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Deep Learning Based Hurricane Resilient
Coplanning of Transmission Lines, Battery
Energy Storages, and Wind Farms

Mojtaba Moradi-Sepahvand *“, Turaj Amraee

Abstract—In this article, a multistage model for expan-
sion coplanning of transmission lines, battery energy stor-
ages, and wind farms (WFs) is presented considering re-
silience against extreme weather events. In addition to
high-voltage alternating current lines, multiterminal voltage
source converter based high-voltage direct current lines
are planned to reduce the impact of high-risk events. To
evaluate the system resilience against hurricanes, proba-
ble hurricane speed scenarios are generated using Monte
Carlo simulation. The fragility curve concept is utilized for
calculating the failure probability of lines due to extreme
hurricanes. Based on each hurricane damage, the probable
scenarios are incorporated in the proposed model. Renew-
able portfolio standard policy is modeled to integrate high
penetration of WFs. To deal with the wind power and load
demand uncertainties, a chronological time-period cluster-
ing algorithm is introduced for extracting representative
hours in each planning stage. A deep learning approach
based on bidirectional long short-term memory networks
is presented to forecast the yearly peak loads. The mixed-
integer linear programming formulation of the proposed
model is solved using a Benders decomposition algorithm.
A modified IEEE RTS test system is used to evaluate the
proposed model effectiveness.

Index Terms—Bidirectional long short-term memory (B-
LSTM), chronological time-period clustering (CTPC), deep
learning, energy storage, extreme weather events, trans-
mission expansion planning (TEP), wind farm (WF).

NOMENCLATURE

A. Indices & Sets

s,Qg,5,¢ Index, set, and total planning stages, index
of time interval.

h,Qu, H Index, set, and total representative hours.

1,0p,0q Index of bus, sets of buses, and conven-

tional units.
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B. Parameters

r, LT
IC;, LL,

ICw;
Rwje, Rwldc
AS), Ve,
Cyg}

Cls;, Cwc;

RU;,,RD;

, Senior Member, IEEE, and Saleh Sadeghi Gougheri

Sets of candidate buses for installing BESs
and WFs.
Index of all lines and total number of
transmission lines.
Sets of all HVac candidate lines and HVac
candidate lines in new corridors as a subset
of 29,

nl
Sets of existing lines and HVdc candidate
lines.
Index and set of all voltage source
converters.
Index and set of the corridors.
Index, set, and total number of linear seg-
ments of the conventional units generation
cost function.
Index, set, and total piecewise lineariza-
tion blocks.
Index, set, and total number of towers for
each line.
Index of probable failure scenarios, index,
set, and total number of most probable
failure scenarios due to hurricane.
Index and set of probable hurricane speed
scenarios, set of lines in the hurricane
zone.

Interest rate and lifetime of equipment.
Investment cost of new line ! including
the cost of conductors of single/double
circuits and towers (10° $/km), line length
of all new lines (Km).

Investment cost of new installed WF (10°
$/MW).

Right of way cost for HVac and HVdc line
[ including land cost (10° $/Km).

New HVac substation cost (10° $) and
VSCs cost (10° $/MW).

Cost of power generation in each segment
p for each conventional unit i ($/MWh).
Load shedding and wind curtailment cost
($/MWh) in bus i.

Ramp up and down limits of conventional
unit i (MW/h).
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C. Variables

z
Yd

s,l,c? s,l,c

Us,i,h

Pes,z,h

va,v,l,h

Jr —
PUS,U,I,h"va,v,l,h

Expected contribution of WF in supplying
the total load until the end of planning
horizon, and the maximum annual wind
curtailment in the system.

Maximum allowable hourly load shed-
ding in each bus and annual load shedding
in the system, as percentages of each bus
load, and the total load.

Energy to power ratio of BES.
Maximum/minimum limits of variables.
Connectivity matrices of HVdc lines and
buses with VSCs.

Directional connectivity matrices of exist-
ing and HVac lines with buses.
Investment cost of energy capacity
($/MWh) and power capacity ($/MW) of
each BES in bus i.

Charging and discharging efficiency of
BES.

Hourly representative wind power and
load demand per-unit factors extracted by
CTPC algorithm.

Peak load of bus i (MW), and load growth
factor at stage s.

The weight of extracted representative
hour h, and reserve cost factor as a per-
centage of the cost of power generation.
Big-M, base power of the system (MVA),
per-unit susceptance of HVac lines.

VSC power loss function coefficients.
Slope of the nth discretization of VSC
power capacity.

Horizontal distance of towers, failure
probability function of line and tower
based on the fragility curve, probability
of the hurricane with speed HS.

Total number of input data, hidden units,
and outputs, dimension of each input data
sequence in B-LSTM.

Total planning cost (TPC).
Binary variables of candidate HVac and
HVdc line [ at stage s and corridor ¢
(equals 1 if the candidate line is con-
structed and O otherwise).

ON/OFF state of conventional units,
charging/discharging state of BES, in bus
i at stage s, and hour A.

State of each vulnerable line / in probable
failure scenario d.

Power flow across existing line [ at stage
s and hour 7 (MW).

Power capacity of MTVSC v for HVdc
line /, at stage s, and hour 7 (MW).
Auxiliary positive variables to calculate
|va,v,l,h|-

Value of the nth block associated with dis-
cretization of VSC power capacity (MW).
BES energy (MWh) and power (MW) ca-
pacity at stage s.

Power generation of conventional unit i,
and segment p of unit i at stage s, and hour
h (MW).

Total power capacity of WF i at stage s
(MW), and wind curtailment of WF i at
stage s and hour & (MW).

Reserve of conventional unit i at stage s
and hour 2 (MW), and load shedding in
bus i at stage s and hour 7 (MW).

Stored energy (MWh) of BES in bus i at
stage s and hour 4.

Discharging and charging power of BES
in bus 7 at stage s and hour z (MW).

An,s,v,l,h

S

s,1°

C

EX)

sish s P85 np

Pw PCS%h

S,19

Rs,i,h’ LSs,i,h

Es,i,h

pds,i,h7pcs,i,h

Pl .n Power flow across new constructed HVac
line /, in corridor c, at stage s and hour &
(MW).

Os.in Voltage angle of bus i at stage s and hour
h.

bo, bh(®) , bh(h) Bias vector for output gate, backward, and
forward hidden layer in B-LSTM.
Weight vector of backward and forward

layers output data,

Whh®, Whh(£)

Wah(®), backward and forward layers input data,

WahH) Wo and the output layer in B-LSTM.

D. Compact Representation

Y Vector of binary decision variables.

S Vector of BES power and energy capacity
variables.

\)\% Vector of WF power capacity variables.

P Vector of positive continuous operational
variables.

