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FACTS location and size for reactive power system
compensation through the multi-objective optimization

MESSAOUD BELAZZOUG, MOHAMED BOUDOUR and KARIM SEBAA

The problem of the FACTS (Flexible Alternative Current Tsarission System Devices)
location and size for reactive power system compensati@utjn the multi-objective optimiza-
tion is presented in this paper. A new technique is proposeth& optimal setting, dimension
and design of two kinds of FACTS namely: Static Volt Amperaaté&ze (VAR) Compensator
(SVC) and Thyristor Controlled Series Compensator (TCS&)dling the minimization of
transmission losses in electrical network. Using the psegdoscheme, the type, the location
and the rating of FACTS devices are optimized simultangodsie problem to solve is multi
criteria under constraints related to the load flow equatitime voltages, the transformer turn
ratios, the active and reactive productions and the congpiensdevices. Its solution requires
the the advanced algorithms to be applied. Thus, we propos@roach based on the evolu-
tionary algorithms (EA) to solve multi-criterion problent.is similar to the NSGA-II method
(Ellitist Non Dominated Sorting Genetic Algorithm). TherB#o front is obtained for continu-
ous, discrete and multiple of five MVArs (Mega Volt Amperectze) of compensator devices
for the IEEE 57-bus test system (IEEE bus test is a standawbrie).

Key words: reactive dispatch, multi-objective optimization, NSGIA-EVC, TCSC,
FACTS

1. Introduction

One of the most important problem in the energy generatight@msmission sys-
tems is the voltage profile maintenance of safe and optinogiyrating system by instal-
lation of compensation devices such as Flexible Alterea@urrent Transmission Sys-
tem ones (FACTS). In its most general description, the FAC@i&ept is based on the
substantial incorporation of power electronic devices methods into the high-voltage
side of the network, to make it electronically controllafig

Many of the ideas upon which the foundation of FACTS restdvexbover a period
of many decades. Nevertheless, FACTS, an integrated pbitgsis a novel concept that
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was brought to fruition during the 1980s at the Electric PoResearch Institute (EPRI),
the utility arm of North American utilities [2]. FACTS lookst ways of capitalizing on
the many breakthroughs taking place in the area of higkageltand high current power
electronics, aiming at increasing the control of power flowthe high voltage side of the
network during both steady-state and transient conditibhe new reality of making the
power network electronically controlled, altered the wagesigning of the power plant
equipment as well as the procedures that are undertake iplahning and operation
of transmission and distribution networks. These deveklmmay also affect the way
of energy transaction, as high-speed control of the patheoénergy flow is now feasi-
ble. Owing to the many economical and technical benefitomsed, FACTS received
the support of electrical equipment manufacturers, igdjtand research organizations
around the world [3].

Several kinds of FACTS controllers have been commissionedarious parts of
the world. The most popular are: load tap changers, phagle-eggulators, static VAR
compensators, thyristor-controlled series compensaitttey phase power controllers,
static compensators, and unified power flow controllers[f],

An appropriate voltage profile can be maintained while mining two objective
functions related to the total transmission active lossesthe compensation devices
amount (FACTS), which means that this problem is a multeotiye one (MO). Differ-
ent methods have been presented in the literature to scdv®i@ dispatch problems.
Let mention two families of these methods:

¢ New methods basing on the evolutionary techniques [5] as\tR&A (Niched
Pareto Genetic Algorithm) [6,7], NSGA (Non dominated SugtiGenetic Algo-
rithm) [8], SPEA (Strength Pareto Evolutionary Algorithf@), SPEA-II (Improv-
ing Strength Pareto Evolutionary Algorithm) [10], ImpraMeybrid Evolutionary
Programming Technique [11] and Ant Colony Optimization Mt [12].

e The classic methods as the non linear programming techniig}ethe weights
aggregation method [14] and teeconstraints method [15].

The classic methods present some inconveniences as loagofimxecution, non
safety convergence, numerical complexity and generatiemall number of non dom-
inated solutions. There are also disadvantages of ageaghfectives as follows:

1. Requirement of a priori knowledge about the relative ingue of the objectives,
and the limits on the objectives that are converted into traimgs.

2. The aggregated function leads to only one solution.
3. Trade-offs between objectives cannot be easily evaluate
4. The solution may not be attainable unless the search spaoavex.

