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Abstract

The optimal coordinated tuning of a groupSiétic Var Compensato(§VQ, in steady state, allows
the Power Electric System@ES to operate close to their overload limits, maimtey the voltage
stability in several operating conditions. The nemtd tuning problem was considered aslualti-
objective Optimization ProbleigMOP) with three objectives to optimize: the finandialestment for
acquiring the set of compensators, the maximumageltdeviation and total active power loss. The
Genetic Algorithm(GA), which belongs to the group of Evolutionary Algloms, was utilized and
adapted foMOP, obtaining aMulti-Objective GA(MOGA). The parameters to be adjusted in each
compensator are: the reference voltage and thermmiand maximum reactive power injected to the
system. In this work, the number of compensatodsthair locations were calculated using e/
sensitivity curve, from théoad Flowalgorithm, based oiNewton—Raphsomethod. The proposed
coordinated tuning method will be validated consitg an example oPES where was located and
tuned a specific set of compensators. Time simariativere made for dynamic performing the steady
state coordinated tuning.

Keywords: Static Var Compensator, Coordinated Tuning, Mulbj@tive Optimization Problem,
Multi-Objective Genetic Algorithm.

1 Introduction

This paper is an extension of work presented in\jtjere it was described the optimal robust turdhghe SVC
parameters, considering a few operating conditionsteady state. So, in this work, it was impletedran optimal
coordinated tuning procedure for adjusting sevemhpensators, simultaneously, considering differ@ittcal
operating scenarios, in order to overcome the gel&tability, in steady and dynamic state. Thea cihmpensators
adjusted optimally allow to arESstudied operates close to their overload limitaintaining a good level voltage
for any disturbance.
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The SVC devices belong to thEACTS group Flexible AC Transmission Systgnwhich combine the digital
electronic and thAC (Alternative Current electric circuits and power electronic, and ofiegh speed response and
large operational reliability [2]; because of tha@dtactive characteristics, the compensatorsagely utilized in
protection and voltage stability ®ESand require minimum financial investment to eveduand locate [3].

This reactive compensation problem is solved, comyoin two steps: a) Financial procedure, where th
compensator parameters are adjusted and, b) apehtirocedure, where the feasibility of the tupadameters is
verified applying theDptimal Power Flow(OPF) method. If the parameter values, calculated énfthancial step,

do not satisfy the design requirements, in openatiprocedure step, the necessary reactive povekatésmined for
injecting in the system, in order to satisfy thquieements. This reactive power value calculatedhé operational
step in order to satisfy the voltage stability,called asvirtual reactive power Then, considering th&ender
Decompositionnew parameters are calculated in the financé,dbking into account the parameter values of the
previous iteration, and the new parameters obtaanedalidated again. This iterative procedureeated until the
virtual reactive powenpproaches to zero [4-5].

Nowadays, théSA is going to be used in reactive compensation prabl In reference [6], is detailed a reactive
location method based @A, and in reference [7] was utilized tM®OGA in order to locate and calculate capacitor
banks in a determind@ES used as a test.

In this work is proposed a coordinated tuning pdatce for calculating the optimal parameter valuka group of
compensators, based on the search technique @Aheonsidering several operating conditions in sestdte. It
was used th&A because its recognized efficacy in global optitideaof complex and large industrial problems
[8]. The parameters to be adjusted for eS8tCare: a) the reference voltage of #thetomatic Voltage Regulator
(AVR of eachSVG b) minimum reactive power, and ¢) maximum reaci{power, to be injected to the system by
eachSVCdevices.

The coordinated tuning problem was considered adGP with three objectives to minimize: d&inancial
Investmentfor acquiring the set of compensators,Mgximum Voltage Deviatigrand c)Maximum Power Loss
Then, theGA described in [8] was adapted in order to optimieweral objective functions, simultaneously,
obtaining aMulti-Objective GAIMOGA). The main methodology for adapting 1B& for MOP, described in details
in this paper, is th@areto Dominanceules; where, several optimal solutions are classind saved on a group of
optimal solutions. The group of optimal solutiossclassified in each iteration of tl&&A. This algorithm gets a
family of optimal solutions [9], at the end of @&gecution.

