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el Improved Particle Swarm Optimization Method for Optimal
il . .
Y % Power Flow with Facts Devices
}%,% Dinh Luong Le, Dac Loc Ho and Ngoc Dieu Vo
a_,g

Abstract— This paper proposes an Improved Particle Swarm@gttion (IPSO) algorithm for solving optimal power
flow with Facts devices problem. Two main types-ACTS devices, namely Static VAR Compensator (aX)
Thyristor Controlled Series Compensator (TCSC) apeplied to the OPF problem. In the new improvedhoe} the
conventional IPSO algorithm is used with the vaciaoefficients to speed up the convergence tglttal solution in

a fast manner regardless of the shape of the costibn. The proposed IPSO has been tested onussgstems with
FACTS devices to minimize the total generation dost, investment costs of FACTS devices and keepotver flow
within their security limits. The obtained numeficasults have shown that the IPSO method is méfieiemt and
faster than many other methods reported in theditee for finding the optimal solution of optimpbwer flow with
Facts devices. Therefore, the proposed IPSO methodbe a promising method for solving the practioptimal
power flow with Facts devices problems

Keywords— Facts devicesParticle Swarm Optimization; Optimal Power Flow; SVC; TCSC.

FACTS devices can be used to control power flow and

1. INTRODUCTION enhance system stability. There is an increasiteyest

f th | in th Id iskéid in using FACTS devices in the operation and contfol
Most of the power supply system |nf[ e world 1 ,(Eower systems. However, their coordination with the
together broadly to addrgs_s technlqal and economi onventional damping controllers in aiding of power
problems. Although the building electrical systeaséd system oscillation damping is still an open problem
on the load forecast but not always ensure bal‘ijcel'herefore, it is essential to investigate the coatkd
betwee_n supply af_‘d demand. So the power SySteMionirol of FACTS devices and traditional power syst
operating status will have some line-load linesrycar ontrollers in large power systems
some heavy loads. Transmission lines are presented Recently, appeared PSO algorithm, this algorithm ha
limited by the temperature factor, capacitance andseyera| advantages compared to other methods of
stability. So if not adjusted appropriate transmis$ines .oy ational time faster and stable convergende [2
will not make full use of its power transmission ggjentists have applied PSO algorithm in many céfie
capabilities. Furthermore, because of enwronmentalareas of power system analysis such as systeniitgtabi
conditions, !lne .COI’I’IdOI‘ should not easily builew grid coordination capacity... and has produced good result
system arbitrarily renovate and replace the oldesys a1 other methods.

with ease. The purpose of this paper is to apply the improved
Thereby need to reconsider traditional phone system particlep s&arm optimizgti%n algorithprg yto solvs the
and implement measures for power distribution to optimal power flow problem with FACTS devices.
COU”O' the power system opergtion_ more flexiblel an Aqyanced 1PSO method is tested and confirmed by
reliable. One of the control device is now the W&l 5 naring results with other methods such as Geneti
attention system FACTS Flexible AC [1], it can aoit  a|qorithm (GA), Simulated Annealing and Tabu Search
the voltage, current, impedance phase angle gidker (TS/SA), Evolutionary programming (EP).
system, which helps improve stability too high (doe ’
control power flow on effects, resistance, voltayel 2 FACTS MODELING FOR POWER FLOW
current level of short-circuit) or the phenomenoh o ™ STUDIES
resonance oscillation frequency below).
With the rapid development of power electronics, 2.1 Static VAR Compensator (SVC)
Flexible AC Transmission Systen@ACTS) devices The simplest form of SVC consists of a TCR in patal
have been proposed and implemented in power SyStemﬁvith a capacitor array as Figure 1. SVC is a vaeiab

reactance shunt connection, which is either geaérat
collected in reactive power to control voltagelat point

Le Dinh Luong is with the Faculty of Mechanical le@trical - of connection to the AC network [3]. It is widelged to
Electronic, Ho Chi Minh City University of Techngjg (Hutech), Ho provide fast reactive power for voltage regulation
Chi Minh City, Viet Nam. E-mailtedinhluong@gmail.com described in Figure 2. The stimulus angle control

Dac Loc Ho is with Ho Chi Minh City University ofeEhnology . .
(Hutech), Ho Chi Minh City, Viet Nam. E-mai: thyristor SVC allows almost instantaneous response.
hdloc@hcmhutech.edu.vn
Vo Ngoc Dieu (corresponding author) is with Ho @hinh City
University of Technology, Ho Chi Minh City, Viet Na He is now
with the Department of Power Systems. E-maiblieu@gmail.com
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reactor syitchod clraciors Fig. 4. Structural diagram of TCSC.

Fig. 1. Structural diagram of SVC.

T
P . ™ Power flow control

L4
Vollage Control

Fig. 5. The principle of power flow control serial cvices
FACTS.
Fig. 2. Principle of voltage controlled shunt compesation
devices FACTS.

Model of static compensators (SVC) is the VAr 3- OPF FORMULATION WITH FACTS
generator is presented Figure 3 that can pump aiiosu DEVICES

reactive power in the system is represented &y (3] In the OPF problem, the considered variables irolyd
control variables and state variables. The control
i variables include generating capacity of buttonsepk
power balance, power pressure in the transmittdoibu
adjust the parameters of transformers and reaptiveer
Ou=0y. ~0 compensation capacitor rigs, FACTS parameters. The
e e MR state variables include the transmit power of node
balancing, load voltage, reactive power output huf t
generator, power flows on transmission lines. In
= addition, the OPF problem includes equality corstsa
are the power balance equations and inequalitiesdo
the limits of the control variables and state Jalea.
Generally, the OPF problem can be constructed as

2.2 Thyristor Controlled Series Capacitor (TCSC) follows:

TCSC can change the electrical length of transomissi Min f(x,u) (2)
lines. This feature enables the TCSC is used toktwi
adjust power flow effects. It also increases ttabitity
margin of the system and has proven very effedtive g(x,u)=0 (3)
reducing power oscillations [6]. Figure 4 descrillles

common structure of TCSC and Figure 5 describes the h(x,u)=<0 (4)

principles of the TCSC controller. _ . wheref(x,u) is the objective function to be minimized,
TCSC is integrated in the OPF problem by modifying g(x,u)is the set of equality constraints, amg,u)is the
the parameters of the road cord [7]. A new electric g of inequality constraints.
resistance (¥.) is as follows: x is the state variable vectar,is the control variable
vector:

Figure 3. SVC model in power distribution [5].

subject to

Xnew= X - 1
rew= X - X @) x =[Py, Qg Qo VsV, S, Su [ )
with no FACTS devices

TS (X S VARUR VAR o SO o W sl o (6)

38



D. L. Le,D.L.Hoand N. D. Vo/ GMSARN InternatibJournal 9 (2015) 37 - 44

In case of FACTS devices, the control parameters of

the device Quc, Xcresc be added to the control variables
as follows:

T
[P RV Ve, Qe Ry T T
Ql"'%vc XQ""’XCNTCSC

The fuel cost of each thermal generator is reptesen
as a quadratic function of its power output.

MinF = ZN: F(Py)

i=1

()

(8)

F: total cost of the plant ($/ h).

Fi (Pg): fuel cost function of plant uniti ($/ h).

Pgi: the capacity of plant unit i

N:
electrical system.

Fi(PGi):ai +b|PGi+C|P(32i (9)

wherea;, bj, ¢;: Fuel cost coefficients of generating unit

3.1 Real and Reactive Power Flow Equations

At each bus, the real and reactive power balanoaldh
be satisfied

a. Problem no FACTS

PGi _Pdi :‘Vi‘i‘VJHYﬂ ‘COS(HH _5i +JJ' );i :]'"Nb(lo)
=1

+0

]

Ji=1n, QD
Psi, Qgi: the active power, reactive injection at hus
Pqi, Qqi: the active power, the reactive load.

Q.i: the reactive power compensation of power at bu

Qs +Q —Qu =M |V [sinlg, -4
j=1

\

Vj\ . is the voltage at busand busg.

‘Yij‘: The value of component i, j of the resulting
matrix.

@ is the phase angle of component] of the
resulting matrix.

9,0, : the voltage phase angle at bzdj.

Np: the total number of buses in the system.
b. Problem with FACTS

Poi = P

= \v&\vj Y, (FACTS jcodl, (FACTS) -3, + 5, )

=l

i=1.N,
(12)

Qei + Qci + Qi (FACTS - Qdi
=V \_NZWJ. I, (FACTS)[sin(6, (FACTS - & +5, )}
i=1.N,

(13)

Qi(FACTS) the reactive power of FACTS devices at
bus i.