Q Vector of free continuous variables.

[. INTRODUCTION
A. Motivation and Background

ISASTERS are the high impact low probability (HILP)
D events, like hurricanes and earthquakes, affecting the main
infrastructures such as power systems. Among HILP disasters,
in recent years, the probability of extreme weather events is
increased. The power system capability to recover quickly from
such events and reduce the impacts is defined as the system
resilience [1]. The focus of resiliency is on the rare extreme
events that can cause cascading outages or the outage of a major
part of the network, while the conventional reliability or security
criteria focus on the most probable contingencies. One of the
most effective procedures to improve the power grid resilience
against HILP weather events is constructing new transmission
lines to increase the power transfer from the generation side
to the consumers. The long-distance transmission lines with
many towers are vulnerable to hurricanes, while this critical
issue is ignored in many transmission expansion planning (TEP)

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on April 27,2025 at 07:19:23 UTC from IEEE Xplore. Restrictions apply.



2122

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 18, NO. 3, MARCH 2022

problems [2]. To enhance the transmission system resilience
against extreme weather events, in addition to the construction of
new high-voltage alternating current (HVac) transmission lines,
other modern tools such as battery energy storage (BES) devices,
renewable energy sources (RESs), and high-voltage direct cur-
rent (HVdc) transmission lines can be taken into account.

A strategy for boosting the system resiliency using the
fragility curve (FC) and considering a defensive islanding
method to mitigate the cascading outages due to weather events
is proposed in [3]. A scenario-based methodology to proactively
minimize the hurricane effects, e.g., load shedding and gener-
ation cost, is addressed in [4]. In [5], to enhance the resilience
against disasters, the operation of jointly regional and district
integrated energy system is proposed. In [6], a vulnerability
constrained generation and transmission expansion model con-
sidering the impacts of seismic and intentional events is devel-
oped. A planning-oriented model to evaluate the transmission
system resilience against typhoon disasters is presented in [2].
The research works in [2]—[7] rely on HVac lines to promote
the system resilience against disasters.

The rapid controllability and flexibility of multiterminal volt-
age source converter (MTVSC) based HVdc lines power flow
can decrease the adjacent HVac lines loading and enhance bulk
power system resilience since the HVdc lines have high capacity
with significant overload capability. Flexible operation of HVdc
lines offers several improvements to overall bulk power delivery
resilience, such as facilitating the renewable integration and
providing control strategies for stability improvement. Also,
an MTVSC-based HVdc line controls both active and reactive
powers through controlling switches at a same time [8]. Addi-
tionally, the black-start capabilities of HVdc lines provided by
voltage source converter (VSC) can reduce the risk of cascading
outages [8], [9]. Moreover, in comparison to HVac lines, high
power transfer capability and narrower right of way (RoW) are
other attractive advantages of HVdc lines [9]—[11]. In [11], an
economic assessment of HVdc lines for increasing the power
exchange between eastern and western parts of the U.S. is
presented in which resilience enhancement against large-scale
disruptions is concluded. The cybersecurity of HVdc stations
against false data injection attacks is addressed in [9]. More
details about promoting the power system resilience using HVdc
lines are available in [8].

According to the renewable portfolio standard (RPS) policy,
the share of RESs in supplying the system total load demand
must be increased. The optimal sitting and sizing of wind farms
(WFs) should be incorporated in the TEP model to achieve an
RPS constrained TEP model. The WFs penetration can increase
the power system resilience against the HILP events. In fact,
WFs can provide a diversified portfolio of produced power,
especially under the conditions that fuel and water transport
infrastructures of the conventional power generation units are
disrupted due to extreme weather events [12]. Additionally, due
to the inherent uncertainty of WFs, it is more critical to consider
the resilience of power system in the expansion planning. In
this regard, considering flexible ramp reserve of conventional
generating units and proper methods for capturing the short-term
and long-term uncertainties is essential. Moreover, to handle

the intermittency of WFs, reduce the wind curtailment, and also
to relieve the congestion of transmission lines, fast responsive
BESs are useful devices [13]. In comparison to large conven-
tional units, BESs are capable of supplying power as distributed
generation resources during disasters. Besides, BESs facilitate
the black start process for the power system [14], [15]. The
minimization of energy not supplied using BESs is addressed in
[16].In[14], to enhance the power system resilience under HILP
events, the optimal placement and sizing of photovoltaic and
BESs in the transmission system are considered. In [17] and [18],
expansion models are proposed for coplanning transmission
lines and energy storages (ESs) concerning high penetration of
WFs without dealing with resiliency. In [18], the possibility of
transmission line switching is also considered. In [19], transmis-
sion and ES are planned to minimize the investment cost with
high WF penetration. In [19], long- and short-term uncertainties
are modeled in a coordinated investment of transmission and
ESs. In the previous studies (i.e., [17]—[19]), the power system
resilience against HILP events is not investigated.

An essential challenge in the long-term planning models,
especially considering extreme weather events like hurricanes,
is dealing with operational uncertainties. The uncertainty of
load demand, WFs output power, and yearly load growth need
to be captured using efficient methods [20]. One method is
considering many scenarios as representatives, which can cause
more computational burden. The common techniques to extract
limited representative days are K-means (e.g., [19] and [21]) and
hierarchical clustering (e.g., [20]). These techniques are not able
to select representative hours accurately [22]. A chronological
time-period clustering (CTPC) is proposed in [22] to choose
the representative hours by considering the varying parameters
chronology. In a long-term horizon, the method efficiency in
[22] is reduced, especially in capturing peak load values.

B. Research Gaps and Contributions

In most previous works, either the TEP study is conducted
without considering the power system resilience against dis-
asters or in the resilient models, the planning of WFs under
RPS policy considering the sitting and sizing of BES devices
along with modeling flexible ramp reserve to improve the power
system resilience against disasters are ignored. Besides, the
key role of MTVSC-based HVdc lines in enhancing the TEP
resilience and reducing the risk of cascading outages is not
investigated. Other major gaps in the previous resilient TEP
models are 1) the lack of an efficient clustering approach for
extracting representative hours in long-term coplanning models
by considering the chronology of the time-dependent parameters
to capture the operational uncertainties of WFs output power and
load demand and 2) the lack of a valid approach to forecast the
yearly load growth according to the historical data in long-term
coplanning models. Regarding these gaps, the main contribu-
tions of this article are summarized as follows.

