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Abstract — We propose a transmission expansion planning mobe

that integrates thyristor-controlled series compenators (TCSCs)
to enhance line transmission capacity, and supercdnocting fault
current limiters (SFCLs) to control short-circuit | evels. The har-
monious interplay between TCSCs and SFCLs results ieffective
and economically attractive optimal expansion plansThis multi-
stage planning model translates into a complex mixkeinteger non-
linear programming problem, which is hard to solve.To solve it,
we propose a successive linearization technique Wih a Benders’
decomposition scheme that proves effective in finag optimal so-
lutions and efficient in terms of computational buiden. We illus-
trate the methodology proposed using the IEEE 39-tmisystem.

Index terms—Transmission expansion planning, superconducting
fault current limiter (SFCL), short circuit level, thyristor-
controlled series compensator (TCSC), Benders’ deagosition.

NOMENCLATURE

Sets and Indices

ICFSRIICESX Investment cost for a resistive/inductive

L pL

Gy, B;
min mzn

Gl q !

max max
G ' =g

GPLSR BPLSR

PLSX RPLSX
G ;B

l,x

PGSR RPGSR
G B

leQ,Q; Index and sets for candidate and all lines, re-

spectively. (GPGSX pPGSX
g€ Qg Index and set for generators.
r e, Index and set for resistive SFCL modules.
r€Q, Index and set for inductive SFCL modules. SE
teQp Index and set for planning periods (years). SzT,q
i,j,m,n € Qy Indices and set for buses.
deQp Index and set for demand leveddtainec
from clustering of hourly load demands. @i
q € Qg Index and set for maximum TCSC compen- Ny
sation level. pD
Superscript i Qi
Re, Im Real and imaginary parts of compleatuec .
quantities. ¢
Parameters Td b
ol Discount rate of investment. cy
ICEC Investment cost for candidate lihe PGmm pgimas
Ict, Investment cost for a TCSC withmaaximum Qg’mm, QG’"”

of ¢ compensation levels at lie

min max
Vi Vi

]CflejcffX Investment cost for a resistive/inductive ZO Re ZO Im

SFCL withr/z modules at liné.

M. Esmaili (corresponding author) and C. Y. Chung avith the
Department of Electrical and Computer Engineerindniversity o
Saskatchewan, Saskatoon, SK S7N 5A9 Canada mgiE-
msdesmaili@gmail.com, c.y.chung@usask.ca).

M. Ghamsari-Yazdel isvith the Department of Electrical Engineer
West Tehran Branch, IAU, Tehran, Iran E-mail: ghari@birjand.ac.ir).

N. Amjady is with the Department of Electrical addmputer Engineerin
Semnan University, Semnan, Iran (E-mail: amjady @wsenac.ir).

Antonio J. Conejo is with Department of Integratgstems Engineeril
and the Department of Electrical and Computer Eemimg, The Ohio Ste
University, Columbus, OH 43210, USA (E-mail: con&j@osu.edu).

ISC’,maz

Variables
Prt
77Z}l,q,t

el,r,t/fl,x,t

SFCL withr/z modules at generatgr
Conductance & susceptance of line
Minimum parallel equivalent conductang&e
susceptance resulting from a TCSC wdth
maximum ofg compensation levelat linel.
Maximum parallel equivalent conductar&e
susceptance resulting from a TCSC wéth
maximum ofg compensation levelat linel.
Parallel equivalent conductance & suscep-
tance resulting from aeries resistive SFC
with » modules at ling.

Parallel equivalent conductance & suscep-
tance resulting from series inductive SFC
with z modules at liné.

Parallel equivalent conductance & suscep-
tance resulting from a resistive SFCL with
modules at generatgr

Parallel equivalent conductance & suscep-
tance resulting from aimductive SFCL witt

x modules at generatgr

Maximum apparent power of lire

Increment in themaximum apparent pow

of linel due to installing a TCSC with a max-
imum of g compensation levels.

1iflinel connects busesandj; 0 otherwise.

1 if generatoy is at bug; O otherwise.

Active and reactive loads of bust demani
level d and time period.

Value of energy losses at period

Duration of demand level.

Operation cost of generatgr

Limits on active power of generatgr

Limits on reactive power of generatar

Limits on voltage magnitude of bus

Diagonal elementof the original impedanc
matrix.

Allowable short circuit level at bus

1ifline l is planned at tim¢& O otherwise.

1 if a TCSC with a maximum af compen-
sation levels is planned in lifdeat timet; O
otherwise.

1 if aresistive/inductive SFCL withz mod-
ules is planned in linkat timet; 0 otherwise.



1 if a resistive/inductive SFCL witHlz mod-
ules is planned in generatpat timet; 0 oth-

Ug,r,t/wg,%t

erwise.
PT PT
Glau Bl ! et
tance resulting from a TCSC in lineat de-
mand leveld and period.
ijLtS BZPthS Parallel equivalent conductance & suscep

tance added to corridef due to dine serie:
SFCL.

Parallel equivalent conductance & suscep
tance added to buglue to ayenerator serie
SFCL.

PGS PGS
Git ’Bit

GEN ~BCN
i,7,d,t* “—i,7,d,t
mand leveld and periodt in normal opera-
tion.

fot Bfft Incremental conductance & susceptanc
corridorij in faulted condition at perioddue
to adding lines, TCSCs, and line SFCLs.

Pfd7t, ?.,d,t Active & reactive power outputsf generato
g at demand level and period.

Pf] a0 Q54 Active & reactive power flows from busto
j through existing & candidate lines at de-
mand levell and period.

Vidat 0iat Magnitude and angle of busvoltage at de-
mand leveld and period.

Sz Dynamic maximum apparent power of corri-
dorij at period.

Py Power losses at demand levednd period.

AzEAm Change in diagonal elemenbf Zsus at pe-

T riod ¢ due to adding new componerit=.,
lines, TCSCs, and SFCLSs) to corridan.

