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Abstract

In this paper, a mutation operator based on the random
walk with variable step size utilized by genetic algorithm
(GA) is under study. Proposed method is used to solve com-
bined heat and power economic dispatch (CHPED) prob-
lem. Combined heat and power economic dispatch problem
is a complex and complicated optimization problem, which
has non-convex, nonlinear and non-smooth objective func-
tion and many equality and inequality constraints. Nor-
mally, the step size of the random walk is obtained by proba-
bility distributions including exponential family and heavy-
tailed distributions, which are both used in implementa-
tions of this paper. The proposed method achieved from
different distributions, as determiner of step size in random
walk based mutation, are implemented on the problem. The
results are compared with numerous heuristic algorithms
available in the literature. Also, convergence characteris-
tics obtained from different mutation operators are com-
pared. The analysis of achieved results and their improve-
ments shows the capability of the random walk as mutation
operator of GA.

1. Introduction

Considering the growing trend of heat and power demand,
combined heat and power (CHP) generation has gained a special
attention due to its economic and environmental characteristics.
Unlike the combined cycle (CC) generation plants which have
at most 60% of efficiency, combined heat and power generation
units achieve energy efficiency as much as 90% [1]. Besides
that, greenhouse gas emission in CHP units is reduced by 13-
18% compared with their CC counterparts [2]. According to the
aforementioned features of combined heat and power genera-
tion, this model can be a reasonable alternative for conventional
generation plants [3, 4]. Combined heat and power economic
dispatch problem is the task to assign generation of plants in the
scheduling horizon to achieve minimum operation cost beside
satisfying heat and power demands and operational constraints
[2]. Heat and power interdependence, valve point effect con-
sideration, transmission losses and prohibited operating zones
make solving the CHPED problem a complex and difficult task
[5] which have widely gained the attention of researchers in re-
cent years. Reviewing prior approaches from early days up to
now, demonstrates a vast variety of methods proposed to solve
CHPED problem. A method based on separability of the ob-
jective function is proposed in [6] which introduces a two-step
iterative process. Also non-linear optimization methods, such
as dual and quadratic programming are applied to the problem.

In [7] problem is decomposed to two subproblems, power dis-
patch and heat dispatch which are interconnected by heat and
power feasible region constraints. Also Lagrange multipliers
are used to solve subproblems. As one of the first applications
of the metaheuristic methods to solve CHPED problem in [8]
Genetic Algorithm based penalty function method is proposed.
An evolutionary programming based algorithm is proposed in
[9]. Differential evolution algorithm improved with the Gaus-
sian mutation is implemented on the CHPED problem in [10]
assuming valve-point loading effect and prohibited operating
zone for conventional thermal generators which has caused a
significant improvement in results. A self-adaptive real-coded
genetic algorithm is introduced in [11] for solving the CHPED
problem. Tournament selection and simulated binary crossover
are used in order to augment self-adaptation capability to the ge-
netic algorithm, which has decreased computational effort and
enhanced convergence characteristics. In [2] harmony search
(HS) is used to solve the problem. Comparisons provided by
this paper shows the ability of HS for solving combined heat
and power economic dispatch problem and its superiority to
formerly proposed methods. In more recent studies like [12]
genetic algorithm with improved miihlenbein mutation is im-
plemented to solve CHPED problem, in which reported results
show improvement of cost in almost all cases compared with
previous works. A modified group search optimization method
is proposed in [13]. Reported results in this paper show signif-
icant improvements at first glance, however, they are not suffi-
ciently precise. A hybrid method is proposed in [14] based on
civilized swarm optimization (CSO) and Powell’s pattern search
method (PPS) for solving the problem. In this hybrid method,
CSO is used due to its global search abilities, while the PPS
method has the task of local search. The reported results show
improvements and besides that, they are precise and feasible in
sense of constraints and cost function.

In this paper random walk with variable step size as mutation
operator of the real-coded genetic algorithm (RCGA-RWM)
is used for solving combined heat and power economic dis-
patch problem. Valve-point effect and non-convex cost func-
tion for power only units are considered in the model used,
which causes more complexity and hardness. The step size in
proposed algorithm is obtained by different probabilistic dis-
tributions which can be generally classified into two groups,
heavy-tailed and exponential family distributions. Convergence
characteristics obtained by using distributions from these two
groups are compared and a discussion is carried on the results.

The rest of this paper has been organized as follows: Section
2 represents the mathematical formulation of the CHPED prob-
lem assuming valve-point effects and transmission losses. Sec-



tion 3 provides the brief description and basic aspects of GA and
description of the proposed RCGA-RWM. Section 4 expresses
the implementation of the proposed procedure to two test sys-
tems and provides a comparison of the obtained results with the
recent researches in the area of the CHPED problem. The paper
conclusions are presented in Section 5.