1) A multistage expansion coplanning model for HVac/dc
lines, BES devices, and WFs is proposed to promote the
power system resilience against extreme weather events.
The high shares of WFs under RPS policy, the sitting
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and sizing of BES devices, and also modeling flexible
ramp reserve for handling the WFs output power and load
demand uncertainties are integrated in the proposed TEP
model to improve the power system resilience against
probable hurricanes. Moreover, the MTVSC-based HVdc
line is considered as an effective tool to reduce the impact
of extreme hurricanes and facilitate the integration of
remote WFs. The FC is utilized to calculate the failure
probability of lines due to probable hurricane speed (HS)
scenarios obtained using Monte Carlo simulation (MCS).

2) To deal with WFs output power and load demand uncer-
tainties, a modified CTPC algorithm is introduced to ex-
tract proper representative hours for each planning stage.
The proposed CTPC algorithm is not only capable of
handling wind fluctuations, but the yearly peak and valley
values of load data can be more accurately captured.
Also, a new version of deep long short-term memory
(LSTM) networks with bidirectional memory known as
bidirectional LSTM (B-LSTM) is developed to forecast
the yearly load growth.

3) The proposed coplanning model is formulated as a mixed-
integer linear programming (MILP) problem and is solved
using a Benders decomposition (BD) algorithm. The de-
veloped BD algorithm facilitates the simultaneous op-
timization of investment and operational variables by
decomposing the main problem to a master problem (MP)
and several dual subproblems (DSPs).

[I. FORMULATIONS

The proposed hurricane resilient (HR) coplanning model is
formulated as an MILP problem based on dc optimal power
flow (DC-OPF). The formulations are presented in both general
and BD forms. The objective function and the corresponding
constraints are introduced as follows.

1) Objective Function: The objective function in (1) mini-
mizes the discounted present value (DPV) of investment and
operation costs

Min Z = Z

seQg

2
——— | - (ALs+ DL;+ BE; + WF,)
(1 + r)zs 1

>

seQg

((1—1—274)25> : l Z prn-(GFsh +LWCs,h)H-

heQm
(D

In the proposed multistage model, each planning stage is
considered to be two years. The DPV for the investment cost is
assumed at the beginning of each planning stage. The operational
costs are assumed at the end of each stage. In the objective
function, the first term represents the total investment cost (TIC),
including the cost of HVac lines (ALg), MTVSC-based HVdc
lines (DLy), BESs (BEy), and WFs (WF,). The total operating
cost (TOC) is the second term of (1). It includes the linearized

cost of generators and the expected flexible ramp reserve cost
(GF; 1) and the load and wind curtailment costs (LWCs j).

Based on equipment lifetime and capital recovery factor, the
DPV investment cost is converted to equivalent annual cost
(EAC) [23]. The EAC of HVac lines is expressed as (1a). The
RoW cost is computed for all new corridors. The substation cost
is considered just for the first new corridor

AL r(1 47" S [IC LL x (Y Yare)
s = 1T 1Ly sl,c
(I+r)" =1 1eQae ceQe
+ Y |Ruwi® LL; x (Z YW>
leQac ceQe

nl

+ ) [Yare - (AS)] (1a)

leQac

The EAC for HVdc corridors, including the cost of lines, RoW,
and the MTVSCs, is formulated as follows:

(1 + T)LTZ
)t -
x| > Icl-LL4x<Z Yds,hc) + ) | R LL
leQde ceQe leQde
(T T ¥
ceQe veER,, [eQi?

X lm;’ PR Ve, - (Z Yds,l’cﬂ . (1b)

ceQe

The EAC of BESs and WFs investment is formulated in (1¢)
and (1d), respectively

r(1+ r)LTBES
BEs = —— 7o
(1+7) -1
X Z [Cs4. (Ss,i) + Cey. (Cs )] (Ic)
i€Q,,
LTwr
wr, = U TS tcw P ()

(147w

1€Qy,
In (1e), the operation cost of GF j, is presented

GFon= Y [[Co™" (P Lin+&Ruin)]

i€Qa

X |+ > [CgP Psginyl

peQp

(Ie)
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The cost of load and wind curtailment is introduced in the
following equation:

LWCop =Y Cls; -LS.in + »_ Cwci- PCoin.
i€Qp 1€Qy

(1f)

2) Technical Constraints of the Proposed Model: The tech-
nical constraints of generating units are presented in (2)—(5).
The constraint in (2) limits the minimum and maximum output
power of conventional units. The cost function of conventional
units is linearized using constraints (3) and (4). In (3), the unit
hourly output power is defined as a summation of the minimum
power and a set of linear generation power segments. In (4),
each segment generated power is bounded. The unit ramp up

and ramp down are defined in (5)

Pimin . Is,i,h < Ps,i,h < P)imax . Is,i,h

VZ'EQG,SEQ,s,hEQH )
P
Poin=P"" -Iin+ Y Pscing
p=1
Vi € Qag,s € Qs,h € Ay 3)

0< Pssinp < (P = P - L0/ P

VieQqg,s€s,heQy,peQp 4)
Psin—Psin1 <RU; VieQa,sefg, heQy
Psﬁi’hfl — Ps,i,h < RD; Vie QG,S S Qs, h e QH ’

&)
The constraints given by (6) and (7) are defined to deal with
the RPS policy. The bounds of the total power capacity of WFs
are described in (6). The minimum installed capacity of WFs for
supplying the load demand at each two-year planning stage is
considered as a certain percentage of the peak load. According

to (7), it is assumed that at the end of the planning horizon, the
total installed capacity of WFs is at least % of the peak load

0 < Pw,; < Pw™ VieQy,,seQg 6)
[ax s/S] x (1+ Lygs) - Z Ld™* < Z Pw; Vs € Qg.
i€Qp 1€y,
(N

In the presence of WFs and BESs, considering the wind power
curtailment and load shedding is necessary. The limits of hourly
wind curtailment for each WF are defined based on (8). The
maximum permitted annual wind curtailment is defined in (9) as
a certain percentage of the total expected power output of WFs.
The permitted hourly load shedding in each bus is bounded using
(10). Based on (10), the upper bound (UB) of load shedding is
a certain percentage of the expected hourly load. In (11), the
maximum allowable annual load shedding is assumed to be a
certain percentage of the annual expected load

0< PCsyi,h < th . Pwsyi Vi € Qw,s S sth S QH (8)

D> PCan<Bx )y > Win Puy Vs€Qs

1€Qy heQy 1€Qy heQy
)
0<LSgin<v-(1+Lgs) Lfy-Ld?”

