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 Abstract—The occurrence of high-impact low-probability 

(HILP) natural disasters such as typhoons poses a significant 

threat to the secure operation of transmission and distribution 

(T&D) network system. Simultaneously, the rapid advancement 

in power distribution grid technologies contributes to the efficient 

interaction between transmission network and distribution 

network, thereby providing more possibilities for defending 

against disasters from a cooperative perspective in T&D network 

system. To explore the resilience enhancement potential of 

coordinated transmission and distribution system (CTDS) in 

defense of probabilistic typhoon impact, a risk-based 

decentralized planning model for CTDS is proposed aiming at 

mitigating load reduction at the transmission-distribution level 

considering random typhoon impact. The planning decision 

incorporates the investment in transmission line hardening, 

transmission network expansion at transmission level and 

distribution line hardening, mobile emergency generator (MEG) 

deployment as well as automatic switch deployment at 

distribution level. To address the decentralized model with 

multiple scenarios, a novel integrated solution procedure is 

proposed which embeds the alternating direction method of 

multipliers (ADMM) into a bundle-based progressive hedging 

algorithm (BPHA), thereby enhancing computation efficiency. 

The effectiveness and superiority of the proposed resilience 

enhancement method is demonstrated on a T6D3 system and a 

T118D7 system.  

 

Index Terms—Coordinated transmission and distribution system, 

decentralized planning, progressive hedging algorithm, resilience, 

risk mitigation. 

NOMENCLATURE 

Sets and Indices 

{ , , }s   Set of scenarios, normal scenarios and 

extreme scenarios. 
TNS TNS*{ , }l   Set of existing and candidate transmission 

lines. 
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TNSg   Set of CGUs in TNS. 
TNSw  Set of wind farms in TNS. 

TNSb  Set of buses in TNS. 
TD   Set of the boundary buses in TNS. 
DNSij   Set of distribution lines in DNS. 
DNS+k   Set of candidate MEGs in DNS. 

DNSi   Set of nodes in DNS. 
DT

mo  Set of the boundary nodes in DNS. 

d  Set of scenario bundles. 

Parameters 
TNS TNS

inv,ini inv,C C  Investment cost and annualized investment 

cost for TNS. 
DNS DNS

inv,ini inv,C C  Investment cost and annualized investment 

cost for DNS. 
TNS DNS

ope, ope,,s sC C  Operation cost of TNS and DNS. 

TNS DNS,s s
 Total load shedding of TNS and DNS under 

typhoon scenarios. 
H,TNS L,TNS,l lC C  Unit investment cost for transmission line 

hardening and construction. 
H,DNS Ginv,ij kC C  Unit investment cost for distribution line 

hardening, MEG deployment in DNS. 
AS

ijC  Investment cost for automatic switch. 

su,TNS op,TNS,g gC C  Unit startup cost and operation cost of CGU. 

ls,TNS wc,TNS,C C  Unit load shedding cost and wind curtail-

ment cost in TNS. 
op,DNS om,DNS,C C  Unit operation cost of conventional DG and 

MEG in DNS. 
buy,DNS ls,DNS,C C  Unit upstream purchase cost and load 

shedding cost in DNS. 
wc,DNSC  Unit wind curtailment cost in DNS. 

H,TNS H,DNS,  Budget of hardening cost in TNS and DNS. 

TNS DNS,b iD D  Active load demand in TNS and DNS. 

max ,l lF B  Transmission line capacity and susceptance. 

G max G min,g gP P  Maximum/minimum power output of CGU. 

TNS,s s
 Load growth factor in CTDS and wind farm 

capacity growth factor in TNS. 
W max W,TNS,w wP c  Capacity and forecast power proportion of 

wind farm. 
TNS DNS

, ,,l s ij s
 Line failure status in TNS and DNS. 