2. Formulation of the CHPED Problem

The objective function of the CHPED problem is the sum-
mation of operational costs for power only units, combined heat
and power units and heat only units, which is formulated as (1):

Np Ne Np
min > Ci(PP)+Y_ Ci (P HO+Y . Crl(HLY) ($/h)
i=1 j=1 k=1
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In the formula above C' indicates the total production cost for
the unit and, Np, N. and N}, respectively are the number of
conventional thermal units, co-generation units, and heat-only
units. Heat and power generation output of units are represented
by H and P. i, j and k are indices corresponding with above-
mentioned unit types. Production cost formula for conventional
thermal units, co-generation units, and heat-only units are as
below:

Ci(PP) = ai(PF)* + BiPP + i ($/h) )

C;(Pf, Hy) = a;(P)? + b Pf + ¢; + d;(Hj)?
+e;Hj + f;HFPj ($/h) (3)

Cr(Hy) = ar(Hp)? + b Hi + cx ($/h) )

where C; (PF) is the cost function corresponding with con-
ventional thermal unit 4, over one hour period, producing PF
MW. «;, f;, and ~y; are the cost coefficients of ith conven-
tional thermal unit. The cost function of conventional ther-
mal units are modelled using quadratic function approximation
()15, 16, 17]. C; (P§, Hf) is the cost function correspond-
ing with co-generation unit j and a;, b;, ¢;, dj, e; and f; are
the cost coefficients of this unit. As it can be seen from (3) the
cost function of the co-generation unit is convex in both power
output P¢ and heat output H¢. The cost of heat-only unit k is
defined by Cx (HJ') producing H" MWth heat. ay, bx, and cx
are the cost coefficients of kth heat-only unit.

Constraints which are involved in this optimization problem can
be listed as below:

e Power production and demand balance

Np Nc
SRR - B ®
i=1 j=1

in which Py indicates the electrical power demand of

system.

e Heat production and demand balance

Ne Np,
> Hj+ > H}' = Hq ©6)
j=1 k=1

where thermal demand of the system is represented by

Hy.

e Capacity limits of conventional units
PP < PP PP =1 N, (D)
e Capacity limits of CHP units

Pyt (HS) < PF < PPMU(HS) G=1,...,Ne (8)
H;™™(Pj) < Hj < H;™"(P;{) j=1,...,N.

&)
Minimum and maximum limits of jth CHP unit power
generation are represented as functions of generated
heat, Py (HY§) and P{™**(HY). Similarly, for heat
generation of unit, the limits are functions of generated
power in the form H{™""(Py) and H{™** (Py).

e Production limits of heat-only units
HM™™ < g} < H™ k=1,...,Ny  (10)

2.1. Valve point impact consideration

Quadratic and cubic cost functions are used in most of the
reported works.[18] However, the wire drawing impacts cause
a ripple in production cost, when steam admission valve starts
to open. This impact is modeled by adding a sinusoid term to
production cost of the generation units.[19] The sinusoid term,
which is taken into account in this work, makes the optimiza-
tion problem non-convex and non-differentiable. Finally, cost
function considering valve point effect is expressed as below:

Ci(P}) = ai(P})* + Bi P + i
+ |Aisin(pi (PP™" — PP))|  (11)
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in which \; and p; are the valve-point effect’s cost coefficients.

3. Real Coded Genetic Algorithm with
Random Walk based mutation

The algorithm proposed in this paper is based on the con-
ventional genetic algorithm, improved with random walk based
mutation. Talking about one dimension, assume that a parti-
cle starts from any initial state, moving one unit left or right
with probability 0.5. In the next step again, regardless of its
position, it moves right or left with equal probability. The pat-
tern achieved by repeating this procedure is called a random
walk[20]. As a mutation operator, the random walk would act
more effective if the step size is a variable, achieved from a
probabilistic distribution. Among the existing probability dis-
tributions, exponential family and heavy-tailed distributions are
on the attention of this paper. Probability density functions stud-
ied in this paper are illustrated in Fig. 1 and listed as below:

e Normal distribution (RWM1I)

1 -5
f(fv|02)=me 2 (12)

e Exponential distribution (RWM2)

f(zA) = xe ™ (13)

e [ évy distribution (RWM3)

flale) = \[5m (4)




1.0

— = Normal distribution (02 = 1)
Exponential distribution (A = 1)

0.8 -+++ Levy distribution (c=1.5, p=1.5)
= Burr distribution (c=1, k=1)

0.6

0.4 ==

. :.\.:.\

0.2 4
\\\\

0.0 . . . e

0.0 0.5 1.0 15 2.0 25 3.0

Figure 1. Probability density functions which are under study

Table 1. Algorithm parameters used for mutation operators.

Method Parameters

RWMI1 o® = rand()
RWM2 A = rand()

RWM3 p =15 x rand()
RWM4 | ¢ =5 x rand(), k = rand()

e Burr distribution (RWM4)

.’IL‘C71

f((L'|C7 k) = Ckm

(15)

All details of the algorithm proposed in this paper are adopted
from Ref. [12] except mutation function which is introduced
in this paper. The probability distribution function parameters
used in this paper are represented in Table 1 in which the func-
tion rand() returns a random number in range [0, 1) with uni-
form distribution. The parameters are achieved by testing nu-
merous numbers over many runs.