AZEm Change in diagonal elemenbf Zsus at pe-

o riod ¢ due to adding generator SFCatsbus
m.
zln Diagonal element of Zsus at period.
I3, Short circuit level of bus at demand level

and period.

|. INTRODUCTION

A. Motivation and Background

Transmission expansion planning (TEP) is carriet tou
meet transmission network requirements to suppdyfthure
load of power systems. Additionally, thyristor-canked series
compensators (TCSCs) are employed to improve thveepo
transfer capability of existing lines, voltage slig and oper-
ation flexibility [1]. The TCSC technology is ma&uwith many
installations across the globe [2]. However, whewspective
transmission lines/TCSCs are added to an existivgep sys-
tem, they increase the short circuit (SC) leveéxisting sub-
stations by lowering transmission impedances [8thSan in-
crease in SC levels may violate allowable limiteeGolution
is to upgrade the SC level of existing substatiomgonents,
such as switchgears and transformers, a task titatshigh
costs of construction and power interruptions dyrihe up-
grading process. An alternative approach is toreefthe SC

limits in the planning stage to achieve a costetife and prac-
tical solution. However, a SC-constrained planmmadel may
result in either building a smaller number of caladé lines or

Parallel equiva|ent conductance & Suscepbuilding low CapaCIty/hlgh impedance lines to kﬁm)SC level

under limits. This implies that the optimal solutiof the SC-
constrained planning model may be biased.
Superconducting fault current limiters (SFCLs) haee
cently called the attention of power system plasmiere to their
capabilities in efficiently mitigating fault curresx Some in-
stances have been installed in the USA, Europa, Asid UK

[4]. SFCLs are invisible in normal operation sirntbey intro-

duce nearly zero series impedances; however, thiekly ex-
hibit large impedances in fault conditions to lirSI€C currents

Corridorij conductance & susceptance at de{s]. They can also help mitigate transient stapibsues by lim-

iting the amount of kinetic energy absorbed bypbever sys-
tem during the fault-on period. SFCLs are availabliée mar-
ket as resistive, inductive, or hybrid types [8], Using SFCLs
allows building high-capacity lines with or withoMtCSCs
while keeping the SC levels within allowable limitSince
SFCLs are rather expensive, SFCL optimal placei{®0P) is
performed to effectively employ the least numbe8B{CLs. In
addition, as TEP, TCSC allocation, and SFCL placenage
planning issues, it will be practical to jointlydrdss the three
of them.

Dynamic TEP (with time-dependent expansion decsid
a hard-to-solve mixed-integer nonlinear programming
(MINLP) problem if an AC network model is used [The in-
clusion of TCSCs and SFCLs in the dynamic AC TEResat
more challenging due to turning line admittanced astwork
impedance matrix @&s) elements into variables. Therefore,
appropriate linearization methods are needed twearbrthe
MINLP problem into a mixed-integer linear progranmgi
(MILP) with acceptable linearization errors. Thare some lin-
earization techniques available in the literatatgsh as [8], [9],
[10]. However, they are not valid if transmissiavrridor im-
pedances are variables.

B. Literature Review

The joint planning of TCSCs and lines is addresséddl] as
an MINLP problem; however, a DC network model is-em
ployed. On the other hand, fault currents have leesidered
in TEP in a limited number of works. In [3] and J1the SC-
constrained TEP is formulated as an MILP problerheng a
DC network model is used. Thus, the model cannatdeel to
determine optimal resistive/inductive SFCL modukdthough
SC levels are restricted in [12] by SFCLs, its posgstem
model does not consider admittance matrix charlggd.3] a
SC-constrained system expansion planning mogeksented
considering bundling and voltage levels of lines.

Depending on a number of parameters, includingniste
work X/R ratios and the load power factors, the boration of
resistive/inductive SFCL that best matches a bramgienera-
tor can be determined. However, most SOP worksnassa
purely resistive or inductive SFCL. For instancesistive
SFCLs are optimally placed in [5] and [14] usingemsitivity
analysis pertaining to transient stability. In [1&hough SOP
is addressed using a genetic algorithm, complexechSFCLs
are not modeled. A SOP is proposed in [16] usingierative
technique, where an inductive SFCL is installe@ath itera-



tion to evade a variablesds. SFCL locations and sizes at pre- Original network

vious iterations are assumed fixed for the curitenation. This
technique does not allocate all SFCLs simultangousi[17],
a two-stage SOP is proposed. In the first stagepfgtimal lo-
cations of SFCLs are obtained to reduce the sespelte,
whereas in the second stage, the optimal sizeBGELS are de-
termined. In [18], hybrid SFCLs are optimally pldcéiow-

Original network Original network
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ever, &us updating, a key feature in SOP, is not modeledFig. 1 Addition of a series impedance to the networko(ainal network, (t

Moreover, since the number of SFCLs is not optichize[18],
a very high number of SFCLs may be placed.

Generalized Benders’ decomposition is used initeeature
to decompose an MINLP problem into an MILP mastebp
lem (MP) and a nonlinear programming (NLP) subpzabl
(SP) [19]. However, only in the case of a convexPNit is pos-
sible to guarantee that the global optimal solui®mttained
[20]. To this end, some works linearize the nordn&P to
achieve convexity. For instance, nonlinear powewflequa-
tions in the SP are linearized in [21]; howevaredrization er-
rors are not considered, and a high linearizatroor enay lead
to a non-optimal solution. In some works, such 23],[the
power flow equations are convexified via relaxatidlowever,
these convex models can only be used if branchdamees are
constant. To achieve an optimal solution, we prepmsnodi-
fied Benders decomposition (BD) scheme in whichlithesari-
zation errors approach zero through re-linearipatieer the it-
erations.

C. Contributions and the Organization of the Paper

In light of the literature review, the contribut®nf this pa-
per can be summarized as:

» Joint planning of transmission lines and TCSCs ictenmg
SC limits. For some transmission corridors, insigll
TCSCs may provide more cost-effective solution thdd-
ing new lines.

» Optimal siting of hybrid SFCLs to control SC levéetat
may increase as a result of adding new lines an8CRC
This allows planning high capacity lines with lomped-
ances and low energy losses. In addition, theycagtjrad-
ing of existing substations to reinforce their SWdls is
avoided.

added series impedance, (c) equivalent paralletdapce.

Il. THE EFFECTS OFADDING NEW LINES, TCSGs, AND
SFCLs ON THENETWORK IMPEDANCE MATRIX

A. The Effect of Adding an Impedance in Series winanch

A branch with impedanceZy, ,, (bold fonts are used for
complex-valued quantities) between buseandn is shown in
Fig. 1(a). An impedanc&g is connected in series with this
branch in Fig. 1(b). Then, the series impedancemverted to
its parallel equivalent impedané&g, in Fig. 1(c). To obtain the
value of Zp, the resulting equivalent impedances in Fig. 1(b)

and Fig. 1(c) should be the san#), ,, + Zs = Z9, ,, || Zp.
By solving this equation faZ ,, we obtain:
Z° (Zs+ Z°
ZP _ m,n( S m,n) ) (1)

7ZS

The Thevenin equivalent impedance as seen from muthe
corresponding diagonal element ofu (Z, ;) [23]. We con-
sider a 3-phase fault since it usually resulth&worst case SC
current as compared with other types of faults .[2Z3]e SC
level at bus is calculated a¥;/Z; ;, whereV; is the voltage
at busi. As a result of adding » between buses andn, the
change in the diagonal eleméntf Zsus is expressed as [23]:

AZ, ;= 7 ”
t 28 25,220, .+ Zp

)

where Zgj (V1, 4) represents the original elemenitof Zsus
(before adding a new component). Since the addegbapent

* Proposing a novel BD scheme to solve the considergdparallel in Fig. 1(c), it is convenient to exgset in term of

MINLP problem. Nonlinear functions are re-lineadzzver

BD iterations to minimize linearization errors. Wpoon-

vergence, the solution obtained by the linearizeablem

matches that of the MINLP model due to zero linestion
errors.