DNS DNS,i sQ  Reactive load and wind-based DG capacity 

growth in DNS. 
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,ij ijR X  Distribution line resistance and reactance. 

max min,ij ijI I  Maximum/minimum current amplitude. 

max min,i iV V  Maximum and minimum voltage magnitude. 

CDmax CDmin,i iP P  Maximum/minimum active power output of 

conventional DG in DNS. 
CDmax CDmin,i iQ Q  Maximum/minimum reactive power output 

of conventional DG in DNS. 
MG max MG min,k kP P  Maximum/minimum active power output of 

MEG in DNS. 
MG max MG min,k kQ Q  Maximum/minimum reactive power output 

of MEG in DNS. 
WDmax WD,DNS,iP c  Capacity and forecast power proportion of 

wind-based DG. 
WD,o i

 Power factors in DNS. 

ij
 Binary parameter indicating whether distri-

bution line is tie-line (1) or not (0). 

,s d
 Probability of scenario and scenario bundle. 

du  Duration in a planning year. 

Variables 
H,TNS L,TNS,l lx x  Binary variable indicating whether trans-

mission line is hardened/built (1) or not (0). 

,g sSU  Binary variable indicating whether CGU is 

started up (1) or not (0). 
G W

, ,,g s w sP P  Power output of CGU and wind farm. 

W,TNS WD,DNS

, ,,w s i sr r  Power curtailed of wind farm and wind-

based DG. 
TD DT

, , , ,,o s m o s mP P  Transmitted power in TNS and DNS. 

,l sf  Power flow of transmission line l in TNS. 

( ), ( ),,se l s re l s
 Voltage angle at the sending bus and 

receiving bus in TNS. 
U,TNS U,DNS

, ,,b s i sr r  Unserved load in TNS and DNS. 

H,TNS MG AS, ,ij k ijx x x  Binary variables indicating whether distri-

bution line is hardened (1) or not (0), MEG 

is deployed (1) or not (0), and automatic 

switch is deployed (1) or not (0). 
CD CD

, ,,i s i sP Q  Active/reactive power output of conven-

tional DG in DNS. 
WD WD

, ,,i s i sP Q  Active/reactive power output of wind-based 

DG in DNS. 

, ,,ij s ij sp q  Active/reactive power flow in DNS. 

MG MG

, , , ,,i k s i k sP Q  Active and reactive power output of MEG. 

, ,i k s
 Binary variable indicating whether MEG k is 

accessed to node i (1) or not (0). 

, ,,ij s i sL U  Square of current and voltage magnitude. 

,ij s
 Binary variable indicating whether the dis-

tribution line is operating (1) or not (0). 

,ji s
 Binary variable indicating whether the node 

i is the parent node (1) of node j or not (0). 

 

I. INTRODUCTION 

ITH the degradation of the ecological environment, 

natural disasters such as typhoons, floods and ice 

storms are causing more significant disruptions to 

power transmission and distribution which play pivotal roles 

in the power system. For example, the strike of Super 

Typhoon Lekima in 2019 caused a total of 72 substations 

above 35 kV in China to lose power and 535,500 customers to 

suffer power outages. Simultaneously, as the smart grid 

technology advances rapidly, distribution network is gradually 

transitioning to the active distribution network with distributed 

resources, thereby enhancing the benefits of interconnection 

between transmission network system (TNS) and distribution 

network system (DNS) [1]. This contributes to improving the 

power system defense capability against natural disasters from 

the level of transmission and distribution cooperation [2], [3]. 