In order to compare the performance of Mi@®GA, based orPareto Dominanceules, it was also implemented the
Weighted Sum Methddr adapting th&A for MOP, where the global evaluation function, Eitness is calculated
by the weighted sum of several objective functitneptimize. This algorithm gets a unique optimalson, at the
end of its search procedure. In addition, this papesents numerical results, which validate theppsed
coordinated tuning procedure. TRES used as a test, corresponds to an acad&®iE PESwith fourteen buses
(substations) [10]. Time response simulations weaele in order to evaluate the dynamic performam¢eeogroup
of tuned compensators, using standard values foaudic parameters of te/R of eachSVCdevice.

2 Mathematical Model

In this section, it is described the steady staathamatical model of th®VCdevice, such as described in Fig. 1.

Y

Controlled Controlled
substatio | SVC¢ substatio

Bsvc bsyc = constar

Icer=> current going into th&VC
bcer= SVCequivalent subsceptange

777777
In the control region Outside the control region
(a) SVCstructure. (b) SVCrepresentations in different operating regions.

Figure 1. Steady Statenodel of theStatic Var Compensator
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According Fig. 1 (a), the compensator is composgdwitching reactot. and capacitoC banks, controlled by
thyristors [2], and they are connected in seriegrig. 1 (b), a linearly susceptance representthenaatically, the
performance of th&VCdevice operating in the control region. Howevhge susceptance is a fixed value outside
that region.

The susceptance is associated to the reactive poyeeted to the system in order to maintain théage level
between suitable limits, in th@ontrolled substation Fig. 2 describes the mathematical expressiorrdegato the
voltage level of the controlled substation with teactive power injected to the system.

AV | reai
=
V, =V, +Toc[Qsve Control region

QCER = bSVC Ij/k2

In the limit regions

max — J,max 2
svCc bSVC |]/k

CAPACITOR INDUCTOR e = b [V,

NS ma »
QS/C LJSVC -

Figure 2. Voltage Characteristics%se\r/gus Reactive Power tojeeted

Fig. 2 describes the relationship between the geltaalue, in the controlled substatibnand the reactive power,
Qsvo injected to the system; wheng,c is the slope of the characteristic curve. Thec varies linearly in the
control region, but is a fixed value in the limigions, because it has achieved the capacitivedoictive reactive
power limit. These limits are associated to theac#tp of the capacitor and reactor banks.

In order to represent ea@VC device, operating in different regions, in thead flow algorithm, based on the
Newton-Raphsomethod, the correspondiigicobianmatrix is modified. Then, in thdacobianmatrix, theSVC
entries as a control function where the variablapeter isAx = Q svc[11], andi O {1, 2, ...,p} | p is the number
of compensators considered in the group, as ireticatequation (1).

_ ~ Capacitive Limit:

AP aXl aXp g avk max Yk ’ X axl ' X
: . Q|| & P
AQ ' T o, | |4V inductive Limi @)
tive Limit:
Ay, |=| oAy, ohdy, dhy, ony, |pAx, | nAuchive Limit
: 0 v ox x, || 0| gy oy 9V 08Q_ . 0AQ_
By, : : oo x| M x 0 0x,,
0y, 04y, o, el Control Region:
0 N 9 d SO0’ egion:
: S dy_ oy 08Q_, oMQ__,
v,  x " oax L oOX,

The components of thiacobianmatrix, associated to tf&vCgroup, set to different numerical values accordong
the operating condition, such as indicated in eqoatl). All components, regarding to t&&/Ccontrol function
with the angle and the active power witk, are equal to zero.

1 Controlled substatioiis the substation where t18/Cdevice is installed. Then, the compensator injdwsnecessary reactive
power, throughout the referred substation, in otdenaintain the voltage level in the whole systestween suitable limits.
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3 Proposed Tuning Procedure

The coordinated tuning of parameters &\A&Cgroup was considered a$/BOP with three objective functions to be
minimized, such as indicated in equation (2):

Minimize F(x)=[F(x) F(x) Fi(x)]
subject to the following restrictions:

PG, -PL, - R =0

jcQ
i#]
QG, +by,. V> -QL, —ZQij =0
j0Q
@)

