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Abstract — Intentional controlled islanding (ICl) is the lag resort
to split an endangered power system into smallerlends to pre-
vent blackout. New lines that are planned by transission expan-
sion planning (TEP) can affect the stability of isinds during ICI.
In this paper, an ICI-TEP method is proposed to impove the sta-

bility of islands by more efficient planning of transmission assets.

Moreover, by developing a criterion for the frequerty of center of
inertia (COI) in each island, the frequency deviatbns of generators
from the COI frequency are minimized to result in nore stable
islands. The proposed ICI-TEP, incorporating AC netvork repre-

sentation, is modeled as mixed-integer linear proggmming and
quadratic convex problems ensuring tractability. ABenders de-
composition strategy is also proposed to solve tipegoblem. Results
of testing the proposed ICI-TEP method on IEEE 39-bs and 300-
bus test systems confirm its effectiveness, compadréo conven-
tional TEP, in terms of coping with sever disturbares by creating
more stable islands with a lower load shedding.

Index terms — Transmission expansion planning, intentional
controlled islanding, convex optimization, center b inertia,
frequency stability.

NOMENCLATURE

Indices/sets

keX Index and set for islands (subgraphs).

teé, Index and set for all lines in islard

le £, Index and set for candidate lines in islénd

i,7 €V, Indices and set for buses in islaind

ge B, Index and set for generators in island

teT Index and set for planning periods.

Parameters

1C, Investment cost of candidate lihe

S, System base MVA.

Thot Operation duration of islankat periodt.

T Value of lost load at period

o Discount rate of investment.

Qe gist Binary parameter that is 1 if generagas at bu:
1 in islandk at periodt; O otherwise.

b.eij Binary parameter that is 1 if lineis from bus;
to busj in islandk; O otherwise.

Cri Binary parameter that is 1 if linkis connecte
to busi in islandk; O otherwise.

PH,QP,  Active & reactive loads at busin periodt.
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G3, B} Shunt conductance and susceptance of.bus

Sy Upper limit for apparent power of lirfe

G,, B, Conductance and susceptance of fine

vEi vy Lower and upper limits for voltage of biis

OgOP Operation cost of generatgr

PgGL, PgGU Lower and upper limits for active power of gen-
eratorg.

QS*,Q5Y  Lower andupper limits for reactive power
generatoy.

0,5]., ng Lower and upper limits for angle differenc
across lingj.

M A positive big value.

Variables

Pg . QF . Active and reactive powers of generagan is-
land k& and period.

Awy o Speed deviation of generatgrfrom COI fre-
qguency in island: and period.

Vit Proportion of load shedding to load deman
busi in islandk and period.

fro> 90 Auxiliary variables for active and reactiviee

- flows.
Py 41, Q0. Active and reactive flows of linein islandk and
' ~ periodt.
T4 Binary planning variable that is 1 if linkis

planned at perioé 0 otherwise.
Qy i1 Br.i ;¢ Transformed variables for convexification.

Veiojit Transformed variable for convexification.
Other symbols are defined in the text as required.

I. INTRODUCTION

A. Mativation and Background

Recent trends in power systems, such as increpsingtra-
tion level of renewable energy sources and incngasse of
transmission capacity in electricity markets, headuced the
stability margins and therefore made these systaore vul-
nerable to severe disturbances [1]. As major distices may
initiate high impact events, especially in stressetvorks, par-
tial or total blackouts may occur with grave ecoimand so-
cial consequences. For instance, the US-Canadgkdt in
2003 affected about 50 million people, and two mbjackouts
occurred in Sweden and Italy in the same year Abpther
blackout in 2007 affected about 480,000 customepaustralia
[2]. A recent partial blackout in 2019 left 73,08Qstomers
without electricity in New York as a result of atisformer fail-
ure [3].

Although power systems are designed to withstaedible



contingencies, they may experience challenging atjoer in

fault situations, especially those including thiéufe of primary

protections. In case of failure in the primary puaion, faults
may be cleared by the backup protection, which atpsrafter
an intentional delay [4]. This intentional delayc@nsidered to
provide sufficient time for local relays to possildlear the
fault. However, the persistence of faults becornagér due to
the intentional delay of backup protections. Asesauit, fault
durations with orders of a few hundreds of millizeds are
practically possible [1], [5].

Intentional controlled islanding (ICI) is the lagtsort as a
corrective control action to prevent partial ortzdbblackout in
large-scale power systems [1]. Following majorudisances, if
available control actions are unable to keep a peystem in-
tact, ICI can mitigate the disaster by creatinglstand sustain-
able islands [6]. The islands are created considedifferent
features including coherent groups of generatanseration ad-
equacy in islands, and minimum power flow disruption
healthy branches. Depending on the disturbancdidtocand
severity, different ICI scenarios are usually plkesha priori to
be implemented in real-time actions [7], [8], [B¥ter island-
ing, system restoration should be done to reintedhee islands
considering their synchronization and stabilityiss.

