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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
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Thyrister-switched Bank of thres indﬁ-'_dually—
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)
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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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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
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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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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

REFERENCES

[1] Kennedy, J. and Eberhart, R. C. 1995. Particle
swarm optimization. In Proceedings of IEEE



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

(2]

(3]

(4]

(5]

(6]

[7]

(8]

9]

International Conference on Neural Networks
(ICNN'95), vol. IV, pp. 1942-1948, Perth, Australia.
Jigar S. Sarda, Vibha N. Parmar, Dhaval G. Patel,
“Lalit K.PatelGenetic Algorithm Approach for
Optimal location of FACTS devices to improve
system loadability and minimization of losses,”
International Journal of Advanced Research in
Electrical, Electronics and Instrumentation
Engineering Vol. 1, Issue 3, September 2012.
Mahdiyeh  Eslami, Hussain Shareef, Azah
Mohamed, and Mohammad Khajehzadeha 2012.
Survey on Flexible AC Transmission Systems
(FACTS). Przegl 4d ElektrotechnicznyElectrical
Review), vol. 88, pp. 1-11.

Karthik, M. and Arul, M.P. 2013. Optimal Power
Flow Control Using FACTS Devicesnternational
Journal of Emerging Science and Engineeriraj.

1, no. 12, pp. 1-4.

Madhusudhana Rao, G., Sanker Ram, B.V. and
Sampath Kumar, B. 2010. TCSC designed optimal
power flow using genetic algorithmnternational
Journal of Engineering Science and Technojogy
vol. 2, no. 9, pp. 4342-4349.

Thanushkodi, K., Muthu Vijaya Pandian, S., Dhivy
Apragash, R.S., Jothikumar, M., Sriramnivas, S. and
Vindoh, K. 2008. An efficient particle swarm
optimization for economic dispatch problems with
non-smooth cost function§YSEAS Transactions on
Power Systemwol. 3, no. 3, pp. 257-266.

Yuhui Shi and Russell Eberhart 1998. A Modified
Particle Swarm Optimizer. IrProceedings of IEEE
International  Conference  on Evolutionary
Computation Anchorage, 4-9 May, p. 69 — 73.
Russell C. Eberhart and Yuhui Shi 2001. Particle
Swarm Optimization: Developments, Applications
and Resources. Rroceedings of the 2001 Congress
on IEEE Evolutionary Computatiowol. 1, p 81 -
86.

Pandian Vasant. 2013. Meta-HeuristicsOptimization
Algorithmsin Engineering, Business, Economics,
and Finance. IGI Global Publisher.

[10]Zimmerman, R. D., Murillo-Sanchez, C. E. and

Thomas, R. J. 2011. MATPOWER Steady-State
Operations, Planning and Analysis Tools for Power
Systems  Research and  EducationlEEE
Transactions onPower Systemsyol. 26, no. 1,
pp. 12-19.

[11]Ongsakul, W. and Bhasaputra, P. 2002. Optimal

Power Flow with FACTSDevices by Hybrid TS/SA
Approach. International Journal of Electrical
Powerand Energy Systepwel. 24, pp. 851-857.

[12] Nuttachai Puttanon. 2007. Optimal power flow with

facts devices by particle swarm optimization.
M.Eng. ThesisUnpublished, AIT, Thailand.

43



44

D. L. Le, D. L. Ho and N. D. Vo / GMSARN Interoatl Journal 9 (2015) 37 - 44





