Optimal Hydropower generation management 
Ahmed BENSALEM1, Abdelmalik Bouhentala2,   Salah Eddine ZOUZOU2    

1„Department of Electrical Engineering. Faculty of Engineering

University of hadj Lakhdar, 05000 Batna. ALGERIA
Tel: +213–33–927287, Fax: +213–33–815123 Email:  a_bensalem_dz@yahoo.com
1,2„LEG Laboratory, Faculty of Engineering Science and Engineering
University of Mohamed Kheider, B.P 145 - 07000 Biskra. ALGERIA

Abstract: The purpose of this study is to develop a general algorithm to solve the short-term hydroelectric scheduling problem in a robust, flexible and fast way, and which retains the same performances for either a small or a large-scale problem. The solution is based on the discrete maximum principle. Gradient method is used to solve the two-point boundary value problem. To deal with difficulties posed by the state variable constraints we use the augmented Lagrangian method. This paper is particularly concerned with the handling of bonds on the state variables utilizing augmented Lagrangian method.  
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1. Introduction

The management of hydroelectric generation of power stations is very a complex problem because of the uncertainty prediction in long-term of the natural water inflows and the demand for electrical energy. A suitable method of resolution consists in dividing this problem into two sub-problems [1]:

- Stochastic long-term planning problem, the solution gives the strategic behaviour of the system. It consists in determining the total amount of water to be released from each power station across each period of the planned horizon. The long term planning horizon is divided into short periods.
- Deterministic short term planning problem, it consists in allocating the quantity of water between hydroelectric plants across the planning horizon, which is preliminary selected according to the stochastic problem. In this case, the natural water inflows and the demand for electric power are known beforehand. 

The short-term hydro scheduling problem is a determinist problem [1,2], which consists of choosing the preliminary quantity of water selected to discharge from each hydroelectric plant of the system throughout the planning horizon, so that we should meet the electric energy demand. The prime objective here is to perform the operation with the lowest possible use of water (potential energy), while satisfying all operating constraints and avoiding spilling.

In this paper, we are concerned with the treatment of the deterministic problem. The discrete maximum principle is proposed for the solution, whereas the zero gradient equations representing the necessary conditions for optimality relating to the discrete maximum principle are iteratively solved by the gradient method. To deal with the two-sided inequality constraints issued from the mathematical model of the system, we use the augmented Lagrangian method. This method is a combination of two methods, that is the penalty method and the local duality method, which allows moderating the disadvantages of both methods [3]. 

The hydroelectric system considered in this paper consists of reservoirs in cascade located on the same river [4]. The time taken by the water to travel from one reservoir to the downstream reservoir and the water head variation are taken into account. The natural inflow and the demand for electrical energy are known beforehand. The optimization is done over one week divided into hours. 
2. Problem formulation
The main objective of the short-term hydro scheduling is to select the quantity of water to be released from each hydroelectric plant across the planning horizon in order to maximize the total water stored in all reservoirs at the end of the planning horizon, while  satisfying demand for energy and all other constraints[1].

The adequate mathematical model to the short-term hydro scheduling problems can be formulated as follow:
2-1. Objective function:
The main objective is to maximize the total potential energy of water stored in all the reservoirs. The formulation must take into account the fact that the water stored in one reservoir will be used in all its downstream reservoirs, hence, the water stored in the upstream reservoir is more valuable than that stored in the downstream reservoir [1]:
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Where:
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: Potential energy of water stored in reservoir 
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, which will reach later the downstream reservoir 
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: The reservoir immediately preceding the reservoir 
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: Time required for the water discharged from reservoir 
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2-2. Operational constraints:

The principal operational constraints of the system are the following [1-2, 5-8]:

- Hydraulic continuity constraint:
For each reservoir 
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at each time period 
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, the following constraint establishes the water balance equation:
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Where:
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Taking into account hydraulic coupling, the total inflow to reservoirs is determined as follows:
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, which will reach later the downstream reservoir 
[image: image40.wmf]i

 at period 
[image: image41.wmf]mi

kS

-

.

- Minimum and maximum storage limits: 
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: lower and upper limits on reservoir storage capacity, respectively, for reservoir
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, in Mm3. 

- Minimum and maximum discharge limits:
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: Minimum and maximum limits on water discharge, respectively, of hydroelectric plant
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- Demand-generation balance:

The total power generated by all the hydroelectric plants must satisfy the system load demand at each period of the planning horizon. In mathematical terms, this has the following form:
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Where:
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: The demand for electrical power at each period 
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: Number of reservoirs of the system.