System resilience can be enhanced at both transmission and 

distribution levels from the perspective of planning [4]. In 

general, conducting preventive resilient planning such as 

hardening planning [5], expansion planning [6] or procuring 

emergent equipment [7] and smart grid technologies [8] plays 

an important role in defense of natural disasters. In terms of 

transmission network resilience enhancement, a two-stage 

stochastic formulation [9] and a data-driven robust 

optimization approach [10] are proposed to obtain the optimal 

defense hardening plan for transmission lines. Investment 

options include the hardening of transmission lines, generators 

and substations. Transmission expansion planning is also 

regarded as a measure to boost resilience along with hardening 

planning, generation expansion planning [12] or distributed 

energy resources planning [13], and both the operation cost 

under normal condition and outage cost under emergency 

condition are minimized. Distribution network resilience can 

be enhanced via multiple resources including distribution line 

hardening [14], distributed generation (DG) allocation [15], 

sectionalizing switch planning [16] and mobile energy 

resources planning such as mobile emergency generator 

(MEG) deployment [17], etc. In [18], a robust distribution line 

hardening planning model is presented with DG allocation and 

energy storage deployment respectively to reduce load loss 

under disasters. The above distribution network resources can 

also be taken into account comprehensively to increase 

resiliency while saving costs [19], [20], [21]. However, the 

aforementioned literature is unable to consider the integration 

of resilience assets across the entire transmission and 

distribution (T&D) network systems for planning, as it solely 

focuses on optimizing investment portfolios at the individual 

level of TNS or DNS.  

In actual power systems, the efficient and more frequent 

interaction between TNS and DNS has provided significant 

benefits for addressing issues of the overall system [22], [23]. 

And the coordinated planning of T&D network systems is also 

conducive to enhancing the overall system performance, such 

as economic [24], reliability [25] and voltage stability [26]. A 

distributed second-order cone programming-based model for 

the integrated planning of TNS and DNS is formulated in [27] 

to allow only the exchange of power output information at the 

boundary buses, which safeguards the data privacy. By using 

an analytical target cascading method, a decentralized 

stochastic optimization model is proposed in [28] for the 

expansion planning of integrated transmission and distribution 

network considering DG penetration. In light of the potential 

benefits brought by the coordination between TNS and DNS,  W 

This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIA.2025.3546909

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on April 27,2025 at 07:01:06 UTC from IEEE Xplore.  Restrictions apply. 



 

 

 

 

 

TABLE Ⅰ  

COMPARISON OF REPRESENTATIVE RESILIENT PLANNING STUDIES IN T&D NETWORK SYSTEMS 

Ref. 
TNS resilience measures DNS resilience measures Extreme and 

normal scenarios 
Risk 

management 
TNS&DNS 
coordination Hardening Expansion Hardening MEG/DG Automatic switch 

[6] × √ × × × × × × 

[9], [10] √ × × × × × × × 

[11] √ √ × × × √ × × 
[12] × √ × × × √ × × 

[14] × × √ × × × × × 

[15],[17] × × × √ × √ × × 
[18] × × √ √ × × × × 

[21] × × √ √ √ √ × × 

[34],[35] × × √ √ × × √ × 
[29] √ × √ × √ × × √ 

[30] √ × √ × × × × √ 

This paper √ √ √ √ √ √ √ √ 

 

the capability of cooperative planning of coordinated 

transmission and distribution system (CTDS) in withstanding 

typhoon disasters is worth excavating to enhance the resilience 

of the overall system. Substation proactive protections with 

installing Tiger Dams within transmission and distribution 

system are coordinated in [29] to defend the impact of floods. 

And a distributionally robust collaborative planning model of 

TNS and DNS is proposed in [30] to improve restoration 

during earthquakes. Since only one measure such as hardening 

is considered in these preventive planning studies, the cost-

effective plan for the overall system cannot be achieved. 