QG, -QL; - Q, =0

joQ

i#j

j#k

Vio = Vi * v Msyc wkz =0

wherePg;, Qgi, PLi, Qi correspond to the active and reactive power géeegrand demanded in the substatipn
suchi O {1, 2, ..., nsub$ | nsubsis the number of substations of tRES The indexk identifies thecontrolled
substation so, Vo corresponds to the reference voltage of AR associated to the compensators installed in
substationk. In addition, there are restrictions which limitet active and reactive power generation, in those
substations where are installed a group of genenaéehinesPGpn; < PG < PGrayj » QGninj £ QG < QGray; and
restrictions which limit the voltage level in sudiisdbns regarding to load zon€é&n; < V; < Vimayl j O {1, 2, ...,
nbL} | nbLis the number of load centers in RES

3.1 Decision Variables

The GA handles the vector of parameters (decision va®hduch as shown in equation (3), and it was tised
float point codification for representing each loéin [12]:

X= I: I;LEF Qr:l-]in an e VF?EF q]ﬂn %ax] (3)

Such as described before, the parameters to bminpt for eact5VCdevice are: a) the reference voltayggr
(where, Vrer = Vi), of the AVR associated, b) the minimum reactive power to hectad, Q. and, c) the
maximum reactive power to be injected by e&FCdevice,Qnax Each parameter value belongs to the following
search space:

095p.u. < Ve < 105p.u.
- 200MVAr < Q3 < OMVAr )

min —

0< Q> < 200MVAr

max

3.2 Objective Functions

In the MOP, for coordinated tuning of a group 8 C there are three objective functions to be minédiza) the
Financial Investment~,(x), for acquiring the set of compensators, b) Meximum Voltage DeviatigrF,(x), and,
c¢) theMaximum Total Active Power Lq95(x), calculated by considering all selected critimpérating scenarios.
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nSVC

R (x)= Z B (AQyc |

R (x)=[ver-v| 4)

ng nbc
D PG, - PL,
g=1 bc=1

In equation (4)Fi(x) is directly proportional to the compensation capeaof eachSVG whereB; is the monetary
value for eactMVAr of thei-th compensator; andhsycindicates the number of compensators to be adjustéhe
PES In this work, eact3; = 1.0 monetarMVAr. In addition,ng andnbL correspond to the number of substations
with a group of installed generators and substatassociated to the load zones, respectively.

F(x)=

3.3 GA Adapted for MOP

In this subsection will be described the two pregbalgorithms, based dbA, adapted foMOP and applied for
optimal coordinated tuning of parameters belonginthe group of compensators.

3.3.1 MOGA based on Pareto Rules

Considering the coordinated tuning problem of conspésr parameters of a group, eminance Pareto Rulewe
described through the following mathematical exgpigss [9]:

i) Fu(X) € F(xs), wherer ands O (1, 2, ...,N) |r £ sandN indicates the population size in t8&, andk [ {1, 2,
..., f}, suchf corresponds to the number of objective functiamssered in the optimization procedure;

i) 0i, such that, at least one of the entries satisfies) < Fi(xy).

The Pareto Rulesare applied on each solution of t8& population, in order to determine how many numiugrs

solutions are better than other one. This numbéneke the Dominance indeXor each feasible solution. The

individual (solution), whichDominance indexs null, is considered as an optimal solution. sThiassification

method is made in each generation of @ Then, in each generation all optimal solutiongaoied by théPareto
Rulesare saved in a group, called tareto Front(PF); and, it is also actualized in each generation.

In Fig. 3 is shown a pseudocode of @& adapted foMOP by using theDominance Pareto Rules

1. t «0;
2. Generate lnitial Population: P(t);
3. Evaluation of each solution of P(t);
4 WHILE L < tm Dominanceindex
4.1. Apply Dom nance Pareto Rul es. % Fitness=1-
i) RO)sRG)yjO{1,2,...,N}y kO{1, 2, 3} Q N-1
i ) Ok | Fk(Xi) < Fk(Xj). E
These rules are applied on each solution, and dhercompared with the
rest of population, in order to determine how maojutions are bettet
than the corresponding solution, definingdtsminance index
4. 2. Actual i ze the optinmal solutions in PF(t)
4. 3. Cal cul ate the Fitnessof each classified solution;
4.4 Apply GA operators: Selection Crossoverand Mutation [7], ] ]
obtaining a new populatioR( t +1) ; Dominance index
4.5. Eval uate each new sol ution of P(t+1); (b) Fitnessevaluation
4.6. Do P(t) « P(t+1);
4.7. t =t + 1;
END WHI LE
5. RETURN FP(t) // print the last actualized group PF(t).