Transmission expansion planning (TEP) is carriet tou
identify optimal network requirements to supply spective
demands in a secure and economic manner. Becaaseepl
lines affect power system stability, some prevesitorrective
actions may be incorporated into TEP as long-tariuti®ns to
reinforce the system against blackouts. Weak tréssom cor-
ridors are usually selected to be opened in ICimtoimize
power flow disruptions in islands [9]. Thus, an 4&lented
TEP (ICI-TEP) framework can improve system perfanoeby
enhancing the stability of islands in ICI eventsotigh more
efficient planning of candidate lines. Out of difat stability
types, frequency stability is of concern for angtdibance
causing a large loss of load or generation [10 frequency
of center of inertia (COI) criterion has recenthptured atten-
tion in power system stability studies [11], [1[A3]. The COI
frequency is defined as the common synchronousiéeey, to
which generators tend in their steady-state caosti[12].
Managing the COI frequency reduces the drift ofegator an-
gles [12].

Studying the ICI with a DC network model may leadrt-
feasible islands mainly due to out-of-bound voltagead local
shortage/surplus of reactive power [9], [14]. Hoeevnclu-
sion of nonlinear AC power flow equations can tthie AC-
based ICI-TEP model into a mixed-integer nonlingagram-
ming (MINLP) problem, which is computationally denttng
and probably intractable in large-scale systemghiceend, lin-
earized or convex formulations of AC network moaed pro-
posed in the literature [9], [15], [16]. The convardels can be
efficiently solved using available solvers to asieieglobally
optimal solutions in a reasonable time [15].

B. Literature Review

ICl is addressed in the literature using DC andeBvork
models. In [9], ICI is formulated with AC networkadels to
minimize power flow disruption and load sheddinghrgroup-
ing of coherent generators. Power flow equatioadiaearized

around the base point (unity for bus voltage magies and
zero for line angle differences) using a piecewisearization.
However, since the base point may differ for eagh in real
applications, linearization accuracy may be afféctdso, the
piece-wise linearization introduces new integer ialdes,
which may make the model intractable when other utes)
such as TEP, are imposed. In [1] and [7], an |Gbathm with
a DC network model is proposed by relaxing a mikxedger
linear programming (MILP) model into a linear pragming
(LP) problem solved by a recursive procedure.

TEP with different features has also been reparteide lit-
erature. A dynamic TEP (including time-dependemegiment
decisions) with an AC network model can be comjmrnatly
demanding. Thus, it is usually limited to smallttegses in the
literature. A dynamic TEP is proposed in [17]; hoee a DC
network model is used. A bi-level single-period T&Ph AC
optimal power flow (AC-OPF) constraints is propo$ed18]
using the second order cone (SOC), McCormick, agdvbre-
laxations. Authors in [19] considered short-cirdaitels in dy-
namic TEP and linearized power flow and impedamgmgons
to achieve an MILP model. However, to the beshefduthors’
knowledge, the effects of transmission plannind@rscenar-
ios have not been addressed in the literature.

The COI frequency concept has been studied in dpuf
works. In [11], a method is proposed to estimate fi€uency
in online applications by decomposing swing equretiof gen-
erators. An expression is obtained in [12] to datee COl fre-
quency through a linear combination of bus freqig=scin
[13], the center of gravity concept is proposedgtimate local
frequencies from the COI frequency.

C. Contributions and Organization of the Paper

In light of the literature review, the main contritons of this

paper can be summarized as follows:

e Incorporating ICI scenarios into TEP. This can @ase
the resiliency of transmission systems against nthgs
asters and extreme contingencies through moreesftic
planning of transmission assets. Consequentlykblac
risk is reduced.

Enhancing frequency stability of islands in thegoeed
ICI-TEP. After deriving the frequency of COI foraa
island, the frequency deviations of generators ftben
COl frequency are minimized in every island. Aza r
sult, the stability of islands improves. Moreovére
proposed ICI-TEP model incorporates AC network rep-
resentation, which makes it possible to create molte
age secure islands by modeling voltage- and reactiv
power-related issues.

« Presenting a Benders decomposition (BD) strategy to

solve the proposed ICI-TEP problem. This strategy d
composes the ICI-TEP problem into a small-scale-int
ger linear programming (ILP) problem and three quad
ratic convex (QC) problems to improve tractabikiyd
solution optimality.

It is worth noting that the current paper presendetermin-
istic version of the proposed model for clarity &od better
presenting the underlying ideas. However, it caeiended to
incorporate power system uncertainties using aviglancer-
tainty modeling approaches, such as stochasticramoging



approaches that model uncertainties using sceng@js ro-
bust optimization approaches that model uncer&sntising 2H
bounded intervals [17], and information-gap decistbeory Wo

(IGDT) methods that model uncertainties using utadety ho-  hereAw = w, — w, is the generator speed deviation after the

rizons [21]. All of these approaches. require gmleineistic disturbance AP = P,, — P, is the change in the generator
modgl (.)f the problem and start from it to charq;&?the un= active output power after the disturbance.

certainties. Thus, to extend the proposed detestigriCI-TEP Depending on the time varying variabl®s andw at the
model to consider the associated uncertaintiesctwban be . ht-hand side of (2). th imati rab b
taken into account in the future works, having Hitient ICI- right-hand side of (2), the approximation accurat{8) can be

TEP model improving frequency stability providesedfective ~€valuated at two scenarios: i) is low compared witi#,, dur-
starting point. ing the fault due to low voltage magnitude at gateartermi-

The rest of this article is organized as followsSkction 11, nals. The ternk p,(w — w,) is also small since generator speed
the frequency deviation of generators after islagds modeled w is close to the pre-disturbance spegdn the transient sta-
using the COI frequency concept. The proposed IERT bility study period, and<, is small [23]. Then, sinc®,, is
framework is formulated in Section Il using a Bbesegy; the dominating in (2), the term under integration imi@st constant
solution procedure is also detailed in this sectdase studies and can be taken out of the integration leadin@}p(ii) P, is
and numerical results are presented in Sectiofinally, Sec- not low compared withP,,. Although, the term under integra-
tion V concludes the paper. tion in (2) is time varying, the approximation ktiblds enough

accuracy. Note that we are not trying to estimiagertonlinear

IIl. MODELING THE STABILITY OF ISLANDS USING THECO function in (2); instead, we estimate the integwdle. Further

FREQUENCYCONCEPT analysis in this regard is presented in Section IV.