These contributions fill some research gaps in a&éPthey
are specific to this paper. It is worthwhile to @ditat although
distributed generations (DGs) may be able to reduecden of
transmission systems by locally producing powesythare not
included in this paper. Its reason is that planmhBGs is per-
formed at distribution level [8] with the outcomiedistribution
future power requirements as an input to the TEP.

The rest of this paper is organized as followsSégtion II,
the effects of adding candidate lines, TCSCs, &f@LS on the
Zgus are analyzed. In Section lll, the proposed MINLBdel
is presented and linearized. The re-linearizatiased BD
scheme is presented in Section IV. Section VI prissease
studies and their discussions. Finally, Sectioncéhcludes the
article.

its admittancéY, = 1/Zp. By substitutingZ , from (1) into
(2) and expressing it in terms ¥}, we obtain:

_<Z'?'rn - Z?n)QYP
AZ,L i == : :
' 1+ (Z':(']n.,m + Z'g,n - 2Z'ron,'n>YvP

®3)

B. The Effect of Adding Lines, TCSCs, and Line SFCLs

A TCSC/SFCL is placed in series with an existing/ri@e
as shown in Fig. 2(a). The originaué diagonal elements are
changed as a result of adding line-related comgsnerhich
can be converted into their parallel equivalent itidimces as
shown in Fig. 2(b). For instance, the impact ofiagén SFCL
to the existing linenn (YFL°) on diagonal elements okds
can be written from (3) as:

—(Z0m — 200)" Vi1 ®

AZ = PLS
1+ (Z'ron,m + Z'roz,n - 2Z?n,,'n.)Yle

i,m,n

4)
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Fig. 2. Existing and candidate lines with SFCL a®&5C, (a) series connec-
tion, (b) equivalent parallel connection.

whereAZ[,  represents the change in diagonal element
Zsus due to addind’;;°. Since elements of the originad&

are constants, it is possible to simplify (4) byiniag the con-

stants A, ,,,,, = —(2Z,, — 20,23, — Z),) and
Bm,n = (Z?n,m + Z’?l,n - 2Z'9n,n> as:
. ) YPLS
AZ.{:'m,n i,m,n L1 (5)

T+ B Y5

Although (5) is derived to provide the effect ofdawy
SFCL1 to an existing line on the diagonal elemeht8sus, it
can be similarly used for other parallel componémtsig. 2(b)
(namely, TCSC1, line L2, TCSC2, and SFCL2). All edd
components become parallel components in Fig.@&{bg they
are converted to their equivalent parallel admaésn By sum-
ming up all parallel admittances of added compa)etite
change in the diagonal eleméndf Zsus is calculated as:

AZL,
A (Yir 2+ Y+ Y + Y3 ¥ + Y

- C)
U4 By o (YE1 S + YT+ Yo + Y™ + Y

where superscript denotes the changes as a result of adding;-

the line-related components. In fact, all changes td adding
new components are merged in (6) and are applidtetorigi-
nal Zsus elements only once. This type of one-stepsdipdat-
ing, rather than updating repeatedly, reducesuhgber of con-
straints of the optimization problem. Equationdéh be rewrit-
ten using real and imaginary parts as:

AZDTE 4 Az

i,m,n i,m,n
— (Af,%fn,n + ]All;r’rbz,n)(Ggan + ]Bg,F") (7)
L+ (BEe, + jBLm, ) (GSE, + jBSE,)
where GSF =G5 +GIT+ G+ GPE5 + GEE and

BSE, = BYYS + BIT + B, + BY5® + B3, as their com-
ponents are shown in Fig. 2(b), represent the patedllel con-
ductance and susceptance of the new components.
C. The Effect of Adding Generator SFCLs

A series generator SFCL with impedangg©S at busm

can be represented by an equivalent parallel aameidy, 25
[23]:

ZSGS
YPGS — m
m

T 290250 + 2555)

8

where Z&0 is the generator impedance. The changesis &
[23]:

(22)?
R + Z0 Y PGS

mm-m

AZE, = ©)

whereAfom represents the change in the diagonal elernent
of Zsus due to Y,;F¢S. By defining constantsC; ,, =

—(22,,)? andD,,, = Z3, .., (9) is simplified as:
bm 1+ D, YRGS

whereC; ,,, andD,,, can be calculated from the originalué.

Rewriting complex-valued quantities in (10) usirgpit real
and imaginary parts yields:
AZiGr;LRe + jAZiGr,T{m
Re -~Im
_ Citm +ICT . (11)
L+ (Dfe + jDI) (GRS + jBRES)

I1l. PROPOSEDMODEL FORTEPWITH TCSGs AND SFCLs

In this section, the MINLP model is explained firshen,
the model is linearized to improve its tractability

A. MINLP Model

The objective function of the proposed MINLP modél
TEP with TCSC and SFCL is:
L C=Cr+Cop

b 0,6 (12)

where the investment co&t; and the operation coét,, are
as follows:

1cEe (Pre — re-1) ICT Yy g0 — Yrg1)

Cr= - + _
W,gw (I +7)tt \ﬂzq:, 1+t
[CZL;SR (el,r,t - el,'r,tfl) + Z ICleSX (fl,w,t - fl,ar,tfl) +
Vi,rt (1 + 7)t71 Vi,xz,t (1 + ’Y)t71
]CgG,';SR(vg,r,t - vg,'r',tfl) [Cgffx<wg,:v,t - wg,z'.,tfl) (13)
et (1 +y)t Voo (14t
PG, .C97, 7, Plossr,
Cop = edtg g N oAt (14)
\,;;t (147t ;(14‘7)” !