3. Solution method

In mathematical terms, we formulate the short term scheduling problem of a hydroelectric plant system as follows [1]: 
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  (1)      
Subject to the following constraints:
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This problem can be solved by applying the discrete maximum principle as follows [1, 9-10]:
Associate the constraint (2) to the criterion (1) with the dual variable
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.To satisfy the balance between electric energy demand and generation we associate the constraint (3) to the criterion (1) with the Lagrange multiplier
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, and then we define the function
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, called the Hamiltonian function, which has the following form:
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The problem (1)-(6) becomes:
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Subject to constraints (4)-(6), with the conversion equation of the associate variable [9]: 
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When constraints (4), (5) and (6) are inactive, the optimal trajectory 
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 will be reached when the following optimality conditions for each hydroelectric plant and at each period are satisfied: 
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In order to solve these equations, we needs to know the boundary conditions, which are:
- The first one is the initial state, which is specified, i.e., at the initial time, the initial content of all reservoirs are known, thus:
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- The second one is the terminal condition for the adjoint equation:
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Consequently, equations (2) and (8)-(11) constitute a two-point boundary value problem whose solution determines the optimal state and control variables. This problem is solved iteratively by using the gradient method. 
To take into account possible violations of constraints (4) and (5) we proceed respectively as follows:
- If the value of some 
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which satisfies the optimality condition (8) violates the constraint (5), we’ll fix them to their boundary limits, the others are left free. Then a new research for the optimum is made but with only the free variables.
- To deal with possible violations of constraint (4), we use the augmented Lagrange method [1,3,11], which consists in adding a function 
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, which penalizes the violation of constraints (5). Then the Hamiltonian 
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The function 
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Where:
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: Penalty weight. 
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The function 
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4. Application
In order to testify the efficiency and the performances of the method we apply the proposed algorithm to the system composed of four reservoirs in cascade located on the same river as shown in Fig.1 [4]. The characteristics of the system reservoirs and water time travel are shown in table 1:
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Fig.1: The power system configuration
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Table 1: Characteristics of the installations.

Where:

[image: image88.wmf]x

i

: Maximal storage capacity of reservoir 
[image: image89.wmf]i

.


[image: image90.wmf]i

u

 : Maximal discharge capacity of reservoir 
[image: image91.wmf]i

. 


[image: image92.wmf]mi

S
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. 
The following relation determines the water head [4]:
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Where:

[image: image111.wmf] 

 

D

k

 

 

                       

y

2

            

y

3

           

y

4

 

 

 

Network

 

         

u

k

1

                  

u

k

2

   

        

       

        

u

k

3

               

u

k

4

 

 

x

k

1

 

                                           

 

x

k

2

                    

x

k

3

                     

x

k

4

 

  

P

2

                

P

3

              

P

4

 

 

y

1

 


[image: image96.wmf]'"

,,,

iiii

hhC

a

: Positive constants characterizing the reservoir 
[image: image97.wmf]i

.

The constant values of each reservoir are given in the following table 2:
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0,8627
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Table 2: Characteristics of water head.

The natural flows 
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 are assumed constant throughout the week at the four sites. Their values are given in table 2 as well as the initial content 
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 of each reservoir of the system:
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	0,6228
	0,2304
	0,2196
	0,9576
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	212


 Table 3: initial contents and the natural inflows
The demand for electrical power Dk is shown in figure 2.
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Fig. 2: Weekly demand for energy

5. Interpretation
The optimal solution (Fig.3) is obtained while satisfying all operating constraints after a very moderate number of iteration compared to that obtained by A. Turgeon [4] for the same system.
[image: image112.jpg]0 20 40 60 80 100 120 140 160




[image: image113.jpg]65

60

55

50

45

40

35

30

25

20

15

80

120

160

200

240




 Period   

 Fig.3: Optimal discharge trajectories.  

 We can reduce this number by using an optimal step in the gradient method of our algorithm, and by adjusting adequately the penalty weight factor 
[image: image107.wmf]r

. This will lead to a rapid exit from the violated zone as it is shown in table n° 4.
	Penalty weight 
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	1
	5
	10

	Number of iteration
	100
	88
	81


Table 4: Influence of penalty weight on iteration.

The optimal trajectory solution obtained is shown in Fig.3. We state on one hand that the discharge follows the demand because the production is proportional to the discharge and must be equal to the demand. On the other hand, the discharge in the downstream reservoir is greater than the discharge in the upstream one, because the water stored in the upstream reservoir is more valuable than the water stored in the upstream one, i.e., the water of the upstream reservoir will also be used in the upstream ones. Consequently, in economic term water in the upstream reservoirs should be preserved as shown in Fig.3.  Consequently, the reserve in potential energy of the system becomes more important, in spite of the considerable decrease in the contents of the downstream reservoirs. In addition, management is done without the draining of any reservoir as it is shown in table n° 5. 
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	1
	2
	3
	4
	Total

	initial content (Mm3) 
	225
	18
	2,5
	212
	457,5

	final content (Mm3)
	283
	0,3
	0,2
	180
	463,5


Table 5: initial contents and final contents.
   The optimal management of hydroelectric system allows having the final contents of all the reservoirs higher than the initial contents as it is illustrated in table n° 5.
The behavior of the objective function during the optimization process is illustrated in fig.4. We note that the search for optimum is very slow when we approach the solution; this is due to the gradient method it self.




Fig.4: Behavior of the search trajectory (objective function).
6. Conclusion
With the discrete maximum principle, the optimal solution is obtained by solving simultaneous equations representing the optimality conditions. It turned out to be efficient. And so was the augmented Lagrangian method. Hence the algorithm proposed requires moderate time and storage for its execution and can be applied efficiently to large dimensions problems.

More improvements could be made to the proposed algorithm in order to increase the speed convergence of the algorithm and its execution time by improving the gradient method, and by adjusting adequately the penalty weight factor. 

Taking into account the time delay between reservoirs increases considerably the dimension of the problem.
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