4. Case studies

Genetic algorithm with random walk based mutation is
applied to two test systems. A comparison is done between
proposed method and some other recently developed methods.
Also, the effects of the probability distribution, on convergence
characteristics of proposed method is studied. The results re-
ported in this paper are achieved by running the algorithm for
100 times on each test system. It should be noted that all num-
bers reported are rounded up to 2 digits after decimal point.

4.1. Test system 1

The first test system which is studied contains 13 power
only units, 6 CHP units and 5 heat only units. The power
and heat demand considered is 2350 MW and 1250 MWth re-
spectively. Unit data in this test system is adopted from Ref.
[21]. The results achieved by implementation of proposed al-
gorithm are represented in Table 2. Also Table 3 represents a
comparison with results achieved by formerly developed algo-
rithms. Convergence characteristics of proposed methods are
represented in Fig. 2.
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Figure 2. Convergence characteristics of the proposed algo-
rithm with different probabiliy distribution functions for first
test system.

Table 2. Optimal dispatch results for test system 1 using pro-
posed methods.

Output RWM1 RWM2 RWM3 RWM4
Py 538.57 538.57 538.61 538.56
P 224.78 299.37 299.23 299.66
Ps 299.64 224.68 299.25 299.61
Py 109.87 109.90 109.95 109.87
Ps 109.91 159.74 109.93 109.87
Ps 109.96 109.91 109.89 109.87
Py 110.05 159.81 110.03 109.87
P 109.98 159.91 110.01 109.87
Py 109.90 109.88 109.87 109.87
P 71.47 40.10 77.52 77.40
Py 77.49 40.08 77.46 40.16
Py 92.39 55.18 55.15 92.40
Pi3 92.60 55.25 55.06 55.00
Py 81.03 81.08 81.04 81.02
Pi5 40.00 40.02 40.03 40.27
P 81.12 81.11 81.06 81.06
Pi7 40.00 40.00 40.02 40.05
Pig 10.02 10.00 10.01 10.05
Py 35.20 35.39 35.88 35.56
Hiy 104.81 104.84 104.82 104.81
His 74.99 75.02 75.03 75.23
His 104.85 104.86 104.82 104.83
Hiz 75.00 75.00 75.02 75.05
Hig 40.01 40.00 40.00 40.02
Hiy 20.09 20.17 20.40 20.25
Hyo 473.87 470.15 469.96 469.80
Hoyy 59.99 59.99 60.00 60.00
Hao 59.99 60.00 60.00 60.00
Hoas 116.45 120.00 119.96 120.00
Hay 119.96 119.99 120.00 120.00
Total Cost | 57979.45 | 57842.20 | 57847.51 | 57849.43

4.2. Test system 2

This test system is large scale equivalent of the first test
system which is obtained by duplicating its data. The power
and heat demand considered is 4700 MW and 2500 MWth
respectively.[21]. Proposed algorithm with four types of prob-



Table 3. Comparison of proposed methods with formerly re-
ported results for test system 1.

Method Mean Max Min
TVAC-PSO[21] | 58498.31 | 58359.55 | 58122.75
RCGA-IMM[12] | 58066.64 | 58301.90 | 57927.69

COA[22] 58010.29 | 58175.13 | 57938.33
NCSO[23] 57908.32 | 57911.95 | 57907.12

RWM1 58556.01 | 59429.71 | 57979.45

RWM2 58003.16 | 58305.33 | 57842.20

RWM3 57921.94 | 58001.83 | 57847.51

RWM4 57922.06 | 58000.71 | 57849.43

= = RCGA-RWM1 (Normal distribution)
RCGA-RWM2 (Exponential distribution)
+ RCGA-RWM3 (Levy distribution)
= RCGA-RWM4 (Burr distribution)

160000

150000 A

1
1
1
I
I
I
I
b
]
]
t

140000

Cost tunction

130000 +

120000 A

SN

0 250 500 750 1000 1250 1500 1750 2000
Iteration

Figure 3. Convergence characteristics of the proposed algo-
rithm with different probabiliy distribution functions for second
test system.

ability distribution used in mutation operator for determining
step size of the random walk is also applied to this test system.
The results achieved are presented in Table 4 and compared with
recently developed algorithms in Table 5. Convergence charac-
teristics of proposed methods are represented in Fig. 3.

5. Conclusion

Combined heat and power economic dispatch problem, is
solved by the genetic algorithm with random walk based mu-
tation with variable step size, which step size is obtained from
probabilistic variables. Four probability distributions are stud-
ied and results are compared with some recently proposed al-
gorithms. Also, convergence characteristics of achieved GAs
using different probability distributions are compared. The sim-
ulation results prove the ability of RCGA-RWM for solving
medium and large size CHPED problems. Comparison of re-
sults achieved by using different probability distributions shows
that heavy-tail distributions are faster in sense of convergence,
in contrast with exponential family distributions. However,
exponential distributions avoid premature convergence, which
eventually can cause better global search. In the first case expo-
nential distribution obtained better result but in the second test
system, Burr distribution is dominant.
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