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ABSTRACT

This thesis proposes a new approach based on particle swarm optimization (PSO)
and tabu search algorithm (TSA). This proposed approach is called distributed Sobol PSO
and TSA (DSPSO-TSA). In order to improve the convergence characteristic and solution
quality of searching process, two mechanisms had been employed. Firstly, the Sobol
sequence is applied to generate the inertia factor used by the conventional process.
Secondly, the distributed process is used in order to rapidly reach the global solution.

The search process is divided into multi-stage and has a short-term memory for
recognizing the best search history. Finally, to guarantee the global solution, TSA had
been activated to adjust the obtained solution of the DSPSO algorithm. To show its
effectiveness, the proposed DSPSO-TSA is applied to solve the four case studies of the
economic dispatch (ED) problem considering nonsmooth and noncontinuous fuel cost
functions of generating units, and two test systems of the optimal power flow (OPF)
problem. The simulation results obtained from the DSPSO-TSA are compared with the
conventional approaches, e.g. bee colony (BA), differential evolution (DE), genetic
algorithm (GA), PSO, TSA, and others shown in the referred literatures. The results show
that the proposed approach is very effective and can reach better solution and faster

computational time than the conventional methods.
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Since energy resources are generally decreased and electricity demand keeps
growing, electrical generation in all power plants must be economically used. Then, in
power system operation, economic dispatch (ED) problem and optimal power flow (OPF)
are one of the most important problems to solve to fully utilize fuel for electricity
generation which can save generation cost. The main objective of the ED and the OPF
problems is to decrease the fuel cost of generation, satisfying various inequality and
inequality constraints. In the Classical economic dispatch and the optimal power flow
problems, mathematical model of fuel cost for each generating unit was approximated as
a single quadratic cost function subjected to generating unit constraints and power system
constraints [1].

Classical ED problem is solved using classical mathematical optimization
methods, such as the lambda method, gradient method and Newton method [2-3]. These
methods based on derivative process and had only good potential for continuous
monotonically increasing fuel cost function [1-4]. In practical economic dispatch problem
the fuel cost function take account the practical effect of electrical generation, the effect
of multi fuel cost function is represented generating unit require the multiple fuel for
generation electrical output power which the fuel cost function could be separated as
piecewise quadratic cost function (PQCF), valve-point loading effect is represented the
opening of steam valves for increase the power generation and prohibited operating zones
represented the tabu operating point of generating unit for healthy the steam turbine. In
large-scale system the problem is more complex and difficult to find out optimal solution
because it is nonlinear function and existent many local optimal solutions.

Many researchers exert to improve many optimization techniques for solving
economic dispatch problem with various types of fuel cost function [3-4]). A hierarchical
method (HM) using lagrangian function was introduced by C. E. Lin and G. L. Viviani in
1984 [5]. A hopfield neural network to solve ED problem with piecewise quadratic cost
function was presented by K.Y. Lee et el. [6-7]. K.P. Wong et el. had presented simulated
annealing (SA) and hybrid GA/SA solve ED problem [8] and [10]. Gerald B.Sheble et el.
had introduced GA to solve valve-point loading effect added into original quadratic fuel
function cost [9]. An improved GA with multiplier updating (IGA_MU) to solve ED
problem with multiple fuels and add valve-point effect into fuel cost function was
proposed by Chao-Lung Chiang [11]. Zwe-Lee Giang proposed an initially PSO to solve
ED problem with prohibited operating zones and compared his proposed with genetic
algorithm (GA); the results show that PSO is better than GA in computational times and



quality solution terms [13-14]. B.K. Panigrah and et el proposed a clocal algorithm,
namely AIS to solve the ED with generators had prohibited operating zones [15]. Cai
Jiejin et el. applied PSO with chaotic algorithm namely, chaotic particle swarm
optimization (CPSO) to solve ED problem with prohibited operating zones [16]. Tabu
search is introduced to solve ED problem by many researchers, S. Khamsawang et el. are
presented an improved tabu search for solving ED problem [17-18], e.g. In addition, S.
Pothiya et el had presented multiple tabu search algorithm solve dynamic economic
dispatch [19]. Genetic algorithm had applied to solve ED problem with many kinds of
fuel function cost.