VieQp,s € Qg,h €y (10)
S>3 LSen<Ox(1+Lg)- > > Lfy-Ld*
i€Qp heQy 1€Qp heQy

Vs € Qg. (1T)

As givenin (12)—(14), the flexible ramp reserve is considered
in the proposed model to more accurately capture the uncertainty
of load and WFs. The reserve limits are enforced by (12). In
(13), each conventional unit maximum capacity is defined as
its reserve plus the output power. According to (14), the total
hourly reserve is assumed to be at least 5% and 3% of the hourly
expected output power of WFs and the total load [24]

0< Rs,i,h < PS_’i’hVZ' € Qg,s S Qs,h € Qpy (12)
Rsin~+ Psin < PPVieQa,s € Qg,h € Qp (13)
ZRazh>5% wah Pwsz
i€Qq 1€Qy,
+(3%) x (14 Lgs) - Lfn - Y Ld™ Vs € Qg,h € Qp.
1€Qp
(14)

To model BES devices, the constraints in (15)—(23) are pre-
sented. The hourly charging and discharging power of BES are
bounded using (15) and (16). The BES hourly state of charging
or discharging is determined by (17) and (18). In (19), the stored
energy level in BES is defined as the stored energy at the previous
hour plus the energy exchange at the current hour. At the first
hour of each stage, the stored energy at the last hour of previous
stage is also modeled in (19). The energy to power ratio of BES
is represented in (20). The energy level and power and energy
capacity of BES are bounded using (21)—(23)

Ognc'Pcs,i,hSOs,i VZ'GQS[”SGQS,}IEQH (15)
Ogl/nd-Pdsi_thsi ViEQSb,Segs,hGQH (16)

Ne - Pcszh<cmlx' s,i,h Vlerb,SGQS,hGQH

a7
1/na.Pdsin <G - (1=Ug, )
Vi € Qg,s € Qg,h € Qg (18)
Esin=FEsin1+Es_1in+(H—-1)
+ (ne-Pesin) — (1/na - Pds i n)
Vi€ Qg,s € Qg,h € Qp (19)
Coil) < Ssy Vi€ Qg s e Qg (20)
0< Esin<8si Vi€ Qgp,5€0g,h ey 21
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0<Cs; SO VieQg,s € Qs (22) Z KIi}.
0<8,; <S8 VieQgy,s € Qs. (23) vey
.. . . .. . (1 - 1/)) 'va,v,l,h - X Z S-Pvn,s,v,l,h~An,s,v,l,h
Each existing line power flow and its limits are considered neSin
using (24) and (25), respectively. Each candidate HVac line
power flow and the corresponding limits are given by (26) and = 2¢. Z Yd,, Ve Qfﬁ’ s€Qg,h €y (33)
(27) ceQc
— B - Al.9. .
Pegin = Z V. B+ A 051Vl € Qepys € Qs,h € Qy _ (Kl;’ . pmax . Z Yd,, C) < Puguin
i€Qp = " 00
(24) oo
- F)lmax < Pes,l,h < ]DlmaXVl € Qe 8 €0, h €y (25 < (K[Z’ . ]31‘“3”‘ . Z Yds’l,c>
—M;- (1 =Ys51¢.) <Plsicn e
Yo € Qy,l € 0% scQg,hcQpy. (34)

=D WB KO0 < M- (1

i€Qp

- }/s,l,c)

Vie Q2,5 €Qg,ce€e,h ey (26)
- lmax “lsle < Pls,l,c,h
< PMLY Me Q2 s €Qg,c€ Qo h € Q. 27)

The formulations of MTVSC-based HVdc lines are given in
(28)—(34). The VSC power loss (i.e., PES), which is the major
part of losses in an HVdc system, is presented by (28). The coef-
ficients of ¢, ¢, and x in (28) represent the constant losses (e.g.,
filter losses, transformer core losses, etc.), the linear losses (e.g.,
switching losses), and the quadratic losses (e.g., transformer,
phase reactor copper losses, and conductor losses), respectively.
The quadratic term of VSC loss function is linearized using the
piecewise linear method [10], as expressed in (29)—(32). The
coupling constraint between two sides of VSC is addressed by
(33) for each installed HVdc line. In (33), the linearized losses of
both corresponding VSCs are considered. Based on the installed
HVdc lines, power capacity of each VSC is restricted by (34).

Rl}ss _ ¢ + QZJ.PUSC side + X'(Pvgc side)Z

(P/Ugc side)z ~ Z SPUn,s,v,l,h . An,s,v,l,h

neQn

Yo € Qu,le QY scQg,heQy (28)
SPup swin=(2n—1) - [P"] /N
Vn € Qn,v € Dyl € QY s € Qg,h € Qp (29)
0<Apswin <[] /N
Vn € Qn,v € Dy, l € Q% s € Qg,h € Qp (30)
Y Auswan=Pol, P
neQn
Yo € Qy,l € Q¥ seQg,heQy 31)
Pvogyin = PU:v,l,h — Pv;v,l,h
Yo € Qy,l € Q% s € Qg,h €Oy (32)

The power balance constraint in each bus is defined in (35).
The generated power of conventional units and WFs considering
wind curtailment, power flow of existing, new HVac, and new
HVdc lines, power exchange of BESs, load demand, and load
shedding are all considered in the following equation:

Ps,i,h + [th Pws,i - Pcs,i,h] + [Pds,i,h - Pcs,i,h]

_ Z Al Pegp — Z Z K{-Plit.en

1€ 1€Q¢ ceQe
U
— E E Kbi 'P'Us,v,l,h
1eQds veQy

=((1+ Lgs).Lfy.Ld") —LS;, Vi € Qp,s € Qg,h€Qy.
(35)

The proposed formulations considering the probable scenar-
ios to enhance the system resilience against hurricanes is recast
in the following to be solved using a BD algorithm.

3) Benders Decomposition: In this part, the MILP formula-
tions represented by (1), (1a)—(1f), and (2)—(35) are reformu-
lated in an equivalent compact BD form. The problem is decom-
posed into one MP and three DSPs. In MP, the optimization of
binary decision variables is addressed. In DSPs, the feasibility or
optimality of MP solution, WFs and BESs investment cost, and
optimization of the system operation are evaluated. An equiv-
alent compact form for the objective functions (1), (1a)—(1f),
and the constraints (2)—(35) is introduced in the following:

Min ITY + I5S + I, W + OL P
s.t. (36)

CW+DP+EQ =F : 0 (37)
GYY + HbS + hW + KhbP+LQ > N :op (39)

Y €{0,1}, SW&P >0, Q : free
Y ={Y,Yd,U, I} , Q = {6, Pl, Pe, Pv}
P ={P Ps,Pv*,Pv",A R, Pd,Pc,E,PC,LS} , S
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={§,C} , W = {Pw}
o& : free, u > 0.

