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Abstract Y’

As the FACTS controllers are an inequitable part of power system dueml fast and
very flexible control. With the enhancement of FACJTS.technolog le in the
marginal cost determination should be considered taki elj co %ph into account.
The aim of this paper is to compare the optimal ce ofﬁ) AR compensator
(SVC) in voltage stability enhancement problem. FACTS devices are

S
broadly used for maximizing the margin of vglta St&blhﬁ oadablllty of existing
power system transmission networks. To ﬂ@optlmal stem, cost analysis might be

necessary. In the cost analysis of SVC, ors anal he installation cost of SVC
devices in USD, the cost of SVC in US%\‘AR apd average value of installation cost
for given systems. Here, the volt ment problem is solved applying
Gravitational Search algorlt rporatlgy C. The following conditions are
investigated with the |ncor n of S,V role of SVC for improving the voltage
profile, loss minimization and the a e analysis on cost recovery and payback
period with SVC |n VO tablll cement problem. With this motivation, the
location of SVC |

indices namely Fa age Sta Index (FVSI) is utilized to identify weak buses in the
systems. For '. Olation oft f SVC, an optimization routine Gravitational Search
Algorithm ( is estabh The main purpose of optimization is to minimize the
FVSI. The proposed ap has been tested on three standard IEEE bus systems with
different loading sce

hroug k bus identification methods. Voltage stability

General Terr@exible AC Transmission System (FACTS), Marginal Cost, Voltage
Stability As%rrne t, Static VAR Compensators.

Key - Fast Voltage Stability Index (FVSI), Gravitational Search Algorithm (GSA)
test bus systems

1. Introduction

The electricity companies over the globe are transforming their electricity busyness
into the competitive environment for technical innovations, lower rates, better choice, and
better operation of the power system. In this scenario, transmission price of real and
reactive power has become important issue for economic operation of power system. With
the growing interest in determining the costs of ancillary services needed to maintain the
quality of supply, the spot price for reactive power has also gained great importance.
Many researchers have proposed models for determining spot pricing of real and reactive
power. In present time, electric power networks are mightily facing the problem of
voltage collapse and the voltage stability is becoming a limiting factor in the modern
power systems due to the various changes in network variables. This has necessitated to

ISSN: 1738-9968 IJHIT
Copyright © 2016 SERSC


mailto:1*ankit.krishnaa@gmail.com
mailto:1akash@skit.ac.in

International Journal of Hybrid Information Technology
Vol. 9, No.8 (2016)

employment the techniques for analyzed and determined the critical or weak point of
system voltage stability. Voltage stability is defined as the ability of the power system to
maintain acceptable & constant level of voltage at all buses in the system under normal
conditions and after being subjected to the disturbance [1]. Therefore, voltage stability
analysis is necessary to identify the critical buses in a power system i.e., buses which are
closed to their voltage instability and to help the planning engineers and operators to take
appropriate actions to avoid and overcome the problem of voltage collapse [1, 2]. Claudia
Reis et. al. [3] presented a comparative analysis of the performance of static voltage
collapse indices. The voltage stability margin analyzed by using P-V and Q-V curves and
L-index by Kessel et. al. [4], V/Vo index, was proposed by N. D. Hatziargyriou [5], Line
stability index Lmn and VCPI was proposed by M.Moghavemmi et al. [6], Line stability
index FVSI was proposed by I. Musirin et. al. [7, 8], Line stability index W&s
proposed by A. Mohamed et. al. [9], Krishna Nandlal et. al. [10] developegwa vOitage
stability assessment MATLAB toolbox for marginal and analytical assess %oltage
stability. Z.J.Lim et. al. [11] and M.V.Suganyadevi et. aI%] discussedyvaripus voltage

stability indices namely Lnm, FVSI, LQP, LP and NL/ | indicated
the voltage stability condition in the power syst rank the line
contingency. lbrahim B.M. Taha [13] and r\@swa [1 iscussed the best

locations of shunt SVCs for voltage stability enh ent.