‘Yu (FACTS‘3 the value of componerit j of matrix
can lead mention FACTS devices.
3.2 Limits at Generation Buses

The real power, reactive power, and voltage at
generation buses should be within between theiefow
and upper bounds.

total number of machines connected to the

Poimin < Pai € Paimaxs1 = LNy (14)
QGi,min < QGi < QGi max;i = lNg (15)
Vaimin < Ve < Vgimaxs1 = LNy (16)

Ng: Number of generators

3.3 Capacity Limits for Switchable Shunt Capacitor
Banks

At var sources by switchable capacitors their power
output should be within their lower and upper Is{B].

Qci,rnin < Qci < Qci ;max 'I = lNc (17)

N.: number of sources to make the system.

3.4. Transformer Tap Settings Constraints

The tap settings of each transformer should be also
Swithin their lower and upper bounds.

T <

k,min =

T, ST m k= 1N, (18)

k max;
N number of branches can adjust the voltage.

3.5 Security Constraints

The voltage at load buses and power flow in trassion
lines should not exceed their limits.

V,

C <
li ,min

S <S il =1.N,

Ni: number of line systems, Nnumber of nodes of
the system load.

Vi £V, maci = L.N| 19)

i max?

(20)

3.6 FACTS devices constraints

Qimin SQ < Qi paii =L.Ngyc (21)

Xci,min < xci < xci max'I = l"'NTCSC (22)
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Select parameters for

l

Initialize position and
velocity of particles

|

Evaluate fitness function
for each particle

I

Store the position of each
particle and the best
position of all particles

l

Set initial pseudo-
gradient to zero. Set
iteration counter k=1

Stop

e
-
" Max nu

4—\

mber of
interations

k=k+1

X
Calculate new velocity
and update position foe

each particle

|

Evaluate new fitness
function for each particle

Selected and store best
position of each particle and
the best position of all

Calculate pseudo-
gradient for particles

Fig. 6: Flowchart of IPSO for solving OPF problem.

4. 4. PARTICLE SWARM OPTIMIZATION
4.1. Conventional PSO

In PSO system, each individual adjusts its flyimgai
multi-dimensional search space according to its own
flying experience and its companions flying expecie
Each individual is referred to as a “particle” wihnic
represents a candidate solution to the problemhEac
particle is treated as a point in a D-dimensiopaks [2].
The " particle is represented x$ = (Xj1, X2, %3;---, XD)-
The best previous position (giving the best fitnesisie)
of any particle is recorded and represente® as (P;,
Pi2, Pg,....., Bp). The index of the best particle among all
the particles in the population is represented by t
symbolg. The rate of the position change (velocity) for
particlei is represented ag = (Vi1, Vi, Vi,
particles are manipulated according to the follawin
equation:

Vig =Vig + Clrl(Pid = Xig )+C2I’2 (Pgd = X ) (23)

Xig = Xig +Vyg (24)

where the constants; @and ¢ are cognitive and social
parameters, respectively amg andr, are the random
values in [0, 1].

4.2. Improved Particle Swarm Optimization

The IPSO here is the PSO with constriction factor
enhanced by the pseudo-gradient for speeding up it
convergence process. The purpose of the pseudaegtad
is to guide the movement of particles in positive
direction so that they can quickly move to the
optimization. In the PSO with constriction fact@,d],
the velocity of particles is determined in (26) 48ad).

In this case, the factorp has an effect on the

40

convergence characteristic of the system and mest b
greater than 4.0 to guarantee stability. Howevsrihe
value of ¢ increases, the constriction C decreases
producing diversification which leads to slowerpesse.
The typical value op is (27) (i.e. ¢= ¢, = 2.05).

Vg = C'l_\/id +Clr1(Fi>d - xid)+02r2(Pgd —Xig )] (25)
c= 2 (26)
2-¢-\p*-44|
whereg =c, +c,,¢>4 (27)

The overall procedure of the proposed IPSO for
solving the OPF problem is addressed in Figure 6.

Table 1. Result of OPF with TCSC

No FACTS TCSC

Pyt (MW) 177.9375 176.5955
Pos (MW) 47.9981 47.6408
Pos (MW) 21.0627 21.2075
Pos (MW) 23.2693 24.0937
Pazs (MW) 10.0000 10.5641
Py1c (MW) 12.0000 12.0000
Ve (pU) 1.1000 1.1000
Vo (pu) 1.0844 1.0829
Vs (pu) 1.0517 1.0550
Ve (pu) 1.0653 1.0662
Vua (pU) 1.1000 1.0839
Vs (pU) 1.1000 1.1000
Tyt (pU) 1.0000 1.0200
T1,(pu) 0.9100 0.9000
Ty (pU) 1.0300 1.0100
Toe (pU) 0.9500 0.9600
Qerc (MVAD) 9.4000 0.0000
Qene (MVA) 0.0000 43000
TCSG.4(pu) 0.0107
Ploss(MW) 8.8676 8.7016
Total cost (8/h)  799.9512 799.7741
gg\'/tg“\é ﬁ'tage 1.3510 1.2481
\S/t‘;éj?t; ey | 0-1309 0.1319

S

5. NUMERICAL RESULTS

In this work the standard IEEE 30-bus test systas h
been used to test the effectiveness of the proposed
method. It has a total of 8 control variables dives:
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six unit active power outputs, TCSC constraints Sk 5.2. Optimal power flow with SVC

constraints [11]. is thbn this case, the SVC is considered in the OPF. &/C

Three cases have been studied: Case 1 eolaced at node 21 is the button with the reactioeqy
conventional OPF with TCSC devices using IPSO. Cas demand in the highest load. SVC reactive powerfzan

2 is the conventional OPF with SVC devices usingQpP .
Case 3 is the conventional OPF with Multi FACTS varied from 0 ~ 11.2 MVAr.
devices using IPSO.

5.1. Optimal power flow with TCSC

Table 3. Result of OPF with SVC

In this case TCSC is considered in the OPF probléma. No FACTS Sve
position of TCSC for this system according to [18] Py (MW) 177.9375 | 177.281¢4
loss sensitivity index indicates that branch 3-&ystem.
In this simulation TCSC can change from 0 ~ 0.02 pu Poz (MW) 47.9981 49.3202
Pgs (MW) 21.0627 19.5083
Pgs (MW) 23.2693 | 24.0881
e S et et Py1; (MW) 10.0000 | 10.0000
a17 Pgi: (MW) 12.0000 12.0000
a0 Vql (pU) 1.1000 1.1000
- Vg2 (pu) 1.0844 1.0863
s Vs (pu) 1.0517 1.0523
Vgs (pu) 1.0653 1.0565
804
Vq11(pu) 1.1000 1.1000
" Ve (U) 1.1000 | 1.1000
F Ut O L R A R T (pu) 1.0000 1.0900
T A —— Toz (pU) 0.9100 0.9000
Fig. 7. Convergence characteristic of OPF with TCS@r Tz (pu) 1.0300 1.0100
the IEEE 30-bus system. Toe(pU) 0.9500 0.9700
Table 2. Comparison of methods for OPF with TCSC Qeac (MVA) 9.4000 11.1000
Qc2.(MVAT) 0.0000 4.3000
TSISA[12]| PSO|[13] IPSO SVGy (MVA!) 8.2199
1 .
Pg1 (MW) 192.6018 175.9641| 176.5955 Ploss(MW) 8.8676 8,708
0SS . .
Py (MW 48.4147 48.95 47.6408
qu (MW) 10,5561 o6 | 210078 Total cost ($/h) 799.9512|  799.8193
qu (MW) 11.6615 22'309 24'093: Tolta voltage deviation 1.3510 1.2736
ae (MW) ' ' ' Voltage stability index 0.1309 0.1337
Pg11 (MW) 10 12.189 10.5641
Pg1: (MW) 12 12 12.0000 Table 4. Comparison of methods for OPF with SVC
TCSG.4 (pu) 0.02 0.011093 0.0107 TSISA[12]] PSO [13] PSO
Total cost
($/h) 804.6497 | 802.6552| 799.7741 | p , (MW) 192.5895 | 176.1519 177.2816
Py (MW) 48.412 49.197 49.3207
Results from Table 1 show that the TCSC is added tp ]
the system. Fuel costs for best solution is reddo=a Pgs (MW) 19.5554 21.533 19.5083
799.9512 $/h in the absence of FACTS devices t0 P, (MW) 11.6559 24.031 24.0881
799.7741 $/h in the case with TCSC in line number Poas (MW) 10 10 10.0000