The objective function in (36) represents the objective func-
tion given by (1) and (la)—(1f). The constraint in (37) de-
notes (35). The constraints (3), (19), (24), (29), and (31)—(33)
are compacted in (38). The constraint in (39) corresponds to
the constraints of (2), (4)—(18), (20)—(25), (26), (27), (30),
and (34). The dual variables o, A , and p are introduced for
(37), (38), and (39), respectively. I, Is, and Iy are invest-
ment cost vectors, and O¢ is the operation cost vector. The
C, D7 E, F‘7 G],Gz, HI,H27 Jl; Jz, KI,KQ,Ll,LQ, M, and
N are relevant matrices. For example, in constraint (37), which is
the compact form of constraint (35), the matrix £ is the compact
representative of the coefficients of variable (). Note that @ is
compact representative of four free continuous variables, i.e.,
Q = {0, Pl, Pe, Pv}.

1) Dual Subproblem: Before introducing DSP, the constraint
(40) is added to the subproblem as an auxiliary constraint (with

dual variable )
1Y o, = Y 7 I: Identity Matrix, 7 : free. (40)

The binary variables obtained from MP are assumed to be
constants. The LP formulation of DSP is defined by the following
equations:

Max FTo + MTA+ NTpu+Y"r

s.t. (41)
Do+ KI'n+ KT u < Oc (42)
HIw+ H p<Ig (43)
CTo+ I+ I < Iw (44)
GIr+Gypu+Ir<0 (45)
Elo+LTr+Lip =0. (46)

After considering initial values for Y, and solving the DSP, if
the solution is bounded, the optimality cut for MP is constructed,
and the UB is calculated as follows:

UB = Flo+ MTA+ NTu+ Y 7+ ITY. (47

If DSP solution is unbounded, the following modified DSP
(MDSP) is executed to construct the feasibility cut for MP.

2) Modified DSP: To deal with unbounded conditions in DSP
and remove the extreme rays, an MDSP is defined. Its objective
function is assumed to be (41), and its constraints are (42)—(46),
all with right-hand side (RHS) equal to zero. Moreover, (48), as
an auxiliary constraint, is added

o< 1. (48)

Another DSP, i.e., resilience DSP (RDSP), is defined to cal-
culate each resilience scenario risk.

3) Resilience DSP: The RDSP is defined similar to DSP;
however, limits of load shedding are removed in RDSP. The

Input Data & Initial Values for

the Vector of ¥ St

: 1. Determine the Vulnerable Lines in “HzZ” based on “FC” & Calculate all 2" scenarios :
1 2. Determine the most probable J scenarios !
\ |
[} !

3. Calculate the “RRI” by “Solve the RDSP” & Determine “RC” scenarios

“Solve the DSP i.e., (41)-(46)”
Outputs: Investment Cost of BES & WF, the Total Operation cost, &
optimum values of the vectors S, W, P & Q

Yes No

1 !
1 !
1 !
1 !
' I
I 1
: Is the DSP Bounded? ——> F=1 I
1 ) 1
1 “Solve the MDSP i.e., (41), modified (42)-(a6), !
1 & (48) to remove the extreme rays” 1
1
1
e ! :
\ :
|

Have all RC scenarios been checked? «—— Create the Feasibility Cut i.e., (52)
__________________________________

1sF=02? Yes Solve the DSP'

& compute the UB i.e., (47)
No

—» Create the Optimality Cut i.e., (51)

“Solve the MP i.e., (49)-(52)”
Outputs: Investment Cost of the new constructed HVAC/DC Lines,
optimum values of the vector of Y & computing the LB i.e., Z oy er

i

. Yes PP e
Terminate <«—— Is the criterion in (53) ?

No

Fig. 1. Overall structure of the proposed model.

load shedding limits appear in the objective function (41). After
obtaining the MP investment decision variables and evaluating
probable failure scenarios, the risk of selected scenarios is
assessed using RDSP.

4) Master Problem: The IP formulation of MP is represented
as follows:

Min Zipwer
s.t. (49)
Ziower > 1LY (50)
Ziower > ILY + [FT5+ MT% +NT ] 4 70,
(v -v"") (51)
(M7 N5+ FT5] Y 420 (Y -7V <o
(52)

As given by (49), MP objective function is equal to the lower
bound (LB) of the problem. The constraint of (50) denotes the
investment cost of integer decision variables, and the optimality
and feasibility cuts are defined using (51) and (52), respectively.
The iteration number is v. After solving MP, if the tolerance in
(53) is satisfied, the algorithm is terminated

(UB — LB)
— <
UB -

The mathematical basics and also the required proofs of BD
algorithm can be found in [25].

(33)

IIl. OVERALL STRUCTURE OF THE PROPOSED MODEL

Based on the BD formulation, the overall structure of the
proposed model is presented in Fig. 1. The proposed model is
formulated as an MILP problem and is decomposed to an MP,
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Fig. 2.  Fragility curves of line (left) and tower (right).

containing the binary decision variables, and three DSP (i.e.,
DSP, MDSP, and RDSP), including the continuous variables.
According to Fig. 1, the input data and initial values are first
defined, and then the iterative process of BD algorithm is begun.

* Resilience Risk Index: Regarding the binary decision vari-
ables obtained from MP, the system resilience against hurri-
canes, assuming all existing and newly constructed HVac/dc
lines in the considered hurricane zone (HZ) is evaluated in each
iteration. The process determined by the blue dashed box in
Fig. 1 is introduced to distinguish the resilience contingencies
(RCs) for the proposed HR coplanning model. Using the MCS
and Kantorovich distance scenario reduction technique, prob-
able HS scenarios are generated regarding the HS probability
distribution function [2]. The hurricane characteristics are as-
sumed to be homogenous in the HZ. In step 1, to calculate each
line hurricane dependent failure probability, the FC illustrated
in Fig. 2 [3] is utilized for all lines and towers. Using the FC,
the most vulnerable lines (i.e., M lines) due to each HS scenario
are recognized according to (54) [2], [3]. A line can be failed
due to a tower collapse or a direct line outage. So, the line
failure probability is expressed as a function of HS based on
the probability of individual line and all corresponding tower
failures.

LFihs =FPrns + [1 - (1= FPt,hs)T:| —FPy s

: [1 (- FPt,hS)T}

T :LLZ/HDVZ EQHZ7hS€QHs,t€QT. 54

After selecting M vulnerable lines with LF > 1% (because
the normal failure probability of lines is 1% [3]), configurations
of all 2M possible scenarios due to each HS scenario are formed
using a simple optimization problem. Then, the probability of
each scenario is calculated using the following equation:

M

SPans = H [Xa1-LFns + (1 — Xa)
=1

(1 =LF;ps)] Vhs € Qus, d = 1,...,2M. (55)

In step 2, all 2™ possible scenarios are reduced to .J
most probable scenarios with a probability more than 20% X
[maxggns (Spa,ns)]- In step 3, considering line outages in each
scenario j under corresponding HS scenario hs, the RDSP (i.e.,
(41)—(46) without load shedding limits) is solved. Then, each
scenario impact is calculated as the amount of load shedding.

