice operation strategy table, which eliminates a large number of solutions that do not meet operational requirements, shortens the decision space, and avoids the complexities of multi-objective solving by prioritizing the two optimization objectives. Therefore, the use of the traversal search algorithm in this model can meet the requirements of calculation accuracy and efficiency and can avoid getting stuck in local optimal solutions. The specific calculation steps are as follows:



Step 1: Taking the opening of each sluice of each hydropower station at the initial calculation time of the model as the initial solution and deducing the water level and flow rate based on this initial solution.



Step 2: Adjusting the sluice opening one hour in advance if the power station’s water level/flow rate is projected to exceed the limit and making an immediate adjustment if less than one hour remains until the moment the limit will be exceeded. If it is necessary to adjust the sluice, recording the time of adjustment.



Step 3: Searching for the set of sluice opening combinations    P 1    among the sluice operation strategy table based on the water level of the hydropower station at the time of adjustment.



Step 4: Searching for a set of feasible sluice opening combinations    P 2    that satisfy the various constraints among the set of sluice combinations    P 1   .



Step 5: Calculating the objective function (Equations (1) and (2)) value of each scheme in the set of feasible sluice opening combinations    P 2   , and selecting the best scheme from    P 2   . A flowchart illustrating the process of “online search” is presented in Figure 2.






3. Case Study


3.1. Overview of the Study Area


The Dadu River basin [21] is the fifth largest hydropower base in China. It is the main peak shaving and frequency regulation power source for the Sichuan power grid and a key barrier for flood control in the Yangtze River Basin and surrounding area. The Pubugou, Shenxigou, and Zhentouba power stations (hereinafter referred to as “Pu–Shen–Zhen”) in the middle reaches of the Dadu River are mainly used for power generation. On average, they receive grid load adjustment instructions approximately twice per minute. Owing to the complex inflows between areas and cross-sectional tidal restrictions, the three power stations have been afflicted by a long-term power and water mismatch. In particular, the two downstream power stations that were being regulated daily had poor storage performance and short hydropower transmission times, resulting in high-intensity peak shaving and frequency regulation, which produced severe fluctuations in the water level, requiring the frequent use of sluices for water level safety control.



The Pubugou power station flood discharge facilities include three spillways and a flood discharge tunnel. The spillways have three inlet sluices with openings of 12 m × 17 m (width × height). When open, the sluices should be uniformly open, and the frequency of use should be reduced when the water level is below 840 m. The size of the flood discharge tunnel opening is 11.0 m × 11.5 m (width × height), and long-term use with a small degree of opening should be avoided. The Shenxigou flood discharge facilities include three sluices and two flood discharge tunnels. There are three sluices with openings of 7.0 m × 17.0 m (width × height), which adhere to the principle of “uniform symmetry”. These sluices have two gates with an outlet size of 9 m × 11.5 m (width × height). The reservoir level should be higher than 650 m when opening, and operations should be avoided in the sluice vibration area. The Zhentouba flood discharge facilities include five sluices, with a total of five openings, each 8.0 m × 16 m (width × height). When operated under low flow rate conditions, asymmetric opening of sluices and excessive discharge by a single sluice should be avoided. The main feature parameters of the three stations are listed in Table 2. The geographical location of the Dadu River Basin is shown in Figure 3.




3.2. Data Sources


In this study, the period from 5 July to 5 August 2019 was selected as a typical period. The data used in model calculations include the total load process of the Pu–Shen–Zhen station every 15 min, inflow of Pubugou every 15 min, runoff process between Pubugou and Shenxigou every 15 min, runoff process between Shenxigou and Zhentouba every 15 min, water level process of each station every 15 min, and sluice opening process.




3.3. Analysis and Discussion


3.3.1. Load Process Analysis


In conducting an exhaustive examination of the actual and planned outputs of the Pu–Shen–Zhen cascade power station over the course of a month, a conspicuous dissimilarity between the two datasets comes to the forefront. The maximum deviation between the actual and planned outputs of the Pu–Shen–Zhen cascade power station amounts to a substantial 2682 MW, which represents a significant deviation of 68.4% from the initially projected output. Further analysis reveals an average deviation of 488 MW, indicative of a significant variance equivalent to 14.6% of the planned output value when considering the average deviation percentage. Remarkably, close to 12% of the analyzed time period exhibits deviations surpassing the threshold of 1000 MW.