Figure 3.Pseudocode of the MOGA based on Dominance PardésRu
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All optimal solutions, which are obtained by applyi the Dominance Paretaules, are reproduced, in each
generation, inside thReF(t) |t is an iteration counter. TH&(t) is actualized in each generation. In the mathealat
expression, th&itnesscalculation is directly associated to theminance indexf the individual, such as indicated
in Fig. 3 (b). TheGA adapted foMOP using theDominance Pareto Rules called assADP.

3.3.2 MOGA based on Weighted Sum Method

In this case, th&A such as described in [8] was adaptedM@P according to equation (5):
Fitness(x ) = aO(x )+ 30F(x )+ alE(x) (5)

The coefficients of equation (5) correspond to tioemalization factors, whera, = ¢, / F™; andq O {1, 2, 3}.
F™, is the maximum value of thg-th objective function, and the coefficieqt is any value such tha = 1, this
methodology avoids certain objective functions duaaté over the rests [9], carrying to a local optim{@].

3.4 Initial Population

In this work, N — D feasible individuals are generated randomly, whére 50 individuals. The remainin®
individuals are estimated through equation (6)yweay the reference voltag&/rer; and then is calculated the
necessary reactive power to be injected into tis¢esy, in the correspondirigh controlled substationwhich also
defines the initial reactive compensation capaaitthei-th SVCdevice.

oP 0P

S B
AQ| 7| 0Q aQ| AV ov) \ag)\ag) Tav o
06 oV

The equation (6) describes tiE-V sensitivity curve, obtained by the matrix equatmfnthe active and reactive
power deviation of théoad Flowalgorithm [2]. Each compensator is located in lastation, associated to the load
zone, where is required a high reactive power valu@der to maintain the associated voltage modutep.u. So,
this methodology also defines thth controlled substation

(6)

3.5 GA Operators

A Stochastic Tournamerelection with five individuals, was used in order to chedbe probabilistic better
solution for next generation. Then, it was utilizad Arithmetic Crossovef12], with probabilityp. = 0, 7, and
Mutation operator, with a constant probabiljy, = 0, 01, for getting new individuals.

4 Experimental Results

4.1 Characteristics of Power System Test

The implemented coordinated tuning algorithms agliad on IEEE14 system [10], show in Fig. 4.

@ Synchronous Generator
1 2 3
J S

T @ Synchronous Compensator

¥ LoadP+jlQ Taple 1.Operating Conditions considered on IEEE14 system.

Scenarios Description
:4 8 1 Base case .
7 e I @ 2 Generator 2, out of service.
6 aa TL 6-13, disconnected.
TL 6-13, andl'L 9-10, disconnected.
TL 6-13, andl'L 9-14, disconnected.
Synchronous Compensator 3, out of service.

Synchronous Compensator 3 and 8, out of service.
All Synchronous Compensators, out of service.

11 10 TL — Transmission Line.

¥ 7 Figure 4. IEEE14 topology
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In this paper, the coordinated tuning methodolodjusts two compensators. TIg-V sensitivity curve, which
procedure was described in subsection 3.4, detedhtime load buses 13 and 14 for installing €a¢

4.2 Computational Environment

The MatLab’ [13] was used folLoad Flow implementation andSA adaptation forMOP. The Power System
Analysis ToolboXPSAT [14] was used to evaluate the dynamic performanhSVC

4.3 Analysis of Numerical Results

The GA, based onWeighted Sunmethodology GAWS, was executed 5 times for each differ&itness The
different mathematical expressions fétnesswere obtained by modification of each coefficientch as described
in equation (5). In Table 2 are shown the differegiies considered for each coefficient, the basterical result
obtained by eacBAWSexecution, and the average computational timetsgperach running.