The optimal power flow (OPF) problem has been well studied over the past few
decades [36-38]. The OPF problem could be treated as a nonlinear optimization problem
with nonlinear objective function and subject to several equality and inequality
constraints. The objective of an OPF problem is to find steady state operation point which
minimizes generation cost, loss, reactive power etc. while maintaining an acceptable
system performance in terms of limits on generators real and reactive powers, line flow
limits, voltage limits. A main obstacle of the OPF problem is the nature of the control
variables since some of them are continuous (e.g. real power outputs and voltages) and
others are discrete (e.g. transformer tap setting, phase shifters, and reactive injections).
The presence of discrete variables makes the optimization problem a non-convex one,
which in turn complicates the solution methodology. The most objective function of OPF
problem commonly used is the minimization of the overall fuel cost function (convex and
non-convex) and reactive power. Researchers proposed different mathematical
formulations of the OPF problem, which can be broadly classified as follows:

Many optimization techniques have been applied to solve this problem.
Conventional techniques such as Newton method, gradient methods, linear programming,
dynamic programming and interior point methods often have problems of convergence
and difficulties in locating the global optimum [35-39]. These methods rely on convexity
to obtain the global optimum solution and as such are forced to simplify relationships in
order to ensure convexity. Despite the fact that some of these techniques have excellent
convergence characteristics and various among them are widely used in the industry,
some of their drawbacks are [35]:

1. Convergence to the global or local solution is highly dependent on the

selected initial guess, i.e. they might converge to local solutions instead of



global ones if the initial guess happens to be in the vicinity of a local
solution.

2. Each technique is tailored to suit a specific OPF optimization problem
based on the mathematical nature of the objectives and/or constraints.

3. They are developed with some theoretical assumptions, such as convexity,
differentiability and continuity, among other things, which may not be
suitable for the actual OPF conditions.

During the last year, non-conventional methods such as particle swarm
optimization (PSO) [39-42], genetic algorithm (GA) [44], differential evolution (DE) [47-
48] and simulated annealing (SA) [91] had been applied to solve the ED problem and the
OPF problem.

Although these heuristic methods do not always guarantee to find the globally
optimal solution in finite time, they often provide a reasonable solution in an acceptable
computation time. For large-scale complex problems, these algorithms need a
considerable number of iterations to converge and the solution might get trapped in a
suboptimal state. Therefore, to solve the large scale problem, the new method which can
find high-quality solutions reliably, with better convergence characteristics and in a
reasonably good computation time, is highly expected.

This thesis proposes the distribution procedure of standard particle swarm
optimization for solving the ED problem and the OPF problem. The proposed approach is
tested on four case studies of the ED problem and two test system of the OPF problem.
Simulation results obtained from empirical tests are reported, shown and compared with

many non-conventional optimizations had been appeared in the literatures.

1.1 Objective of the thesis

The basic PSO was introduced by J. Kenedy and R. Eberhart in 1995 [21], PSO is
a type of modern optimization techniques and a kind of swarm intelligence. PSO has been
tested and seen to be high efficiency in solving continuous nonlinear optimization
problems [22-25], application to power system optimization for solving voltage security
assessment and state estimation by S. Naka et el. [28-29] respectively. PSO based on a
population searching mechanism such as genetic algorithm and evolutionary
programming. PSO inspired by the social behavior of bird flocking or fish schooling. To
change population positions from starting points to the final globally optimum point (bird



flying to exert abundant food region) using three significant, namely, inertia factor (@),

cognitive (own experience, pp,, ) and social (flocks experience, gp,, ). However, original

PSO has often suffers from the problem and return local optima solution.

The objectives of this dissertation are to propose a technique based on distributed

particle swarm optimization. To guarantee the global optimal solution and reduce

calculation time, the original PSO procedure is developed by using:

The original PSO procedure was distributed to many procedures. A social

significant (gp,s) of each procedure are compared and elected to be the
best social significant (Gp,.,) among all group, cognitive experience
(Ppest) of another procedures are used also. Exploitation of Gp,, and
Ppest from another procedure are expected for improvement and guarantee

that the proposed procedure can converge to the global solution and reduce
the executed time.

Furthermore, the additional mechanisms i.e. Sobol inertia factor, high cost
elimination and reducing search space are proposed to help and improve
the search process in terms of both solution quality and computational

time.