Additionally, the actual output process exhibits highly volatile fluctuations, characterized by substantial gaps between peak and valley levels, with deviations exceeding 1500 MW, accounting for a notable 32% of the maximum output. These findings provide compelling evidence of the arduous tasks undertaken by the three stations within the Pu–Shen–Zhen cascade power system, which are responsible for high-intensity peak shaving and frequency regulation activities. Given the elevated frequency and magnitude of load changes, these stations face the formidable challenge of ensuring grid stability and operational efficacy. A comprehensive visualization of these findings is provided in Figure 4 and Figure 5 for reference. Among them, Figure 4 shows the Pu-Shen-Zhen output variation process with 15-min intervals, 7/5 represents 5 July 2019 at 00:00 (This is also the same in the following figures), and Figure 5 shows the distribution frequency of deviation between planned output and actual output.



The temporal variation between the actual and planned output processes exhibits an irregular and capricious nature. To conduct a meticulous analysis, a representative day, 11 July 2019, was selected for a detailed examination. Notably, throughout this particular day, the planned output showcases a persistent fluctuation in the vicinity of 4000 MW. It is worth highlighting that the planned output demonstrates a commendable convergence with the actual output, harmoniously synchronized until the early afternoon, prior to 12:00. However, subsequent to this temporal threshold, a subtle but discernible decline can be seen in the actual output. Finally, after 18:00, a marked precipitous descent is encountered, in stark contrast to the planned output’s swift resumption to its prior trajectory following a minor ephemeral dip. As a consequence, a substantial deviation between the actual and planned outputs emerges, reflecting the intricacies inherent in the dynamic interplay between these two factors. The variation between actual and planned outputs at different times on 11 July 2019, with 15-min intervals, is depicted in Figure 6 (This is also the same in the following figures).



The inherent randomness and unpredictability in the total load of the Pu–Shen–Zhen system pose significant challenges in effectively managing the daily water level of the power station. To accommodate the frequent fluctuations in load instructions, the daily regulation hydropower station experiences sharp rises and falls in its water level, which compromises the station’s safety. This unfavorable situation necessitates constant sluice adjustments to regulate the water level. The following section provides a detailed analysis of the water level and sluice scheduling processes.




3.3.2. Analysis of Water Level Process


To complete the power generation task of each power station, this study simulated the scheduling process of the power stations for the next 24 h, predicted the risk of each power station exceeding their water level and flow rate limits, and adjusted sluices in advance to meet the regulation and control requirements of each power station. Pubugou has an incomplete annual regulating capacity and requires water level control, with objectives that should be completed as far as possible. Following rolling optimization, the water level of the Pubugou power station was controlled at 840.62 m, which is 0.31 m above the target water level of 840.31 m and meets the water level control requirements. The two stations of Shenxigou and Zhentouba should ensure that the water level is as stable as possible. Before optimization, the water level at Shenxigou fluctuated between 655.11 and 658.85 m, and the lowest water level was only 0.11 m from the dead water level, which posed a significant safety risk. After optimization, the water level at Shenxigou power station was controlled between 656.51 and 658.87 m; thus, the range was reduced to 1.38 m, and the lowest water level was 1.51 m from the dead water level, thereby avoiding the risk of the reservoir emptying. Before optimization, the water level at Zhentouba fluctuated between 618.61 and 622.96 m, and the lowest water level was only 0.61 m from the dead water level. After optimization, the water level of Zhentouba was in the range of 619.15 to 622.95 m, reducing the fluctuation to 0.55 m, and the lowest water level was 1.15 m from the dead water level, which prevented the water level from falling near the dead storage level and improved the scheduling operation of the power station. The process of water level before and after optimization of Pu-Shen-Zhen with 15-min intervals is shown in Figure 7.




3.3.3. Analysis of the Sluice Operation Process


The sluice scheduling of power stations is based on traditional manual experience, and the sluice scheduling process often encounters the problems of frequent opening and closing sluices, multiple adjustments, and unsound sluice operation processes. The Shenxigou and Zhentouba stations have small storage capacities, and their reservoir water levels tend to rise and fall steeply due to the influence of the upstream reservoir, resulting in the forced use of sluices to make adjustments, which is not conducive to the safe operation of reservoirs and increases the pressure on workers.



In this study, the combination of offline calculations and online searches not only eliminated irrational feasible sluice solutions and improved the scientific basis of sluice decision-making but also reduced the number of sluice operations and relieved pressure on workers. Following optimization, the total number of sluice movements at the Pu–Shen–Zhen stations was reduced by 43.5%, from 1195 to 675. Sluice movements were reduced by 37.4% at Pubugou, 59.7% at Shenxigou, and 18.1% at Zhentouba. The numbers of sluice adjustments at each power station are listed in Table 3, Table 4 and Table 5.