(line 3-4). As a result, the TCSC can lead to sasfngs
of 0.1771%/h or 0.022%. From the Table 2, we sS&OIP | P,;: (MW) 12 12 12.0000
can search for better solutions when compared WaH

SA [12], PSO in OPF problem with TCSC on IEEE30-SYG@i (MVAN) | 11196 | 6.4178 | 82199
bus system [13]. Total cost ($/h) 804.5763] 802.6454 799.8193

41
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Fig. 8. Convergence characteristic of OPF with SV@r the
IEEE 30-bus system

Table 5. Result of OPF with multi FACTS

No Multi
FACTs | T¢5C | SVC | pacTs
Po: (MW) | 177.9375| 176.5055] 177.2816178.8086
Po(MW) | 47.9981| 47.6408 49.320p 49.2240
Ps(MW) | 21.0627| 21.2075| 195088 21.7311
Pa(MW) | 23.2693| 24.0037] 24.0881 19.8779
Pa(MW) | 10.0000| 10.5641] 10.0000 10.6540
Pas(MW) | 12.0000| 12.0000] 12.0000 12.0000
Va(pu) | 1.1000| 1.1000] 1.100d  1.1000
Voo (PU) 10844 | 1.0829] 1.0863 1.0878
Vs (pU) 10517 | 1.0550| 1.0523 1.0604
Vs (pU) 1.0653 | 1.0662| 1.0568  1.0698
Vaa(pu) | 1.1000| 1.0839] 1.100d 1.1000
Vas(pu) | 11000 | 1.1000] 1.100d  1.1000
T.1(pu) 1.0000 | 1.0200| 1.0900, 0.970p
T.,(pu) 09100 | 09000/ 0.900d  1.0000
T.5(pu) 1.0300| 1.0100] 1.010d 1.0000
Ta(pU) 09500 | 0.9600] 09700  0.980D
2.5000
?l\;ll\‘}Ar) 9.4000 | 0.0000| 11.100
0.0000
?,\;IZ\‘;N) 0.0000 | 4.3000| 4.3000
sV
(M\%Alr) . - 8.2199 | 10.8107
TCSC (pu)| - 0.0107 - 0.0035
Ploss L
e 8.8676 | 8.7016| 87982 8.8956
g}ﬁ;' Cost | 799.9512| 799.7741| 799.8198799.6030
Total
voltage | 1.3510 | 1.2481| 1.2736| 1.2989
deiviation
Voltage
stabilty | 0.1309 | 0.1319| 0.1337 0.1344
index
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OPF with ogject gen cost with multiFACTS
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Fig. 9. Convergence characteristic of OPF with muit
FACTS for the IEEE 30-bus system.

Results from Table 3 show that the SVC was added to
the system. Fuel costs for best solution is reddo=a
799.9512 $/h in the absence of FACTS devices to
799.8193 $/h in the case of the SVC located at ride
As a result, the SVC can lead to cost savings @ 134
or 0.017%. From the Table 4, we see IPSO can search
for better solutions when compared with TS / SAQRS
OPF with SVC problem on IEEE30 bus system.

5.3 Optimal power flow with multi FACTS

In this case TCSC and SVC are considered in the OPF
problem. Table 5 shows the result of OPF with multi
FACTS. Obviously, the total cost acquired by theltmu
Facts are all lower than that obtained by othee cagh

as OPF with no Facts, OPF with TCSC and OPF with
SVC.

6. CONCLUSION

In this paper, the improved particle swarm optirtiaa
(IPSO) algorithm has been presented to solve thienap
power flow problem considering FACTS devices. Ia th
new improved method, the conventional IPSO algorith
is used with the variance coefficients to speedthe
convergence to the global solution in a fast manner
regardless of the shape of the cost function.

Calculation results show that the flexibility of ®5
IPSO in finding a global optimal solution that tother
traditional algorithms can hardly be achieved. The
algorithm can solve problems have complex objective
function, not differentiable, have multiple disaet
variables. Through comparison test shows IPSO
algorithm has an advantage over PSO and TS/SA, so
IPSO should be selected to solve the OPF probldim wi
FACTS devicesA further direction for this study will be
to apply other large-scale power systems with valve
point effects and FACTS devices
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L Application of Cuckoo Search Algorithm for
% Optimal P low i
Y % ptimal Power Flow in Power System
}%,% Le Anh Dung and Vo Ngoc Dieu
AJD

Abstract— The cuckoo search algorithm is applied in manyrddie fields such as computer, mechanic and power
system. Especially, the cuckoo search can solvegara results in optimization problems with manyiatsles and
constraints. A advance of cuckoo search algoritersdlving time which can solve the problems witbrtstime and
many iterations. This paper research and applyatgorithm for optimization power flow in power st operation.
The research also tests this algorithm by IEEE @8 $ystem and use Matlab software to launch ogtioiz program.
The results of progress show that the cuckoo sealgdrithm has many advantages more than formetigarswarm
optimization methods.

Keywords— Cuckoo search algorithm, particle swarm optimizaion, optimal power flow.

This paper introduces new method to solve OPF

1. INTRODUCTION problem which is CS algorithm. CSA can be method

s . bester than classical methods or PSO and PSO
Power flow optimization is important problem in pew improvement because CS method has quick
system operation. Especial, it become difficult and convergence, so CS method can save time and g go
complicated when power system has many power plants g itsFrom these advantages, so CSA can beedppli
many loads, transmission substations, transforrapr t arge scale power system witiw many constraints and
changers and more capacitors. The main target Ofqr requirements of power system operation.
c_)ptimal power flow pro_blem is power on fransmission ;g paper, Section 2 shows OPF formulas and
'”?es* capacity of capacitor bgnk_s, and tap chafee constraints equations in power system operatiocti@e
with minimum cost of generation in system. 3 build CSA andLévy flights distribution. Section 4

There are many methods to solve optimal problem,app“es CAS for OPF problem. Section 5 gives resot
classical methodsre Lagrange algorithm and Newton OPF problem with data IEEE 30 bus system which are
method, artificial intelligence methods such as GA solved by CSA. The results also compare to some
(Genetic  Algorithm), DE (Differential Evolution), previous methods the same OPF problem.

Particle swarm optimization (PSO) and PSO

improvement [1][2][3]. Artificial intelligence metids 2 PROBLEM FORMULATION

have some advantages more than classical methods, T

can solve optimal problem with quadratic functi@ml Target of OPF problem in powers system operation is
sum functions which are available in fuel functioh  voltage, current, power load, reactive power and
thermal generation in power system. From 2004, PSCcapacitor values of each bus in system with minimum
and PSO improvement methods such as PSO with Timegenerator cost[13][14][15][16]. In addition, OPF
Varying Acceleration Coefficients (PSO-TVAC), problem is very important because it should cateula
Pseudo Gradient PSO (PG-PSO), Pseudo Gradient PS@bout balance power between generators and load
Constriction Factor (PG-PSOCF) [4][5][6] were demands, quality of voltage, current and power twhic
researched for economic dispatch optimal operation supply to customers.

power system.

Cuckoo Search Algorithm (CAS) is new algorithm in
optimization field nearly years. Furthermore, CS The objective function of OPF problem is:
combine Levy flights were used in information N,
technology and other science technical fields fi2009 CE—
up today [7][8][9][10][11][12]. However, there arery MinF _;E(P') (1)
little CS application for optimal power flow (OPH)

Objective function

power system operation. Cost function of thermal generators is:
. NG
Min F =Y (a+QhR +¢E) 2)
i=1
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a+hR +cE+
Min F = (3)
i=1 ‘q Sm(f ( gi.min ~ Tgi )i
Constraint factors
Balance of power and reactive power
P,-R=VYV[Gcosg-g J+ Bsing-a )] (4
j=1
i=1...N,
N | G sin@ -0 )+
Vil Y (5)
Q+ Q= Q =V Y { B cosd -3 )}
i=1,....N.