The constraints of the proposed MINLP model of Math
TCSC and SFCL are (15)-(50)

Normal operation (added new lines and TCSCs):

Ot 2 Pri—1 (15)
wl,q,t > wl,q,tfl (16)
Zl//z,q,t <@y (17)
Vg
DG g < Glan <D Gli™ e (18)
Vq Vq
DBl e SBla < DBl e (19)
Yq Vq



CN _ L PT Im _ 70, L, I G, T
Gl =D Gloymi;+Y Glim; (20) Zlp =20 Y Azl Y AZT (47)
Vi Vi Ym

Vm,n
BON =D Bl + ) Blawon, (21) Azl =
vl vl Im CF Re CF
S:’;atdb _ Z o tSle[ g + Z wl.q tSquwl g (22) Ai,m,nGm,’ﬂ,t + Ai,m,an,n,; + ,
w vi 7 - Viq h 7 v (Azlj;lz,nB'{;izen - Aﬁren,nB’{rTn) (GgLITn,t + BgLFn,t ) (48)
0S8 C C e CF m CF
Py = Z (Pas+ Piiat) (23) 1+ 2B, Gy — 2B By +
e (B> + BIm?) (GSr, 2 + BSF, 7)
Z ch-,:d,tNg,i - Z(Pz%,d,t> - Pi%,t =0 (24) Im ’ Im R,e ’ Re 7[7;1 PGS
Vg vj {Ci,m + (Ci,mDm - Ci,'rﬁDm )Gm,t }
Re MRe I Im PGS
Z di,tNg,i - Z(Qic,'j7d7t) - di,t =0 (25) AZGJm _ _(C'L,mDm + C’L,%Dm )Bm,t 49
Vg ‘ \Zi im,t 1+ zDﬁzeGSLGtS _ QD{TZyLBT}:LGtS ( )
VI < Vg S VI (26) 2 e R,
’ +(DEe® + DIm?) (GFGS™ 4 BIGST)
—m/2< 6540 < /2 (27) so ) sc
min mazx Iq, = ‘/L Zzlm S Ii s .
pEmin < p&,, < PY (28) it el 23 (50)
QYmin < Q5,, < Q§m (29) The objective function in (12) includes investmenst ()
Pi,cj,d,t _ GgJ]'Yd,tVQd - Ggfd,t‘/i,d,t‘/},d,t c08 8y 44 and operation cost},p). The first and second terms in (13)

(30) represent the cost of building new lines and TCS€spec-

_BEN v . gind.. ) . o~
ot Visd e Vi e S0 0ij a0 tively. The 3! and 4" terms are investment cost of resistive and

QY a4 =—BIN Vi + BN ViaiViascosba, 31) inductive SFCL modulesl,, respectively, installe@sisting and
—GON, V., Viaesing; g, new lines. Similarly, the 5qnd & terms are reIatgd to genera-
o 72 v C ’2 ” ) tor SFCLs. The two terms in (14) indicate the openacost of
(Pas)” +(QFa:) < (SF) (32)  power generation and energy losses over the plgrmirizon.
Faulted operation (added SFCLs): We have considered a number of demand levels @utaising
the k-means clustering technique [13]. By this technjche
Zelmt < Pue (33) hourly load profile of each bus, consisting of 8T&furly de-
o mands per year, is categorized into a predefinetbeu of clus-
Z Jrap < u (34) ters, where the centroid of each cluster givescthster load
vz level, and the number of hours in each clustergitgeduration.
Z Vgrp <1 (35) Inthis way, the obtained cluster load levels repre: the whole
vr year, while a significantly lower number of loadwes (com-
ngz <1 (36) pared to 8760 hourly demands) are considered. {€ass in
Vo (13)-(14) are converted to net present values.
€1t > € (37) Constraints in (15)-(16) guarantee that if a caattidine or
w w a TCSC is constructed or installed at a time peribi$ also
froa 2 fraia (38)  available at subsequent time periods. Equation &ll@yvs in-
Vgrt 2 Vi1 (39) stalling TCSC in only selected lines. It also gudeas that only
> 40 a specific TCSC compensation level is selectecahneime in-
Yozt = Wo,z,t-1 (40) terval. This is due to the fact that the TCSC comspéion level
GPEY = N " (GIESFe,,  + GIESXfy, @y, (41) Varies with the load profile. The left-hand anchtigand side
i,z summations in (18)-(19) represent the minimum aagimum,
PLS _ PLSR PLSX o respectively, parallel equivalent conductance/quseee of a
B V;T(Bl’r et B e )@ @2) TCSC to be installed in linkat timet. The resulting time-de-
GCF B Z Ly o pendent admittance of transr_niss_ion corridors ie@ik_ry (20)-
B3t W 1Lt g (21), where the first summation is from all linexigting and
min o LS new) and the second one is from installed TC3&s.; is used
+ ;Z(Gl’q + Gl g @ + Gl (43)  to convert a line-based index to a bus-based indlete that
’ or L since the impedance of SFCLs is nearly zero in abapera-
Bije= Z By, tion, it is not considered in (20)-(21). Dynamitimgs of corri-
, l€0c dors are given by (22), where TCSCs are represastedrallel
+Z(Bﬂm + B )y g @+ B (44) paths for power flow as shown in Fig. 2(b). Netwquwer
Vig losses are given by (23). Note that network powssés, which
GFSS — Z (chr;sz%vg it Ggg;SXwg et) N g (45) are minimized as a part of the operation cost #),(lisually
' Vare v 7 o ’ have a small contribution compared with the gefm@matost —
PGS _ PGSX PGSR the first term in (14). Active and reactive poweldnces per
B = Z (Bya™ Waun + By™ 0gr) N g (46)  pus are enforced by (24) and (25). Operationaltsirof bus

Vg,r,x



voltages and generator outputs are imposed by (&28)and
(28)-(29), respectively. It is noted that voltagagnitudes are

Taylor series expansion, these nonlinear functemeslinear-
ized around a base poiit, as follows.

bounded to vary within their limits and not optimirin the pro- CLN oprC. »
posed TEP model. Time-dependent power flows ofstras- P, /3 = P 4 [x, , + ZaLTJ (X; — X10) (51)
sion corridors (through existing and new lines) eatulated VX, Lolx, g
using (30)-(31)d;; 4.+ = 6; 4.+ — 9;.4.+)- The apparent power of 90C.
transmission corridors is constrained by (32), Whiepends on Qfﬁﬁ = Qicjj,d,t|X1,o + Z#‘“ (X, — X1,o) (52)
existing and candidate lines as well as on TCSCs. VX, Loy,