The aggregation is not recommended for the systems withictaufl objectives.
Also, in engineering areas, we need to know all possiblenuptition solutions for all
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objectives simultaneously. In the business world it is knas the tradeoff analysis.
There are several areas in engineering where the tradealifsas is necessary. Because
of these inconveniences, the MO evolutionary algorithnak$amore promising, thanks
to their ability to exploit space of research without regoient of a pre-recognition of
the problem.

In this paper, the problem is formulated with two objectiuadtions. The evolution-
ary optimization method used is NSGA-II.

2. FACTS modeling
Similarly to the TCSC, the SVC combines a series capacitok Baunted by thyris-

tor controlled reactor in order to provide smooth variabdenpensation (Fig. 1). The
first one is installed in series with transmission line anel $kcond one is branched in

shunt at load node.
p. 3 Ej]

|/
IN x.

Figure 1. Structure of TCSC and SVC.

2.1. Model of TCSC

TCSCs vary the electrical length of the compensated trasssomi line with small
delay. This characteristic enables the TCSC to be used tiderfast active power flow
regulation. The basic idea behind power flow control with T&SC is to decrease or
increase the overall lines effective series transmissigredance, by adding a capacitive
or inductive reactive correspondingly.

Fig. 2 shows the implementation of TCSC in the electric line.

«
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Figure 2. Equivalent model of TCSC.
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The TCSC is modeled as variable impedaKgesc where the equivalent reactance
of line is defined as:

Xij = Xiine + Xrcsc 1)

whereR -+ jX is the transmission line impedance, ajg})2 is the susceptance of line
between node& and m. The level of the applied compensation of the TCSC usually
varies between 20% inductive and 80% capacitive [16].

2.2. Model of SVC

The SVC is defined as a shunt connected static Var generatmnsumer whose
output is adjusted to exchange inductive or capacitive $o@aintain or control specific
parameters of electrical power system, typically a busagat[16]. In this paper, the
SVC is modeled as a variable shunt reactive susceptiigg:installed at node under
voltageV, as shown in Fig. 3.

i Vi

{JB N4

Figure 3. Equivalent model of SVC.

The reactive poweQsyc provided (or absorbed) by the SVC at ndds given by
the following equation:

Qsvc= —BsvdV?. 2

3. Problem formulation

The solution of multi-objective problem of the optimal réee dispatch minimizes
two objective functions under constraints. These funetimpresent the compensation
devices amountf(SVQ), f(TCSQ or f(FACT 9) as the first function and the transmis-
sion lossesf{((LOSSE 9, as the second one.

3.1. Compensation devices amountf{)

The objective function which corresponds to SVC amountpsasented by the fol-
lowing function [17]:
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Npg

f(SVO =3 |Qsvd 3)
=1

whereNpq is the number of load nodes.
The objective function of TCSC amount is represented bydHheviing relation:

NL
f(TCSQ = 3 [Xresd (4)
=

whereN, is the number of transmission lines.
The combination of both SVC and TCSC amounts is representetebfollowing
function:

f(FACT) = f(SVQ +pf(TCSQ (5)
with p is a weighting parameter.

3.2. Total transmission active lossesf{)

The total losses in the transmission lines are given by th@Wimg function:

Npg

Ne
f(LOSSE $= ZP@ - ZPD' (6)
|= |=

whereNg is the number of generator buség is the number of load buses aRg| is
the real power of generator at nod®p, is the load real power at node

3.3. Equality constraints

Equality constraints represent typical load flow equatiasollows:

N
Pei —Poi =V ; Vk (Gik cog0) — 0k ) + Bik sin(a; — ok))
=1

N
Qai + QsveiVi2 — Qoi = V. 2 Vk (Gik sin(oy — ok ) — Bik cog(o) —ok)) (7)
=

l=1,...,N

whereN is the number of busefg andQg, are the generator real and reactive power,

respectivelyPp; andQp, are the load real and reactive power, respectiv@ly,andB;;
are the transfer conductance and susceptance betweearmlibusj, respectivelyo; is
the phase any, is the voltage magnitude of thth bus.
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3.4. Inequality constraints
Inequality constraints represent the system operatingslias follows:
Mimin SV <V max I=1,..N
—0.8XLne < XiTsess 02X N =1\
Peimin < Pei < Poimax
QGImin < QGI < QGImax
Temin < Tk K Tkmax 1 =1,...,Ng; K=1,..., Ny
0 < Qsvci< Qsvemax! =1,...,Npq

(8)

with Nt is the number of transformer$y is the transformer turn ratio at theéh bus ad
N is the number of lines.