Limit of power and reactive power each generata bu

I:)gi,min s Fz;i < Fg);i,max; i:]‘"""Ng (6)

Qgi,min = Qgi < Qgi,max; izl,....,Ng (7)

Vgi,mln _V \/Q| maxl i:]—!"--’Ng (8)
Transformer tap setting constraints

TkmmST <Tkmax' k:]-’""’N (9)
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- The best nests with high a quality of egg (better
solution) will be carried over to the next genearati

A host bird can discover an alien egg in its nagh w

a probability of pg[] [0, 1]. In this case, it can simply
either throw the egg away or abandon the nest and
find a new location to build a completely neweon

The Lévy flight distribution

In nature, animals can search for food in a random
quasi-random manner. Generally, the foraging p&tmo
animal is effectively a random walk since the nextve
is based on the curretdcation state and the transition
probability to the next location. The chosen diiatt
depends implicity on a probability which can be
mathematically modeled. Recent various studies have
shown that the flight behavior of many animals and
insects has demonstrated the typical characteyisifc
Lévy flights following step [18]:

Lévy~u=t",(1<A<3) (12)

4. CSA APPLICATION FOR OPF PROBLEM

Fitness function of OPF problem is:

Ng
Ffitness: F(X7 U)+ KPZ( Pgi_ F{JT)Z +

2 (13)

Ko (Qy - “)+&ZN.W%+&ZX$ S

Voltage and power flow constrains at load buses and

transmission line

V.

<
li,min =

\4 S\d,max; i_l"""N (10)

i=1,....

S < Somac N (11)

3. CUCKOO SEARCH ALGORITHM

Cuckoo search algorithm (CSA) is a new meta-
heuristic algorithm inspired from the nature foltveny
optimal problems. The basic idea of this algoritien
based on the obligate brood parasitic behavioroofies
cuckoo species in combination with the Lévy flight
behavior of some birds and fruit flies. In naturackoo
birds usually lay their eggs in nests of the othed

species (host nests). There are some cases which ca

happen. First, the birds of host nests know thes aexfg
cuckoo birds (alien eggs) and they can rejectravthout
their nests or they release their nests and beid mests.
Second, the birds of host nests do not know aigys
and it will become cuckoo birds. Following cuckoo
behavior, CSA described as three main steps [17]

- Each cuckoo lays one egg (a design solution) at a
time and dumps its egg in a randomly chosen nest

among the fixed number of available host nests;

46

Overall procedure of CSA for OPF problem following
as steps:

Step 1 Choose bird nestdl, parameters of CSAp,,
ITmaxs total generator®N includes cost function
parametersy, b;, ¢, g, f. Power of generators
Pgi correspond number of cuckoo eggs in mést

Step 2 Slack power P calculation and choose initial
output power of generators. Use Matpower 4.1
Toolbox to calculate:

— Value objective function FC.

- Reactive power of generatdiy.

- Bus voltage of generatohg, and voltage of
load busv,.

— Power on transmission lin&s

- Voltage output of tap chang¥k, capacity of
capacitor€Qc.

— Value of fitness functiofrF.;.

Step 3 Apply Lévy flights distribution to choose the
eggs of cuckoo corresponding with initial power
output of generators. Calculate FC, Q/,
Viead S, V1, Q.. From these results, calculate
new value of fitness function E&.

Step 4 Assess quality of initialized cuckoo eggs.
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— If FFhew> FFiy reject initialized eggs. The final results were compared with other methods
— If FFpew< FFyy coNtinue to run iterations and Such as DE, Weight Inertia-PSO (WIPSO), GA,
Sequential Quadratic Programmin®QP), Simulated
Annealing SA), Newton-based Optimal Power Flow
Step 5 Fromp,rejected eggs, calculate fitness function (NOFP), Extended Dommel-Tinny OPF (ED-OPF), and

reject number of eggs with, probability.

FFgis. Improved Evolutionary Programming (IEP) [20][21]]22
Step 6 Continue program to maximum iteratidfia,
compare and assess value Ff,.,, and FF, Max = 822.8384, Min = 799.9699

choose the eggs with the best quality
corresponding power output of generators with
minimum cost-F.

Step 7 Diagram characteristic ofFF with each
iteration.

Step 8 Show result of problenP;, FC, Piess Qq, Vg,
Vioads S, V1, Qc, iterations, programming time of
computer.

Operation cost ($/h)

5. NUMERICAL RESULTS

The CSA for OPF problem is tested on IEEE 30 bus
system. Target of problem is minimum operation cost
with the best parameters about voltage at genesatdr
load buses, power output of generators, power lossFig- 1. The convergence characteristiqs of CSA foost OPF
power on transmission lines, reactive power of problem with 20 running.

generators, capacity of capacitors, and voltageapf
changers. The data of IEEE 30 bus give on Table 1

Number of iterations = 100

Table 2. Voltage at Tap changer buses

Bus No. 4 6 10 28
Table 1. IEEE 30 bus system data V1(p.u) 1.07 0.98 1.10 1.02

IEEE 30 buses Total Bus No. Table 3. Capacity of capacitor banks
Generators 6 1,2,5,8,11, 13 Ell(J)S 10| 12 15 17 20
Transformers 4 6-9, 6-10, 4-12, 27-28 Q. 45.6 5920| 0771 0.0d 5.0
Capacitor banks 9 10, 12, 15, 17, 20, p1, Bus | 51| 23| 24| 29

23, 24, 29 No.

Q. 5(')0 500/ 0.66| 0.82
Tap changers 4 4,6, 10, 28
Branches 41 From 1 to 30
Standard deviation bar chart

Loads 24 3,4,6,7,9,10,12, 14 45 ‘ ‘

to 30 sl

35+

The program has been developed in Matlab software
and Power Toolbox 4.1 [19] to solve OPF problenmhwit
CSA. The parameters of the CSA are selected asfsil
the number of nestl, = 15, probability for an alien egg
to be discoveredp, = 0.25, maximum number of
iterationslt,.x = 100, penalty factor for fithess function
K = 1. For obtaining the optimal solution, the
algorithm is performed 20 independent runs.

The results of CSA for OPF problem show on figures 5t
and tables, appendixes. Table 2 shows voltage pf ta
changers, table 3 give results of capacitor batatde 4 %00 805 810 815 820 825
shows power, reactive power and voltage of genesato Operation cost (8/h)
table 5 compare efficient between CS and different
artificial inte”igence methods. Appendix 1 is \Egb Fig. 2. The St.atistic chart of CSA for cost of OPF mblem
results of load buses. Appendix 2 shows power fiow  after 20 running.
transmission lines.

30r

251

201

15+

Appearance frequency of results

10

a7
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Table 4. Power and voltage generator buses resultes a,bi,c Cost coefficients for quadratic cost
: function of generatoi.
Power Voltage Reactive e, f Cost coefficients of generator
. generator power : )
Bus No. | generation b . reflecting valve-point effects.
uses generation . . .
Pgi (MW) Bii, Boi, Boo B-matrix coefficients for transmission
(p.u) Qqi (MVAT) :
power loss.
1 174,4256 1.10 -7.27 Ng Number of generators.
Pyi Power output of generatar
2 47,8077 1.08 6.33 Pgimin Pgimax ~ Minimum and maximum power
5 19.5673 105 20.99 outputs of generatay respectively.
' ' ' Qi Reactive power output of generator
8 23.9503 1.06 18.12 Qgimin Qgimax ~ Minimum and maximum reactive
power outputs of generator
11 10,0000 1.07 2201 P, Total transmission loss.
Vi Voltage of generatar
13 16,4716 1.10 4457 Vi Voltage of line numberr.
S Power on transmission line
Tk Tap changer level position.
Table 5. Compareation of the best results between theds FFint Initial value of fitness function. )
i FFew Value of fitness function applied Lévy
Method | Min. cost| Standard | Time flights distribution. _
($/n) | deviation max | funning FFyis Value of fitness function calculated
(s) from reject eggs withprobability.
DE [20] 801,23 - 100 30,945
SO | 7991665 i 200 15,4 REFERENCES .
[21] [1] Kennedy, J. and Eberhart, R. 1995. Particle swarm
GA[21] 801,24 - - - optimization. InProc. IEEE Conf. Neural Networks
(ICNN'95), Perth, Australia, 1995, vol. IV, p. 1942
SQP [21] 802,23 - 200 20 1948.
SA [22] 803,97 2.6317 150 28,29 [2] Mahor, A., Prasad, V. and Rangnekar, S. 2009.
NOFP (22 805.45 Economic dispatch using particle swarm
[22] ' - - - optimization: A reviewRenewable and Sustainable
EDOPF [22]| 813,74 - - - Energy Reviewssol. 13, no. 8, pp. 2134-2141.
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APPENDIX
Table Al. Load buses voltage result

