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A Solve Hydrothermal Coordination Problem by
Using Genetic Algorithm and Mixed-Integer
Nonlinear Programming

This paper proposes a new hybrid optimization method for solving a hydrothermal
coordination problem. In general, the problem is decomposed into smaller hydro and thermal
sub-problems which are solved separately. The hydro sub-problem is solved by the peak
shaving method using the proposed hybrid optimization method. It combines genetic
algorithms with the traditional numerical optimization method. The hybrid method has been
applied to a real hydrothermal system, i.e., the Slovak power system. The results have proved

the efficiency of the proposed method.
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|. INTRODUCTION

The efficient scheduling of available energy resources for
satisfying load demands has become an important task in
modern power systems. For hydrothermal systems, the
limited energy storage capability of water reservoirs,
makes solving a more difficult job than for pure systems.
The hydrothermal generation-scheduling problem, also
called the hydrothermal coordination problem, is a non-
linear problem with a high degree of dimensionality,
continuous and discrete variables and non-explicit
objective function with many constraints. The solution of
the problem has been approached by conventional
(traditional) or heuristic optimization techniques. The use
of both approaches is often associated with difficulties.
The article describes the possibility of solving this
problem by a combination of both the numerical and
heuristic approaches.

Il. MATERIALS AND METHODS

The objective of hydrothermal coordination (HTC) is to
determine the optimal operating schedule of thermal units
and hydro plants that minimizes the system’s total
operating cost during a scheduling horizon, which is
subject to many system constraints. The HTC problem
can be formulated as a mathematical optimization
problem as follows:

T NT
C=>""CC (P ;) —>minT )

=l j=1

C total system operating cost,

i time interval (hour) index,

T total number of time intervals (scheduling
horizon),
thermal unit index,

number of thermal units,
fuel cost function of thermal unit j during hour
i, a function of Py ;;

power output of thermal unit j during hour i,
NH

= Dem; — zpkz
k=1

total load demand of hydrothermal power
system during hour 7,

number of hydro plants,

power output of hydro plant k during hour i,
hydro plant index.

It has been assumed that hydro plants have zero operating
costs.

The optimal scheduling of a hydrothermal power system
is acomplex mixed-integer, non-linear optimization
problem. The solution of the problem above has been
approached by many optimization techniques such as
peak shaving (Simopoulos, et al., 2007; Wu, et al., 1989;
Wu, etal., 1991); linear programming (Seewald, 1997,
Sulek, Dugi¢ka, 2006); dynamic programming (Tang,
Luh, 1995; Yang, Chen, 1989); mixed-integer
programming (Chang, et al., 2001; Li, et al., 1993) and
genetic algorithms (Gil et al., 2003; Zoumas et al., 2004).
Many of the above-mentioned methods make various
simplifying assumptions in order to reduce the
complexity of the optimization problem which arises
from simultaneous consideration of thermal and hydro
plants. Oftentimes, the original problem is decomposed
into smaller hydro and thermal sub-problems, which are
solved independently. The decomposition of the problem
allows for the detailed formulation of each sub-problem
without making any major simplifying assumptions.
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A typical example of the decomposition method is the
peak shaving (PS) method. The PS method is based on
the idea that the hydroelectric generation should be
allocated in the higher part of the system’s load curve,
which corresponds to the system peak loads (Fig.1). The
solution of the hydro sub-problem by the PS method is
described below.
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Figure 1. Peak-shaved load curve.

HYDRO SUB-PROBLEM FORMULATION

The hydro sub-problem can be defined by the following
function:

T NH 2
F= Z Dem, - ;(STA,,--B@,‘)]

NH 2
i —Z(ST/@,--% I-Qk,[-Hk,i-nk,i-10_3)J —>min

i k=1
Vke[l,NH], Vie[1,T] (2

subject to
- hydro plant operation limits Vi [1, NHJ ,Vie [I,T ]
ST iPrinit™ Pri)<=Pei<=STyi(Puaxs" Pri)  (3)

ST iOrins ™ O )<= 01 <=ST1i O™ O) (4)

- reservoir storage capacity limits Vke [1, NH ] s
viel,T]
Vmin.k <= Vk.i <= Vmux.k (5)

Vio= Vi and  Vir= Vi, i (6)

where

ST, operating state of hydro plant (variables); (1 -
if the plant is ON and 0 - if the plant is OFF),