When considering the economic aspects of investing in 

bolstering resilience, many of the above-mentioned studies 

primarily conduct planning for natural disaster scenarios while 

disregarding the electricity growth under normal conditions 

(e.g., [9], [10], [13], [14], [18], [19], [30]). This may lead to 

conservative planning schemes which can precipitate a decline 

in economic performance. In addition, typhoons and other 

natural disasters are classified as high-impact and low-

probability (HILP) events with uncertain nature, it is 

imperative to estimate their baneful influence on the power 

system with frequency and severity both considered. In terms 

of the uncertainties in such events, modeling and addressing 

natural disaster scenarios without characterizing their tail risks 

could not provide a risk trade-off perspective. Therefore, the 

tolerance towards such resulting risk should be considered in 

resilient planning [31]. For risk analysis, conditional value-at-

risk (CVaR) metric has been widely used to describe the risk 

related to the tail scenarios within a probability distribution 

[32], [33]. To quantify and manage the risks brought by HILP 

disasters, resilient distribution network planning models are 

developed in [34], [35], [36] to obtain the risk-driven plan. 

And the trade-off between planning decision and resilience 

performance can be analyzed via the risk measure [37]. But 

the works in such research address the issues in DNS, 

neglecting the integration of the assets in CTDS to develop a 

comprehensive risk-averse strategy for efficiently mitigating 

the typhoons impact on the entire system. 

In general, these researches provide valuable insights on the 

planning-based resilience enhancement approach of TNS and 

DNS. However, most of the researches implement the 

resilience improvement planning at the individual level of 

TNS or DNS, ignoring the available mutual support between 

TNS and DNS and the comprehensive utilization of resilience 

resources. This leads to an imbalanced allocation of resilience 

resources in CTDS and a limitation in the resilience/economic 

enhancement planning for TNS and DNS. Besides, overlook 

of the tail risks associated with HILP disasters as well as 

normal scenarios in resilience enhancement planning may 

render an inadequate and inappropriate planning strategy, 

which is incompatible with the aim of boosting resilience and 

remaining cost-effective. Given the existing research gap, this 

paper addresses the issue of mitigating typhoon disasters 

impact and proposes a risk-based decentralized resilient 

planning model of CTDS against stochastic typhoons by 

integrating the assets of T&D network systems. The tail risks 

of the HILP typhoons are quantified through the CVaR 

method. The summarization and distinction of the previous 

representative researches are listed in Table Ⅰ, emphasizing the 

spotlight and notable advancements of this paper. 

The main contributions of this paper are summarized as: 

1) In order to exploit the cooperative potential of resilience 

resources in T&D network system, a decentralized coor-

dinated planning framework for optimizing CTDS investment 

is proposed. The framework co-optimizes investment 

decisions on transmission hardening, expansion in TNS and 

distribution line hardening, MEG deployment, automatic 

switch deployment in DNSs, with the power interaction 

between TNS and DNSs while preserving the data privacy.  

2) To mitigate the tail risk in CTDS brought by uncertain 

typhoon impact, CVaR metric is employed in the resilience 

enhancement planning model. And planner can draw up 

investment schemes based on the preferred risk-hedging level. 

Besides, the uncertainties of system load growth and 

renewable-based generation capacity (RGC) under normal 

condition are also modeled via multiple scenarios. 

3) To handle the solution efficiency dilemma brought by 

multiple scenarios in decentralized planning, an integrated 

iterative solution procedure is developed which embeds the 

alternating direction method of multipliers (ADMM) into a 

bundle-based progressive hedging algorithm (BPHA). In this 

way, the collaboration of TNS and DNSs can be facilitated by 

limited information exchange within each decomposed 

scenario bundle, while reducing the computation difficulty.  

The remainder of this paper is organized as follows. Section 

Ⅱ provides the preliminary requirements for modeling. The 

model architecture and detailed model formulation are 

described in Section Ⅲ. Section Ⅳ provides the principle of 

the solution algorithm and the specific iterative solution 

procedure. Section Ⅴ presents the numerical case studies. In 
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Fig. 1. Line failure states generation under typhoon scenarios. 
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Fig. 2. CVaR representation for typhoon-induced risk. 

 

final, the whole work is concluded in section Ⅵ. 