4. NSGA-II (ELITIST non-dominated sorting genetic algorithm)

NSGA was introduced by Srinivas and Deb [18]. NSGA implera¢he idea of a se-
lection method based on classes of dominance of all sokitibnis algorithm identifies
non-dominated solutions in the population, at each geioaratio form non-dominated
fronts, based on the concept of non-dominance of Pareter Ais, the usual selec-
tion, crossover, and mutation operators are performed.ederythere are some faults in
NSGA. It has been generally criticized for its computaticz@mplexity, lack of elitism
and necessity of choosing the optimal value of sharing petram

A modified version, NSGA-II was developed, which has bettatisg algorithm,
incorporates elitism and no sharing parameter is needeé tthbsen a priori. In this
algorithm, the population is initialized as random, and rtnenber of population i#.
After initialization, the population is sorted based on ftlmmination into each front.
Each individual in each front are assigned with a rank vahssed on front in which
they belong to. Then, crowding distance is calculated feheadividual. The crowd-
ing distance is a measure of how close an individual is togighbors. Large average
crowding distance will result in better diversity in the pdgttion. Parents are selected
from the population by using binary tournament selectioseblzon the rank and crowd-
ing distance. The individual with smaller rank or greatewaling distance is selected.
The selected population generates offspring from crossaonve mutation operators. The
population and the current offspring is sorted again basedom-domination and only
the besiN individuals are selected. The selection is based on theaadlon the crowd-
ing distance calculated for the last front. Then the new [adjmn is selected as parents
at the next round. The pseudo code of the NSGA-II is as follows
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- For each iteratiom do:
1. R =R UQ (combine parent and offspring population)
2. F = fastnondominatedsort(R;) (evaluation of non-dominated fronts IRy)
3.Pu=0&i=1
4. until |[R41| + |F| < N (until the parent population is filled)

41i=i+1
4.2 crowdingdistanceassignemertt; ) (calculate crowding distance )
4.3 B ; = R UK (includeith non-dominated front in the parent population)

5. sort(F, <n) (sort in descending order using,)

6. |P+1]| =|R|UFR(N — |R41]) (choose the firsN — |R.1| elements of)

7. Qi1 (use selection, crossover and mutation to create a newagigrulising? ;1)
-t=t+1

The NSGA-II procedure is summarized in Fig. 4.

Non-dominated
sorting

Py

Q

T Rejected

]

Figure 4. NSGA-II procedure.

5. Numerical simulations and comments

The elaborated program was validated and tested for vaniewsorks. For example
the results obtained for the IEEE 57 nodes network whichainat57 buses, 7 thermal
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generators, 80 lines and 17 transformers [19] confirmedsigulness. In this study, full
load nodes are considered as compensation nodes candma®4&C and also all lines
for TCSC. The voltage limits at load nodes and generatinggs@de respectively:

0.9pu

<V <1llpu
0.94pu< Vg <

1.06pu

For all tests, the maximum limit of capacitive compensa{i®wC) to install is equal
to 50 MVArs. The limits on tap changers under load transfasrare 0.90 and 1.10.
The convergence tolerance for load flow is~4(.u. for active and reactive powers.
The optimization program presents a feasibility and oplitpéolerance of 106 p.u.
Initial compensator devices installed at nodes 18, 25 arar®30, 5.9 and 6.3 MVArs
respectively.

Two cases have been considered: in the first case we keptuivesien their nodes,
in the second case we considered the network without its easgtion reactive system.

The mono-objective optimization of losses allows for ifistg 122.82 MVArs in
order to reduce 59.91% of them for the first case and instgll2.85 MVArs on several
nodes with the intention to decrease 60.77% of them for thersbcase. This optimal
reactive power flow gives one extremal solution to the pnoblgVith applying multi-
objective optimization we obtain several solutions whiehnmit the operator to choose
the adequate one.

The optimal Pareto set for bi-objectives optimization af tompensation devices
and active power losses: SVCs/Losses (discrete, multipleMVArs, continuous and
with 10% of precision), TCSCs/Losses, FACTSs/Losses awsim Figs 5to 9, respec-
tively. Inside each figure, a comparison between two casgsoian: one corresponds to
investment of new FACTS (case 1) and in the other one (casef@srto the existing
SVCs in the network being set to zero.