In order to fully compare the differences before and after optimization on a long-term scale, this study conducted an optimization of the sluice operation process for one month at 15-min intervals. The specific operation of each sluice with 15-min intervals is shown in Figure 8. In Figure 8, the dashed line represents before optimization, and the solid line represents after optimization. It can be seen from the figure that, before optimization, unsound practices occurred, such as frequent opening and closing within a short period of time and frequent small changes in the extent to which sluices were opened. At Shenxigou power station, in particular, the degree of openness of all five sluices repeatedly changed. After optimization, the operations of sluices at each power station became more regular, and the opening of each sluice became more stable, enhancing the scientificity and accuracy of sluice decision-making.



The current gate scheduling process predominantly relies on manual experience-based scheduling. However, due to the inherent limitations of manual scheduling, dispatchers face challenges in accurately predicting the flow and water level trends of the future cascade power station group. Consequently, they struggle to select the most optimal gate operation plan, leading to the undesirable phenomenon of repeated opening adjustments and frequent gate openings and closures within the power station.



To provide a comprehensive analysis, we consider 8 July 2019 as a representative day, focusing on the intraday gate scheduling process. At the Shenxigou hydropower station, at 01:00, the gate openings for the 1# and 2# spillway tunnels were initially increased from 5.5 m to 6.5 m and 7.5 m, respectively. However, after maintaining this configuration for 30 min, the openings were subsequently decreased. Furthermore, at 10:00, the opening of the 2# flood discharge tunnel was adjusted from 5.5 m to closed. However, after a brief 15-min interval, the gate was reopened to 3.0 m. Such inconsistencies and frequent adjustments in gate openings highlight the limitations of manual scheduling, which fails to consider future water flow trends and optimal gate configurations.



Alternatively, by leveraging a model that comprehensively considers future water flow trends and various gate combinations, a more refined approach to gate scheduling can be achieved. The model’s optimized gate opening adjustments only occur once during a 24-h period, specifically at 11:30, effectively avoiding the irrational occurrence of frequent gate opening changes during actual dispatching. Similarly, at the Zhentouba hydropower station, the impact of upstream gate operations in the actual dispatching process resulted in frequent changes in gate openings at 01:30, 11:00, and 20:00. The specific process of sluice operation with 15-min intervals on 8 July 2019 is shown in Figure 9, and the comparison parts mentioned above have been marked with red frame in the Figure 9. However, through the application of the model optimization, the number of gate opening adjustments is significantly reduced, resulting in a more regular and rational gate operation method.



By addressing the shortcomings of manual scheduling and embracing the advancements offered by model optimization, the gate scheduling process can achieve greater accuracy, efficiency, and stability, minimizing unnecessary fluctuations and improving the overall operational performance of the power station.






4. Conclusions


In this study, in view of the frequent operation of sluices in the group of cascade power stations under high-intensity peak shaving and frequency regulation, a joint-optimized operation model of sluices in the group was established. A sluice operation strategy table was created via offline calculations to ensure rational and timely decision-making with respect to sluice opening. Based on the initial state of each power station and water forecast information, we simulated the water level of each reservoir for the next 24 h and then conducted an online search for the optimal sluice operation strategy to automate sluice opening at each station. The main conclusions are summarized as follows:



(1) The method proposed in this paper efficiently addressed the problem of frequent sluice operations at the Pu–Shen–Zhen cascade power stations under high-intensity peak shaving and frequency regulation and enhanced the scientific basis of decision-making of the power station group scheduling. The total number of times the sluices of the cascade power stations were used was reduced from 1195 to 675, a reduction of 43.5%.



(2) The method proposed in this paper can reduce the fluctuation amplitude of water level in daily regulating power stations and ensure the safety of cascade power station operation while meeting the requirements of water level control in the leading power station. The optimized water level of Pubugou differs from the target water level by a mere 0.31 m, whereas the water level fluctuations of the two downstream daily regulating power stations of Shenxigou and Zhentouba were reduced by 1.38 m and 0.55 m, respectively.



In recent years, the large-scale development and connection of renewable energy has placed greater requirements on cascade hydropower scheduling. In the future, the method proposed in this paper can be improved through the following aspects:



(1) Advanced algorithms such as series methods [22] and heuristic algorithms can be used to solve the model proposed in this paper. The use of data mining [23,24,25], artificial intelligence [26,27,28], and digital twins [29,30] could also be further explored in the future to further improve the accuracy and timeliness of scheduling decisions.



(2) This study was conducted in the Dadu River Basin of China, and can also be conducted in multiple basins in the future to further improve the scientific and universal nature of this method.
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Figure 1. Flowchart of calculation for optimal use of sluices in a group of power stations. 
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Figure 2. Flowchart of “online search” -based sluice operation strategy generation. 
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Figure 3. Schematic diagram of cascade power stations in the Dadu River Basin. 






