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Abstract

:

In making short-term optimal operation schemes of cascade reservoirs, water flow hysteresis between the upper reservoir and the lower reservoir is often considered as constant, which cannot really reflect the hysteresis variation between different water flows and will lead to losses of the optimal operation scheme’s benefit. To depict the water flow hysteresis, a Dynamic Water Flow Hysteresis Method (DWFHM) is proposed, based on the space mapping principle. With the mapping operator in the DWFHM, the lower reservoir inflow can be directly obtained. Besides, the DWFHM is used to deal with the hydraulic relation constraint in the short-term optimal operation model of cascade reservoirs. Then, the improved model is applied to the Jinguan cascade reservoirs in the Yalong River basin and solved by an Improved Progressive Optimal Algorithm (IPOA). The results are as follows. (1) Compared with the traditional Fixed Water Flow Hysteresis Method (FWFHM), the inflow processes of the lower reservoir obtained by the DWFHM are more in line with the actual values, due to full consideration of the attenuation effect. (2) The optimal operation with the DWFHM can effectively increase the generated energy (2827 MW·h and 504 MW·h in the non-flood season and the flood season, respectively). Through the analysis of this case, the DWFHM developed in this study can effectively improve the practicability of the optimal operation scheme and reduce the risk in the operation of cascade reservoirs.
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1. Introduction


In the process of the short-term optimal operation of cascade reservoirs, water balance between reservoirs is the most important constraint to be considered [1], and water flow hysteresis is a key factor related to the water balance constraint. If the problem of water flow hysteresis cannot be well addressed, the water flow between reservoirs will become unbalanced. Generally, water flow hysteresis refers to the water propagation time from the upper reservoir to the lower reservoir [2]. It results from complex hydraulic relation in cascade reservoirs and changes dynamically under the influence of various factors, such as the magnitude of upper reservoir discharge, the river channel storage, and the interval inflow [3,4]. The unreasonable disposal of water flow hysteresis makes it difficult to establish accurate schemes of the short-term optimization of cascade reservoirs [5,6], incurring benefit loss or risk in the operation of cascade reservoirs [7].



At present, the short-term optimal operation of cascade reservoirs considering water flow hysteresis is still under exploration. Traditionally, the water flow hysteresis was often ignored or fixed as a constant to simplify calculations [8,9,10]. For instance, in Yang’s study on the optimal operation of the Jinxi cascade reservoirs [11,12], the water propagation time was ignored and the upper reservoir outflow was directly taken as the lower reservoir inflow in the same calculation period of the operation cycle, which is obviously not in line with the reality. Xiao and Zong applied the Fixed Water Flow Hysteresis Method (FWFHM) to the short-term optimal operation study [13,14], in which the lower reservoir inflow in a calculation period was the same as the upper reservoir outflow in the previous calculation period. The FWFHM is suitable when the distance between the upper and lower reservoirs is short, because the water flow hysteresis variation is minor and can be ignored. Nevertheless, when the distance is relatively large, the water flow hysteresis variation will become large and considering the water flow hysteresis as a constant will result in operation risk. In the study of Ge et al. [15], the water flow hysteresis was regarded as dynamic via fitting the step function relation between the water flow hysteresis and the average upper reservoir outflow in various operation cycles, while the hysteresis variation of different periods in the same operation cycle was not considered. Although the above approach can improve the calculation accuracy to a certain extent, the actual change of water flow hysteresis caused by the dynamic flow process still cannot be reflected. Therefore, to fundamentally solve the dynamic change of water flow hysteresis in operation, especially with the attenuation effect in water flow propagation taken into account, some “real” dynamic mechanism is expected.