Table 2. Numerical results obtained BBAWS

5
[]

a ay ag VRer1 Qmina Qmaxt  Vrer2z  Qmin2 Qmaxz F1 F» Fs Time
(p.u) (MVA  (MVAn  (p.u.) (MVAr) (MVAn (MVAr) (pu) (MW) (9)
1 1,0 1,0 1,0 1, 037 -94,7 1,2 1,034 -74,7 127,1 297,5 0,0154 18,05 193, 2
2 1,2 1,0 1,0 1,036 -116,9 2,1 1,029 -97,6 59,6 276,1 0,0154 17,95 210, 4
3 1,6 1,0 1,0 1, 037 -81,6 9,8 1,034 -85, 6 32,8 209,6 0,0154 17,94 205, 7
4 2,0 1,0 1,0 1,034 -94,5 90,6 1,023 -74,6 57,9 317,4 0,0154 17,98 202, 3
5 1,0 1,2 1,0 1,036 -126,5 52,2 1,037 -44,3 44,2 267,1 0,0154 14,25 186, 4
6 1,0 1,6 1,0 1,034 -122,6 4,0 1,024 -66,9 80,1 273,6 0,0154 17,83 195,7
7 1,0 2,0 1,0 1,034 -122,6 4,0 1,024 -66,9 80,1 273,7 0,0154 17,83 195,7
8 1,0 1,0 1,2 1, 039 -57,6 3,5 1,033 -92,6 47,3 201,0 0,0154 17,98 189, 1
9 1,0 1,0 1,6 1,032 -128,8 84,4 1,030 -76, 4 7,2 296,7 0,0154 17,86 201, 8
10 1,0 1,0 2,0 1,038 -102,9 3,8 1,034 -94,1 82,7 283,5 0,0154 17,99 200, 5

In Table 3 are shown the numerical result&éf based ofPareto Dominanceules GAPD).

Table 3.Pareto Frontof theGAPD algorithm, obtained in one execution.

Individual  Vger;  Qmina Qmaxt Vrerz  Qmin2 Qmaxz F1 F. Fs
(p.u.) (MVAI) (MVAI) (p.u)  (MVAD  (MVAn (MVAn (pu) (MW)
1 1,039 -170,0 87,0 1.039 -198,0 79,0 534,0 0,0158 14,25
2 1,042 -142,0 11,0 1,042 -74,0 133, 0 360,0 0,0163 14,26
3 1,035 -146,0 149,0 1,035 -27,0 90,0 412,0 0,0154 18,09
4 1,034 -173,0 137,0 1,034 -154,0 59,0 523,0 0,0154 18,07
5 1,033 -140,0 26,0 1,033 -72,0 197, 0 435,0 0,0154 18,05
6 1,035 -146,0 149,0 1,035 -27,0 90, 0 412,0 0,0154 18,09
7 1, 039 -93,0 32,0 1,039 -61,0 1,0 187,0 0,0154 18,07
8 1,025 -146,5 26,0 1,025 -155,0 86,5 414,0 0,0154 17,87
9 0, 992 -26,0 91,0 1,024 -128,6 89, 3 335,1 0,0154 17,89
10 1,013 -86,0 70,9 1,016 -125,1 136, 9 418,9 0,0154 17,70
11 1,003 -88,2 75,3 1,012 -141,0 87,7 392,2 0,0154 17,62
12 1, 036 -87,8 93,4 1,019 -109,0 92,4 382,6 0,0154 17,99
13 0, 995 -78,5 68,7 1,014 -120,4 64, 4 331,9 0,0154 17,68
14 1,043 -101,4 99,1 1,023 -124,0 103,1 427,6 0,0154 18,14
15 1, 036 -87,8 93,4 1,019 -109,0 92,4 382,6 0,0154 17,99
16 1,043 -101,5 99,1 1,023 -124,0 103,1 427,6 0,0154 18,14
17 1, 035 -94,6 97,5 1,016 -112,9 49,0 354,0 0,0154 17,96
18 1, 004 0,0 95,1 1,023 -109,1 98, 8 303,0 0,0154 17,78
19 1, 002 -93,7 76,7 1,013 -142,0 159, 0 471,4 0,0154 17,64
20 1, 000 -11,0 99,5 1,016 -109,9 119,1 339,5 0,0154 17,69
21 1,036 -106,5 130,9 1,027 -116,3 140, 2 493,9 0,0154 18,03
22 0, 962 -79, 6 66,2 1,001 -192,0 126, 7 464,5 0,0154 17,93
23 0, 998 -98,9 80,1 1,005 -172,0 126, 0 477,1 0,0154 17,55
24 0, 998 -98,9 80,1 1,005 -172,0 126, 0 477,1 0,0154 17,55
25 1, 047 -96, 3 116,3 1,010 -138,0 69, 2 419,8 0,0154 18,24
26 1,048 -71,0 86,3 1,022 -71,4 126, 3 355,0 0,0154 18,27
27 1,048 -71,0 86,3 1,022 -71,4 126, 3 355,0 0,0154 18,27
28 1,021 -73,3 87,3 1,002 -190,0 111,5 462,1 0,0154 17,67
29 1,046 -143,5 139,0 1,032 -100,9 106, 0 489,4 0,0154 18, 27