SVC for improvement of voltage stability PSCAD/ DC used to carry out
simulations of the system. Bekri O.L. [16] ontinwation, Power Flow for the study of
voltage stability assessment with appr epresentat of SVC and TCSC. Chaparro
E.R. [17] discussed the coordinate o Statlv Var Compensators using
Evolutionary Algorithms. J. V, rﬁsad [1 ssed the enhancement of Critical
loading margin (CLM) usin d CLM ed from Repeated Power Flow (RPF).
Chang C.S. [19] discussed a Stheme eof r|d optimization using parallel simulated
annealing and a lagrange |p||erf SVC planning. B.T. Ooi [20] used SVC in
long distance radial gﬁsmn S or damping improvement. Hemat Barot and

Lake singh [21] d he gl enario of SVCs in Ontario, Canada. Prechanon
Kumkratug [22] the Q@ﬁﬁtlcal model of power system with SVC in long
transmmsmn@ any researches’have been carried out for optimal costing of reactive
power. El t al. B@Oposed decoupled OPF approach for reactive power cost
minimizing. Chatopadh/aya et al. [24] discussed the cost of reactive power investment
equipments to be irficfuded in an objective function. Dandachi et al. [25] calculated
reactive power ¢ ng linear and quadratic cost function of reactive cost of generator.
Hao et al. [26 dm;d methods for reactive power cost calculations and emphasized the
cb%e

use of rea ower topologies. Lamont et al., [27] proposed opportunity cost concept
based on rator’s capability curve. Gill et al [28] proposed a cost of generation of
reacti wer as a function of active power losses of generator. Muchai et al.[29] gives
t%mary of algorithms for the determination of reactive power price.

s paper focused on the optimal placement of SVC devices, for enhance the voltage
profile and minimizing the real power losses. SVC is a shunt FACTS device which is
designed to maintain the voltage profile in a power system under normal as well as
contingency conditions. In practical power systems, all buses have different sensitivity to
the power system security and stability. If SVC devices are located at more sensitive
buses, it will positively improve the voltage profile stability.

In the view of literature survey, following research objectives are formed for this paper.
(a) To present the mathematical frame work of FVSI, to identify the weak buses in

networks and calculate the same for three standard IEEE networks (14, 30 and 118

bus).

(b) To formulate an optimization routine with the aim of minimization of FVSI and
solve this routine by GSA. Further, the optimization routine will suggest the size of

SVC on identified weak locations.
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(c) Further analyzed the installation cost of SVC devices in USD, the cost of SVC in
USD/KVAR and the average value of installation cost for given systems.

(d) Finally discussed about the profile of minimization in losses and voltage after
using SVCs, for IEEE 14, 30 and 118 test bus systems with different loading
scenarios.

Rest part of the paper is organized as follows in section 2 mathematical frame work of
FVSI is presented. In section 3, brief details of GSA are incorporated. In section 4
simulation results are presented, last but not the least in section 5 conclusion and future
scope of the work is presented.

2. FVSI Formulation

The FVSI is derived from the voltage quadratic equation at the receiving b -

bus system. Since “s” as the sending bus and “r” as the receiving end inCe 5 is
normally very small & negligible, then, 6=0, Rsind~0 and Xcoso=X. Takin mbols
“s” as the sending bus and “r” as the receiving bus, FV bé calcufa
4Z
FVSI, 2Q
S
The result for bus ranking is based on im m loada x)usmg FVSI. The bus
ranking can be performed by sorting the m Iqad I|ty in ascending order. The
smallest maximum loadability will be r& he hlghe lying the weakest bus in the
system.