An integrated power system before islanding candvesid- By rearranging (3), we obtain a linear approximatfior the
ered in a steady-state operating point at its gtéa@juency, generator speed change, i.€2H /wy)Aw~ —(AP +
which also represents the generators’ speed. Foitpavsevere K, Aw)At, which can be solved fdkw as:
disturbance (which may lead to islanding), unbadaaccurs A

4 4 —At
between power generation and consumption, a nthtieper- A —
turbs frequency by accelerating or deacceleratieigerators. 2H Jwy + KpAt
Swing equations of a generator describing its tem®ehavior \wherey, = —At/(2H/w, + K ,At) is a constant for a given

are expressed as [11]: generator. Consequently, the speed of genetasdrtime At
after the disturbance is given as:

(w —wy) = {P,, — P, , — Kp(w, —wy) }At, ®3)

m

AP = AP, (4)

@ _ (1a)
dt 0 wy & wy + Awy = wy + p, AP, (5)
i_HZ_L: =P, — P, — Kp(w—uw,), (1b) Eq. (5) expresses the speed of geneafar,) as a function
0

of its power disruption4 P)) that occurs due to the disturb-
Unce. In this equationy, andy,, are constants.
Considering the fact that the splitting of a powgstem into

whered andw are the rotor angle and speed of the generat
respectively after the disturbance; is the steady-state syn-

ghronous speeq before the disturbatfﬁég the_generator irjer— islands is decided by grouping of coherent genesd8, each
tia constanty’,, is the generator mechanical input pPOW&IiS  jsjand experiences a new frequency of COI aftaniging. The
the generator output power after the disturbanee 74, is the frequency of COI is the frequency, to which genarapeeds

generator damping coefficient. Note that this damgparame- converge in steady state. The frequency of COe&mh island
ter is different from the frequency-sensitive lahdnge used in js given as [11], [12], [13]:

some works, such as [22], to model the power copsiomde-

. >, Hw
pendency of loads on frequency. Because turbinergovs Vg
usually have long time constants compared to ébatfparam-
eters,P_ can be assumed fixed in transient stability anslys

m

[11]. In addition, some higher-order parametershsas those wherew; is the COI frequency of the island determined by

associated with transformer tap changers, cant@sassumed all generators of the island; a, is the inertia constant of

constant during the short study period of islandintegrating 9eneratorg in the island. By substituting (5) in (6) and with
(1b) results in: some mathematical manipulations, (6) can be reswrits:

Wecor = ma (6)

w 2H t
—dw= [ {P,—F —Kplw—uwy)}dt, (2 woor =wWo +— <~ @)
/w—wU “o t=0 ng Hy

wheret = 0 corresponds to the instant that the disturbanee oc Eq. (7) gives the frequency of COI for each islasdx func-

Curs. ConSidering a short time periﬂd after disturbance and tion of the pre-is|anding frequenw& and power disruptions

evaluating electrical powd?, , and speed, as two constants (AP,) that generators incur after islanding.

att = At, (2) can be approximated as: To maximize the stability of islands after ICI atudreduce
the amount of load shedding that is required tataai the sta-
bility of the islands, the speed deviations of gatw's from the



island’s COI frequency should be minimized in eatand. In
other words, becausg-,; is the target speed for island’s gen-
erators in the steady-state condition, minimizing tleviation
will ease the convergence trajectory of genergieeds toward

Weor-
The speed deviation of each individual generatomfithe

island’swe; is given asAw, = w, —weor- By substituting
w, andwqo; from (5) and (7), respectively, and after mathe
matical manipulations, we obtain:

B pgAP, ng Hy— ng(”gHgAPg)
g ng H,

Eq. (8) expresses the speed deviation of gengyditom the
island’s COI frequencyXw,) as a function of power disrup-
tions applied to generatora\°,, Vg) due to islanding. Note
that Aw, can be positive or negative for a specific gemerat
depending on its comparative speed with respecttter gen-
erators in the island. In the next section, we(8%¢0 minimize
the total deviations of generator speeds from Béf@quency
to improve the frequency stability of islands at@t.

Aw

8)

I1l. PROPOSEDMODEL AND SOLUTION SCHEME FORICI-TEP

The overall solution procedure proposed to sohee I&i-
TEP problem is illustrated in Fig. 1 using a BDaggy includ-
ing a master problem (MP) and three subproblems)(Siis
approach enhances the transparency of the ICI-bkffien in
terms of decomposing different objectives of thelybem. The
MP optimizes the investment decisions, SP1 elirematfeasi-
bilities considering operational and technical ¢mists, SP2
minimizes operation costs and power disruptiorislahds, and
SP3 minimizes frequency deviations of generatamsfthe is-
land’s COI frequency as another objective functibne steps
of Fig. 1 are detailed in the ensuing subsectibiote that co-
herent generators usually do not change as a refsatiding
new lines in TEP based on the slow coherency witg24].