12.6

‘ ‘ With initial SVC = Without SVC
12.4|= 2
1221 = i
12 1L Q? -
@ 7,_‘ :
L
T 118 %
=R %
iy S
g 16+ T, R, B
g oty
gy By
11.4 T, ey, 4
Ty, o
uhauv—,_u .
o
11.2 e e ccrrecenes N 4
11 ‘ ‘ ‘ ‘ ‘ ‘
o 20 40 60 80 100 120 140

SVCs (MVars)

Figure 5. Pareto set SVCs(discrete)/losses.
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Figure 6. Pareto set SVCs(multiple of 5)/losses.
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Figure 7. Pareto set SVCs(continuous)/losses.

The Pareto front of various optimization cases are illusttan Figs 5 to 9. We can
observe that the NSGA-II provides a well distributed Pafetat for both cases. It is
clear that the Pareto fronts of the second case (withoualir8vC) are under of those
that corresponds to the first case. Unfortunately, the pdosses are also decreased
because of the reduction of power transition in the linegshthTCSC case, it is clear
that the reduction on losses is more significant until 20 My/&rinstalled. Compared
with TCSC, the SVC provides lowest power losses. In the lasecTCSC and SVC are
both installed at the same time. They provided the highektation of losses which is
illustrated in Figs 10 and 11.

In Tabs 1, 2 and 3, we represent the installation of FACTSHertivo cases and two
points: the first point is chosen so that the sum of FACTS is 822 MVArs (this sum
is of the initial devices already installed); the seconchpabrresponds to the extreme
point. From the Figs 5 to 9, we can pull the values of two poiatsevery case. These
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Figure 9. Pareto set FACTSs/losses.

values are summarized to the tables. The table 2 shows tiMiryg 5 MVArs on nodes
31, 42, 50 and 53 with the use of all the controllers of a rgaathergy, the losses are
reduced by 58.04%. Figs 12 and 13 display the load nodegyeoitalues corresponding
to point 2. It can be noticed that all voltages lie betweelr {hermitted limits.

Another case to be studied follows from movement of the exjstapacitor batteries
of the nodes 18, 25 and 53 towards nodes 31, 32, 42 and 53 witjudmtities indicated
in Tab. 2. This makes possible the reduction of the activegpdasses of 58.30%, and
readjusted all the control variables (generation voltagestransformer turn ratios) and
the state variables (load voltages, active and reactiveepgeneration).

Table 2 shows that for minimal losses, the transformer betmd&3 and 49 node is
the weakest one and it needs an installation of the biggeSICTCThe table shows also
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Figure 10. Pareto set FACTSs/losses without initial SVC.
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Figure 11. Pareto set FACTSs/losses with initial SVC.
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that, minimal losses are limited: they are equal to 12.02 ¥vand 11.62 MVArs for

case 1 and 2 respectively.

Tab. 3 shows that for minimal losses, the lines (12,17),4@1.,(13,49) and (39,57)
are the most important locations for the installation of TC$he nodes candidates to
installing SVC are 31, 32, 33, 42 and 53. In addition, minifoakes are extremal: they
are equal to 10.95 MVArs and 11.05 MVArs for case 1 and 2 rasmbe

For both cases, the determination of the nodes candidatt®e toompensation is
made on closely situated nodes, which reflects the lack ativeaenergy on the level
of the zone of nodes 30 and 31. This table illustrates thdtsesiia minimization of the
active losses of each case of the network, which presentuatien of 60.68% for case
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Figure 13. Load voltages.

1 and 61.16% for case 2. The commutation of the bank capadgonore significant for
the losses while the objectives are reached. In generalisthef FACTS is necessary to
stabilize the network. The combination of SVC and TCSC mtesian important state
of compensation.
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Table 9. Optimization results - installing only SVC.

Only SVC (multiple of 5 MVArs)
with initial SVC (MVArs@node) without
Variables ('10@18 5.9@25'6.3@53) ' SvC .
Pointl Point2 Pointl | Point2
SVC (10) - 5 - -
SVC (13) - 5 - -
SVC (14) - 5 - -
SVC (17) - 5 - 5
SVC (25) - - - 5
SVC (28) - 5 - 5
SVC (31) 5 5 5 5
SVC (32) - - 5 -
SVC (35) - 5 - -
SVC (38) - 5 - 10
SVC (41) - 5 - -
SVC (42) 5 5 5 5
SVC (43) - - - 5
SVC (44) - 5 - 5
SVC (46) - 5 - 5
SVC (47) - 15 - 10
SVC (50) 5 10 - 10
SVC (51) - 5 - 5
SVC (52) - 5 - 5
SVC (53) 5 5 5 10
SVC (55) - 15 - 10
SVCs(MVArs) 20 115 20 100
Losses (Mega Watts-MW) 11.6901 11.2249 11.8690| 11.3133

It is true that the regulation of control variables such asegation voltages and tap
turn ratios transformers ensure the realisability of posyetem but stills insufficient in
economic perspective.
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In this paper, an approach based on the NSGA-Il method has firesented and
applied to the multi-objectives reactive dispatch probtg#ran electric network.