Constraints (33)-(34) allow installing modules ekistive L,LN,Im
and inductive SFCLs in selected lines. It also gotes that émynst I Im
only a specific number of modules of resistive/iciiite SFCLs AzLIm n Z ONZ; s (X, — Xp0) (53)
is selected. Similarly, (35)-(36) ensures the séongenerator ~— — “im.ntlXao & X, 2 2,0
SFCLs. Constraints (37)-(40) imply that if a numb&ISFCL 2 X2,0
modules are placed at time perigdhey are available in sub- Azﬁ;fi\’vfm
sequent time periods. o A ZCIm

The equivalent parallel admittance, which is adecorri- - AZ.G’M|X + Z Gyt (Xy— X, 0) (54)
dorij due to line SFCLs, is given by (41)-(42). Resistand smit 120 & 0% ’

inductive SFCLs are expressed in impedances, moittachces,

X0

as they are installed in series with a line. Howewe convert WhereX; ; andX, , are values of; and.X,, respectively, at
them to their parallel equivalent admittances gsressed by base pointX,; superscriptN indicates the linearized value of
(1). If a purely resistive or inductive line SFGi.donverted to the nonlinear functions. Note that the accuracy aflor first
its equivalent parallel admittance, it results toaplex-valued order expansion is reasonable only around the paisg. To
admittance. For instance, when a purely inductiéCIS improve accuracy, we later introduce a BD schemepidate
Z7ES = jX is converted to its equivalent parallel admittancée base point in order to minimize linearizatioroes.

by (1), it produces the parallel complex-valued #timce

YFLS = GPLSX 4 jBPLSX as shown in Fig. 2(b). Conse-

qguently, the conductance/susceptance that is aiddedrallel
to transmission corridors in (41)-(42) comes froothtresistive
and inductive SFCLs. Thus, the first and seconmden (41)-
(42) result from the resistive and inductive SFGEspectively.
The increment in admittance of transmission corrigat time
t due to adding new lines, TCSCs, and SFCLs is diye@3)-
(44). Similarly, the effect of generator SFCLs a@tf-admit-
tance of buses is given by (45)-(46). Equation ({p0ates £us

To linearize quadratic constraint (32) to get al.Rimodel,
we employ the technique proposed in [25] sincesutts in an
acceptable linearization error. The feasible regionstrained
by 22 + y? < r? represents the area inside a circle inthey
plane centered at the origin with radiusThis area can be ap-
proximated by a number of lines defining a polyguside the
circle at evenly spaced points. Likes represented as.x +
b,y = ¢, Wherea,, b,, andc;, are constants defining the slope
and position of linek. The intersection of the areagz +
b,y < ¢;,r confined by these lines approximates the circaar

diagonal element after adding new components. The chang€&hus, (32) is linearized using a set of linear t@sts as:

in diagonal element of Zsus as a result of adding new lines,

TCSCs, and line SFCLs between busesandn is given by
(48), which is obtained from (7). Similarly, thdext of gener-
ator SFCLs on the diagonal elememf Zsus is given by (49)
obtained from (11). The SC levels of all busescateulated by
(50) using the updated diagonal elementsgbAt is also lim-

ited to its permissible vaIuElSC’m“”” that is determined by the

fault breaking capacity of existing switchgears.
B. Linearization of Nonlinear Constraints

In the proposed MINLP model (12)-(50), nonlineamn<o
straints include (30)-(32) and (48)-(50). Note ttetse nonlin-
earities are mainly caused by the fact that impeesuare vari-
able in (30)-(31) due to adding TCSCs and updaiingped-
ance matrix elements in (48)-(49) due to addinglSF-Qh view
of the fact that existing power flow linearizatieechniques
(such as those presented in [9], [24], [25]), conwedels [22],
or DC network models [1] are designed for consbaahch ad-
mittances, they are not applicable here.

Power flow equations (30)-(31) are nonlinear fuorcsi of
variablesX, = {GSY, ., BN, .V, 41 Viays 6ij.as}- Simi-
larly, impedance matrix change equations (48)-&t8)nonlin-
ear functions ofX, = {G" ,, B ,}. Using the first order

myn,t? —m,n,t

peLY

C)LN max
igdt T 0@ ar < GSTTE

ay i,9,t (55)
Also, nonlinear equation (50) can be rewritten dmear

one:

Viar < ZZ{TIZ_SC,mM . 56
Finally, the linearized MILP model of the propoddtNLP

problem seeks to minimize (12) subject to:

0ss __ C,LN C,LN
PdL,t = Z (Pi,j,d,t +Pj,1z,d,t) (57)
Vi,j#1
C,LN _
Z Pfd,tNg,i - Z(Pi,j,d,t )— Pﬁl,t =0 (58)
Vg Vi
C,LN o
Z di,tNg,i - Z(Qi,j,d,t) - sz':.,)d,t =0 (59)
Vg v
m 0,Im L,LN,Im G,LN,Im
Zi{t = Zz + Z AZ’i,m,n,t + Z AZi,m,t (60)
vm,n vm
(13)-(22), (26)-(29), (33)-(47), (51)-(56). (61)



IV. PROPOSEDBENDERS DECOMPOSITIONSCHEME

A modified BD scheme is proposed below to minintize
linearization error of the MILP problem.
A. Master Problem (MP) of the Proposed BD Scheme
The MP is formulated as:
93,1/)21}'1}1)71” fJWP (62)
s.t. (13), (15)-(17), (33)-(40). (63)
This MP is a small MILP problem to determine binaryest-
ment decisions.
B. Subproblem 1 (SP1) of the Proposed BD Scheme
This subproblem minimizes the operation cost sulgeop-
erational and security constraints. It is a linpesgramming
(LP) problem:

> ¢

in, Cop (64)
stY=Y — A/ (65)
(14), (57)-(61) (66)

whereY is the vector of binary variables that are se¢htoval-
ues obtained from the MRS are dual values.
C. Subproblem 2 (SP2) of the Proposed BD Scheme

SP2 determines the linearization errors and sdwsmmin-

imization. Thus, SP2 includes the nonlinear funtito calcu-
late the exact nonlinear values. Hence, it is aR ldkoblem:

"

zG

min
P sl

_ P+ P- Q+ Q-
= Z ('u'iﬁj?d,t g TR T ”i,j.d,t)
Vi gt . . (67)
ZL ZL— Z ZG—
+ Z (’ui.mJ,rn,t + 'ui,m.n,t) + Z (’uz,'mJlC + Mz’,m,t)
Vi,m,n,t Vi,m,t
stY =Y = A\ (68)