A. Graph-Based Representation of Islanding Scenarios

A power system can typically be represented byaplyg =
(V, &) whereV is the set of nodes (buses) ahds the set of
edges (lines). Each credible severe fault resultgsi corre-
sponding ICI scenarios. It is expected that theaue of the
proposed method changes if a different set of $aate em-

4>{ Solve MP: save investment c@sf & f,,p %
v

‘ Update BD lower bound:B = f;;p ‘

‘Solve SP1: savép, & A1 ‘

Construct SP1 infeasibilit
cut and add it to MP

Yes

‘ Solve SP2: save operation cggp, and\;r? ‘

‘Construct SP2 feasibility cut and add it to IM

‘Update BD upper bound:B = C; + fgpy ‘

| Solve SP3: savyy, & A{T|

o

‘Construct SP3 infeasibility cut and add it to #/

Report ICI-TEP resulfs

Fig. 1. Proposed solution method for the ICI-TEBtem.

B. Master Problem (MP): Obtaining Optimal InvestmetdrP
The total cost of the ICI-TEP problem includes tneest-

ment cost, operation cost, and islands’ load smgd(iS) cost.

These cost terms are decomposed between the MERmd he

MP minimizes the net present value (NPV) of thestidepend-

ent investment cost in (9) as a small ILP probl8inceg,, C

9, (Vk > 2),1l € £, in(9a) includes candidate lines®f that

contain all candidate lines. If a decision is maabuild a line

at time period, (9b) makes it available at subsequent periods.

1C (xl,t - xl,tq)

Min fyp > — (9a)
DI eE
Tpp = Tpyq- (9b)

C. Subproblem 1 (SP1): Making the Solution Feasible

SP1 is designed to polish the investment solutiotained
from the MP to make it feasible. At early iterasoof the BD,
to minimize (9a), all binary variables are usualyto zero (im-

ployed. SetX includes all probable islands (i.e., subgraphdg)lying no candidate line is planned). When thigstment plan

that may be created in ICI scenarios in a TEP phanhorizon.
The islandk € X is a subset of the main graph,.(C §) and
is represented by its own set of generatygs busesy,, and
lines&,. We assume the integrated system as the firstegiem

of X (k = 1) denoting the normal pre-islanding state. All ICI

subgraphs start fromh = 2. We also assume that subgraph
G (Vk > 2) are determined priori using appropriate ICI ap-
proaches, such as those presented in [1], [7]iderisg coher-
ent generators and cut-sets. Note that since tygoped ICI-
TEP method foresee ICI scenarios, in order to nizerthe in-
vestment cost, it does not typically plan new lilresut-sets,
which would be opened in ICI scenarios.

is applied to SPs, power system constraints maipfeasible
over the planning horizon because new lines mayeeeled to
meet the load growth. Therefore, SP1, as formulaye@.0) as
a QC problem, is solved subject to power systensttaimts to
remove infeasibilities. From physical point of vigivis possi-
ble to meet load growth by adding new lines as naanyeeded.

%onsequently, the internal loop of Fig. 1 convergiesr a few

iterations when new lines are added to the netwiork10),
i, €V, g€ 6, e, andl € £,. In other words, (10) is
satisfied for all islandg € X (including the integrated system
with & = 1).



Min fopy 2 (Syie + 920 + S3pi0 + i) (109
Vit

T =T, — MG (10b)
Y Plotngin = O Pore(ris— brea)
Vg ve,j
= (1= )P+ Glagq + Sl — 82, (100
Z QkG',g,tak,g,i,t - Z Qk,@,t(bk,e,i,j - bk,l,j,i)
Vg Ve,
=(1- ¢k,i,t)Qi[,)t —Bioy;+ S350 — Sk (100
0<p;, <1 (108
flc,é,t =G, Z Ok i tChoti — G, Z 5k,i7j,tbk7z,i,j
Vi Vi,j
~By Y i jabreig (10f)
Vi,j
i = —DB Z Qi Cropi + By Z Bk7i,.j,tbk,é,i,j
Vi Yij
-G, Z%,i,j,tbk,m‘,g- (109
Vi,
fk,z,t - M(l - xz,t) < Pk,z,t < fk,l,t + M<1 - x“). (10h)
Grog — M —x04) <Qpy < groy +M(1—x,,). (10i)
Pk,f,tQ + Qk,e,t2 < xz,t(sly)Q- (10))
pPGL < pf , < PEU. (10K)
QS <@y, <Q5Y. (10l)
(ViL)Q S < <V¢U)2- (10m)
B tan 075 < e je < By g tan bl . (10n
Bk,i,j,t = Bk,j,i,t' (100
Viyiojt = Vk,jit- (10p
5k,i7j,t2 F Vit < Qi it (109

Eq. (10a) minimizes the sum of non-negative slauiables

Sly it 52 4» 3y 4, @aNdS4, ;. as power imbalance penal-

ties that appear in (10c)—(10d). We assume thatrergtion
expansion plan is already available and generaisadded

i.e.0fgp /0, evaluated at, , = 7;,. Dual values are usu-
ally accessible after solving the optimization penb using
available solvers [27].