To further quantify the influence of water flow hysteresis on the optimal operation of cascade reservoirs, a Dynamic Water Flow Hysteresis Method (DWFHM) is proposed, based on the space mapping principle. The upper reservoir outflow and the lower reservoir inflow are taken as different linear spaces, and the mapping operator between the two linear spaces is solved by the data mining technology. With the solved mapping operator, the lower reservoir inflow can be directly obtained under the condition that the upper reservoir outflow is known in the previous periods of the calculation periods. In this way, the dynamic water flow hysteresis can be denoted as the mapping relationship between upper reservoir outflow and lower reservoir inflow. Then, a short-term optimal operation model of cascade reservoirs coupled with the Dynamic Water Flow Hysteresis Method is constructed. However, when the existence of water flow hysteresis is taken into account, the Dynamic Programming (DP) algorithm, traditionally used in solving the short-term optimal operation model, is not suitable, because the non-after-effect condition is not satisfied [16]. Moreover, the modern intelligent algorithms not only take a long time to iteratively solve the problem but also cannot avoid falling into the local optimal solution, and it is difficult to verify the accuracy of the solution [17]. In order to solve the after-effect problem that results from considering dynamic hysteresis [18], the Progressive Optimality Algorithm is improved by coupling with the space mapping principle.



In this study, the advantage of DWFHM on the short-term optimal operation of cascade reservoirs is demonstrated by comparing it with the FWFHM. The rest of the paper is organized as follows. First, the DWFHM based on the space mapping principle is proposed. Second, the short-term optimal operation model of cascade reservoirs considering water flow hysteresis is coupled with the DWFHM and the FWFHM separately, and the optimal operation schemes are obtained by solving the two different models. Finally, we discuss the generation benefits and the output processes of the two schemes. The Jinguan cascade reservoirs in Yalong River are taken as an example to verify the validity and rationality of the new method.




2. Influence of Water Flow Hysteresis


In the short-term optimal operation of cascade reservoirs, the hydraulic relationship between the upper and lower reservoirs is reflected by the water flow hysteresis. Water flow hysteresis has two main effects on the optimal operation of cascade reservoirs:



(1) Directly affecting the water balance of an operation cycle



In the traditional short-term optimal operation model of cascade reservoirs with fixed water flow hysteresis, there is a water flow balance constraint between the upper reservoir and the lower reservoir [19]:


  Q  r  i , t   = Q  c  i − 1   ( t −  τ  i − 1   ) +   ∑  j = 1    M i     Q  c j ′  ( t −  τ j ′  )    



(1)




where   Q  r  i , t     is the inflow of reservoir  i  in period  t , unit: m3/s;    τ  i − 1     is the water flow hysteresis between reservoir   i − 1   and reservoir  i , unit: h;    M i    is the number of tributaries between reservoir   i − 1   and reservoir  i ;    τ j ′    is the water flow hysteresis between outflow of tributary  j  and inflow of the reservoir  i , unit: h;   Q  c  i − 1   ( t −  τ  i − 1   )   is the outflow of reservoir   i − 1   in period   t −  τ  i − 1    , unit: m3/s.   Q  c j ′  ( t −  τ j ′  )   is the outflow of tributary  j  in period   t −  τ j ′   , unit: m3/s.



Equation (1) indicates that, when water flow hysteresis is considered, the inflow of the lower reservoir is the sum of the outflow of the upper reservoir in the early periods and the outflow of the interval tributary in the early periods. Therefore, the inflow in one operation cycle is affected by the outflow in the previous operation cycle.



(2) Indirectly affecting the generation benefit during the operation cycle



When water flow hysteresis is considered, the generation benefit occurring in the current operation cycle consists of the benefit generated by the water from the end of the previous operation cycle (   E 1   ) and the benefit generated by the water from the current operation cycle (   E 2   ). The benefit generated by the water from the current operation cycle consists of    E 2    and the benefit generated in the next operation cycle (   E 3   ). Therefore, the current operation cycle benefit is not only affected by the previous operation cycle, but also affects the benefit of the next operation cycle.