Py, power output of hydro plant [MW];
B, =9810,,.H 0,107

Ok discharge of hydro plant [m*/s] (variables),

Hy; average net head of hydro plant [m],

Tk,i efficiency of hydro plant [-]; 7, is a function
of Oy and Hy;,

Prink minimum power output of hydro plant [MW],

P, maximum power output of hydro plant [MW],

RSVt p.;  plus spinning reserve of hydro plant [MW],

RSY- Py; minus spinning reserve of hydro plant [MW],

Oping  minimum discharge of hydro plant [m%/s],

Onary  maximum discharge of hydro plant [m%/s],

RSV 0r;  discharge equivalent of the plus spinning
reserve of hydro plant [MW],

RS0 discharge equivalent of the minus spinning
reserve of hydro plant [MW],

Vinke reservoir’s minimum storage volume [ %,

Viark ~ reservoir’s maximum storage volume m’].

Vin reservoir’s initial storage volume [ %,

Vi, k reservoir’s final (target) storage volume [m].

The water balance for each reservoir of a hydro plant k&
during hour i is given by

Viii = Viier— 3600.Qp; + I

where

I inflow rate including the evaporation losses,
leakage and other non-energy withdrawals
[m’].

Vi i reservoir storage volume at the end of an hour ;
[m’],

The solution of problem (2) is represented by matrix S.

O, - O |ShLy . STy
S =

QNH,I QNH,T STNH.I STNH,T

HYDRO SUB-PROBLEM SOLUTION METHODS

The optimization problem (2) with limits (3)-(6) is
acomplex mixed-integer, non-linear optimization
problem with non-linear constraints. The problem is all
he more complicated if the water travel time between the
cascaded hydro plants is also taken into account.
Consequently, the course of the objective function is a
complexity with many local extremes.

TRADITIONAL NUMERICAL OPTIMIZATION
METHODS

The solution of the above-mentioned problem using
traditional numerical optimization methods (e.g., non-
linear programming, dynamic programming) is
associated with many difficulties (e.g., “the curse of
dimensionality”). Most of the traditional methods are
unable to produce a near-optimal solution for this kind of
problem. The problem must be decomposed into several
smaller problems to decrease the number of variables.
The objective function F is decomposed into partial
functions F for each hydro plant. It can be written as :
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NH T -1 :
= ZZ([D("’”; - Z(SZ-;:IJ'PIcI,i)] - S];f,i'})k,i] — min
k=1i=1 k=1
®)

The solution of problem (8) is represented by vectors sy.
Sk = [Q/m Ok Ocr | Shy ST, - SY;(,TJ

The value of the objective function F is obtained by the
sequential (downstream) solution of the sub-objective
functions Fy. That is how the number of variables is
decreased from 2*T*NH to 2*T. The sub-objective
functions Fx are solved using traditional numerical
optimization methods for a mixed-integer nonlinear
problem (MINLP). However, in many cases the value of
the objective function F (as the sum of the values Fy)
may not be the global extreme function F.

HEURISTIC OPTIMIZATION METHODS

In addition to traditional numerical optimization methods,
heuristic optimization methods (e.g., local search, tabu
search, harmony search, simulated annealing, genetic
algorithms) are used. The significant representatives of
the the heuristic methods are genetic algorithms (GA).
GA are searching algorithms based on the mechanics of
natural selection and natural genetics. A detailed
description of the method can be found in (Goldberg
1989).

To use a GA, the objective function of the hydro sub-
problem (2) must be modified to

T NH 2
F=3"| Dem;— ST, ;.P,; | +Penalty— min

i=1 k=1

where Penalty is penalty function.

The solution of problem (9) is represented by the best
chromosome *™§ from the final generation (the
chromosome with the best fitness, fitness=-F). Despite
many benefits (e.g., the non-explicit acceptability the
objective function), GA have a number of disadvantages:
- high risk of being trapped in the local extreme of the

F,

it is relatively difficult to define the weight of the

penalty functions.

Furthermore, we can describe the possibility of
eliminating these disadvantages by using the proposed
method.

THE PROPOSED HYBRID OPTIMIZATION
METHODS

According to (Reis, et al., 2006) one way to eliminate the
disadvantages of a GA is a combination of genetic
algorithms with traditional numerical optimization
methods. The objective function (9) can be written in a
stand-alone form (16) without any penalty functions.