Power balance for each bus at every subgraphablested
by (10c) and (10d), where the first term givestthal active/re-
active generation at busand the second term is the total ac-
tive/reactive power leaving bushrough existing and candidate
lines. Active and reactive load shedding is alsadebed in
(10c) and (10d) by, ; , to keep islands stable after ICI. Load
shedding limits are constrained by (10e). Slackabées in
(10c) and (10d) model the generation deficiency sumglus.
For instance, ifS1; , ; (52 ,.) is nonzero in (10c), we have
active generation surplus (deficiency) at hu©nly one of
Sy, andS2, ; , can be nonzero for a given bt periodt
in subgraphk (and similarly forS3, ; , andS4, ; ,). Equations
(10f) and (10g) calculate auxiliary variables fatiae and re-
active line flows, respectively. Equations (10hjl &h0i) model
active and reactive flows of lines using the biglinearization
technique to prevent bilinear terms (multiplicatioh binary
and continuous variables). For existing lines, weer, , = 1
in all planning periods.

To make the model convex, (10f) and (10g) emplayava
blesay, ; ;. B i ;1 @andvy, ; ;. instead of commonplace varia-
bles of bus voltages and phase anglgs (, 0, ; ;). The exact

expressions for these transformed variablesyarg, = V2, ,,
Briigit = Vit Va,j,t€080p i o0 and Vhyinjt =
Vi it Vi j 1500 i 54, where O it = Opie— Okt [16]. If
these exact nonlinear expressions had been inaigubinto
(10), SP1 would have been nonconvex. Alternativisigir re-
laxed forms are embedded in (10) to obtain a QCehofithe
network AC representation [15], [16].

The apparent ratings of lines are limited in (Ed)quadratic
constraints. If a candidate line is not chosen, (i:g, = 0),
(10j) enforces’, , ; = Q. 4. = 0. Thus, the flows of non-con-
structed candidate lines do not affect (10c) arfitlf1Active
and reactive power limits of generators are give(l0k) and
(101). Constraint (10m) bounds,, ; , within its limits. Con-
straint (10n) relates two relaxed variablgs; ; , and-y;, ; ; ;-
Symmetric and skew-symmetric properties @f; ;,, and
Vi are forced by (100) and (10p), respectively. To

strengthen the QC relaxation, the SOC requirenseimposed
by (10q) [28]. Note that (10q) is convex in spitehaving a

througha, , ; , over the planning period [25], [26]. A zero ob-bilinear term [16].

jective functionfgp, in (10a) implies that all power imbalance
are mitigated. As shown in Fig. 1, the internaldas iterated
until fsp, becomes zero. In (10b), binary decision variabjgs
are fixed to their optimal values , obtained by the MP in (9)
in the previous iteration. This way, SP1 savesifiefeature by
relaxing binary variables. In (1Ob/)ff1 indicates the associ-
ated dual variable, which will be used later in stomcting
Benders infeasibility cuts. These dual variablesthe sensitiv-
ity of the objective functiorfsp, with respect to variable, ,,

*D. Subproblem 2 (SP2): Obtaining Optimal Operation tCos

After mitigating power imbalances by SP1, the ofiera
cost is minimized in SP2. To do this, power genenatosts of
the integrated systeng{) and load shedding costs of islands
(G4, Yk > 1) are minimized as the first and second summations
in (11a). Load shedding may be required to stabibiands af-
ter ICIl. The constraints of SP2, which is a QC peoh are
given in (11b)-(11e).



(Pig8) 7 C5" (Vr,i s PLSy )T
Z t—1 Z 1 .(11a)
k=1.g,t (1+o0) VSTt (1+0)
T =T o A (11b)
Z ng,tahg,i,t - Z Pk,é,t<bk,é7i,j - bk,e,j,i)
Vg Ve,
= (1= Ypi) PR+ Giagy. (11c)
Z Qg,g,taky,w o Z Qk,f,t(bk,é,i,j - bk,ajﬂ')
Vg ve,j
= (1=t ) Q0 — Biay - (11d)
(10e)—(10q). (11e)

Binary values obtained by the MP are fixed in (1Hxua-
tions (11c) and (11d) are similar to (10c) and j1@@m which
slack variables are removed. Considering Fig. 2 &&h be
feasible without the slack variables since infeilités are al-
ready mitigated by SP1. Equations in (11e) modelrémain-
ing power system, TEP, and relaxation constraiimslar to
(10).

E. Subproblem 3 (SP3): Improving the Stability of hela

The frequency deviations of generators from thdand's
COl frequency have been already obtained in (8)eStablish
more stable islands after ICI, total frequency ddons of gen-
erators at every island are minimized by SP3 asmgin (12).

Min fspg > Z (S5k,g,t + S6k;,(]7t)'

12
Vk>1,g,t ( a)
T, =T, = A (12b)
APy g1 = PkG,g,t - Pfto- (12c)
oAy g0 Hy = Evg(ugHgAPk)g’t)
Awg g = S h . (12d)
Vg 9
Awk’g}t + S5k,g,t — S6k}g,t =0 (lze)
(11c)—(11e). (12f)

The objective functiorfyps in (12a) minimizes the sum of

non-negative slack variables modeling frequencyad®ns of
generators. Investment binary decisions are firgd 2b) with

zero, it will be minimized to improve the stability the islands.
Other constraints related to system operation, HER relaxa-
tions are imposed by (12f).