    E 1  =   ∑  i = 2  N     ∑  t = 1    τ  i − 1       N  i , t   ⋅ Δ t       ,    E 2  =   ∑  i = 1  N     ∑  t =  τ  i − 1    T    N  i , t   ⋅ Δ t       ,    E 3  =   ∑  i = 2  N     ∑  t = 1   τ  ′  i − 1        N ′   i , t       ⋅ Δ t   



(2)




where    E 1    is the benefit generated by water from the previous operation cycle, unit: MW·h;   E 2    is the benefit generated by the water from this operation cycle, unit: MW·h;   E 3    is the benefit generated by the water from the current operation cycle while considered in the next operation cycle, unit: MW·h;  N  is the total number of reservoirs;   τ  i − 1     is the period during which the reservoir  i  in this operation period is affected by the water flow in the previous operation period of the upper reservoir, unit: h;     N ′   i , t     is the output of reservoir  i  in period  t  in the next operation period, unit: MW·h;   τ  ′  i − 1     is the period during which the reservoir  i  in the next operation period is affected by the water flow of the upper reservoir in the current operation period.



In the short-term optimal operation of cascade reservoirs, the maximum of    E 1  +  E 2    is taken as the operation objective. If the effect of water flow hysteresis on the operation is neglected, the operation objective is actually the maximum of    E 2  +  E 3   . Such a difference will result in the aggregation of the output of lower reservoirs towards the early periods during the implementation of the scheme. Moreover, taking the water flow hysteresis as constant will also lead to deviation in the formulation of generation schemes, which will adversely affect the economic and safe operation of the cascade reservoirs. Therefore, we propose the DWFHM, which can consider the water flow hysteresis among cascade reservoirs as a dynamic mapping relation using the space mapping principle. The study is organized as in Figure 1.




3. Dynamic Water Flow Hysteresis Method Based on the Space Mapping Principle


The DWFHM based on the space mapping principle is illustrated with a case study of mixed multi-reservoirs consisting of three reservoirs (Figure 2). It is assumed that in an operation cycle,   Q  u  1 , 1   , Q  u  1 , 2   , ⋯ , Q  u  1 , T     are the inflow series of upper reservoir 1 and   q  u  1 , 1   , q  u  1 , 2   , ⋯ , q  u  1 , T     are the corresponding outflow series. Similarly,   Q  u  2 , 1   , Q  u  2 , 2   , ⋯ , Q  u  2 , T     and   q  u  2 , 1   , q  u  2 , 2   , ⋯ , q  u  2 , T     are respectively the inflow and outflow of upper reservoir 2. The inflow of lower reservoir 3 is   Q  d 1  , Q  d 2  , ⋯ , Q  d T    and the outflow is   q  d 1  , q  d 2  , ⋯ , q  d T   . Then, there is a mapping relation   F = (  f 1  ,  f 2  , ⋯ ,  f T  )  , where    f i  ( i = 1 , 2 , ⋯ , T )   is a functional relation between   Q  d i    and the outflow of the upper reservoir in period  i  (  q  u  1 , i   , q  u  2 , i    ), the outflow of upper reservoir 1 in the first    τ 1    periods (  q  u  1 , i − 1   , q  u  1 , i − 2   , ⋯ , q  u  1 , i −  τ 1     ), and the outflow of upper reservoir 2 in the first    τ 2    periods (  q  u  2 , i − 1   , q  u  2 , i − 2   , ⋯ , q  u  2 , i −  τ 2     ).



Assume that the    τ 1  +  τ 2  + 2 T   dimensional space   X = [  X 1  ,  X 2  ]   ′    formed by the outflow of the upper reservoir 1 and reservoir 2, and the  T  dimensional space  Y  formed by the inflow of the lower reservoir, are linear spaces, among which    X 1  =   ( q  u  1 , −  τ 1  + 1   , q  u  1 , −  τ 1  + 2   , ⋯ , q  u  1 , −  τ 1  +  τ 1    , q  u  1 , 1   , ⋯ , q  u  1 , T   )  ′   ,    X 2  =   ( q  u  2 , −  τ 2  + 1   , q  u  2 , −  τ 2  + 2   , ⋯ , q  u  2 , −  τ 2  +  τ 2    , q  u  2 , 1   , ⋯ , q  u  2 , T   )  ′   , and   Y =   ( Q  d 1  , Q  d 2  , ⋯ , Q  d T  )  ′   . If the inflow of the lower reservoir in the current period is only related to the outflow of the upper reservoir in the current period and the outflow process in the first    τ 1    and    τ 2    periods, then the dynamic water flow hysteresis from the upper reservoir to the lower reservoir can be regarded as a mapping relation (  F : X → Y  ), which can be simplified as:


   Y = F ( X ) = F ( [      X 1         X 2      ] ) ⇔     (    Q  d 1      Q  d 2      ⋮     Q  d T     )  =   ∑  i = 1  2    [       a  i , 1        a  i , 2      ⋯     a  i ,  τ i  + 1      0   ⋯   0   0     0     a  i , 2        a  i , 3      ⋯     a  i ,  τ i  + 2      0   ⋯   0     ⋮   ⋮   ⋮   ⋮   ⋮   ⋮   ⋮   ⋮     0   0   ⋯   0     a  T , T        a  T , 1 + T      ⋯     a  T , τ + T        ]   (    q  u  i , 1 −  τ i        q  u  i , 2 −  τ i        ⋮     q  u  i , T      )      



(3)







Given   X , Y  , Equation (3) is a system with    τ 1  +  τ 2  + 2 T   variables, which can be determined uniquely with at least    τ 1  +  τ 2  + 2 T   linearly independent equations. However, since there are only  T  periods in an operation cycle, and   T <  τ 1  +  τ 2  + 2 T  ,  F  cannot be determined by solving the Equation (3). As the short-term optimal operation of cascade reservoirs is actually a cyclic process with  T  periods, when there are long enough historical data, the series of inflow processes can be classified and the data mining technology can be adopted to mine the information of historical data. Then the mapping operator can be obtained:


  F = (  f   s 1    ,  f   s 2    , ⋯ ,  f   s T    )  



(4)




where  S  is the set of classification    s i   ;    f   s i    (  s i  ∈ S ; i = 1 , 2 , ⋯ , T ; S ≥ 1 )   is the mapping operator in period  i .



Since in the mappings of period  i  and period  j , the variable values of the upper reservoir outflow process are adjacent to each other, it is possible that the mapping operator  i  is the same as the mapping operator  j . Through this method, the lower reservoir inflow    Y ′    can be attained by the mapping operator when the upper reservoir outflow is given. Besides,    Y ′    is closer to the real value than the upper reservoir outflow  Q , thus reducing the error by directly using  Q  in scheme formulation. Due to the fact that water flow hysteresis is affected by multiple factors, each instance object of the mapping relationship between  X  and  Y  may be different, and this research focuses on the difference in outflow magnitude and outflow processes. Multiple methods, such as multiple regression analysis, support vector machine, and artificial neural network, can be used to solve the mapping relation of multiple time periods, multiple indexes, or multiple variables. Here, we mainly analyze how the obtained mapping relation can improve the precision of scheme formulation, and do not consider the difference between multiple methods in solving the mapping operator. Therefore, only the artificial neural network, which can effectively deal with the nonlinear relation, is selected to solve the mapping relation [20,21].




4. Mathematical Model for Short-Term Optimal Operation of Cascade Reservoirs Considering Dynamic Water Flow Hysteresis


4.1. Objective Function


The short-term optimal operation target of cascade reservoirs can be divided into two modes: “electricity to water” and “water to electricity” [22]. This study mainly investigates the influence of different water flow hysteresis models on the generation benefit in the operation cycle. Therefore, the maximum generation benefit of the cascade system in the mode of “electricity to water” is adopted as the objective function:


  E = Max   ∑  i = 1  2    E i     



(5)




where  E  is the total generation benefit in the operation cycle, unit: MW·h.