3. Optimization Proble @ \
In this paper, a stabjlity mdmator;%lely FVSI is employed for weak bus

identification. At high r loadi alue of FVSI becomes high. The system is on
the verge of collapse’ plication VCs on weak buses is a corrective action in this
condition. The ch size of &% is calculated by GSA for IEEE 14, 30, and 118 bus

systems. %
Minimiza.f FVSI: @

J = min [Fys1Y<"mi [45 )(? } )

Equallty Co in

ts
%,V G cosg; + By sin g, ) ieN, (3)
JjeN;
% @ Qi=Vi )V, (G sind; - B, cos 6, ) ieNpg (4)

jeN;

guality Constraints:
Generator Constraints:

V<V V™ e Ng (5)

Qa" <Qq <Qg™ 1eNg (6)
Transformer Constraints:

T™<T, <T™ keN, @)
Shunt VAR Compensator Constraints:

Q" <Qu <QF™ ieNc (8)
Security Constraints:

S, <S™ ieN, 9)
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3.1. Gravitational Search Algorithm

Rashedi et al. developed a new meta-heuristic algorithm called GSA in year 2009 [30].
An analogy between Newton’s gravitational laws with the optimization is presented in the
algorithm. The algorithm says that every particle attracts towards each other and force
exerted between two objects (agents) is proportional to the mass of the objects and
inversely proportional to square of the distance between them. Force causes a global
movement of all objects towards the objects with heavier mass. The agent which has
higher fitness values, has heavier mass. GSA proposes four prepositions of a gravitational
mass: its position, gravitational mass (active and passive) and inertial mass. Solution is
gives by the position of mass and fitness of a function represented by the masses.

For Minimization:

worst (t)=,_,") fit; (t)

/\Xw)

best (t)= "1 fit, (1 6?’ (11)
For Maximization:

best (t)= i=Lm) ™ fit (t) \A% & 12)

worst (t)= j:(l__’f‘,:; fit; (t) Q Q\) (13)
4. Results and Discussion
A computer software programmeﬁ bee %ed in the MATLAB 2013%
environment to perform the simul ndr entlum IV CPU, 2.69 GHz, and
1.84 GB RAM computer. To d ate the &lveness of the proposed technique, an
IEEE 14 bus test system, IE bus te§t tem and a typical IEEE 118 bus test system
have been used. The IEEE<14 Bus syste resents a portion of the American Electric
Power System WhICh |s |n th estern US as of February, 1962. Basically this
14 bus system ha

represents a portl e Amer Electric Power System (in the Midwestern US) as of
December, |caIIy t 0 dus system has 30 buses, 6 generators and 24 load
buses. The | 18 h I@l buses, 51 generators and 67 load buses [31, 32].

: rs and 9 load buses. The IEEE 30 Bus system

4.1. Static VAR Co ators (SVCs)

Static VAR c@sators (SVCs) are simply shunt connected static device which are
generate indugtiveyor capacitive reactive power and measured in the form of volt ampere
reactive %7 The term static is used to indicate that, SVCs have no rotating
compone nlike synchronous compensators. It is based on power electronic devices.
T \@consists of a Static VAr Generator (SVG), which can derive lagging (inductive)
z@leading (capacitive) reactive currents. The basic structure of a SVC is shown in
igu
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Figure 2. Benefits of FACTS devices for Different Applications
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4.1.1. Cost Model of SVCs
The cost of installation of SVC is given by [37]:
IC =C,,c *S*1000 (14)
Where Installation Cost of SVC devices is in USD and C,. is the cost of SVC in

USD/KVAR.
The cost function of SVC has been taken from [38] as follows:

Cqyc =0.0003S% —0.3051S +127.38USD/ KVAR (15)
Where S =Q, —Q, = Operating Range of SVC in MVAR (16)
The average value of installation cost for the five years is given by following W
C

—18L_ySD/ Hr 17
(f)=gre0 6 (17)
Where C,,, is the total installation cost of SVC dev@USD. @
4.1.1.1. Case study on IEEE-14 Bus System Q

Table 1. The Best Optimal Size of ?Vﬁ‘or IEEEC‘% Bus System by

S.No. Bus No.  Opti lee @)sfof SVCin Installation
USD/Kvar Cost of SVC

Q)& i\ in USD

1 14 ‘N o 11.p. q:o 124.06 1364660
2 12 123.762 1485144
3 0% 124.06 1364660
4 X p.u. 124.359 1243590
Qz I Co 496.241USD/Kvar 5458054 USD
Average va tallatio st (for 5 yrs) 124.6131 USD/Hr