(14), (30)-(31), (48)-(49), (57)-(61)

ch;fzjj - Pz,cj,d,t + ﬂffd,t - Mf;d,t =0 (70)
QzCJLdAf[ —Qfjaut Mgf,d,t - “gj_,d,t =0 (71)
Azl Nzl Zl =P =0 (72)
AZEENT — AZT 4 p 26— pZS =0 (73)

where)\SF2 are dual values. Linearization errors are caledlat

by (70)-(73) as the differences between the lizeariand the
nonlinear functions using positive slack variabl&s.other
words, PG, ;,, QS 4, AZE™ | andAZ{ " are considered
actual values and linearization errors are measuset slack
variables as the differences between these aciliz¢y and the
results obtained from the linearized model inclgdip® 2"

©,5,d,t
QN AZLIN ™ andAZE Y™, If the value obtained for

7,m,n,t 7,m,t

the objective function of SP2, denoted jbyis zero, lineariza-
tion errors are null. Otherwise, an infeasibilityt s generated
to be added to MP as:

i) MNP(Y -Y)<0. (74)
A feasibility cut is also generated to be addeth®oMP in
the next iteration:

fap 2 Cp+Cop + ) _APHY —Y) (75)

Algorithm 1: Proposed BD Scheme.

1. Solve MP and obtain optimal investment decisibns Y* andf,,p.

2. Update the BD lower bound &3 = f,,p.

3. Solve SP1 to obtain its optimal objective funct@p,.

4. Construct feasibility cut to be added to MP.

5. Update the BD upper bound &8 = f,,» + Cop.

6. Update base poidt, of linearization using the solution obtained froRil

7. Re-linearize nonlinear functions around the updagesk poiniX,,.

8. Solve SP2 to minimize linearization errors.

9. If SP2 objective functioru is not zero, construct infeasibility cut to
added to MP.

10.1f LB andUB are close enough together and linearization griersmal
enough, stop.

11.Go to step 1.

whereC,p is the optimal operation cost obtained from SP1.
Equations (74) and (75) steer the BD solution pmiat where
the upper and lower bounds are sufficiently clase the line-
arization errors are minimized at the same time.

D. Proposed BD Scheme

The proposed BD scheme, described in Algorithm dyes
linearization errors to zero. To do this, it updatee base point
X, of Taylor expansion as indicated in step 6 of Afgpon 1.
Then, (51)-(54) are re-linearized in Step 7. Thiscpdure
movesX,, towards optimality and thus reduces the lineaionat
errors over BD iterations. This way, Taylor seggpansion be-
comes increasingly accurate. Once SP2 objectivetibmbe-
comes zero, an optimal solution is obtained for dhiginal
MINLP problem. A globally optimal solution is engak for the
MP and SP1 since they are MILP and LP problemge®s
tively. For SP2, its solution evolves over sucossdierations.
The convergence of the proposed BD scheme is sitoilthat
of a standard BD scheme, which has already beenstied in
the literature [26]. In addition, the results repdrin Section V

(69) clearly illustrate the convergence of the propoBBdscheme

on different case studies. Note that the origin&fMP model
may not be tractable if it is directly solved usangilable solv-
ers.

V. EXTENDING THE PROPOSEDMODEL TOINCLUDE
UNCERTAINTIES

It is worth noting that the current paper presentgtermin-
istic version of the proposed model for clarity dmdter presen-
tation of the underlying ideas. However, it canelséended to
incorporate TEP problem uncertainties, such asrtaioges in
load forecasts and investment costs [27]. Forghipose, we
can employ stochastic programming (SP) approaches t
model uncertainties using sampled scenarios [28])st opti-
mization (RO) approaches that model uncertaintisBigu
bounded intervals [28], and information gap decisibeory
(IGDT) approaches that model uncertainties usingekpe
bounds [27]. However, all of these approaches recaideter-
ministic model of the TEP problem and start frortoitharac-
terize uncertainties.

To extend the proposed deterministic TEP modebtsider
uncertainties constitutes future research workaddition, by
considering the uncertainties, the computation éurdf the
problem usually increases. The proposed Bendei@geusi-
tion-based solution approach, which significantigikases the



computation burden of the problem as shown in & sec-
tion, can be effectively used to cope with the éased compu-
tation burden due to modeling uncertainties.

Additionally, the reliability of a power system cée af-
fected by adding new transmission components, asdines,
TCSCs, and SFCLs. For instance, by selecting treasson
components with higher availability or lower foraeatage rate
(FOR) for critical transmission corridors, we cagcrbase the
reliability index of expected energy not suppli&E(NS) and
thus improve the power system reliability. Howeyswer sys-
tem reliability is studied using the FOR of theteys compo-
nents [29] and thus it is related to the unceriesnof availabil-
ity of components. By considering component avditgbun-
certainties in the proposed TEP approach (whichdaerete
uncertainty sources and can be modeled, for instamc sce-
nario-based methods [28]), the proposed approachzdel
and optimize power system reliability.

VI. CASE STUDIES AND NUMERICAL RESULTS

The proposed method is tested on the IEEE 39-bdid 8-
bus test systems. TCSCs are considered with a roaxiof
seven compensation modules, the optimal numberhafhnis
decided by the model. Also, hybrid SFCLs are assiawith up
to 10 series R and X moduld§)(| = |2, | = 10), the optimal
number and location of which are selected by theehdrhe

nominal interrupting rating of circuit breakersissumed to be
ISC,max
%

considered to bg = 10% andr, = 40 $/MWh, respectively
[30], [31]. Investment costs of TCSCs and linesasgumed to
be $22000/MVA and $2000/MW-mile, respectively [Net-

work data, such as line impedances, loads, andraféores,

have been obtained from [32]. Investment cost cheaFCL
module is assumed to be M$0.189. Two candidats hne con-
sidered in each existing corridor with the same#jgations as
the existing lines. Load annual growth rate is @ered 5%.

Two planning horizons df2,.| = 8 and 10 years are considered

to examine the proposed methods. These two platangons
are selected to analyze the effect of SFCLs omsohdion fea-
sibility. The number of linear segments to appradethe cir-
cle in (55) is 12 as such number results in a dualdnce be-
tween accuracy and computation time. The proposedeiris
implemented in GAMS [33] using a 2.8 GHz core iTspaal
computer. Solvers GUROBI and CONOPT are used tegbk
MILP and NLP models, respectively.

= 30 kA [3]. The discount rate and energy cost ar¢

TABLE |. PLANNED COMPONENTS BY DIFFERENT METHODS WITHWO
PLANNING HORIZONS WITHOUT USINGSFCLS

Method Planned components Cost (M$)
TEP (a) |Linesin Y8: 2-3, 22-35. 3.017
TEP + TCSC (§JCSCs in Y8: (2-3).C7, (4-5).C4, (13-14).C3.  0.589

TEP (b) No feasible solution
TEP + TCSC (h) No feasible solution
Yn: yearn; (i-7).Cm: TCSC at ling-j with m compensation modules.

e
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Fig. 3. Voltage stability margin for the conven@EP solution and pro-
posed TEP solution in case (a) of Table I.