4.2. Constraint Conditions


(1) Water balance constraint:


   V  i , t + 1   =  V  i , t   + [ Q  r  i , t   − Q  c  i , t   ] × Δ t  



(6)






  Q  c  i , t   = Q  f  i , t   + Q  q  i , t    



(7)







(2) Capacity constraint:


  V _   min  i  ≤  V  i , t + 1   ≤ V _   max  i   



(8)







(3) The upper and lower bounds of flow rate:


  Q _   min  i  ≤ Q  c  i , t   ≤ Q _   max  i   



(9)







(4) The upper and lower bounds of output:


  N _   min  i  ≤  N  i , t   ≤ N _   max  i   



(10)







(5) Water level constraint at the end of the operation cycle:


   Z  i , T + 1   =  Z  i , end    



(11)







(6) Hydraulic relation constraint:


  Q  r  i , t   = F ( X )  



(12)




where    V  i , t     and    V  i , t + 1     are the starting and ending storage capacities of reservoir  i  in period  t , respectively, unit: 104m3;   Q  c  i , t     is the outflow of the reservoir  i  in period  t , unit: m3/s;   Q  f  i , t     is the generation flow of reservoir  i  in period  t , unit: m3/s;   Q  q  i , t     is the abandoned flow of reservoir  i  in period  t , unit: m3/s;   V _   min  i   ,   V _   max  i    are the lower and upper limits of storage capacity of reservoir  i , respectively, unit: 104 m3;   Q _   min  i    and   Q _   max  i    are the lower and upper limits of the outflow of reservoir  i , respectively, unit: m3/s;   N _   min  i    and   N _   max  i    are the lower and upper limits of the output of reservoir  i , respectively, unit: MW;    Z  i , T + 1     and    Z  i , end     are the water level of reservoir  i  in period  T  and the controlled water level of reservoir  i , respectively, unit: m;   F ( • )   is the space mapping operator.



Different from the short-term optimal operation model of cascade reservoirs that couples with the FWFHM, the cascade hydraulic relation constraint shown in Equation (12) is adopted in the dynamic scheme instead of the hydraulic relation constraint shown in Equation (1), in order to transform the dynamic water flow hysteresis into the dynamic mapping relationship between upper reservoir outflow, interval outflow, and lower reservoir inflow.





5. Model Solution


The existence of water flow hysteresis makes the solution of the short-term optimal operation model of cascade reservoirs a problem with an after-effect. Although the Progressive Optimal Algorithm (POA) can effectively deal with the after-effect problem [15], the traditional POA directly shifts the upper reservoir outflow in a single period and takes it as the lower reservoir inflow [23,24]. Here, the POA is coupled with the space mapping principle to develop an Improved Progressive Optimal Algorithm (IPOA) that can take into account the multi-period outflow of the upper reservoir. As shown in Figure 3,    q i    is the outflow of the upper reservoir in period   i ( i = 1 ~ T )   and    Q i    is the inflow of the lower reservoir in period  i . The outflow of the upper reservoir in period  t  and the first  τ  periods are input into the mapping operator to obtain    Q t   . The IPOA is conducted on Matlab.



The calculation procedure of IPOA is detailed as follows:



Step 1: Select the input factors. Since the input factors between adjacent time periods contain redundant information, in order to ensure the validity of the input information and reduce the calculation amount, the joint mutual information method and the multiple stepwise regression method are adopted to select the input factors [25,26,27].



Step 2: Get the mapping operator. Use the Back Propagation (BP) neural network model to mine the historical data and obtain the mapping operator.



Step 3: Determine the initial solution. The determination of the initial solution has an important impact on the efficiency of the IPOA and the quality of the results. According to the constraints of cascade reservoirs, the actual daily operation process line of each reservoir in the previous day is taken as the initial solution of each operation cycle [28].