To show the effectiveness and robustness of propose techniques, the DSPSO-TSA

is tested with:

The well known numeric function such as Ackley’s function, Griewank’s
function, Rastrigin’s function and Schwefel’s function. The results
obtained the DSPSO-TSA are compared to many heuristic methods i.e.
bee colony algorithm (BA), differential evolution (DE), genetic algorithm
(GA), particle swarm optimization (PSO) and tabu search algorithm
(TSA).

The ED problem considers different kind of fuel cost function and
generating unit constraints. The results yielded from four case studies of
the DPSO-TSA are compared with genetic algorithm (GA), particle swarm
optimization (PSO), tabu search algorithm (TSA) and other optimization

methods in literatures.



» Two case studies of the OPF problem with two test system i.e. six bus test
system and IEEE 30-bus test system. In addition, improving voltage

profile at load bus case study is considered.

1.2 Outline of the thesis

The thesis is organized as follows:

Chapter | depicts the general introduction on the problem description of power
system planning and operation. Then, the introduction and surveying on the ED and OPF
problem from the journals and the conferences are demonstrated. After that the main
objectives and the outline of this dissertation are mentioned.

Chapter 2, presents the basic concept of conventional heuristic methods i.e. BA,
DE, GA, PSO and TSA are described. The results obtained from these methods are
compared to the proposed method for all problems. The principal of the proposed method
which is called “distributed Sobol particle swarm optimization (DSPSO-TSA)”, the Sobol
sequences which used for generating inertia weight of PSO, high cost elimination and
reducing search space are also described.

Chapter 3 shows the application of the proposed optimization technique for
exploring the minimum value of five numeric functions. The robustness and effectiveness
of DSPSO-TSA are demonstrated in terms of solution quality i.e. average value of
function and standard deviation of solution, which are compared to another optimization
methods i.e. BA, DE, GA, PSO and TSA.

Chapter 4 the DSPSO-TSA is tested with two power system optimization
problems i.e. the ED problem and the OPF problem. In the ED problem, three fuel cost
function characteristics and operation constraints of generators such as ramp rate limits
and prohibited operating zone are considered for testing the performances of the proposed
method. The numerical results obtained from the proposed method are compared to GA,
PSO, TSA and emerged results from literatures. The DSPSO-TSA applied to solve the
OPF problem is depicted, consequent. The number of particle for each flock and the new
parameters of the DSPSO-TSA i.e. c¢3 and ¢4 are tuned and shown in these case studies.
The results yielded from the proposed method are compared to BA, DE, GA, PSO and
TSA. The numerical results obtained from the DSPSO-TSA applies for solving the ED
and OPF problem clear that the DSPSO-TSA has outperformed than other approaches i.e.
yields the high solution quality, low standard deviation of solution and fast converges to

global optimum solution.



Chapter 5 gives the conclusion of this thesis and application of the DSPSO-TSA

to another problem in future.
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Numerical simulation results shows that the DSPSO-TSA has high solution quality than

the rest methods in term of average generation cost and computational time of

convergence to the optimal solution.



Chapter 5

Conclusions

At present, a personal microcomputer has high speed computation power and low
cost. Therefore, the concept of multiple ‘computations can be implemented by using only
a personal microcomputer for solving the large scale problems. Therefore, this thesis has
proposed a new technique based on distributed searches of particle swarm optimization
method. In addition, the new inertia factor, the elimination high cost and the search space
reducing techniques are applied to improve the conventional search process.

This thesis proposes a new approach based on particle swarm optimization (PSO)
and tabu search algorithm (TSA). This proposed approach is called distributed Sobol PSO
and TSA (DSPSO-TSA). The DSPSO-TSA is applied to solve the multi-dimensional and
muitimodal numeric problems, four case studies of the economic dispatch problem (ED)
with various kinds of the cost characteristic and optimal power flow (OPF) with two case
studies. To enhance the global exploration, the conventional PSO is distributed and
integrated with TSA. Moreover, the Sobol sequence is applied for generating the inertia
factor of the PSO. Additionally, two techniques, i.e. the elimination high cost and the
search space reducing techniques are implemented in the DSPSO-TSA also. The
proposed method has compared with five optimization methods, i.e. bee colony algorithm
(BA), differential evolution (DE), genetic algorithm (GA), particle swarm optimization
(PSO) and tabu search algorithm (TSA).