Table 2. Effect q(ﬁ Installation for Loss Minimization for IEEE 14 Test
Bus Systems

Loadi g Pre-SVC Post-SVC by GSA
Factor LV MW Mvar MW Mvar
16.969 21.446 16.671 18.632
3 27.171 64.164 26.206 57.843
6667 39.844 115.278 39.047 110.81
1.8 55.885 179.495 54.937 174.82
2.03333 74.84 254.765 73.491 248.36
2.26667 98.003 346.503 96.133 337.84
2.5 126.279 458.292 123.71 446.58
2.73333 161.045 595.577 157.486 579.55
2.96667 204.574 767.413 199.504 744.8
3.2 261.211 991.176 253.506 957.14
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Table 1 shows the size of SVCs and according to size, the cost of SVC devices is
calculated using [32-33] in USD for IEEE 14 test bus system. Table 2 shows the effect of
SVC installation for loss minimization for IEEE 14 test bus system. Table 3 shows the
difference in losses, without and with SVC i.e. saving in energy and capital cost mightily
decided by using the data of differential loss.

Table 3. Effect of SVC Installation on Capital Saving for IEEE 14 Test Bus

Systems
Losses at Pre-SVC 261.211 MW
Losses at Post-SVC by GSA 253.506 MW
Difference in Losses by GSA 7.705 MW

[1 USD=66.66 INR]

Total Capital Saving for GSA (For 1 Year) = Unit cost (INR) * Total Enerdy avmg
in 1 year (In KWHTr) = 6.30*7.705 *8760*1000 = 425223 = 637809 uUsD

Total Cost of SVCs for GSA = 5458054 USD

Total Capital Saving for GSA (For 1 Year) = 637

Cost Recovery and Payback Period: Cost 0 e re ove y energy savings,
within a year

Loss%@mlz%ﬂ%

250

200

150

100

50

Q M Pre-SVC W Post-SVC by GSA

tlgure 3. Loss Minimization Using SVC for IEEE 14 Bus Test System
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Voltage Profiles
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3 — P—~—
25 Voltage Profile at High
’ operating loading with SVC
w
o 2 h"‘.—(‘""!ﬁ
5 15 == Voltage Profile at High
= operating loading without
1 4 SVC y.
0.5 9—\/oltage Profi Bdse
Case
0

1 2 3 45 678910111213%
Buses

Figure 4. Voltage Profiles for ]@E[}BUS Ws by GSA
Figure 3 shows the profile of loss mi tion for IE?M test bus system, with and

without installation of SVC devices a }Nncluded ost SVC losses are lesser than

pre SVC losses. Figure 4 shows |m \@

test bus system. At high operat g

pre SVC profile of voltage

average installation cost f

payback period is one y

4.1.1.2. Case studix EE- 30 s System

Table 4. Best Op@] Slze of SVCS for IEEE 30 Test Bus System By

g vo ile after using SVCs for IEEE 14

ngs th VC profile of voltage is better than

r calcul h cost of SVCs, total cost of SVCs and

5 years Fo E 14 buses system the cost recovery and
given

GSA
S.No. No. Optimal Size  Cost of SVC in Installation
of SVC USD/Kvar Cost of SVC in
26 0.11p.u. 124.06 1364660
\Lr 30 0.10 p.u. 124.359 1243590
Q) 29 0.10 p.u. 124.359 1243500
é 20 0.13 p.u. 123.464 1605032
%5 18 0.12 p.u. 123.762 1485144
Total Cost 620.0044 6942016 USD
USD/Kvar