D

D

A A S =

Bus Vmax Vmin \%
3 | 1.06| 0.94 1.07
4 | 1.06] 0.94 1.07
6 | 1.06| 0.94 1.06
7 | 1.06| 0.94 1.0
9 | 1.06| 0.94 1.0
10 | 1.06] 0.94 1.04
12 | 1.06] 0.94 1.0%
14 | 1.06] 0.94 1.04
15 | 1.06] 0.94 1.04
16 | 1.06] 0.94 1.0%
17 | 1.06] 0.94 1.0}
18 | 1.06] 0.94 1.0%
19 | 1.06] 0.94 1.04
20 | 1.06] 0.94 1.04
21 | 1.06] 0.94 1.02
22 | 1.06] 0.94 1.0(
23 | 1.06] 0.94 1.02
24 | 1.06] 0.94 1.04
25 | 1.06] 0.94 1.0(
26 | 1.06] 0.94 0.99
27 | 1.06] 0.94 1.04
28 | 1.06] 0.94 1.04
29 | 1.06] 0.94 1.02
30 | 1.06] 0.94 1.0¢

Table A2. Transmision lines power result

Bus From| To Shax S
bus bus (MVA)

1 1 2 130 114.67
2 1 3 130 63.61
3 2 4 65 34.79
4 3 4 130 59.85
5 2 5 130 62.56
6 2 6 65 46.28
7 4 6 90 55.58
8 5 7 70 11.29
9 6 7 130 33.62
10 6 8 32 20.27
11 6 9 65 25.91
12 6 10 32 16.90
13 9 11 65 26.45
14 9 10 65 31.85
15 4 12 65 41.62
16 12 13 65 46.15
17 12 14 32 7.73
18 12 15 32 17.71
19 12 16 16 7.41
20 14 15 16 1.31
21 16 17 16 3.39
22 15 18 16 5.57
23 18 19 16 2.28
24 19 20 16 8.08
25 10 20 32 9.56
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26 10 17 32 7.37
27 10 21 32 17.17
28 10 22 32 8.27
29 21 22 32 1.51
30 15 23 16 4.78
31 22 24 16 6.71
32 23 24 16 4.27
33 24 25 16 0.99
34 25 26 16 4.26
35 25 27 16 5.04
36 28 27 65 18.79
37 27 29 16 6.28
38 27 30 16 7.23
39 29 30 26 3.80
40 8 28 32 3.30
41 6 28 32 17.23
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Renewable Energy for Rural Electrification in Thailand: A
Case Study of Solar PV Rooftop Project
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Abstract— Rural electrification (RE) is still remained to lze challenge for Thailand due to its sparse elediric
demand in the remote areas. Expansion of the @dgttransmission and distribution service to swuaiea is difficult

and uneconomic. The use of renewable energy temfiesi not only offers an environmental friendly aednomically

viable for RE, but also aligns with the Nationalefgla to promote the use of renewable as alternativeggy resources
to reduce the dependency of imported fuel and assrduel diversification. The Thai government igeésing 25% of

the energy generation from renewable energy ressuoy the year 2021. The government has establiahdd
implemented several projects to promote the userefwable energy, especially solar PV systems. gdper proposes
an analysis of the problems encountered duringpifogyress of this RE program, with the use of dditaimed from

Provincial Electricity Authority (PEA). The analgstakes into account of the uncertainty of PV geti@n and

investment conditions. Under economic analysisjahelized cost of electricity (LCOE) method iscuiteevaluate the
designed system with a comprehensive way to fiedL@OE optimized of RE in Thailand. The resultsvjate a

positive support to government investment in syhsidgram for the implementation of solar PV systenRE.

Keywords— Rural Electrification, Renewable Energy, PV, LCOE.

energy conservation, consequently the governmerg ha
policy for subsidy the energy source from renewable
energy. The NESD planning has the preparation to
support the renewable energy in a sustainable way t
reduce pollution and the energy imports.

Electricity supply development is considered toale

1. INTRODUCTION

The Eleventh National Economic and Social
Development Plan (NESDP: 2012-2016) of Thailand [1]
has main objectives to reduce poverty and tackle
inequality. Its timeline is shown in Fig.1. The

infrastructure is solution for the development basef
solving the problem of structural injustice. The SIBP

targeted establish to reduce the income gap of thd

population and reduce inequality in access to thsich
social services and the economic opportunitiesaldd
aims to provide sufficient infrastructure as wek a
electrical system to cover the populated areashef t
country. In particular, rural electrification issarvice to
raise the quality of life, income distribution and
economic diversification in disperse areas.

2012-2016
Planll

1992 - 1996
Plan7

—

1997 - 2001
Plan &

2002 - 2006
Plan9

1962 - 1966 1972 -1976
Planl Plan3

1982 1986
Plans

1967 - 1971 1977 - 1981
Plan2 Pland

1962 L
1987 - 1991
Plan 6

Fig.1. Timeline of NESDP

in economic investment in the remote areas or the
scattered demand areas for the utility supply itrikss

n the past, RE have utilized diesel generatorsugply
electricity the consumption of diesel oil as fuedsh
resulted in expensive generation cost, which broubke

per unit generation cost of electricity in remoteas.
Therefore, renewable energy such as solar powed wi
power and hydro-power provides solution for RE eyst

in Thailand.

Incessantly, the renewable energy is supportedhay T
government accord the Power Development Plan 2010-
2030 Rev.3: PDP2010 [2] and Renewable Energy
Development Plan: REDP2008-2022[3]. REDP have
targeting development of renew energy for about%d2
in 10 years, the new Renewable and Alternative @gner
Development Plan: AEDP 2012-2021[4] is aiming for a
incremental of 25 % in 15 years. The power genamati
from renewable energy technologies is promotedhiay t
“Adder” and “Feed-in Tariff (FIT)” measures. Pretgn
the Solar PV Rooftop is emphatic for the power

The Fifth NESDP in 1982-1986, emphasized the generation from the solar PV with total capacity
development of the efficiency power supply and the pyrchase is 200 MW. The government subsidy for the
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project is the FIT for the medium-large and factory
businesses, the small businesses and householtein t
rate are 6.96 Baht/kWh, 6.55 Baht/kWh and 6.16
Baht/kWh respectively for 25 years [5]. The popigat
near the grid benefits both from the subsidy aratesy
stability while the rural area population does ribhe
promotion government has created social inequualitly
regard to the accessibility to electricity and Hagadrom
renewable energy subsidized program; hence,
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opportunities in the management of solar PV sydmm
RE should be provided for rural population.

was established in 1954. PEO is the responsibitity
generate and distribute electricity to all area$hailand

The appropriate time for investments of solar PV is except the Bangkok metropolitan areas, it was ream

presented by LCOE method,
scenario for PV sizes, sun hour and discount rEbe.
analysis incorporates various parameters correspgnd
to economic investment and the society solutionRa:
The paper is structured as follows. Section 2 msse
conceptual background about the rural electriforati

considering different PEA in 1960. The Metropolitan Electricity Authority

(MEA) was responsible for distribution in the Baongk
Metropolitan Area. In 1969 the Electricity Genengti
Authority of Thailand (EGAT) was established, EGAT
consolidate different organizations that generating
electricity to meet the growing electricity demamdth

renewable energy and solar PV project in Thailand.mandate for generation and transmission system.TEGA
Section 3 defines the analytical model of LCOE of a PEA and MEA are state enterprises with respons#sli

technology as the sum of generation costs andriieg
costs per generation unit of that technology. $ectd

were limited to the distribution of electricity itheir
respective jurisdictions. In 1992, Independent powe

expands the solution method, followed by resultd an producers (IPPs) were allowed to generate elettrieill
discussion in section 5. Section 6 summarizes ando EGAT. EGAT continues to be the sole agency

concludes.

2. BACKGROUND
2.1 Rural Electrification in Thailand

Electrification vated vary significantly across otties
in the Asia and the Pacific (Table 1) . Typical§outh
and Southeast Asian countries are characterizaudby

responsible for transmission.

PEA initiate the rural electrification program 977
based on the 25-year “National Plan for Accelerated
Rural Electrification"[7]. The long-term plan was
divided into 5- year plans to relate the 5-yeariamat
economic and social development plans (NESDP) ef th
country. Each plan set specific targets for insirez
electricity access in rural areas[8]. Office of &ur

and high density populations with about 59.2% andElectrification (ORE) was established by PEA for

37.8%, respectively, of their total populations et
having access to electricity [6].