30 1, 005 -62,6 77,0 1,006 -174,0 121,4 435,0 0,0154 17,56
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In Table 2 and Table 3, the firSlvCparameters correspond to the compensator installgee 18" substation, and
the second parameters belong to the compensatatetbin the 14 substation. Such as shown in Table 2, the set of
SVCparameters, located on th8 e, corresponds to the best solution obtained byaA®VSalgorithm. The main
computational time, spent by ea@AWSrunning, is approximately equals to 198 s, butpridduces a unique
solution at the end of its execution.

In contrast, theGAPD got a family of optimal solutions in a single rofhthe algorithm, according to the results
shown in Table 3, and spent approximately 241 sofiiaining the solution set. The referred compateti time,
spent by theGAPD algorithm, is greater than the execution time ref GAWS, mainly due to the classification
process of the optimal solution set, applying Beeto rules, made in each generation and saved orP#neto
Front group. The ¥ individual regards to the best solution in thareto Frontof the GAPD. This solution is
associated to the less financial investment, tleatidal voltage deviation and the same order ofdttére power
loss value, comparing with the best numerical smfubbtained by th&AWSalgorithm.

The voltage values in the substations of the IEEBgithout anySVC installed and obtained by tHéewton—
Raphsorioad Flowalgorithm for each operating conditions descrilmesubsection 4.1, are shown in Table 4.

Table 4.Voltage values in the IEEE14 system, without 8MCinstalled.

Substation ~ Base case 2™ Scenario 39 Scenario 4" Scenario 5" Scenario 6" Scenario 7" Scenario 8" Scenario

(p-u.) (p.u.) (p-u.) (p-u.) (p-u.) (p.u) (p.u) (p.u.)
4 1,0177 1, 0097 1,0161 1,0172 11,0185 1,0112 1, 0040 0, 9889
5 1,0195 1,0113 1,0188 1,0193 11,0190 1, 0155 1,0109 0, 9953
7 1,0615 1,0579 1,0573 1,0606  1,0654 1, 0586 1, 0302 1,0019
9 1, 0559 1,0524 1,0479 1,0544  1,0636 1,0531 1, 0332 0, 9984
10 1,0510 1, 0480 1,0441 1,0254  1,0576 1, 0486 1,0322 0, 9928
11 1, 0569 1, 0554 1,0532 1,0435  1,0606 1, 0557 1,0473 0, 9984
12 1, 0552 1, 0549 1,0331 1,0346 0, 9767 1, 0550 1, 0535 0, 9959
13 1, 0504 1,0498 0, 9980 1,0015 0, 8752 1, 0500 1, 0470 0, 9910
14 1, 0355 1, 0332 1, 0077 1,0130 0, 8215 1, 0337 1, 0210 0, 9760

The voltage module of the substationd &8d 14" are the most sensitive to any disturbance in yiséem, such as

indicated on Table 4. Therefore, the voltage dmophe referred substations, is higher. Howeves ubltage values

in the whole system are corrected by installB}gCin the substation 13and 14", which numerical results are
illustrated in Table 5. ThBVCparameters selected are those belong to the bestinated tuning solution obtained
by theGADP algorithm.