F. Feasibility and Infeasibility Cuts

The MP objective including the SP2 feasibility euigiven
in (13a). The SP2 feasibility cut is specified 8lf). Infeasi-
bility cuts resulting from SP1 and SP3 are expreédse(13c)
and (13d), respectively. These cuts are addecetithin each
iteration.

IC, (ml,t - $z7t71)

> +-
fup 2 VZZ’; (14+4)t 1 n (13a)
Nz fsp+ Z)‘lsfz(llt —Ty). (13b)
Vit
Fspi + ) AT, —T,) <0- (13c)
Vit
fsps + Z NPy, —7,) <0 (13d)
Vit

wherefqp,, fop, andfqps parameters are the values obtained
for objective functions SP1, SP2, and SP3, resgalgti The
feasibility cuty in (13a) steers the MP solution as the BD lower
bound toward the BD upper bound to converge (asvsho
Fig. 1). By adding cuts (13) at each iteration, Sfect the MP
optimal investment plan through their dual varistded objec-
tive functions.

Using the proposed solution scheme, the ICI-TERIpra
is decomposed into smaller problems: the MP, SP2, &nd
SP3 described by (9), (10), (11), and (12), resp=gt The MP
is a small ILP problem. Also, since binary variable , are
fixed toz; , in SPs, SPs are relaxed from binary variables and
they represent QC problems. The MP and SPs caffitiergly
solved using available solvers to achieve theibglmptimal
solution within a proper optimality gap. Howevdretoriginal
ICI-TEP problem (without decomposition) represemtaixed-
integer QC programming (MIQCP) problem that mightib-
tractable. The integrated MIQCP model can be desdras a
multi-objective optimization problem:

min(fyp + fop2, fops) (14a)
s.t. (9),(10e)—(10q), (11a), (11c)—(11d), (12a),
(12c)—(12e). (14b)

the dual value\’T®. In (12c), P represents the active output

power of generatay at period: before ICI (pre-islanding state)

IV. CASE STUDIES AND NUMERICAL RESULTS

andAP, . is the change in the generator active power after To evaluate the performance of the proposed ICI-TEP

islanding. The frequency deviations of generatfter 4CI are
given by (12d). Positive slack variables in (12&del the lag
or lead of the frequency of generagowith respect to the COI
frequency of the island. Only one of variablés, ,, and
S6y, 5.+ can be nonzero for a given generator at a perichi
island. By minimizing the sum of these slack vdeahn (12a),
frequency deviations of generators after IC| ansimized. Alt-
hough the objective function in (12a) may not uéitely be

method, its results are compared with those ottimventional
TEP (C-TEP) method, in which ICl is separately perfed. All
optimization codes are implemented in GAMS 27.1dl a
solved by the GUROBI 8.1.1 solver on a personal paer
with a 3.2 GHz i7 CPU and 16 GB of RAM. The maximum
number of iterations in the inner and outer loopBig. 1 is set

to 200. The case studies are examined with thedDergence
tolerance of 0% and 0.5%. Since the BD convergé&sieeance

is normalized by B, it is possible to set its percentage value in



advance regardless of the system size. The ctdEhedding
is assumed $10,000/MWh [29]. For the generatiorapsjon,
we follow the basic generation expansion modell8f fo ex-
pand the capacity of existing power plants as @utito our
proposed method.

A. IEEE 39-Bus Test System

A 5-year planning horizon with a 7% annual loadvgiois
assumed for TEP on the modified IEEE 39-bus testesy with
a 20% increased loading level [19]. We have rurbtc GEP
model of [19] to expand the capacity of existingvpo plants
using 197 MW generation units to meet the demanelde As
a result, for the IEEE 39-bus test system, we ludtained 12,
4,5, 0, and 7 generation units to be installegdl@mning years
1, 2, 3, 4, and 5, respectively. This test systeshown in Fig.
2. Candidate branches (lines and transformersg@nsidered
in existing corridors with the same specificati@ass existing
branches. Time domain simulations are carried quDhy-
SILENT software package. Types of AVR and goveareras-
sumed as IEEE T1 and BPA GG, respectively [30].cafesider
an islanding scenario in the third year initiatgdatthree-phase
fault at line 2-3 near bus 2. This fault occurg atl sec and is
cleared at =1.65 sec [1]. This fault-on period is probabléni t
primary protection relay fails to operate. Afteeating the
fault, three groups of coherent generators areddrft]: {G31,
G32}, {G33, G34, G35, G36}, and {G30, G37, G38, ¢34
which Gn denotes generator at bus|f the system is not is-
landed following this fault, it experiences unadedte operat-
ing conditions as depicted in Fig. 3. As seen ffigi 3(a), after
clearing the fault, G30, G37, G38, and G39 faildach stable
angles. This situation mainly challenges the symgism and
thus threatens the angle and frequency stabilities power
system. The instability of these four generatorsalao be seen
from their rotor speeds in Fig. 3(b). Moreoverkig. 3(c), volt-
age magnitudes of some buses that experience laoffage
fluctuations are plotted for the period followirgetfault at =
1 sec. Before occurring the fault, all voltages wiartheir per-
mitted range [0.95,1.05] pu. Shortly following tfault, volt-
ages at some buses become as low as 0.2 pu, \itbiledew
seconds, some buses such as 25, 26, and 27 exgevidiage
increase as high as 1.23 pu.