Figure 3. Schematic diagram of cascade power stations in the Dadu River Basin.



[image: Water 16 00275 g003]







[image: Water 16 00275 g004] 





Figure 4. Actual and planned outputs of Pu–Shen–Zhen. 
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Figure 5. Frequency curve of the difference between actual and planned outputs of Pu–Shen–Zhen. 
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Figure 6. Actual and planned outputs of Pu–Shen–Zhen on July 11. 






Figure 6. Actual and planned outputs of Pu–Shen–Zhen on July 11.



[image: Water 16 00275 g006]







[image: Water 16 00275 g007] 





Figure 7. (a) Water level process of Pubugou power station; (b) Water level process of Shenxigou power station; (c) Water level process of Zhentouba power station. 
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Figure 8. (a) Pubugou power station sluice operation process; (b) Shenxigou power station sluice operation process; (c) Zhentouba power station sluice operation process. 
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Figure 9. (a) Shenxigou power station sluice operation process on July 8 and (b) Zhentouba power station sluice operation process on July 8. 
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Table 1. Example of sluice operation strategy table.






Table 1. Example of sluice operation strategy table.





	
Water Level/m

	
Discharge Rate/(m3·s−1)

	
Sluice Combination

	
Sluice Opening/m




	
1#

	
2#

	
3#

	
4#

	
5#






	
h

	
Q

	
00100

	
e11

	
e21

	
e31

	
e41

	
e51




	
01010

	
e12

	
e22

	
e32

	
e42

	
e52




	
10001

	
e13

	
e23

	
e33

	
e43

	
e53




	
10101

	
e14

	
e24

	
e34

	
e44

	
e54




	
11111

	
e15

	
e25

	
e35

	
e45

	
e55











 





Table 2. Feature parameters of power stations in the middle reaches of the Dadu River Basin.
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	Power Station
	Regulating Ability
	Normal Water Level/m
	Dead Water Level /m
	Installed Capacity/MW
	Spillway Opening Size/m
	Discharge Tunnel Opening Size/m
	Sluice Opening Size/m





	Pubugou
	Incomplete annual regulation
	850
	790
	3600
	12 × 17
	11 × 15
	—



	Shenxigou
	Daily regulation
	660
	655
	660
	—
	7 × 17
	9 × 11.5



	Zhentouba
	Daily regulation
	624
	618
	720
	—
	—
	8 × 16










 





Table 3. The adjustment times of the sluices at Pubugou hydropower station.
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	Mode
	Spillway 1#
	Spillway 2#
	Spillway 3#
	Flood Discharging Tunnel
	Total





	Before optimization
	4
	8
	7
	144
	163



	After optimization
	11
	10
	11
	70
	102










 





Table 4. The adjustment times of the sluices at Shenxigou hydropower station.






Table 4. The adjustment times of the sluices at Shenxigou hydropower station.





	Mode
	Sluice 1#
	Sluice 2#
	Sluice 3#
	Flood Discharging Tunnel 1#
	Flood Discharging Tunnel 2#
	Total





	Before optimization
	132
	132
	132
	110
	149
	655



	After optimization
	0
	0
	0
	132
	132
	264










 





Table 5. The adjustment times of the sluices at Zhoutouba hydropower station.






Table 5. The adjustment times of the sluices at Zhoutouba hydropower station.





	Mode
	Sluice 1#
	Sluice 2#
	Sluice 3#
	Sluice 4#
	Sluice 5#
	Total





	Before optimization
	55
	0
	98
	134
	90
	377



	After optimization
	65
	50
	72
	50
	72
	309
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
°

100

80

60

40

20

12

Frequency(%)





media/file18.png
Gate opening(m)

S = N W B O3 0O

Shiice 1#,2#and3# before optimization

Optimized shiice 1#2#and3#

--------- Flood discharging tunnel 1# before optimization Optimized flood discharging tunnel 1#
--------- Flood discharging tunnel 2# before optimization Optimized flood discharging tunnel 2#
0:00 6:00 12:00 18:00
Time

(a)

24:00





media/file13.png
water level(m)
co o o0
L8]
(39

660

659

(o))
D
co

water level(m)
(=)
h
~1

656

655

624

water level(m)
(*)) (@) (o)
o o o
—t o w

[*))
o
o

(@)
Jumd
O

618

Target water level process ——— Optimized water level process

7/5

M l”N { :’ i

7/15 7/25 8/5
Time

(a)

Water level before optimization

— Optimized water level

7/5

o

7/15 7/25 8/5
Time

(b)