Firstly, the performance of the DSPSO-TSA is tested by applying to solve the
benchmark numeric function consist of multi-dimensional and multimodal functions as
shown in chapter 3. In this chapter, the investigation performance of the proposed method
and the simulation result comparing with BA, DE, GA, PSO and TSA are shown. In the
simulations, mean value of function, standard deviation of solution and computational
time of 100 runs with different random seed dimensions are reported. The results show
that the DSPSO-TSA has outperformed than five methods on all functions and all
dimensions.

Secondly, the effectiveness and robustness of the proposed method are tested with
the ED problem and OPF problem. For the ED problem, the performance of the DSPSO-
TSA is tested with four case studies three different types of cost function. Based on the

simulation results which obtained from 100 different initial trials, the solution quality,
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reliability and computation efficiency shows the superiority of the DSPSO-TSA over
other methods. The proposed method converges to the global solution, regardless of the
shape of the cost function, i.e. discontinuous and non-smooth characteristic.

For the OPF problem, the performance of the DSPSO-TSA is tested with two test
systems, six bus test system and IEEE 30-bus test system respectively. For the first test
system, the new parameters, i.e. ¢3 and ¢, are tuned for exploring the appropriate values.
The numerical results of the proposed method are compared with five methods, i.e. BA,
DE, GA, PSO and TSA. For the second test system, the performance testing is done with
two case studies. The first case study considers only minimize the generation cost. The
simulation figure shows the process to get the Gpey and the influence of the particle
swarm size relative to computational time and generation cost. The second case study is
performed by considering both minimize generation cost and regulating voltage deviation
at load bus. The voltages at load bus are treated at 1.0 p-u. for voltage security of the
equipments in the substation. The proposed method yields the least generation cost and
least standard deviation of voltage at load bus than the rest methods.

Finally, future works can be suggested to continue this research:

1. Implement the proposed method for other types of economic dispatch problem
such as:

- The ED problem with considers other types of cost function such as
hydro-thermal ED problem, combine cycle co-generation plant or
combined with generation cost of wind power plant.

- The ED problem with considers power exchanged to another power
system networks, i.e. multi-area ED problem.

2. Apply the proposed method to solve other types of objective function in the
optimal power flow problem such as minimize power loss in transmission line or
dispatching the reactive power in power system network.

3. Apply the DSPSO-TSA to solve power system optimization problems such as
the unit commitment, the transmission line expansion planning and allocation of
distributed generator (DG) problem.
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Appendix A
Table A.1 Generating unit data of 13 units system with valve-point effect
Unit B MW) PR MW) @ ) b SMW) ¢, (SMWD) ¢ (8)  f; (MW)
1 0 680 550 8.1 0.00028 300 0.035
2 0 360 309 8.1 0.00056 200 0.042
3 0 360 307 8.1 0.00056 200 0.042
4 60 200 240 7.74 0.00324 150 0.063
5 60 200 240 7.74 0.00324 150 0.063
6 60 200 240 7.74 0.00324 150 0.063
7 60 200 240 1.74 0.00324 150 0.063
8 60 200 240 7.74 0.00324 150 0.063
9 60 200 240 7.74 0.00324 150 0.063
10 40 120 126 8.6 0.00284 100 0.084
11 40 120 126 8.6 0.00284 100 0.084
12 55 120 126 8.6 0.00284 100 0.084
13 55 120 126 8.6 0.00284 100 0.084

Table A.2 The generating unit capacity and cost coefficients of the 10 units system