Step 4: ① Set the initial value of reservoir number   i = 1   and the initial value of period number   t = 1  ; ② The initial water level in period t is fixed and the final water level in period   t + 1   remains unchanged. The initial water level in period   t + 1   is adjusted to optimize the outflow under three conditions: initial water level + 1 step, initial water level, and initial water level - 1 step. The mapping operator is then used to calculate the inflow of reservoir   i + 1   in periods  t  and   t + 1  . Let   i = i + 1  . Return to ② when   i < N  , otherwise enter Step 5.



Step 5: Calculate the total cascade power generation benefit in period  t  and period   t + 1   under various combinations of water levels, and select the water level combination with the maximum benefit as the alternative variable. When   t < T − 1  , return to Step 4-②, otherwise enter Step 6.



Step 6: Decide whether the value of the objective function after the iterative calculation meets the accuracy requirement. If so, the iterative result is taken as the final solution. Otherwise, the iterative result is taken as the new trajectory in Step 4-② for calculation until the accuracy requirement is satisfied.




6. Case Study


The Jinguan cascade reservoirs are located in the Yalong River basin in Sichuan province, which is composed of the Jinxi, Jindong, and Guandi reservoirs. The characteristic parameters of the Jindong and Guandi hydropower stations are listed in Table 1. The location of the Jinguan cascade reservoirs is displayed in Figure 4. The outflow of the Jinxi reservoir directly enters the Jindong reservoir, so the water flow hysteresis can be ignored. The water flow hysteresis in the Jinguan cascade reservoirs mainly happens in the process of the Jindong reservoir outflow reaching the Guandi reservoir. Therefore, for the convenience of research, only the Jindong and Guandi reservoirs were calculated and the interval inflow of Jiulong River was also considered.



According to the climate characteristics of the basin, the non-flood season is from November to April of the next year, and the flood season is from May to October. The data include the inflow and outflow of the Jinxi and Guandi reservoirs and the outflow of Jiulong River. The BP neural network was used to acquire the mapping operators Net1 and Net2, and the data distribution ratio of training, testing, and examining was 7:2:1. The number of hidden layers was set to one, and the neuron of the hidden layer was determined by the cross-validation method. The number of neurons was set to seven in the flood season and three in the non-flood season. The weight and threshold were determined by the Levenberg-Maquardt method. At the same time, the model using the FWFHM during different periods was established as the comparison of the DWFHM. The outflow of the Jindong reservoir and Jiulong River in the 24 h before the calculated period was composed of 576 types of fixed water flow hysteresis, and the inflow of the Guandi reservoir at the calculated period with different fixed water flow hysteresis was calculated. The Nash-Sutcliffe efficiency coefficient (NSE), average relative error (ARE), and prediction qualification rate (QR) were used as evaluation indexes to select the optimal combination of fixed water flow hysteresis. In the flood season, the stagnation time of the Jindong reservoir is about 1 h, and the interval outflow stagnation is about 5 h. In the non-flood season, the stagnation time of the Jindong reservoir is about 2 h, and the interval outflow stagnation is about 1 h. The prediction results of the FWFHM were compared with those of the DWFHM. The results are shown in Figure 5, Figure 6 and Figure 7.



In Figure 5, it can be seen that, in different seasons, the calculated results of the DWFHM were better than those of the FWFHM. In the non-flood season, compared with the FWFHM, the NSE of the DWFHM increased by 1.88%, the ARE decreased by 2.32%, and the QR increased by 3.02%, indicating slight improvement by the DWFHM. In the flood season, compared with the FWFHM, the NSE of the DWFHM increased by 34.03%, the ARE decreased by 5.70%, and the QR increased by 9.80%, indicating significant improvment caused by the DWFHM.



January 2017 was taken as the typical month of the non-flood season for calculation, while August 2017 was taken as the typical month of the flood season for calculation. The calculation results are shown in Figure 6 and Figure 7.