Table 1 Electrification access rate in Asia and the &ific

Region

South Asia Southeast Asia East Asia Pacific
Country % Country % Country %
Sri Lanka 62 Singapore 100 Marshallsland 100
Pakistan 52.9 Thailand 98.5 China 98.6
India 43 Malaysia  96.9 Tonga 85
Bangladesh 32.5 Philippines 87.4 Fij 80
Nepal 15.4 Vietnam 75.8 Palau 60

Indonesia  53.4 Papua New Guinea 46
Cambodia 15.8 Micronesia 45
Myanmar 5 Kiribath 40
Laos NA Vanuatu 26
Timor-Leste 22
Solomon Islands 15

Low power energy consumption of the household Thai “’[‘gﬁr—) L

villages in rural area, especially the electric rgge

planning and implementing the RE programmer. In
Thailand, rural electrification efforts during tH®60s
were through use of decentralized diesel-generating
plants. The growth of electrification was relatiwdbw
during this period and only 7% of the rural houddto
had access to electricity in early 1970s. In 19/ §gear
after initiation of the RE program, only 19% of ttutal
households had access to electricity. By 1984 this
percentage had increased to around 43% and by th986
86% and by 1990 electrification level was more than
91%. Fig.2 shows the electrification level in Thaitl.

By the year 2000 percentage of household havingsscc
to electricity in rural and urban areas differedeéyery
small percentage show in Fig. 2.

1960 1971 1981 1991 1996 2001 2010
729 3971 (5%) 22,525 (44%) 58334 (95%) 64228 (98%) 69,158 (99%) 73,195 (99.98%)

\ =, = b, . \\ \
A

=

A R

.

v w013
1998 - 2013
Rural Household Electrification Stage

1960 - 1975
Initial Stage

1976 - 1996
Accelerated Rural Electrification Program Stage

consumption. Most people in rural are poor and the

cooking consume the wood gathered from
surroundings for charcoal production, the keroseiuk
lamps and candles are used for lighting at niglhieyT
need electricity for just in case very basic esaénteds
such as use TV and radio and using electricityjust a
few hours at night. Usually, the households hawe 8
people with 5 to 10 houses of small villages andt&0

the

Fig.2. Electrification Level in Thailand

Initial Stage: During 1964-1975, PEA implemented 3
RE Projects by the supply from small diesel powan{s
to about 10,000 villages and able to achieve 20E6 R
Accelerated Rural Electrification Program Stageribyl
1976-1996, the implementation was through a comgect

100 houses of large village in Thai villages rural. to grid system after PEA implemented the acceldrate

Moreover, many villages are difficult to the traaiter

RE Program, the number of Electrification Village

the distance about 5 km to 40 km, especially in increase as follow: 1981: 22,525 Villages (44%)386:9

mountainous regions or the island.

The rural electrification (RE) program in Thailawas
implemented through Provincial Electricity Authgrit
(PEA), which is responsible for electricity disutipn in
provinces as Provincial Electricity OrganizationE(®)

52

41,374 Villages (75%), 1991: 58,334 Villages (95%),
1996: 64,228 Villages (98%).

According to PEA Report in 2012, within 74 provisce
under its responsible areas in Thailand, thereaaieal
of 73,363 villages those had access to electrigityich
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is equivalent to 99.98% of the total number ofagks ir
country. These covered 99.10% he total households
in the country, which is equal to 16,212,750 hoosds
who had access to electricity. However the numide
population is growing every year.

2.2 Renewable energy of rural electrification in

Thailand

The results study [9Makes a modest attempt, basec
extensive literature review, to highlight the rL
electrification situation at the regial and country level
in South Asia. The significant achievement shoves &l
the government policy is based on an a priori jueigr
that renewable energy should be reserved for malr
areas where grid extension is a challenge an
governments are natttempting distributed generation
enhance access utilizing the locally available ueses in
grid connected areaBurthermore, based on sustaine
development with emphasis on environme
consideration, the feasibility of electrificatiory lusing
different types of renewable eny such as solar,

biomass, hydro, wind and tiddhave been studied.

Renewable energy is the most promising option
feasible angustainable decentralized rural electrificat
generation systems, particularly in rural areash:
massive renewable energy resour(6, 10]. Despite
reliability of grid connection, results indicate atl
renewable energy sources are the best choice alipt
in areasfar from grid connections. Challenges betw
financial institutes and executive agencies resaol
resource management and technology developme
order to overcome existing barriers and is[11].

Thai government’'s goal of 25 % renewable ene
production by 202lis an attempt 1 reduce national
dependence on natemestic energy sources as well
reduction of the environmental burdens associatid
domestic energy production[3[The renewable ener
subsidy is very important, Feed in tariffs of USAd:
Europe are studietb be applies i Thailand[12]. After,
NESDP established, PEA's tlmrogramme on desig
implementation and evaluation for pilot hyb
renewable energy systems for electrification of ot
villages. The methodologies used in systems de
descriptions an@perations of the syste was presented
in [13]. The technology roadmap of the renewa
energy industry wasproposed to emphasize t
importance[14])n addition, the economic analysis, 1
capital cost, net present cost, cost of energy @@,
emissions wereletermined for different types of systt
configuration [15, 16]. Severamodes of renewable
energy resources wagroposed by considering da
operation profile[17] and the impact of renewak
energy. These modelssed as a guideline for strate
planning and long-term pparatiol [18] . The study on
the security of primary energy supply for electyic
generation in thaext 20 years is providing of Natior
Power Developmentl&n of Thailand (PDP 201[19].

2.3 PV Projectsin Thailand

The global PV supply chain has rebounded strongim’
the overcapacityaduced lows of 2011 to 2013, wi
robust demand growth from markets such as CI

Japan and th&J).S. coming into contact with a fitte
leaner supply chainTightest PV market supf is
expected in 2014in nearly half a decade, supj
constraints and rising input costs are expecteddolt in
meaningful increases in pricing across the PV v
chain [20].

€/Wp

\\\\\\\\\\\\\\\\

Fig.4 Global PV Pricing Outlook: Q3 201
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Fig.5 Industry Average Polysilicon Price

The Energyproviding that Policy and Planning Office
(EPPO) had the survey data, laverage prices of solar
panels PVX forall the teclnologies have declined from
1.14 USDW in December 2011 to 0.84 UW in
October 2012 (or 26 percent). While the cosSolar PV
Balance of System (BO€Sago, still does not change
those results. Thus thetal costs of the project to
produce electricity from solar enerreduce from 70.4
million baht per MW. According to the Energy Resde
Institute proposedhe reductiorcost of 60 million baht
per MW (or about 15 percenin 2013 the system costs
continued to decline byanother 7-8 percent, which
would make the total cost of system is approxinyab&l
million baht per MW.

Solar PV technologiesserve as a potential
supplemental electricity source in Thaili to sell
electricity to the grid. Sing-crystalline panels have a
higher efficiencycompared t amorphous silicon and
thin-film solar panels, which hava lower cost. The
study attempts to reconcile the environmental
economic differences between sir-crystalline and
thin-film  photovoltaic  technolgies to  assist
policymakers in the formulation of GHG mitigati
strategies [5] . Furtlienore, Solar PV systems will be the
first priority for renewable energy technology u.
Some household®iany use addition agricultural diesel
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for generating electricity in case of energy supipbm
battery or Solar PV system does not meet energyaddm
according to the survey results in the rural vidag21].

3 BASIS OF THE ANALYTICAL MODEL

3.1 The Levelized Cost of Energy formula for solar
electricity costs

Levelized Cost of Energy (LCOE) are a common metric
for comparing power generating technologies. Theas
criticism  particularly towards evaluating variable
renewables lie wind and solar PV power based onECO
because it ignored variability and integration sd&2].
LCOE can be taken of as the price at which energgtm
be sold to break even over the lifetime of the tedbgy.

It yields a net present value in terms of, bath per
kilowatt-hour. This is an assessment of the ecooomi
lifetime energy cost and lifetime energy production
(Eq.1) and it is applicant for any energy techngloig
order to compute the financial costs, the equatiamsbe
embellished to take into account not only systests;o
but also other factors such as financing, insurance
maintenance, and different types of depreciation
schedules.