Uit Feel  BT0 BT a (W) b SMW) ¢ SMW?) ¢ 5) £, (SMW)
types (MW) (MW) i i i i i
1 1 100 190 26970 0397500  0.0021760  26.970  -0.397500
2 196 250 21130 -0.305900  0.0018610  21.130  -0.305900
1 50 144 1865  -0.039880  0.0011380  1.865 _ -0.039880
2 2 14 157 13.650  -0.198000  0.0016200  13.650  -0.198000
3 157 230 118.400 -1.269000 0.0041940 118.400 -1.269000
1 200 332 397900 -0311600  0.0014570 _ 39.790 _ -0.311600
3 2 332 388 2876 0033890 00008035  -2.876  0.033890
3 388 500 -50.140 0486400  0.0000118  -59.140  0.486400
1 99 138 1983 -0.031140 00010490 1983  -0.031140
4 2 138 200 52.850  -0.634800  0.0027580  52.850  -0.634800
3 200 265 266.800  2.338000  0.0059350  266.800  -2.338000
1 190 338 13920  -0.087330  0.0010660  13.920  -0.087330
5 2 338 407 99.760  -0.520600 0.0015970  99.760  -0.520600
3 407 490 -53.990 0446200  0.0001498  -53.990  0.446200
1 85 138 1983 -0.031140 00010400 1983  -0.031140
6 2 138 200 52.850 -0.634800 0.0027580 52.850 -0.634800
3 200 265 266.800  -2.338000  0.0059350  266.800  -2.338000
1 200 331 18930 -0.132500 00011070 _ 18.930 _ -0.132500
7 2 331 391 43.770 -0.226700 0.0011650 43.770 -0.226700
3 301 500 43350 0355900  0.0002454  -43.350 0355900
1 99 138 1983  -0.031140  0.0010490  1.983  -0.031140
8 2 138 200 52.850  -0.634800  0.0027580  52.850  -0.634800
3 200 265 266.800  -2.338000  0.0059350  266.800  -2.338000
1 130 213 14.230 -0.018170 0.0006121 14.230 -0.018170
9 2 213 370 88.530 -0.567500 0.0015540 88.530 -0.567500
3 370 440 14.230 -0.018170 0.0006121 14.230 -0.018170
1 200 362 13970 -0.099380  0.0011020 _ 13.970 _ -0.099380
0 2 362 407 46710 0202400  0.0011370 46710  -0.202400
3 407 490 -61.130 0.508400 0.0000416 -61.130 0.508400
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Table A.3 The generating unit capacity and cost coefficients of the six generator system

Units P2 (Mw) PMIn (MW) a; (8) b; SMW) ¢, (S MW?)
1 500 100 240 7.00 0.0070
2 200 50 200 10.0 0.0095
3 300 80 220 8.50 0.0090
4 150 50 200 11.0 0.0090
5 200 50 220 10.5 0.0080
6 120 50 190 12.0 0.0075

Table A.4 The ramp rate limits and prohibited operating zones of the six generator system

Unit PY (Mw) UR; (MW/h) DR; (MW/h) Prohibited zones (MW)
1 440 80 120 [210-240] [350-380]
2 170 50 90 [90-110] [140-160]
3 200 65 100 [150-170] [210-240]
4 150 50 90 [80-90] [110-120]
5 190 50 90 [90-110] [140-150]
6 150 50 90 [75-85] [100-105]
[ 0.0017 0.0012 0.0007 -0.0001 -0.0005 -0.0002]
0.0012 0.0014 0.0009 0.0001 -0.0006 -0.0001
B. = 0.0007 0.0009 0.0031 0.0000 -0.0010 -0.0006 BL1)
¥ 71 -0.0001  0.0001 0.0000 0.0024 -0.0006 -0.0008 '
—-0.0005 -0.0006 -0.0010 -—-0.0006 0.0129 -0.0002
| —0.0002 -0.0001 -0.0006 -0.0008 -0.0002 0.0150 i

B, =1.0x107 x[-0.3908 -0.1297 0.7047 0.0591 02161 -0.6635] (B1.2)

B,, = 0.056

(B1.3)

Table A.5 The ramp rate limits and prohibited operating zones of the 15 generators

system

) Pimin Pimax PiO UR,; DR; o
Unit MW)  (MW) MW) (MW (MW Prohibited zones (MW)
1 150 455 400 80 120
2 150 455 360 80 120 [185-225] [305-335] [420-450]
3 20 130 105 130 130
4 20 130 100 130 130
5 150 470 190 80 120 [180-200] [305-335] [390-420]
6 135 460 400 80 120 [230-255] [365-395] [430-455]
7 135 465 350 30 120




Table A.5 The ramp rate limits and prohibited operating zones of the 15 generators

system (cont’)

106

v o B a UR, DR, Prohibited zones (MW)
™MW) @MW) Mw) MWh) (MWh)

8 60 300 95 65 100

9 25 162 105 60 100

10 25 160 110 60 100

11 20 80 60 80 80

12 20 80 40 80 80 [30-40] [55-65]