From Figure 6 and Figure 7 we can see that, in the non-flood season, when using the FWFHM, the calculation results were similar to the measured values. But at certain periods where the measured value was at its valley or peak, the result of the FWFHM was relatively small or large, because the FWFHM directly uses the sum of the upper reservoir outflow and interval outflow as the lower reservoir inflow, without considering the attenuation effect. Actually, after the river channel storage, the peak flow value will decrease and the valley flow value will increase. In the flood season, the deviation between the calculated results was larger than that in the non-flood season. This was reflected in two aspects: (1) The calculated value of the FWFHM was larger than the measured flow; (2) The time deviation at peak and valley was also large.



At the same time, it can be seen that the time deviation of the peak inflow was small and the flow deviation was large, while for the valley inflow, the time deviation was large and the flow deviation was small. This is because, when the water flow hysteresis of the Jindong reservoir (1–2 h) is actually larger than that of the optimal combination (1 h) and the flow rate increases, the water flow hysteresis will decrease and the inflow will come earlier. Moreover, the flow rate at the flood peak is too large due to the lack of consideration of the attenuation effect. These results will be adverse to the flood operation of the Guandi reservoir. However, when using the DWFHM, the calculated results were better in both the flood season and the non-flood season, compared with using the FWFHM.



The typical days of the non-flood season and the flood season in 2017 were selected as examples for calculation. The short-term optimal operation models were established coupling with the FWFHM (Scheme 1) and the DWFHM (Scheme 3), and the models were solved by IPOA to obtain operation schemes. Meanwhile, the scheme coupling with the FWFHM was replaced by the DWFHM to form Scheme 2, which was implemented in accordance with the water level control mode to obtain the actual operation results [29].The accuracy of IPOA in different schemes was set as 0.0001. The opeartion results are shown in Table 2, Table 3, and Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13.



From Table 2 it can be seen that, in the typical day of the non-flood season, the total generated energy of Scheme 2, compared with Scheme 1, increased by 1640 MW·h. This is because the deviation between the inflow calculated by the FWFHM and the actual operation process was reduced in Scheme 2. Compared with Scheme 1, the total generated energy of Scheme 3 increased by 1187 MW·h. This is because the FWFHM only considers the influence of single-period flow while the DWFHM takes into account the influence of multi-period flow on the inflow of the Guandi reservoir in the current period. It can be seen from Figure 8, Figure 9 and Figure 10 that at the beginning of the cycle, by increasing the outflow of the Jindong reservoir, the output of the Jindong hydropower station was increased, the water level of the Guandi reservoir was raised, and the output of Guandi hydropower station was increased. Without considering the output constraint, the Jindong reservoir increased its output in period 1 to raise the water level of the Guandi reservoir. Although the overall generated energy decreased by 464 MW·h in the operation cycle of the Jindong reservoir, the generated energy of the Guandi reservoir in the later period was increased by 1650 MW·h, thus increasing the total generated energy in the operation period of the cascade reservoirs by 1186 MW·h. In addition, compared with the FWFHM, the actual operation results of the DWFHM increased by 2827 MW·h.



From Table 3, it can be seen that, in the typical days of the flood season, the total generated energy of Scheme 2, compared with Scheme 1, increased by 1600 MW·h, and the reason is the same as that in the non-flood season. Compared with Scheme 1, the total generated energy of Scheme 3 decreased by 1187 MW·h, but compared with Scheme 2, the total generated energy of Scheme 3 increased by 1564 MW·h, because the results calculated by the FWFHM were deviated from the actual inflow. Besides, it can be seen from Figure 11, Figure 12 and Figure 13 that the difference between Scheme 1 and Scheme 2 is reflected in the output of the Guandi hydropower station. Compared with Scheme 2, the increment of Scheme 3 included the generated energy of the Jindong hydropower station increasing by 1061 MW·h and the generated energy of the Guandi hydropower station increasing by 504 MW·h. This is because there is a large amount of incoming water in the flood season, so it is a priority to ensure that the output of the Jindong hydropower station, which has a huge installed capacity, is increased to reach full capacity, and then the output of the Guandi hydropower station is increased to increase the overall output of the cascade reservoirs.