Therefore, in (56), the resilience risk index (RRI) is computed

RRILjhs = Hpns X Spjhs

X 33> LS. Vi € Qyhs € Qg

s€Qg i€Qp heQy

(56)

Assuming normalized RRIs, scenarios with an RRI more than
20% are considered as the chosen RC scenarios.

* Proposed HR Coplanning Model: The introduced iterative
process in the red dashed box of Fig. 1 is executed for each
RC scenario. The hourly power output of conventional units
and WFs, flexible ramp reserve requirement, load shedding
and wind curtailment, hourly power exchanges of BESs, power
flow of all lines, power capacity of MTVSCs, and the yearly
installed capacity of BESs and WFs are optimized in the DSP.
As shown in Fig. 1, after solving the DSP for each RC, if the
solution is unbounded, the parameter “F” is set to 1, and the
MDSP [i.e., (41), modified (42)—(46), and (48)] is solved to
generate a feasibility cut for MP. After evaluating all RCs, if
there is no unbounded DSP (i.e., “F” is equal to 0), the UB is
calculated, and an optimality cut is constructed and transferred
to MP. In MP, the investment cost of new HVac/dc lines and the
charging/discharging states of BESs, considering the generated
cuts, are optimized. After solving MP and computing the LB,
if the criterion defined by (53) is satisfied, the algorithm is
terminated; otherwise, the next iteration is begun.

V. DEEP LEARNING AND CHRONOLOGICAL CLUSTERING

In this article, a modified CTPC and deep learning based B-
LSTM approaches are used to select the proper representative
hours and yearly load growth forecasting.

* Proposed Chronological Time-Period Clustering Method:

Among clustering methods, hierarchical clustering is widely
used because its output is independent of the initial parame-
ters and can provide various options for merging the clusters.
Although the previous methods work well with datasets con-
taining limited data, the accuracy is decreased for large-scale
datasets, especially in capturing the peak load values. To solve
this deficiency, a CTPC algorithm is proposed in which both
representative days and hours are considered. In the proposed
CTPC algorithm, the correlation between load and wind data is
considered which is important to capture the operation of WFs in
the presence of BESs. By considering both representative days
and hours, the daily and hourly trends of data in the extracted
clusters are captured, which increases the accuracy of the pro-
posed method. Also, this algorithm has a better performance for
large-scale and high variation datasets. The steps of the proposed
CTPC algorithm to select D and H representative days and hours
are given in Fig. 3.

e B-LSTM Network for Yearly Load Growth Forecasting:
LSTM networks are the modified versions of recurrent neural
networks (RNNs), which can overcome the gradient vanishing
problem in the RNNSs, by various operation gates (input, output,
and forget gates). This superiority of LSTM networks results in
a significant improvement in forecasting tasks. One-directional
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1. Set initial number of representative days () equal to the total number of
days in dataset.

2. Calculate the centroid of each cluster & (Cn, = $Zf:f D, ), Dng, and
D, are the number of days in cluster 4, and the vector of elements,
respectively.

3. Determine the dissimilarity of each pair of adjacent clusters &, o

2DngDn,
(Dsg, = e

Drig+Dmy [ICny = Cn,llz).

4. Merge two closest adjacent clusters (&, &) based on the dissimilarity
matrix.

5. Update the number of clusters (d—d — 1).

6. If d = D go to the next step, otherwise return to step 2.

7. Create a new dataset with reduced size of 7' (7= D X 24) by putting
together the cluster centroids and consider number of days in each cluster as
the weights.

Selecting representative days

1. Assign initial number of new clusters (7) equal to the total number of
hours (7).

2. Calculate the centroid of each cluster b (Cn, = jz”"b
b

o1 De ), Hny, and
D, are the number of hours in cluster b and the vector of elements,
respectively.

3. Determine the dissimilarity of each pair of adjacent clusters b, o

2HnpHng |

(Dsy, = [Cny, = Cn,lly).

Hnp+Hno

4. Merge two closest adjacent clusters (b, 6) based on the dissimilarity
matrix.

5. Update the number of clusters (=7 — 1).

6. If T = H go to the next step, otherwise go to step 2.

7. Extract H representative hours as the clusters centroids Cn,,.
8. Consider number of hours in each cluster as final weights.

Selecting representative hours

Fig. 3. Proposed chronological time-period clustering algorithm.

LSTM networks neglect the information data that includes future
features. To overcome this issue, in this article, the B-LSTM
network with bidirectional memory is utilized to consider the
whole temporal horizon, which brings a strong memory to
extract useful features and high accuracy. The B-LSTM network
is represented as follows [26]:

HS, = (xXBWan +1¥g,1) Whi® +bp0) (57)

1S, = tanh (XB,Wzh® + 18, 1) Whh® + b
(58)

Ofn =HS,; Wo + bo (59)

where X B, ¢ R"**"4 is the mini-batch inputdataattime g, f—I_S g€

Rrixnh ﬁég € <71 are backward and forward hidden layers,
and O fn € R™"*"°is the final output data. The model variables
are demonstrated by WahHe grdxnh pwppf) ¢ grhxnh
bh(f) € §er><nh , th(b) € g):erdxnh , Whh(b) € g:enhxnh . and
bh(®) ¢ R1*7h The overall structure of B-LSTM network is
illustrated in Fig. 4. In this structure, O is the output gate data
vector in time g. As shown in Fig. 4, at first, the outputs of
two hidden layers, i.e., Iﬁg and i{_Sg, are computed. Then, the
final output is calculated based on concatenation of }ﬁg and

f1s ¢- The details of LSTM and related equations are available in
[26]. The overall structure of the proposed method for handling
uncertainties is presented in Fig. 5.

0g-1 0, Og+1
Output Layer see |LSTM|] |LSTM |] |LSTM U eese
/Yy
mg—l mg ngrl
Backward Layer <—|LSTM |]<—| LSTM |]4 {LsT™ |]<—
/Y Iy
ﬁg—l . ﬁ‘g ﬁg%ﬂ

Forward Layer  —— ] LST™ ||/ 5T [——{»{L5TM [

Input vee XBy 4 XB, XBgyq vee

Fig. 4. Overall structure of B-LSTM network.
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data.

V. SIMULATION RESULTS

The simulation results are given in this section. First, the
CTPC and B-LSTM methods performance is evaluated. Second,
the results of the HR coplanning model are analyzed.

The MATLAB software is used for simulating the proposed
CTPC method [27]. The B-LSTM deep learning method is
developed using Phyton software. Finally, the optimization of
the proposed HR coplanning model is carried out using CPLEX
solver in GAMS [28]. All simulations are executed using a PC
with Intel Core i7, 4.2 GHz 7700 CPU, and 32 GB of memory.