Average value of Installation cost (for 5 yrs) 158.4935 USD/Hr

Table 4 shows the size of SVCs and according to size, the cost of SVC devices is
calculated using [32-33] in USD for IEEE 30 test bus system. Table 5 shows the effect of
SVC installation for loss minimization for IEEE 30 test bus system. Table 6 shows the
difference in losses, without and with SVC i.e. saving in energy and capital cost mightily
decided by using the data of differential loss.
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Table 5. Effect of SVC Installation for Loss Minimization for IEEE 30 Test
Bus Systems

Loading Pre-SVC Post-SVC by GSA
Factor A MW Mvar MW Mvar
1.1 22.018 40.078 22.523 39.93
1.27778 31.904 80.846 31.691 76.342
1.45556 43.691 128.593 42.867 120.36
1.63333 58.344 187.007 56.493 174.58
1.81111 74.914 251.883 73.136 239.68
1.98889 94.547 328.524 92.002 312.12
2.16667 117.939 419.87 114.192 9%4)
2.34444 146.012 529.642 140.2 16
2.52222 180.357 664.355 71.104 Cj .78
2.7 224,992 840.687 N 8288 ,~ 7586
§y d
Table 6. Effect of SVC Installation on Ca vin foME 30 Test Bus
System g\)
Losses at Pre-SVC @992 M ”

Losses at Post-SVC by GSA '@08.288
Difference in Losses by GSA JG_) 1604 MW

[1 USD=66.66 INR] NS N,

Total Capital Saving for%4 r1Year) nit cost (INR) * Total Energy Saving
in 1 year (In KWHTr) = 6.30*16. *8760%0 = 921860352 INR = 13829288.21 USD

Total Cost of SVCs fo A=6 SD

Total Capital Savi GSA ( ear) = 13829288.21 USD
Cost Recover ybaclwqriod: Cost of SVCs are recovered by energy savings,

within a yearQQ \0

@Z)
Loss Minimization
&

1 2 3 4 5 6

M Pre-SVC M Post-SVC by GSA

Figure 5. Loss Minimization using SVC for IEEE 30 Bus Test System
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Voltage Profiles

3.5
3 o
25 Voltage Profile at High
" ’ operating loading with
% 2 SvC
§ 1.5 ==\ oltage Profile at High
operating loading without
1 SVC
[}
0.5 =¢—\/oltage Profile at é&)
0 Case ?ﬁ«

Buses

Figure 6. Voltage Profiles for 30 '.‘\s Wy GSA
d

Figure 5 shows the profile of loss minimi , with out installation of SVC
devices for IEEE 30 test bus system and c@ ded tha'h@ccount of loss minimization
is higher for post SVC contingency. F at’at high operating loadings, the
post SVC profile of voltage is better )% re S ie of voltage. Further calculate the

1 3 5 7 91113151719 2123 252729 Q)@

cost of SVCs, total cost of SV@s verage ation cost for 5 years. For IEEE 30
buses system the cost recove*&i payback eriod'is one year for given conditions
4.1.1.3. Case Study onl 118 B Xm
Table 7. The B&\v tlmal of SVCs for IEEE 118 Test Bus Systems by
f‘\ GSA
S.No. @9 Optlmal Size Costof SVCin Installation
(&% of SVC USD/Kvar Cost of SVC
1 0.80 p.u. 104.892 8391360 USD
2 0.83 p.u. 104.1234 8642242.20
3 0.79 p.u. 105.1494 8306802.60
4 \ 20 0.77 p.u. 105.666 8136282 USD
@Q 86 0.77 p.u. 105.666 8136282 USD
% 53 0.73 p.u. 106.7064 7789567.20
7 44 0.69 p.u. 110.4234 7619214.60
8 21 0.68 p.u. 108.0204 7345387.20
9 101 0.72 p.u. 151.968 10941696
10 33 0.76 p.u. 105.9252 8050315.20
Total Cost 1108.5402 83359149
USD/Kvar uUsD
Average value of Installation t cost (for 5 1903.1769 USD/Hr
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Table 8. Effect of SVC Installation for Loss Minimization for IEEE 118 Test
Bus Systems