TABLE Il. PLANNED COMPONENTS BY DIFFERENT METHODS USINGFCLS
WITH 10-YEAR PLANNING HORIZON

Method Planned components Cost (M$
TEP + [Lines in Y8: 2-3, 4-5;Lines in Y9: 4-14, 10-13, 13-
SFCL (b)14, 17-18, 19-33, 22-35, 26-27ines in Y10: 3-4, 3- 30.113
18, 15-16, 16-19, 16-24, 20-34, 21-22, 23-24, 23-36"
25-26, 25-37, 29-38.
SFCLs in Y10: (26-28).R1. 0.189
TEP + [Lines in Y9: 2-3, 4-5;Lines in Y10:10-13, 13-14, 6.042
TCSC +[19-33, 22-35. )
SFCL (bJTCSCs in Y8: (2-3).C7, (4-5).C7TCSCs in Y9:
(10-13).C7, (13-14).C7ECSCs in Y10:(26-27).C3,| 1.189
(13-14).C6.
SFCLs at Y10:(5-6).R1. 0.189

(i-7).Rm: SFCL at linei-j with m resistive modules.

TABLE Ill. RESULTS OF THE PROPOSEBD SOLUTION METHOD

Nonlinear equation Linearization MMAPE (%)
Iterl | lter2 | Iter3 | Iter4 | Iter 5 | Iter 6
Line active power 8.04 204 0.04 002 0.00 0J00
Line reactive power 9.14 649 357 125 0.p9 0j00
Change in duselements| 11.26 851 348 197 0.93 0J00
Overall 9.56| 548 2.04 09¢ 0.0 0.00
TABLE IV. ELAPSED TIMES BY ITERATIONS
Iteration 1 2 3 4 5 6 | Total
Elapsed time (sec)| 281.5| 211.3| 142.9| 118.6| 77.1 | 34.6| 866

TCSC provides a cost-effective solution with respgecTEP.

A.|IEEE 39-Bus Test System: Joint Planning of Lined anThe results of TEP (a) and TEP + TCSC (a) in Thhble fea-

TCSCs without SFCLs

The methods TEP and TEP + TCSC are examined Tingt.
results obtained are shown in Table I, where the planning
horizons of 8 and 10 years are indicated by (a)(ehdespec-
tively. TEP with planning horizon (a) plans line8 2and 22-35

sible without using SFCLs. Note that power loss gederation
cost terms in (14) are 1.2% and 98.8% of the ojmeratost,
respectively, implying that generation cost donesabtal op-
eration cost. All bus voltage magnitudes obtaingdhe pro-
posed TEP approach are within the allowable rasgesified

in year 8. TEP+ TCSC plans no line; instead, it plans thred" (26).

TCSCs in the last year of case (a). Specificallg, first TCSC
“(2-3).C7" is planned at year 8 in line 2-3 withvea compen-
sation modules (C7). Note that TCSCs provide asrraditive
approach, as compared to building new lines, toegse the
capacity of transmission corridors and to meet peotve de-

To evaluate the voltage stability characteristic§BP solu-
tions, we have used the continuation power flowRDRethod
to determine the voltage stability margin (VSM) éan ei-
genvalue analysis. We have applied the CPF methddaren-
itored the eigenvalues of the power flow Jacobiatrix for

mand levels. TEP ¥CSC results in a cost of 0.589M$, whichsingularity. The point in which the Jacobian matsecomes

is lower than the 3.017M$ TEP cost. This impliestthEP +

singular (at least one zero eigenvalue) indicateddadability
margin or VSM of the system [34]. A larger VSM irgd a



more stable system from the voltage stability vieinp The
results of this study for the conventional TEP #relproposed
TEP solutions in case (a) of Table | are shownign 8. In this
figure, the horizontal axis represents the parametef the
CPF, which indicates the increase in the active r@adtive
loads of buses. Details of the CPF method can tnedf@n [32].
Out of all buses, bus 8 in our simulations haddhest voltage
magnitude at the voltage stability boundary in botimven-
tional and proposed TEP solutions and thus, theagelat this
bus has been plotted in Fig. 3. The nose poinh@fcurves in
this figure represents the voltage stability borteyond which
the power system becomes unstable [34]. In thelatioos il-
lustrated in Fig. 3, the proposed TEP solution ltesa \ =
0.1893, whereas the conventional TEP solution results ia

0.1611. This indicates that the proposed TEP enhances Rl

VSM by 17.5% in this case. Considering other acages of
the proposed TEP method, such as its lower totstl as re-
ported in Table I, we can conclude that the propdg€eP out-
performs the conventional TEP.

As indicated in Table I, for the planning horizdnl years
in case (b), both methods TEP and TEP + TCSCdaitovide
a feasible solution. This is due to the fact thaterines/TCSCs
are needed to meet the load demand in a longeniplguhori-
zon, especially in the last years. The increasedbeu of lines
and TCSCs, in turn, reduces the impedance of trizsfon cor-
ridors resulting in increased SC levels at buseseSSC limits
are enforced, it is not possible to meet the densan at the
same time, to keep the SC levels at their permitdeges in
case (b). In fact, the 8-year period is the longéstning hori-
zon in which a feasible TEP solution can be fourithout
SFCLs. Note that the infeasibility in the 10-yekarming hori-
zon case is not related to the system size; itér@pdue to vio-
lation of SC levels of buses as expressed in (bfh)e last years
of the planning horizon. SFCLs provide a solutionthis prob-
lem. They make it possible to control SC levels emioheet the
load growth simultaneously. If SFCLs are not coesid, an
alternative is to reinforce the SC level of the poments of ex-
isting substations (switchgears, cables, generagtery. How-
ever, this reinforcement may not be a practicaltsmh because
it needs high investment and power interruptiominguthe up-
grading.

301 0.189 ]

30.113

e J
520
A7)
S0l [ Line i

[ TCsc 0.189

I SFCL o

0
TEP+SFCL TEP+TCSC+SFCL
Method

Fig. 4. Cost components of the two methods in wdar planning horizon.

if compared with the total cost of network expans(6.242 +
1.189 = 7.431M8$). The cost terms of both methodslapicted
in Fig. 4 as stacked bars. For clarity, the vahfdsar stacks are
0 added beside stacks. If the two methods an@aed from
the total cost point of view, the first method TEBFCL leads
to 30.113 + 0.189 = 30.302M$, whereas the secontthade
TEP + TCSC + SFCL results in 6.242 + 1.189 + 0.£89
7.620M$ (about 75% lower). This finding indicatbattit is ad-
vantageous to employ SFCLs in TEP with TCSCs.