* CTPC and B-LSTM Network Numerical Results: The ef-
fectiveness of the proposed CTPC is evaluated over load and
wind data in 2019, extracted from [29] and [30], respectively.
As shown in Fig. 6, first, the 365 days of data are reduced to 120
days based on the dissimilarity index. Then, by considering the
normalized root mean square error (RMSE) criterion (EC) pre-
sented in [31] to achieve the proper number of representatives,
96 representative hours are extracted to cover the uncertainties
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TABLE |
VALIDATION OF THE PROPOSED CTPC RESULTS

EC (p.u) (i.e., (60)) | Extremum values of representatives
Method Load Wind Maximum ('p.u) Minimum (P.u)
Load Wind Load Wind
Proposed CTPC| 0.0044 0.0077 10.9632 0.9430 | 0.4035 0.0143
Ref. [22] 0.0062 0.0126 109147 0.9198 | 0.4187  0.0435
TABLE Il
ERROR CRITERIA OF DIFFERENT METHODS FOR TEST YEARS LOAD
FORECASTING
Method Forecasted peak load (MW) Error criteria
2018 2019 2020 | MAE (MW) MAPE (%) RMSE (MW)
Real data| 55442 57098 57635 - - -
B-LSTM | 55597.5 57700.8 58218.3 4472 0.788 492.54
LSTM 55829 58072 59693 1139.667 2 1333.39
MLP | 53633.2 55237.5 56021.3 1761 3.10 1764.20
TABLE IlI
FORECASTED PEAK LOADS OF YEARS 2021—-2028
Year 2021 2022 2023 2024
Forecasted peak load (MW) 58254 60259 62030 63555
Year 2025 2026 2027 2028
Forecasted peak load (MW) 64841 65906 66773 67470

with a tractable complexity. In Table I, to show the performance
of the proposed CTPC, the obtained results are compared with
the algorithm in [22] in terms of the EC defined by (60) and
capturing peak and valley values of data. The results confirm
the superiority of the proposed CTPC. In (60), RD and RH are
real data and representatives

1

FeQp

min {RDz — RH,},

Qp=1,... .
Juin r=1,..., 8760

(60)

To evaluate the B-LSTM network effectiveness in forecasting
the yearly load growth, Iran peak load data from 1968 to 2020
[29] are used. The input data are split into 80% and 20% for
training and test tasks, and L2 regulation, dropout, and mini-
batch techniques are used to avoid overfitting and convergence
problems. The maximum number of epochs is considered as
1000. To verify the accuracy of B-LSTM network, three well-
known error criteria [i.e., mean absolute error (MAE), mean
absolute percentage error (MAPE), and RMSE] are utilized for
three test years. As given in Table II, the error is compared with
two benchmark methods [i.e., LSTM and multilayer perceptron
(MLP)]. The considered B-LSTM network presents a better
performance for annual peak load forecasting. So, this method
is utilized to forecast the yearly peak load over the planning
horizon, as presented in Table III.

* Results of the Proposed HR Coplanning Model: The pro-
posed HR coplanning model performance is verified over a
modified IEEE 24-Bus test system. The planning time horizon is
assumed to be eight years (i.e., four two-year stages). The LT of
new HVac/dc lines, BESs, and WFs are considered as 50, 10, and
20 years, respectively. The construction costs for new HVac/dc
lines and RoW, new HVac substation, and new MTVSC are
assumed to be 1/0.96 and 0.034/0.028 10° $/Km, 3.358 10°$,

ff(@

N7

Hurricane Zone

=

Wind Farm

E Battery Energy
| Storage

— Existing Line

e New HVAC Line

\

= New HVDC Line

Fig. 7.

Obtained results for scheme IV.

and 0.202 10°8/MW, respectively. For double circuit HVac
lines, the cost of new line, RoW, and substation is 1.6x(1),
1.142x(0.034) 10%$/Km, and 2x(3.358) 10°$, respectively
[32]. The HD is assumed to be 500 m and the ¢, v, and x are
considered as 0.12, 0.0029, and 0.00031 [33]. BES power and
energy capacity costs are assumed to be 500 $/Kw and 50 $/Kwh
[17]. Both 7). and 14 are assumed to be 0.9. The construction cost
of WF, and load shedding/wind curtailment cost are considered
as 2 10°¢/MW , and 1000/2000 $/Mwh, respectively. The «
, 3, and ¥ are considered as 20%, 40%, and 3 h. In the DSP,
and ® are both zero, while in the RDSP, both are considered as
100%. The r and & are 5% and 10%.

The modified IEEE 24-bus test system with 30 existing single
circuit, 4 double circuit lines, and 11 conventional units can be
seen in Fig. 7. Two new buses, i.e., 25 and 26, are candidates
to be connected to the system using new HVac/dc lines. The
buses 3, 5, 20, 25, and 26 are BES installation candidate buses
with maximum energy and power of 1000 MWh and 250 MW.
It is assumed that WFs installation candidate buses are 6, 9, 23,
25, and 26 with maximum capacity of 200, 200, 200, 500 and
500 MW, respectively. Besides, 15 HVac and 6 HVdc candidate
lines are considered. All required data and parameters of existing
and new lines and generators are available in [34].

The uncertainty of HS is considered using five probable HS
scenarios generated by MCS and Kantorovich distance scenario
reduction technique. To verify the proposed HR coplanning
model, four schemes are defined. In scheme I, the resilience
of the model against hurricanes, BES devices, and HVdc lines
is ignored. In scheme II, the resilience of the model against
hurricanes is ignored, but all planning options are considered.
In scheme III, the complete model is analyzed considering
resilience against hurricanes and ignoring BES devices and
HVdc lines. In scheme IV, the complete resilience-oriented
model is evaluated considering all planning options.