Note that although generator angles and speedbenapre
important variables in islanding, voltage excursiahould be
also observed [10]. Consequently, if the networoissplit into
islands, global blackout may happen as a resuttastading
trips caused by out-of-range generator angles peeds as well
as out-of-range voltages. However, using ICI, teewvork is
split into three islands considering coherent gatogigroups as
illustrated in Fig. 2 [1]. Therefore, in this IGtenario, we have

200

-100

Time (s)

(@

Rotor Speed (pu)

Time (s)

(c)
Fig. 3. Post-fault variables in the IEEE 39-budayswithout islanding, (a)
rotor angles, (b) rotor speeds, (c) critical volts,g

method has 7 planned lines with a total investnoarst of
$15.5M. The total cost (including investment, lageedding,

the main graplk = 1 corresponding to the pre-islanding systeng€neration, and blackout costs) is $6881.1M. Afimding,

that includes all buses and subgraphs 2, 3, 4 corresponding
to the three islands. To evaluate the accuracppfaximating
(2) with (3), we have checked these equations@aenerators
in the IEEE 39-bus test system. The largest eg@.1% hap-
pening at G39 that experiences the most varying terder the
integration in (2). Other generators have lowerrapimation
errors.

Planning results obtained by C-TEP and proposedl ER
methods are presented in Table I. It is seen thatQ-TEP

$171.1M load shedding cost is yielded in C-TEP. Th&éEP
method does not consider islanding scenarios whifgans
lines. Thus, line 16—-17, which is planned in th&y&ar, is a
cut-set that is opened in the ICI (see Fig. 2)sTihiplies that
islands 2 and 3 may become more vulnerable afterding due
to opening of line 16-17.

On the other hand, the proposed ICI-TEP methodspldn
lines (1 line in the ? year, 7 lines in the'Byear, and 2 lines in
the 4" year) with the investment cost of $33.1M. Thesedi



are planned to meet load growth and to reinforeengstwork
against the ICI. Although this investment costighler than that
of the C-TEP method, a lower load shedding co$i1&1.2M

is needed (23.3% lower than C-TEP). The three madit lines

make it possible to reduce the load shedding. Usiagnvest-
ment cost of 197MW units [19], the generation exgiam cost
for this test system is obtained as $2,255.96Mchvig about
36% of the ICI-TEP total cost.

It is worthwhile to note that both methods of C-T&#I ICI-
TEP have used load shedding to maintain load-g&aerbal-
ance in islands. However, the transient behavidrthe stabil-
ity of the solutions in Table | should also be gmal by time-
domain simulations.

Time-domain simulation results of the ICI-TEP smntare
shown in Fig. 4. To easily discriminate generatdrislands in
Fig. 4, the curves of the generators in islandg,gand 3 are
depicted with green, blue, and red based colors.|dityest an-
gular oscillation in Fig. 4(a) occurs in the gentersiof island 3
{G30, G37, G38, G39}. As seen in Fig. 4(b), islaid, and
3 finally approach their own steady-state frequesicas
1.000637, 1.00361, and 0.988458 pu, respectivdlyisiands
are stable although island 3 experiences a mofieudifsitua-
tion with larger angular fluctuations and a lowerasly-state
frequency. In addition, all voltages in the threlamds are in
their normal range [0.95,1.05] pu; therefore, thisneo voltage
security problem such as tripping of devices dueutoof range
voltages. Consequently, the proposed ICI-TEP méeliasdheen
able to save the stability of islands by approphateinforcing
the transmission system as the backbone of isldinls, it has
zero blackout cost as specified in Table I.

Time-domain simulation results of the C-TEP solutare
depicted in Fig. 5. Islands 1 and 2 can convergertew stable
point with their own steady-state frequencies 890663 and
1.000344 pu, respectively. However, as seen in 5{ag), all
four generators of island 3 {G30, G37, G38, G39%¥daotor
angle fluctuations making island 3 unstable. Caaréid) Fig.
5(b), G39 (which is the largest generator of thetesy) accel-
erates its speed and has to be finally separated dther gen-
erators of the island. These four generators anI3 fail to
converge to a common speed and thus, frequencslasfd 3
becomes unstable. One reason is that the transmisgstem
of this island is not strong enough at the ICI tilakhough line
16-17 is planned by the C-TEP method (Table s @pened
in the ICI and therefore island 3 becomes vulneraBbmpar-
ison of Fig. 4 and Fig. 5 validates the resilielany stability
improvement of the ICI-TEP solution.