13 25 85 30 80 80

14 15 55 20 55 55

15 15 55 20 55 55

Table A.6 The generating unit capacity and cost coefficients of the 15 generator system

Unit PMin (MwW) P (MW) a; () b; ($/MW) c; (S/MW?)
1 150 455 671 10.1 0.000299
2 150 455 574 102 0.000183
3 20 130 374 3.8 0.001126
4 20 130 374 8.8 0.001126
5 150 470 461 10.4 0.000205
6 135 460 630 10.1 0.000301
7 135 465 548 9.8 0.000364
8 60 300 227 112 0.000338
9 25 162 173 112 0.000807
10 25 160 175 10.7 0.001203
11 20 80 186 10.2 0.003586
12 20 80 230 9.9 0.005513
13 25 85 225 13.1 0.000371
14 15 55 309 12.1 0.001929
15 15 55 323 12.4 0.004447
]- 0.0014 0.0012 0.0007 ~0.0001 -0.0003 --0.0001 —0.0001 -0.0001 -0.0003 0.0005 -0.0003 -0.0002 0.0004 0.0003 -0.0001]
0.0012 0.0015 0.0013 0.0000 —-0.0005 -0.0002 0.0000 0.0001 -0.0002 —-0.0004 -0.0004 —-0.0000 0.0004 0.0010 -0.0002
0.0007 0.0013 0.0076 -0.0001 -0.0013 -0.0009 -0.0001 0.0000 -0.0008 -0.0012 -0.0017 -0.0000 -00026 0.0111 —0.0028
—-0.0001 0.0000 -0.0001 0.0034 -0.0007 —0.0004 0.0011 0.0050 0.0029 0.0032 -0.0011 -0.0000 0.0001 0.0001 -0.0026
-0.0003 -0.0005 -0.0013 -0.0007 0.0090 0.0014 -0.0003 -0.0012 -0.0010 -0.0013 00007 -0.0002 ~0.0002 -0,0024 -0.0003
~0,0001 -0.0002 -00009 -0.0004 0.0014 00016 -0.0000 -0.0006 -0.0005 -0.0008 00011 —0.0001 -0.0002 -0.0017 0.0003
-0.0001 0.0000 -~0.0001 0.0011 -0.0003 ~0.0000 0.0015 0.0017 0.0015 0.0009 -0.0005 00007 -0.0000 -0.0002 -0.0008
By =|-~0.0001 0.0001 0.0000 0.0050 -0.0012 -0.0006 0.0017 0.0168 0.0082 0.0079 -0.0023 -0.0036 0.0001 00005 -0.0078
—0.0003 -0.0002 -0.0008 0.0029 -0.0010 —0.0005 0.0015 0.0082 0.0129 00116 -0.0021 -0.0025 00007 -0.0012 -0.0072
—-0.0005 -0.0004 -00012 0.0032 -00013 -0.0008 0.0009 0.0079 0.0116 0.0200 -0.0027 -0.0034 0.0009 -0.00I1 -0.0083
~0.0003 -0.0004 -0.0017 -0.0011 0.0007 0.0011 -0.0005 -00023 -0.0021 -0.0027 0.0140 0.0001 0.0004 -0.0038 0.0168
-0.0002 -0.0000 -0.0000 —0.0000 —-0.0002 -0.0001 0.0007 -0.0036 -0.0025 -0.0034 0.0001 0.0054 -0.0001 -0.0004 0.0028
0.0004 0.0004 -~0.0026 00001 -00002 -0.0002 —-0.0000 0.0001 0.0007 0.0009 0.0004 -0.0001 0.0103 -0.0101 0.0028
0.0003 0.0010 00111 0.0001 —0.0024 -0.0017 -0,0002 0.0005 -0.0012 -0.0011 -0.0038 -0.0004 -0.0101 0.0573 -0.0094
_—0.0001 —0.0002 -0.0028 -0.0026 -0.0003 0.0003 -—0.0008 -0.0078 ~0,0072 -0.0088 0.0168 0.0028 0.0028 -0.0094 0.1283 J
(B1.4)

B, = [—0.0001 -0.0002 0.0028 -0.0001 0.0001 -0.0003 -0.0002 -0.0002 0.0006 0.0039 -0.0017 0.000 — 0.0032 0.0067 —0.0064]

(B1.5)

Byo =0.0055

(B1.6)
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