The obtained results are presented in Table IV. The results
of scheme IV are also illustrated in Fig. 7. Note that for WF
and BES, the cumulative new installed capacity at each stage
is presented. For example, in the first scheme, a WF with
72.95 MW capacity is installed in bus 6 at first stage, while in the
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TABLE IV
RESULTS OF THE PROPOSED HR COPLANNING MODEL

Investment Cost (IC) (10°S) TOC (10°S)

. . 4149.726
Scheme ACline DCline WF BES TIC TPC (10°5):
1 552.348 747.141 1299.489  7=5449.215

ACline: (16-19), (7-8)" s=1, (14-26)", (3-25)" s=3, (3-25)" s=4

WE: Bus 6: 72.95 MW, Bus 23: 200 MW s=1,
Bus 6: 200 MW, Bus 9: 175.75 MW s=2, Bus 9: 200 MW, Bus 25: 177.5 MW,
Bus 26: 118.065 MW s=3, Bus 25: 469.4 MW, Bus 26: 153.04 MW s=4

Total wind curtailment: 26610.549 MWh

3716.429

I 128.283 7=5096.973

191.64  747.141 313.48 1380.544

AC line: (16-19), (7-8)" s=1,

DC line: (3-25), (14-26) s=3

WE: Bus 6: 72.95 MW, Bus 23: 200 MW s=1, Bus 6: 200 MW,

Bus 9: 175.75 MW s=2, Bus 9: 200 MW, Bus 25: 129.071 MW,

Bus 26: 166.498 MW s=3, Bus 25: 275.028 MW, Bus 26: 347.401 MW s=4

BES: Bus 3: 212.102 MW, 848.41 MWh,

Bus 20: 226.815 MW, 907.258 MWh s=1, Bus 20: 241.993 MW, 967.974 MWh,
Bus 25: 30.761 MW, 92.283 MWh, Bus 26: 129.822 MW, 517.905 MWh s=3,
Bus 25: 47.653 MW, 142.958 MWh s=4

Total wind curtailment: 1638.116 MWh

4143215

7=5595.819
AC: (16-19), (7-8)" s=1, (3-25)", (14-26)" s=3, 2%(19-20)", (20-23)’, (3-25)" s=4
WE: Bus 6: 72.95 MW, Bus 23: 200 MW s=1, Bus 6: 200 MW,

Bus 9: 175.75 MW s=2, Bus 9: 200 MW, Bus 25: 177.5 MW,
Bus 26: 118.065 MW s=3, Bus 25: 459.118 MW, Bus 26: 163.311 MW s=4

Total wind curtailment: 26733.54 MWh

JL1 705.463 747.141 1452.604

3697.553

v 243,774 7=5258.785

252931 747.141 317386 1561.232

AC: (6-10), (16-19) , (7-8)" s=1, (19-20)" s=4

DC: (3-25), (14-26) s=3, (20-23) s=4

WE: Bus 6: 72.95 MW, Bus 23: 200 MW s=1, Bus 6: 200 MW,

Bus 9: 175.75 MW s=2, Bus 9: 200 MW, Bus 25: 124.07 MW,

Bus 26: 171.498 MW s=3, Bus 25: 308.265 MW, Bus 26: 314.16 MW s=4

BES: Bus 3:217.81 MW, 869.503 MWh, Bus 20: 226.815 MW, 907.26 MWh s=1,
Bus 20: 237 MW, 947.62 MWh, Bus 25: 22.87 MW, 68.6 MWh,

Bus 26: 127 MW, 508 MWh s=3, Bus 20: 250 MW, 1000 MWh,

Bus 25: 73 MW, 219 MWh s=4

Total wind curtailment: 885.035 MWh

“: Double Circuit Line.

second stage, the installed capacity is increased to 200 MW. In
scheme I, which is basically similar to the previous conventional
models in the literature, a single-circuit and a double-circuit
HVac lines are constructed between buses 16—19 and 7—8 at
the first stage. Two double-circuit HVac lines between buses
3—25 and 14—26 are constructed at the third stage. At the last
stage, another double-circuit HVac line is constructed between
buses 3—25. In scheme II, a single-circuit and a double-circuit
HVac lines are constructed between buses 16—19 and 7—8 at the
first stage. Two HVdc lines between buses 3—25 and 14—26 are
also constructed at the third stage of scheme II. In comparison
to scheme I, the total planning cost of scheme II is saved up to
352.242 10% $. This cost saving confirms the impacts of HVdc
lines and BES devices on minimizing the total costs of expansion
coplanning problem. The impact of modeling power system
resilience against probable hurricanes can be evaluated by com-
paring the schemes I and IIT and also schemes II and IV. Ac-
cording to scheme II, by ignoring the system resilience against
hurricanes, a total energy up to 309.058 GWh is interrupted with
an expected cost of 971.745 10°$ , while the TPC in scheme IV
is just 161.812 10°$ more expensive than scheme II. Although
the TIC in scheme IV is 180.688 10°$ more than scheme I, the
TOC is saved due to more BES utilization, 753.081 MWh lower
total wind curtailment, and new constructed HVac/dc corridors
for demand supplying. To enhance the system resilience, the
cost of installed BES in scheme IV is 3.906 10°$ more than
scheme II. Note that the equivalent WFs investment cost in

all schemes are due to similar RPS policy. The comparison of
schemes III and IV confirms the noticeable impact of HVdc
lines and BESs in cost reduction under considering the power
system resilience against hurricanes. In scheme 111, eight HVac
lines, including seven double-circuit and one single-circuit lines,
are constructed to enhance the system resilience. In this scheme,
26733.54 MWh wind power is curtailed due to lack of BESs. The
wind curtailment is decreased to 885.035 MWh in scheme IV.
In scheme I'V using four HVac, including two double-circuit and
two single-circuit lines and also three HVdc lines in the system
is able to withstand hurricanes with TPC saving of 337.034 10%$
related to scheme III. As shown in Fig. 7, in scheme I'V, two WFs,
one BES, one HVdc, and three HVac lines (two double-circuit
and one single-circuit lines) are constructed in the considered
HZ. The buses 25 and 26, which are considered as remote WF
buses, are connected to the system using two new HVdc lines.
Also, two BESs are installed in buses 25 and 26 to handle the
intermittency of WFs.

Generally, the proposed method in this article is not case
sensitive and can be applied over any system. It is expected
that, for large-scale test systems, the computational time of
the proposed method increases. However, the proposed BD
technique facilitates the solution process under operational sce-
narios and RCs for large-scale power systems. In fact, using
the decomposed structure, the proposed model can be applied
over large-scale systems providing that fast computational and
parallel processing tools are utilized.

VI. CONCLUSION

This article presented a multistage HR model for expansion
coplanning of transmission lines, BESs, and WFs. To evaluate
the system resilience against hurricanes, probable HS scenarios
were generated using MCS. The major findings of this article
are summarized as follows.

1) The new planning tools, including the BES and HVdc op-
tions, result in a more economic planning scheme that facilitates
the integration of remote WFs, especially in a HR coplanning
model.

2) The traditional TEP models are not adequate to enable the
power system to survive the HILP events. Also, using only tradi-
tional HVac transmission lines to enhance the system resilience
against hurricanes is not economical.

3) By additional investment cost, the system resilience against
HILP events can be achieved using HVac, HVdc, WF, and BES
planning tools.

4) The proposed CTPC approach can extract proper repre-
sentative hours for each planning stage to capture the load and
wind power uncertainties. Also, the B-LSTM networks are able
to forecast the yearly load growth accurately.
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