Water level before optimization
—— Optimized water level

¥

i r

7/5

7/15 7/25 8/5
Time

(¢)





media/file12.jpg
—— Target water level process  ——Optimized water level process.
a2

o

o
_ s
et

o
a0
L 828
b
o
o

s s 725 85
Time

(@)

—— Water level before optimization
660

——Optimized water level

659

water level(m)

656

655

s ns s 85
Time

(b)

—— Waterlevel before opti
624 —— Optimized water level

tion

623

()

s ”ns 25 85
Time

(c)





media/file9.png
o
3

-
3
(

M )IndIno Jo uoneirsq

Frequency(%)





media/file14.jpg
‘Spiliway 1# before optimization

Spillvay 2# before optimization
e Spilbway 3 befoe optinization

—— Optimized flood discharging tunnel

Gate opening(m)

——— optimized spilivay 1# and 3¢
——— Opimised spibvay 2
flood discharging unnelbefore optimization

Shice 1# 2#and 34 before optimization

Time

@

——— Opiimized shice 1#24and34

Flood discharging tunnel 14 before optimization  ——— Optimized flood discharging tunnel 14 and 24
Flood discharging el 2 before optimization

- Shice 1# before optimization
Shiice 24 before optimization
- Shice 3# before optimization
- Shice 41 before optimization

Gate opening(m)
cmmwamaa®

Optimized shice 1#

~—— Optimized shice 2# and 4#
—— Optimized shice #and5#
Shice 5 before optimization






media/file5.png
33°0'0"N

30°0'0"N

100"?'0"5 102°l.)'0"l'2 104"(.]'0"5

N N

J':\l"_‘» T
o ‘;:,./:&:'? ”
i( — C

33°0'0"N

30°0'0"N

Legend
® Hydropower plants

Mainstream
~— Branch

0 30 60 120
) Kilometers

®—O 0
Pu Shen Zhen

100°0'0"E 102°0'0"E 104°0'0"E





media/file15.png
optimized spillway 1# and 3#

Optimized spillway 2#
-+ flood discharging tunnel before optimization

-« Spillway 1# before optimization
Spillway 2# before optimization

-+ Spillway 3# before optimization
Optimized flood discharging tunnel

8/5
8/5

.o h.n- 3
........

ooooooo

7/25
7/25

...l.*.'.
riisddif’ !
MERRR DAl —
oo.oo.ﬂﬂﬂﬁ""
e Pooends ]
1@&“\&
op 0 ¢ o Iumd A
hﬁﬂﬂﬂt . sa ST
vARHET
S rr

LT 1414 e

11111

Optimized shuice 2# and 4#
Optimized shuce 3#and5#

Optimized shuce 1#

ooooooo L 4
» .

mﬁaahaannw - aooccccccccc.m

Optimized flood discharging tunnel 1# and 2#

Optimized sluice 1#2#and3#

-e++eeeo« Shuice 5# before optimization

Time

Time
(b)

(a)

.

233511
oo )

weee %oooo-ouuonho-ooo \

T R | H

Sissennse.
.ua.:oaoo-
fosaces
.........

ooooooooooo
ooooo

RH
.

.
1PPP33303300
P02 spprvngon

i
i
715

7/15

nv%.:)% lo- (XXX

Shuice 2# before optimization

7/5

“ Lttt atd 5
seee
~

-+ Flood discharging tunnel 2# before optimization
-««----- Shuice 1# before optimization

«++eeee.. Shuice 3# before optimization
seeeeeeee Shuice 4# before optimization

<t o e} o0 O <t (@] (an)
— v—

—t

O~ 0O VN <t on AN — O

(wr )3uruado 9yen)

T &N © 0 O < o O

---+- Shuice 1#,2#and 3# before optimization

(wr)3uruado ajen) —
(wn)3uruado ayen)

-++++2+++ Flood discharging tunnel 1# before optimization

Time

(c)





media/file19.png
Gate opening( m)
N W BN W

[

--------- Sluice 1# before optimization
++««--. Shuice 2# before optimization
--------- Shuice 3# before optimization

--------- Shuice 4# before optimization

Optimized sluice 1#
- Optimized sluice 2#and4#
Optimized sluice 3#and5#

--------- Shuice 5# before optimization

....................






media/file2.jpg
Sl i e Sice Gperaon

stratogy table based on vater fovel |~

g e i PGt

‘Sl the schem with the opignal |_
bjective function value in P2

Start

Tnitial solufion from current
sluice opening Scheme

Deduction based on
initial solution

Exceeding water level/
flow rate limit?

Yes

Select sluice adjustment time

[ Generate a set of sluice opening 