The problem has been solved as a multi-objectives probleith, taking into ac-
count the active power losses, compensation devices amaahtas SVC, TCSC and
FACTS. The results illustrate that the proposed approadifficient for solving the
multi-objective reactive dispatch problem. The non-daated solutions obtained are

Table 10. Optimization results - Installing only TCSC.

TCSC(i,)) with initial SVC without SVC
(pu) Paintl Point2 Pointl | Point2
TCSC(8,9) | -0.0164| -0.0182 | -0.0169 | -0.0199
TCSC(1,15) | -0.0200| -0.0256 | -0.0244 | -0.0313
TCSC(1,16) - - -0.0172| -0.0513
TCSC(12,17) | -0.0105| -0.1077 | -0.0021 | -0.1430
TCSC(23,24) - - - -0.1103
TCSC(24,25) - - - -0.0165

TCSC(30,31) | -0.0004 | -0.0002 - -
TCSC(31,32) - - - 0.0019
TCSC(41,42) | -0.0324 | -0.2328 | -0.0129 | -0.1882
TCSC(13,49) | -0.1414| -0.1377 | -0.1418 | -0.1393
TCSC(29,52) - - -0.0073 | -0.0803

TCSC(52,53) | -0.0004 | -0.0495 - -
TCSC(40,56) - - - 0.0425
TCSC(56,41) - - - 0.0281
TCSC(39,57) | -0.0018 | -1.0840 - 0.0005
TCSCs(MVArs) | 22.3300| 165.5700| 22.2600| 85.3100
Losses(MW) | 11.6836| 11.6161 | 12.0781| 12.0209

6. Conclusion

well distributed and have satisfactory range characiesist

Based on the above observation, we can conclude that thdtaireausly use of
TCSC and SVC provides the best optimization of losses. Thed @llows equilibrating
the weakness of lines and transformers on their suscetahierefore, the use of SVC
is better when we search for reducing considerably losgesc®mbination of both SVC

and TCSC gives an important state of compensation.
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Table 11. Optimization results - Installing FACTS.

Only SVC 5 MVArs
with initial SVC without SVC

Variables Pointl | Point2 | Pointl | Point2
SVC(10) - 5 - )
SVC(14) - 5 - )
SVC(17) - 5 - i
SVC(23) - 5 - -
SVC(31) - - 5 5
SVC(33) 5 5 - 5
SVC(35) - 5 5
SVC(38) . - - 10
svc(al) : - - 10
SVC(42) 5 5 )
SVC(44) - 5 - i
SVC(47) - 10 - )
SVC(48) - 5 - )
SVC(49) - 5 - )
SVC(50) - 10 - )
SVC(53) . 5 5 10
SVC(56) S

TCSC(8,9) | -0.0164| -0.0182| -0.0169 | -0.0199
TCSC(1,15) | -0.0200 | -0.0256 | -0.0244 | -0.0313

TCSC(1,16) - - -0.0172 | -0.0513
TCSC(12,17) | -0.0105 | -0.1077 | -0.0021 | -0.1430
TCSC(23,24)| - - - -0.1103
TCSC(24,25) -0.0165

TCSC(41,42)| -0.0324 | -0.2328 | -0.0129 | -0.1882
TCSC(13,49)| -0.1414| -0.1377| -0.1418 | -0.1393

TCSC(29,52)| - - -0.0073 | -0.0803
TCSC(52,53) | -0.0004 | -0.0495| - -

TCSC(40,56) | - - - 0.0425
TCSC(56,41)| - - - 0.0281
TCSC(39,57) | -0.0018 | -1.0840 0.0005

SVCs(MVArs) | 22.2100| 96.4800| 22.1900| 91.6800
Losses (MW) | 11.4861| 10.9549| 11.7582| 11.0552
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