NH 2
F=3 Demi_Z(Sn,i'Pk,i) —min

i=1 k=1

Vi e[, NH ] Vi e[l T] (16)

The fact that the GA searching space includes just
feasible solutions S=(QyIST};)rny) 1s ensured by the
numerical optimization methods, which are directly
implanted in the fitness function. The chromosomes .S are
replaced with the chromosomes w=(w;)ryy. The wy;
value is the weight factor of the objective functions f.

T
fo = w, ST, B, —»max, Yk e[|, NH|:Vie[1,T] (17)

i=1

The optimization problem (17) with constraints (3)-(6) is
solved using Branch-and-Bound method. If the matrix
FINy is the best chromosome from the final generation
(the chromosome with the best fitness, fitness=-F), the
solution of problem (16) is represented by matrix F*S.
The block diagram of the proposed GA-MINLP hybrid
optimization method (combining GA and the traditional
numerical method for mixed-integer nonlinear problem)

is shown in Fig. 2.

Initialization of Population
w=w,, ),

TNH

Generation=1

&
Solve MINLP problem

Jfi=we R, ST, —=max

R (o

il

Fitness evaluation
for each solution
fitness=-F

Genetic Operators:
Selection, Crossover, Mutation

New population
w

Best chromosome from final generation

FINy,

Figure 2. Block diagram of the proposed GA-MINLP hybrid
method.
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lll. RESULTS

The proposed GA-MINLP hybrid method was applied to
the HTC problem of the Slovak power system (operated
by ENEL SE, Inc.). This hydrothermal system consists of
20 hydro plants (three of them are pumped-storage) and 2
thermal plants.

The hourly load demand system on September 20, 2010
is given in Table I. System imports, small run-of-river
hydro plants production and nuclear production have
been subtracted from the actual load demand.

The configuration of the hydro system with the input data
is presented in Fig. 4. It can be seen that two of the hydro
plants are independent, but the rest are hydraulically
coupled in a cascade. The computer code (developed in
Visual Basic) has been designed to model a complex
network of rivers with time delays between the hydro
plants and reservoirs.

TABLE 1
Hourly load demand on September 20, 2010 [MW]

Load Ho Load Ho Load Ho Load
ur
731 991 19 1013

720 969 20 1000
720 954 21 950
720 950 22 900
720 23 850
964 24 801

The proposed hybrid approach solution was applied to
the hydro sub-problem. The traditional numerical
optimization with MINLP Decomp decomposition was
applied to the same hydro sub-problem too.

Table II summarizes the test parameters and results
obtained from each method. The results of the GA-
MINLP and MINLP Decomp are compared in terms of
their minimum F value. The difference in the F value of
the best GA-MINLP and MINLP Decomp runs was
0.12% (in favour of the GA-MINLP method). The
decrease in the total operating costs of the system of the
best GA-MINLP run could be determined by calculating
the thermal units fuel cost function (not available).

TABLE II

Test parameters and results

Method GA-MINLP

Number of HP

Number of reservoirs

Number of Variables
(in one-step of solution)

Population size 50

Number of Generation 500

Best run 4957082 4963015

Minimum £ =g 5305 882 -

Value % Difference 8852 ;

Fig. 3 illustrates the power production of the hydro and
thermal plants solved using both approaches. As
expected, the operation of the hydro plants focuses on the

peak load hours, resulting in a peak shaved load curve
which is supplied by the thermal units.

GA-MINLP Hybrid Method

®Hydro Production

| oThermal Production

Load [MW]

2 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24
Hour

MINLP Decomp Method

®Hydro Production

“| OThermal Production

Load [MW]

12 3 456 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24

Hour

Figure 3. Power generation from hydro and thermal plants.

IV. CONCLUSION

A hybrid method for the solution of a hydro sub-problem
using a combination of GA and MINLP has been
presented. The proposed method has been tested on a real
power system, the Slovak power system, consisting of 20
hydro plants and 2 thermal plants. The results prove the
effectiveness of the method. The disadvantages of the
GA-MINLP hybrid methods are still the remaining
relatively “long” execution time and high demands on
hardware equipments.
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Fig. 4 Configuration of hydro system with input data from September 20, 2010
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