Loading Pre-Svc Post-Svc By Gsa

Factor A MW Mvar MW Mvar
1.1 136.438 -533.74 143.296 -521.2
1.2675 197.695 -179.97 202.563 -175.4
1.435 322.083 560.285 321.946 533.59
1.6025 535.276 1858.29 529.297 1791.3
1.77 875.468 3937.26 863.38 3837.3

Table 7 shows the size of SVCs with the cost of SVC devices is calculate usif

33] in USD for IEEE 118 test bus system. Table 8 shows the effect of SVC ins n for
loss minimization for IEEE 118 test bus system. Table 9 shows the dn"f rengedin losses,
without and with SVC i.e. saving in energy and capltal 0S ghtlly using the

data of differential loss.

Table 9. Effect of SVC Installation on Ca; vin E 118 Test Bus
System

Losses at Pre-SVC . (\\7 * (=875.468 MW
Losses at Post-SVC by GSA \add Y 863.38 MW

Difference in Losses by GSA (%\ » \Q) 12.088 MW
[1 USD=66.66 INR] \! R
Total Capital Saving for (For 1 Year) = Unit cost (INR) * Total Energy Saving
in 1 year (In KWHr) = 6. 30*12 088 *876 0 =667112544 INR = 10007688.93 USD
Total Cost of SVCs f usSD

Total Capital Savi ear) 10007688.93 USD
Cost Recovery aybac rlod Cost of SVCs are recovered by energy savings,

within 8.3 ye@
‘b‘ Loss Minimization

1000 L,éy\
A
800 N

1 2 3 4 5

M Pre-SVC M Post-SVC by GSA

Figure 7. Loss Minimization using SVC for IEEE 118 Bus Test System
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Figure 8. Voltage Profiles for 118 MBUS Ws by GSA
Figure 7 and 8 shows the profile of n@aﬂon ses and voltage after using
SVCs. For IEEE 118 buses system th ecover I%Sayback period is 8.3 years for

given condltlfms 4@ % %

5. Conclusions

In this work, cost of has b Mmed taking SVCs cost model for reactive
support into system ac .SvCd with its cost model have been incorporated in
this paper to fmd i pact of VC on loss minimization and voltage profile of the
system. The fo Io oncl n be expressed as:

@ Altho‘\‘ nvestme st of SVC devices are costly but maintenance costs are

low SI e SV ces have no moving parts and repairs are minimal.

(b) The voltage p the system is improved using the SVCs on weaker buses i.e.

(c) Optimal P, ent of SVCs is also minimized the total line losses.
(d) Costof S recovered by energy savings, within one year in the case of IEEE-14
and es, but in case of IEEE-118 buses system limit extend up to 8.3 years i.e.
covery and payback period depends on size of transmission networks.
Q h SVC, the reactive power cost reduces at all buses due to its better reactive

the overall gl stability of the system is also improved by using FACTS.

upport nature.

It”1s observed that reactive power cost component is an important element to be
considered for determination of installation cost and overall cost transmission. The
FACTS devices can be remunerated based on the cost model and component obtained for
their reactive support in the transmission system.

For future work, these things can be considered while calculating the benefit.
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Nomenclature

R  Resistance of the line
X Reactance of the line

Z

Impedance of the line

Vi, V, Voltage at sending bus and receiving bus respectively
Q. Reactive Power at receiving bus

)

Voltage Angle

“s”,“r”  Symbol for sending and receiving side respectively
Vs Generator Voltage Vector except Slack Bus

T, Transformer Tap Vector
Q. Shunt Capacitor/Inductor Vector

Q. Generator Reactive Power Vector E y
P, Injective Active Power at Bus i &

Po

[ ]
. Demanded Active Power at Bus | \ 5

Qg Injective Reactive Power at Bus |

Qp; Demanded Reactive Power at Bus Q’Q °\C‘)

N-R Newton Raphson
FVSI Fast VVoltage Stabilit&l%b\x \Q)
&
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