7. Conclusions


Water flow hysteresis, which may cause the unbalance of water flow in the operation cycle and the deviation of the solution results of the optimization, is a potential factor influencing the accuracy of short-term optimal operation for cascade reservoirs. In the traditional way, the problem of water flow hysteresis is always solved through the FWFHM, but this method is not suitable when the upper and the lower reservoirs are far apart. In order to fundamentally address this problem in operation, we propose a dynamic water flow hysteresis method based on the space mapping principle, and put forth the short-term optimal operation model considering dynamic water flow hysteresis. The new method is applicable whether the distance between the upper and the lower reservoirs is small or large. Taking the Jinguan cascade reservoirs as an example, the rationality of the model is verified. The main conclusions are as follows:




	
Compared with the FWFHM, the space mapping principle is adopted to establish a DWFHM that can fully consider the effect of multi-period outflow on the current period inflow. It can take into account both the change of water flow propagation time caused by the change of the magnitude of discharge and the impact of water flow attenuation caused by factors such as the river channel storage, thus leading to a more accurate calculation result.



	
The short-term optimal operation model of cascade reservoirs with dynamic water flow hysteresis is put forward and solved by the IPOA. Compared with the traditional model using the FWFHM, the improved model can effectively increase the generated benefit. The new model can fully consider the impact of flow rate, water head, and the installed capacity of cascade reservoirs. In the non-flood season, when the inflow is small, the priority is given to raising the water head of the Guandi hydropower station, in order to increase the total generated energy. In the flood season, when the inflow is large, the improved model makes full use of the installed capacity of the Jindong hydropower station so as to increase the total generated energy.
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Figure 1. Structure of this study. 
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Figure 2. Schematic diagram of the mixed multi-reservoirs. 
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Figure 3. Schematic diagram of Improved Progressive Optimal Algorithm 
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Figure 4. The location of the Jinguan cascade reservoirs. 
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Figure 5. Comparison of the calculated results of the FWFHM and the DWFHM; (a) Non-flood season; (b) Flood season. 
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Figure 6. Comparison of the calculated inflow of the Guandi reservoir during the non-flood season. 






Figure 6. Comparison of the calculated inflow of the Guandi reservoir during the non-flood season.



[image: Water 11 02098 g006]







[image: Water 11 02098 g007 550] 





Figure 7. Comparison of the calculated inflow of the Guandi reservoir during the flood season. 
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Figure 8. The output of the Jindong reservoir during the non-flood season. 
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Figure 9. The output of the Guandi reservoir during the non-flood season. 






Figure 9. The output of the Guandi reservoir during the non-flood season.



[image: Water 11 02098 g009]







[image: Water 11 02098 g010 550] 





Figure 10. The total output of cascade reservoirs during the non-flood season. 
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Figure 11. The output of the Jindong reservoir during the flood season. 
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Figure 12. The output of the Guandi reservoir during the flood season. 
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Figure 13. Total output of cascade reservoirs during the flood season. 
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Table 1. Parameters of the Jindong–Guandi cascade hydropower stations.
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	Items
	Unit
	Jindong
	Guandi





	Normal water level
	m
	1646
	1330



	Dead water level
	m
	1640
	1321



	Regulation volume
	108 m3
	0.0905
	6.06



	Regulation performance
	-
	daily regulation
	daily regulation



	Installed capacity
	MW
	4800
	2400
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Table 2. The generated energy of different schemes during the non-flood season.
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	(MW·h)
	Scheme 1
	Scheme 2
	Scheme 3





	Jindong generated energy
	48,081
	48,081
	47,617



	Guandi generated energy
	19,453
	17,813
	21,103



	Total generated energy
	67,534
	65,894
	68,721
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Table 3. The generated energy of different schemes during the flood season.
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	(MW·h)
	Scheme 1
	Scheme 2
	Scheme 3





	Jindong generated energy
	110,207
	110,207
	111,268



	Guandi generated energy
	46,965
	45,329
	45,833



	Total generated energy
	157,173
	155,537
	157,101
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