Table 5.Voltage values in the IEEE14 system, wlitiCinstalled in substations fa&nd 14"
Substation ~ Base case 2" Scenario 3YScenario 4" Scenario 5" Scenario 6" Scenario 7" Scenario 8" Scenario

(p.u) (p.u) (p.u.) (p.u.) (p.u) (p.u) (p.u) (p.u)
4 1,0178 1, 0100 1,0176 1,0188 1,0186 1,0114 1, 0054 1, 0013
5 1, 0196 1, 0115 1,0198 1, 0204 1, 0192 1, 0156 1,0118 1, 0070
7 1, 0620 1, 0587 1, 0623 1, 0657 1, 0654 1, 0593 1, 0350 1, 0293
9 1, 0568 1, 0539 1,0578 1, 0646 1, 0636 1, 0545 1, 0398 1,0334
10 1, 0517 1, 0493 1, 0523 1, 0254 1, 0576 1, 0498 1, 0376 1, 0285
11 1,0573 1, 0560 1,0574 1, 0435 1, 0606 1, 0563 1, 0501 1, 0347
12 1, 0504 1, 0504 1, 0540 1, 0536 1,0614 1, 0504 1, 0504 1,0384
13 1, 0415 1, 0415 1,0368 1, 0369 1, 0351 1, 0415 1, 0414 1, 0379
14 1,0382 1, 0380 1, 0380 1, 0385 1, 0363 1, 0380 1, 0370 1, 0364

Such as illustrated on Table 5, the most critigerating condition is the"5Scenario, where the voltage modules of
the whole system are successfully corrected byaliie the group of compensators, which parameteese
adjusted by th&ADP algorithm.

An optimal coordinated tuning of the compensatatsteady state, also determines a good dynanficrpence on
single contingencies. The most critical operatingditions, such as thé"sand &' scenarios, were dynamically
simulated in order to validate the referred hypsihieFor that reason, a standard dynamic modeh®fAVR
associated to ea@VC[2], was used and it is described in Fig. 5.
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Figure 5. Dynamic model of th&VCvoltage regulator.

In Fig. 5, the variablesVrer, Qmin @and Qnax COrrespond to the adjusted parameters, at stdaty. he dynamic
model, associated to ea8lVC generates the necessary reactive power to betédjeo thePESfor correcting and
regulating the voltage level of the whole systemdny disturbance. Thé"Scenario is the most critical operating
condition and is simulated dynamically using théware PSAT and numerical results are shown in Fig. 6; where,
TL 6 — 13 andlL 9 — 14 are disconnected at 1 and 2 s, respectiaétyr starting the time simulation. In Fig. 6 (a)
the simulation was made without a®}Cinstalled in the system test; but the dynamic Itestonsidering the
compensators adjusted and installed in substatighsand 14" are shown in Fig. 6 (b).
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(a) Simulation without anyVC (b) Simulation with theSVCgroup adjusted.

Figure 6. Time simulation of the'8Operating Condition.
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Figure 7. Time simulation of Three Transmission Lines distaxtion.
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The disconnection of three transmission lines wasilsited in order to validate the dynamic perforocenf the
group of compensators, adjusted by applying th@gsed multi-objective coordinated tuning algorithfhen, the
TL6 —13,TL9 - 10 andlL 9 — 14 are disconnected at 1, 2 and 3 s, respégtizfter starting the time simulation,
and the numerical results are shown in Fig. 7.

The simulation was made, firstly, without any comgegtor installed in the system, illustrating in .Fig(a) the
voltage drops, because insufficient reactive corepton. Then, in Fig. 7 (b), the response curveaafh voltage
module was simulated considering the compensatupgadjusted by the proposed methodology. The nigaier
results, such as shown in Table 5 and dynamic sitiomis illustrated in Fig. 6 and Fig. 7, indicake toptimal
performance of th&VCdevices. The group of adjusted compensators niasntagood voltage level in the whole
PES in steady state, and, shows a good dynamic peaioce on single contingencies.

5 Conclusions

The two proposed coordinated tuning proceduresble to adjust several static compensator devimssidering
several operating conditions, simultaneously. Botbthodologies are based on thOGA the GAWSand the
GAPD, and modify the~itnesscalculation. In th&sAWSalgorithm, theritnessis calculated with the weighted sum
of the considered objective functions, and is otsdi a unique optimal solution at the end of thecetien.
However, in theGAPD algorithm, thePareto Dominanceules are applied in order to obtain a group dirogl
solutions. TheGAPD algorithm owns greater search capacity thanGA&VSsearch procedure, according to the
numerical results, despite of spending more contipmal time. The set of compensators, adjustedestdy state,
also presents a good dynamic performance in sowiéngences, like transmission line disconnection.
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