As a result of blackout in island 3, its total lolas to be
shed resulting in the blackout casy; = $566.9M (Table 1),
which is much higher than the investment cost of ER
($15.5M). This blackout cost, caused by the inéitstnf island
3, incurs an unintentional significant load sheddinst, which
is different from the intentional load sheddingta0$ ¢ that is
used to maintain load-generation balance in islahkis shows
that although the C-TEP method has lower investnoesst
compared with the proposed ICI-TEP method, it itssul sig-
nificant financial losses as it fails to estabksable islands en-
countering major disturbances. As reported in Taktlee pro-
posed ICI-TEP method results in the total cost @29%8.4M,

TABLE |
PLANNING AND OPERATION RESULTS OF THEIEEE 39-BUS TESTCASE

i Cr. Cq: Crs: Cp,
Method Planned Lines Cor (M9)
C-TEP Y2: 16-17.Y4: 7-8, 14-15Y5: 4-14, 10+ 15.5,6127.6, 171.1
13, 10-32, 13-14. 566.9, 6881.1
Proposegy?2: 3-18.Y3: 9-39, 10-13, 13-14, 145,/133.1, 6129.1, 131,D,
ICI-TEP|17-27, 25-26, 26-2¥4. 4-14, 10-32. 6293.4

Yn: planning yeam. C;: Investment costC(,: Generation costC; 4: Loac
shedding costC5: Blackout costC'.: Total cost.
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Fig. 4. Time domain simulation results of ICI-TESion, (a) rotor angles,
(b) generator speeds.
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Fig. 5. Time domain simulation results of C-TEPusioin, (a) rotor angles, (
generator speeds.

which
($6881.1M).

The computation times, as reported by GAMS, aré &6d
63.2 sec for the C-TEP and ICI-TEP methods, respsyt
with a zero BD convergence tolerance. Since theTER
solves the integrated network and islands simuttasly, its
computation burden is slightly higher than C-TERe Tompu-
tation time of the integrated MIQCP model (14) K23 sec
(18.7 min) for this test case.

is 8.5% lower than that of the C-TEP method



B. IEEE 300-Bus Test System

This test system, which has 300 buses, 411 branahd<$9
generators, is chosen to evaluate the scalabflityeoproposed
method. The criteria that are considered for ceatdidines,
load growth, and planning years are similar to ¢haiseady ex-
plained in Subsection IV-A. The generation expamgtan is
assumed to install 197 MW units with the number8,df0, and
10 at planning years 3, 4, and 5, respectively. T®¥ccenarios
are assumed to occur in th® and 4" years as shown in Table
I[7].

The results of C-TEP and ICI-TEP are presentedlnidlll.
To save space, only the number of planned linesah year is
provided. The total number of planned lines wita @ TEP and
ICI-TEP methods is 50 and 56, respectively. Investhtosts
obtained by the C-TEP and proposed ICI-TEP mettards
$616.8M and $623.0M, respectively. Although thetcarsd
number of planned lines of ICI-TEP method are shghigher
than those of C-TEP method, it leads to a signitigalower
load shedding cost ($5.0M versus $64.4M) due twigiog
more reinforced islands. As seen in Table IlI,gheposed ICI-
TEP method has 37/51 new lines available in thedfCihe
294 year versus 33/45 new lines available in C-TEFPhoekt
Because the additional new lines of the ICI-TEPhodtare
planned considering the ICI scenarios, the loadding cost is
significantly decreased by more than 92.2% compuaiitd C-
TEP method. Using the investment cost of 197MWsUHif],
the generation expansion cost for this test syserbtained as
$2,094.82M, which is about 13% of the ICI-TEP tatekt in
Table Ill.

The computation times for the ICI-TEP and C-TEPhuds
are 2195.7 and 1389.2 sec, respectively, with BB con-
vergence tolerance. Considering a zero BD convergéaler-
ance, the computation times become 3403.4 and 2%28.for
the ICI-TEP and C-TEP, respectively. These exenutimes
are competing for a planning problem implying tlkalability
of the models. However, the integrated MIQCP madd)
could not be solved even after 24 hours execuitioa implying
the effectiveness of the proposed BD strategy tkentfae prob-
lem tractable.

V. CONCLUSIONS

In this paper, the performance of TEP is enhangeiddor-
porating ICI scenarios to increase the resilienfcgawer sys-
tems in case of major disturbances resulting aniding. A cri-
terion based on the COI frequency of islands ie pl®posed
to improve the frequency stability of islands af¢efitting the
network. The proposed ICI-TEP method is formulas@ con-
vex model using AC network representation. The micakex-
periments illustrate that: 1) compared to convergioTEP
method, the proposed ICI-TEP method, by a slighidjer in-
vestment cost, not only reduces the intentionad Islaedding
cost, but also avoids unintentional significantdcghedding
cost (blackout cost) because of planning a moreforied
transmission network leading to more stable islarunter-
ing major disturbances, and 2) The proposed ICI-Tiefhod
has high scalability as its computation time fae tREE 300-
bus test system with a 5-year planning horizonnly 6.6
minutes.

TABLE Il
ICI SCENARIOS FOR THHEEE 300-BUS TESTSYSTEM

ICI Period Cut-sets

Year 2 |{109-110, 122-123, 109-129}

Year 4

{109-110, 122-123, 109-129}, {57-66, 64—67, 66168
173,174-191, 174-198, 184-185, 185-187}

TABLE llI
PLANNING AND OPERATIONRESULTS OFIEEE 300-BUS TESTSYSTEM

Method Number of Planned Lines C;, Crg, Cr (M3)

C-TEP |Y1:21,Y2:12,Y3:8,Y4:4,Y5:5. | 616.8, 64.4, 16670.3

ICI-TEP |Y1:22,Y2:15,Y3:7,Y4:7,Y5: 5. 623.0, 5.0, 16625.9

Yn:

planning yean. C;: Investment cost; ¢: Load shedding cost!.: Tota

cost.
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