The model calculates the cost of solar electricity
during the whole lifetime of the systems, whilshet
models estimate that cost annually[23]. The lifeley
technique was applied to estimate the LCOE, the
expenses and sales revenues those occur in fumoee t
discounted to present time value of money by using
discounted cash flow (DCF) techniques, i.e.,
calculating the present value of the cash flowsrigans
of a discount rate, r. In this context, the LCOE is

Costsp
(1+r)n

LCOE = BNoo((rom)/ Shoo it (4)
Note that (Eq.4) is an arithmetic result of reagiag
(Eq.3) for energy discount. Hence, according to.4kEq
the LCOE equals to the sum of all the discountestsco

incurred during the lifetime of the project dividbyg the
units of discounted energy produced. It should b&ch
that the summation calculation starts from® to include
the initial cost of the project at the beginningtloé first
year, which should not be discounted. Therefore, th
initial cost can be included outside the summaton
the summation is started from=1 both in the numerator
and in the denominator, i.e.,

Annual Costsy

LCOE = (Initial Costs + ¥N_.( T )/

N _En
n=0(141)n

()

Finally, the net costs will include cash outflovikel
the initial investment (via equity or debt finang)jn
interest payments if debt financed, operation and
maintenance costs (note: there are no fuel costsolar
PV) and cash inflow such as government incentives a
shown in (Eq.6). As such, the net cost term can be
modified for financing, taxation and incentives as
extension of the initial definition. If LCOE is ubedo
compare to grid prices, it must include all costguired
(including transmission and connection fees if
applicable) and must be dynamic with future prgect

y acknowledged in the sensitivity analysis. In thaper,

no incentives will be considered [24, 25] .

determined when the present value of the sum of the

discounted revenues is equivalent to the discouwdbd:
of the sum of the costs during the economic lifetiai
the system, N years, i.e. ,

Revenuesy
(1+r)n

Costsp
(1+r)n

N
n=0

= Zﬁ:o

1)

Thus, the Net Present Value (summation of the ptese
values PV of the cash flows), NPV, of the projactéro,
ie.,

NPV =3N_ PV =0 )

Therefore the LCOE is the averge electricity price
needed for Net Present Value (NPV) of zero when
performing a discounted cash flow (DCF) analysts, s
that an investor would break even and so recenatuan
proportional to the discount rate of the investmdiite
sum of the present values of LCQHBultiplied by the
energy generated annually, §hould be equal to the sum
of the present values of the costs of the projext,

(LCOER)x(En)
@+r)n

N  Costsp
n=0 (1410

Zn=o =X ®)

Assuming a constant annual value for the LCOE, we
can write:

54

N ICn+FOMn+VOMp
n=0 1+

ZN En
n=0(1+r)"

N ICp+FOMyu+VOMy
n=0 a+n)™
ZN Sn(1-n
n=0 (1+r)n

LCOE =

(6)

where,r = discount rate (%) = degradation rate (%

= gpecified period (yeaBOM, = fixed O&M cost per
year (Baht)yOM,=variable O&M cost per year (Bah);

= energy output per year (kWh).

4. SOLUTION METHOD

The energy consumption data of the rural eleciftn
disposition is analyzed by the simulation from EeA.
This paper assigned the average energy unit betdeen
112 kwh/month and the PV sizes have 300 w- 750 w of
the household. Various prescribediata is the
corresponding of the rural electrification in ruraea.
The sun hour of the PV generation per day is 5/dayr
which is mean value hour in Thailantihere scenarios
high, base and low PV investment cost were simdlate
using global price as parameter as shown in Fighe
simulated PV costs show in the Fig.6. The PV costs
which the package price is 100 Baht/Watt are show i
Fig. 7 included cost of installation and batteryt bu
exclude inverter.
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Fig.8 (a) All Case: PV Generation is 5 Hr/Day (b) @se High: PV Generation is 5 Hr/Day(c) Case BaseMPGeneration is 5
Hr/Day(d) Case Low: PV Generation is 5 Hr/Day

The parameters simulated for LCOE analysis cortsiste 5. RESULTS AND DISCUSSION
1% for the operation and maintenance cost and th
inverter and other replacement with expect to thitali
cost with the investment carried out every 5 year.

rhe analysis of the PV project (10 years) has the
condition that the pv can generate average powes of
hr/day of year (mean in Thailand). An Analysis bét
project is carried out for 10 years, primarily dte

55



W. Krueasuk et al. / GMSARN International Journ2015) 51 - 58

speculation that the project may have problemstharo two by a conclusion as (a), (c) and (e) shows ésalts
side during this period. The results were shown inof the LCOE of the PV generation per day, a différe
Table.2 with the LCOE does not obviously changé,itou part (b), (d) and (f) the effect of the conditiotts the
will result in most of the investments and the lifiethe investment results of to changes discount rate.

project show in the Fig.8.

75 T T
Table 2. LCOE (5 Hr/Day,Project 10 year) ?_:ngﬁﬂzgwm i
s
BE5F - : 1
00U S 123 . soes A T R i oS e
350W 7.074 6.9483 6.2486 = i
400W 7.0379 6.9123 6.8126 B
450W 7.0089%9 6.8843 6.T7846 1
S00W 6.9875 6.8619 6.T622 i
550W 6.9692 6.8436 6.T7439 : : :
a00wW 6.953%9 6.8283 6.7286 0 oAb ........... ............ ........................ ............ _
650W 6.941 6.8153 6.7156 : : :
700W 6.9299 6.8043 6.7046 o s mm % x| mE D
T50W 6.9203 6.7947 6.6395 RS

Fig.10 CaseBase: 500w,4.6hr/Day.
However, the results showed that the factors change

LCOE is directly related to the age of the equiptram re ElechiotyBanthAhy) :
the life project i.e., the longer life, the lowe€OE value 71| ——LcoEQS Yaars) i
(as shown in Fig.9, Fig.10 and Fig.11, for three L reUELD yeary)
. A . . . —=— LCOE(25 Years)
scenarios, respectively. While investment equarirgls BSr S R P R R 1
will be valid for the same but the rates of chang¢he
LCOE not be observed between the life project of2b i |
years compared 20-25 years, the result that it man §_55 i
compared to the increase in base tariff of 3.5 Badwh £ ; 5 : :
Wlth an annua' increase Of 3%, Wlth a reductiorthﬁ o SR 5 S ........ ............ i
LCOE each year by 0.5%, then we know of suitabte fo ’ g . g
investment =T : inac = 1
4 b ; : <
75 . : ! s ‘ i . : .
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Fig.11 Casd.ow: 500w,4.6hr/Day

_ .............. i .............. ............. .............. The result Of the Change in the average hOUI’S Of
: ; : : i electricity per day (considering 3.6 hr / day tary day)

that the LCOE changes from 5 Baht/kWh to less th&n
Baht/kWh and the change of interest rate (the 0t6%
4%) that the LCOE are the range of 5.7 Baht/kWiess
i than 4.6 Baht/kWh overall than in the past, which
consider to be the LCOE are much reduced.

The results of the calculations were presented.ednd
a5 ; : : : : the economic outlook for investment, the authors
2010 2015 2020 2025 2030 2035 2040 incorporate the consideration of the current céstodar

Bahtikih

Years e
cells and the proper average level for rural conmitram
Fig.9. Case High: 500w, 4.6hr/Day. in remote areas. For 25 years investment under the

fastest price variation (Case High), the reductib@0%

per annum for PV system investment of 100 Baht/watt
and 0.5% increase of base tariff of 3 Baht/kWh ddug
found. The appropriate year for the investment site
PV household as 500 watt and the PV generate peisda
4.6 hour/day as shown in Fig.10.The appropriate fera
investment in the year 2024 that the base tariff an
LCOE as 4.84 and 4.80, respectively. It is alseddhat

for early investment than 2024, it will create over

The analysis to be consistent with the investment
currently analyzed to evaluate LCOE in the projg@t
years, considering the case different conditiorstifyu
the cost of the system has decreased dramaticadge(
High), normal price (Case Base) and decreased wlowl
(Case Low) same as the average cost in the regisn h
decreased by more than 10% of the price in theeByst
Conclusions are presented in Fig.12, which is @idith
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opposite investment but if the investments was made
slowly to the investment opportunities too.
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Fig. 12. (a) Case High: LCOE of PV Generation change
(b) Case High: LCOE of Discount Rate changes; (c) Ga
Base: LCOE of PV Generation changes (d) Case Base:
LCOE of Discount Rate changes; (e) Case Base: LCOE of
PV Generation changes; (f) Case Base: LCOE of Discoun
Rate changes.
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Fig. 13. Case High: LCOE of PV Generation (2

years\500w\4.6Hr).