C. IEEE 39-Bus Test System: Moving Linearization Esrtr
Zero

The linearization error of the proposed solutiornthod is
measured by the modified mean absolute percentage e
(MMAPE) index [35]:

1
MMAPE =~ ; — (76)
wheren is the number of values? andz¢ are the™ actual and
estimated values obtained using the original nealirand lin-
earized functions, respectively? is the average of actual val-
ues. Note that® is used in the denominator in (76) to avoid the
problem caused by very small or zero values;of35].

The results of the proposed BD scheme with re-fimation
are provided in Table Ill, where linearization eg@re given
for individual linearized functions and also inabtThe overall
error in this table is calculated by including edtor elements
in a single error vector and computing MMAPE foattsingle
error vector. The overall MMAPE is 9.56% after fhst itera-
tion. By minimizing the linearization errors in SBAd adding

B.IEEE 39-Bus Test System: Joint Planning of Lined arinfeasibility Benders cuts to the MP, the lineatia errors ul-

TCSCs with SFCLs

Results with SFCLs are shown in Table Il for casg If
SFCLs are considered in TEP, the method TEP + Spiéns
2,7,and 12 lines in years 8, 9, and 10, respalgtito meet the
demand. In addition, one SFCL is planned in yeanlide 26-
28 with one resistive module (R1). As a result,erdy the load
is supplied, but also SC levels are controlledheySFCL. Alt-
hough the network has a dominating inductance agpaced
with its resistance, a resistive SFCL is selediedm the cost
point of view, the SFCL costs only 0.189M$, whichvery
small as compared with 30.113M$ network expansianrpng
cost (about 0.63%). This implies that SFCLs proadmst-ef-
fective solution to the SC-constrained TEP. Reguaydie next
method of Table Il (TEP + TCSC + SFCL), six lines planned
in years 9 and 10. Also, six TCSCs are planneceary 8-10.
A SFCL with one resistive module is also plannegear 10.
The cost of SFCL (0.189M8$) is again acceptable (aBdb%)

timately approach zero (with a two-digit accuracyhis im-
plies that the linearization errors are effectivedgduced by re-
linearizing nonlinear functions around the updatede point
over Benders iterations. At the same time, the uppd lower
bounds of the BD solution get close to each othéhi{n 1%
optimality gap) as a result of enforcing the fedisjpBenders
cuts obtained from SP1 in the MP. Elapsed timeséah iter-
ation are presented in Table IV. The total elafsed to solve
the problem for the IEEE 39-bus test system wasnilites
and 26 seconds (866 seconds). Although computatiemay
not be as critical as linearization errors for gh@nning prob-
lem, it confirms the tractability of the proposedael.

The original MINLP form of the proposed model isnach
more complicated optimization problem than thedieed one
due to the complexity of its nonlinear constraintsluding
highly nonlinear power flow equations (with variabine ad-
mittances) and change in the impedance matrix.riéeé to di-
rectly solve the original MINLP problem with availa MINLP



TABLE V. PLANNED COMPONENTS BY THETEP+ TCSC+ SFCLMETHOD ON

THE IEEE 118-BUS TEST SYSTEM

Time and location

Y6: 91-92 Y7: 68-116, 89-90Y10: 9-10, 42-49, 47-69.
Y4: (68-116).C6)Y9: (8-9).C7, (15-17).C7, (34-37).C7, (37-38).CY
(37-39).C3, (68-116).C4(10: (1-3).C3, (4-5).C6, (5-6).C6, (8-
30).C2, (17-18).C4, (20-21).C1, (23-32).C3, (37-@@) (39-40).C1,
(40-41).C1, (74-75).C2, (78-79).C1, (91-92).C7,-62).C4.
SFCLY6: (49).R10, (103).R10, (111).R1910: (61-64).X1.
(i-7).-Xm: SFCL at linei-j with m inductive modules;®).Rm: SFCL at
generaton with m resistive modules.

Item
Line

TCSC

solvers in GAMS. However, all of these solversddito solve
the original MINLP problem for this case study esdter 12
hours of computing time. On the contrary, the psgmbBD so-
lution method finds a solution that matches thgindl MINLP

problem due to a zero linearization error in a oeable com-
putation time. The high computational efficiencytbé pro-
posed solution method comes from linearizing thghlyi non-
linear constraints and decomposing the originablem into
the smaller problems MP, SP1, and SP2.

D. IEEE 118-Bus Test System: Joint Planning of LIn€&SCs
and SFCLs

This test system, the data of which can be fouri@24, is
selected to evaluate the scalability of the progasedel. The
results of planning by the proposed model in itspkete form
(i.e., TEP + TCSC + SFCL) with a 10-year plannirayizon
are shown in Table V. As seen, the proposed madeptanned
6 lines in years 6, 7, and 10. Also, it plans 21STS in years 4,
9, and 10 to reduce the number of required lingstamchieve
a more cost-effective solution. Finally, it plansr&sistive
SFCLs on generators and 1 inductive SFCL on aitiryears 6
and 10, respectively, to limit the SC levels of dmisThe total
cost of planning by the proposed TEP model is $8BW with
a major part of line cost. By these planned comptm¢he load
growth is supplied and all the TEP constraintsspnéed in Sec-
tion I, are satisfied.

The total computing time of the proposed model tfoe
IEEE 118-bus test system with a 10-year planningzbo is as
44 minutes and 8 seconds, which is a reasonableutomy
time for this planning problem. This computing tic@nfirms
the tractability of the proposed model in largestecsystems,
which is due to the Benders decomposition and tineon of
the proposed solution method.

VII. CONCLUSIONS

In this paper, a framework is proposed for thetjplanning
of hybrid SFCLs, TCSCs, and transmission linesoA& BD
solution method is proposed to minimize linearaterrors.
From the case study, we have found that 1) intriodu€CSCs
can significantly reduce TEP costs, 2) longer pilagiorizons
without SFCLs may result in infeasibilities sina#gdang more
lines/TCSCs increases the SC level of buses, 3] Spévide
a cost-effective solution for SC-constrained TER] 4) while
the original MINLP problem is not solvable in owase study,
the proposed BD solution method finds an optimbltgmn in a
reasonable computation time.
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