6. CONCLUSION

In Thailand, the government will make an investment
currently invest for RE from PV panels. Both the
economy and society needs to be considered. For the
economics, dimension real cost of PV systems and if
analysis base on reasonable time period thererida
out will not be over-investment and investment
opportunities. However, a complete infrastructurahe
community to contribute to the economic developnient
remote communities, causes substantial growth @& th
overall development of the country and most impulya

the conflict in society will be less.
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Presently, Thailand has encouraged households with  hybrid energy systems for remote islands in

electricity generation from the PV panels as thkarso Thailand. INTENCON '02. Proceedings and 2002
rooftop project, The government will purchase oe th IEEE Region 10 Conference on Computers,
feed-in-tariff price and the life have 25 yearsn,dae Communications, Control and Power Engineering

connected to the grid system of MEA and PEA. At the vol.3, p. 1966-1969.
same time communities in remote rural areas of the[l6]Tanatvanit, S., Limmeechokchai, B., and
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g e, Frequency Response for Next Decade Solar Pow
\id . .
Y % Development Plan inThailand Part 1: Frequency Respons:
3 2y N Model of Thailand Power Syster
}‘}n% C. Sansilah, P. Bhasaputra and W. Pattarapr
'J-‘D

Abstract— This paper proposes the appropriate frequency response model to analyze the frequency deviation of
Thailand power system due to various sizes and location of solar power. Large installed capacity of uncertain solar
power will affect power system stability in term of voltage stability and frequency deviation. Existing three types of
power plants in Thailand with different automatic frequency control parameters are collected to develop real-time
automatic individual power plant parameters tuning (RIPT) frequency response model that can represent frequency
response of the whole Thailand power system in dynamic operating conditions. In addition, the RIPT frequency
response model is simulated system responses at peaked load operating condition with instantaneous and ramp change
in solar power generations. The simulation results show that frequency deviation of each case compare to standard
control. Finally, the RIPT frequency response model can be applied to analyze effect of real power and load deviation
to power system fregquency response for protective planning.

Keywords— Load frequency control, power system of Thailand, reewable power, solar power plar.

1. INTRODUCTION

Thailand’s electricity demand grows about 4.0 per
per year and the estimated demand will become dc
within the next two decadd§,2] while the main energ
source (as shown in Figufdg, natural ge in the gulf of
Thailand,is running out of reserves[3]. One depende
source is leading countenergy security problem hen
use of renewable enerdggstead o conventional fossil
fuel is the most promising solution. However, utaier
energy generation of renewalvksource epecially solar
power significantly affecto power system reliability i
term of voltage stability and frequency respol
Frequency deviation is unwanted for consuidue that
most of AC motors run at speed that are diy related
to frequency as well iorocontrollers are dependent

frequency for their timely operation. Normally,

Thailand’s power system frequency is controlledb@
Hz as the result of controlling all synchronous eyators
which areperformed by the automatic generation cor
(AGC) system. Nevertheless, instantaneous imbalan
load and generated powduring AGC adjustment to
deviate the frequency. According to normal loadfif@
of Thailand, the rapid increasing demand occur.
around 13.00, 15.00 and 20.00 which AGCs rese to
nominal frequency with a short period of oscillgt
under frequency not less than 300 MW per 0.1
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however at least one time a day the rapid decrg:
demand causes the oscillating over frequency.

frequency response of the power system at ecific
time of instantaneous changing demand des on a
combination ofime constants and AGC'’s parameters
running individual power plar which are difficultly
investigated the actual values and time deper

Natural Gas
Lignite
Hydropower

Fuel oil

Diesel
® Renewable

Purchase

Fig.1. Electrical power generation esources in Thailand
(EGAT, 2014)

The generalizedload frequency response control
(LFC) modelsare proposed | Kunpur P. [4] and Saadat
H. [5] then the modified LFC model for specific pov
plant types is studied in [6] and renewable en
integration isstudied in [6, 7]. Moreover, system ineri
frequency response estimations are suggested ir
Many recent related researches in frequency respog
proposed and studied rdugh test system [7, 9] or
studying influence of solar and wind power inteion
on frequency dynamic for individual arearough
various cases with loss of large plant [10]. All
researchers proposed improved LFC model as we
control scheme for system reliability improvem
However, studies ofrea-world power systems are
complicated because the system contains va
different types of power plants therefore the appede
frequency response model is necessary to simuthet
effect ofunexpected instantaneous deviation of loa
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renewable generated power in the system which carTransmission Systems

support system operator to make prevention plander
to maintain power system reliability and security.

The main purpose of this study is to investigatpaot
of large solar power integration on Thailand’s powe
system through considering of frequency responkés T
paper is a first part to introduce the RIPT frequen
response model formulation and another relatednseco
part to illustrate simulation result of a PDP 20ddke
study. This paper consists of eight sections. 8ectli
introduces the research of model LFC. Section fis
explain Thailand’s power system then basics of powe
system stability and frequency control are desdrilve
section 3 and section 4. Developing frequency nespo
model of Thailand’s power system is explained in
section 5 then various case studies of load andr sol

generated power deviation for model examination are

described in section 6. Result and discussion ef th
simulation are presented in section 7. Finallytisad is
conclusions of this study.

2. THAILAND POWER SYSTEM

Three state enterprise organizations are conducting

electrical business in Thailand, the Electricityn@eating
Authority of Thailand (EGAT) generates and transmit
the bulk electricity directly to two distribution
authorities, the Metropolitan Electricity Authority
(MEA) and the Provincial Electricity Authority (PBA

Power Generation System

In 2014, EGAT’'s power plants has a total installed
generating capacity of 15,474.13 MW accounting for
44.28 percent of the country’s gross energy geiograt
while the purchased power capacity included 13/&11.

MW from domestic independent power producers (IPPs)

representing 38.75 percent of the country’s total
generating capacity 3,524.60 MW or 10.08 perceornfr
small power producers (SPPs) and 2,404.60 MW @& 6.8
percent imported from neighboring countries. Prapor

of EGAT'’s power plants classified by types are #40.4
percent of thermal power plant,
combined cycle power plant, 9.83 percent of hydvegro
power plant and 0.02 percent of diesel and otheveep
plant as shown in Figure 2.

10.44%

Thermal

Combined cycle

/

Hydropower

Diesel

Renewable

Purchase

D.D]%JD.DI%

Fig.2. Proportion of EGAT’s power plants classify bytypes
(EGAT, 2014)

60

23.99 percent of

In 2014, Thailand’s transmission system consist& 1
substations, 88,036 MVA of transformer capacity and
32,509 circuit-kilometers of transmission line with
various voltage levels ranged from 115 kV, 230 lkd a
500 kV. The generation and transmission system of
Thailand are owned and operated by EGAT via The
national control center and five regional contrehters.
Main power plans and 230/500 kV transmission lifie o
Thailand are showed in Figure 3.
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Fig. 3. Main power plans and 230/500 kV transmissioline
of Thailand.

Electricity Demand of Thailand

In 2014, the peak demand topped 26,942.10 MW on
April 23, 2014 at 14.26 marking an increase of 983.
MW or 1.29 percent from the previous year. In 20h8,

net energy totaled 173,535.45 million kWh, 72,143.9
million kWh or 41.56 percent of the country’s energ
demand was generated by EGAT's power plants, and
101,421.51 million kwWh or 58.44 percent were
purchased from the private power producers and from
neighboring countries.

3. POWER SYSTEM STABILITY

Power system stability is the ability of the powgstem

to maintain the state of operating equilibrium unde
normal operating conditions and to regain an aatset
state of equilibrium after being subjected to disaunce
[3]. The parameters to indicate system stabilitg ar
system frequency and system voltage. Stability is
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generally divided into two major categories, steathte AP, = AP, - DAw (2)
stability and transient state stability. Steadyestability
is the ability of power system to regain synchrongfter oo AP, is resistive load chang®A is reactive load
small and slow disturbances. Transient state gtabil

studies deal with effect of large and sudden distmce ~ change andD is load-damping constant which is
such as a fault, sudden outage of a line or sudderffXPressed as a percent change in load for onemerce
application or removal of load [4]. This paper foesson  change in frequency.
the frequency response of Thailand’s power systeen d Turbine Model
to large disturbance of solar power generation. . .

The model for nonreheat steam turbine relates @ang
4. POWER SYSTEM FREQUENCY CONTROL mechanical power outpupp ) to change 