II. PRELIMINARY REQUIREMENTS FOR MODELING 

A. Typhoon-induced impact on transmission/distribution line 

Typhoon’s spatial-temporal motion can cause a significant 

impact on the operation status of components in TNS and 

DNS. In these components, the majority of transmission and 

distribution lines, which consist of numerous towers and line 

segments, are highly susceptible to typhoon impacts due to 

their exposed positions [38]. Hence, in this paper, transmission 

and distribution lines are considered as the main components 

affected by typhoons and the typhoon’s wind field moving in 

CTDS is simulated using Batts model [39]. Then, each line 

fragility curve corresponding to its locational wind speed can 

be constructed. Then, the maximum line failure probability 

during typhoon is selected for sampling, which generates the 

post-typhoon scenarios representing the failure states of 

transmission lines and distribution lines. The process of 

scenario generation for typhoon impact is shown in Fig. 1. 

B. Risk management by CVaR 

The characteristics of typhoon such as moving track and 

intensity can present variations after its landing due to the 

inaccuracy prediction. When modeling the uncertainty of 

typhoon characteristics through a set of scenarios in a 

probability distribution, the tail probability should also be 

taken into account which could result in worse load loss.  To 

mitigate such excessive and unexpected losses, a CVaR-based 

metric is applied for the tail risk measurement under typhoons 

with stochastic characteristics, and it should be reduced to the 

minimal. The representation for such typhoon-induced risk is 

shown in Fig. 2 with CVaR. For typhoons with the HILP 

nature, VaR represents the expected load reduction value 

under confidence level d. On this basis, CVaR represents the 

expected risk value pertaining to the remaining 1-d typhoon 

occurrence region, which denotes the coherent tail risk of load 

reduction under this typhoon impact and owns a greater value 

than VaR. Hence, the calculation of CVaR brought by such 

typhoons can be formulated after the discretization of 

probability density function, as shown in (1). Wherein,  

indicates the system-level total load reduction. ty

s  represents 

the discretized typhoon scenario probability. 

ty1
CVaR( , ) VaR ( VaR) VaR

1
 s

s

= +  − 
−


 (1) 

C. Pre-event resilience enhancement measures in CTDS 

There are many significative measures for CTDS resilience 

enhancement, including diverse and comprehensive efforts 

through the whole pre-event, in-event and post-event stages 

[4]. In this paper, the work is concentrated on the preparedness 

before the typhoon disasters occurrence where more efforts 

should be put into the preventive arrangement and planning to 

mitigate their adverse impacts. For the purpose of system wide 

infrastructure pre-protection, the lines spanning the entire 

CTDS are often inclined to be damaged under typhoons due to 

many vulnerabilities, including the aforementioned towers 

being prone to collapse and line segments being susceptible to 

breakage [39]. This makes hardening of the transmission and 

distribution lines become a primary response strategy for 

safeguarding the CTDS [40], thus warranting consideration of 

line hardening in both the TNS and DNSs. The 

implementation of physical hardening measures, including 

vegetation management, undergrounding lines, upgrading 

poles with more sturdy materials and so forth, can be 

employed to elevate the ability of equipment to withstand 

strong winds [41]. For example, 1096 transmission poles and 

18000 distribution poles had been replaced with steel or 

concrete poles in the U.S. to meet the wind loading criteria 

defined by IEEE’s National Electricity Safety Code [42]. In 

addition to line hardening, transmission expansion can be used 

to enhance the bulk power grid redundancy under typhoons 

while guaranteeing the electricity growth demand at the same 

time. Therefore, hardening and expansion measures are 

considered as the resilience enhancement strategies for TNS in 

this paper. In DNS, deployment of additional DGs can provide 

emergent power supply for distribution-level customers. To 

the further, MEG can flexibly facilitate power support with the 

spatial convenience. And the application of automatic switch 

can assist power distribution and maintain network topology 

under typhoons. Hence, these two measures along with line 

hardening are regarded as the resilience enhancement 

strategies for DNS in this work. 

III. MODEL FORMULATION 

The overall architecture of the resilience enhancement 

model via pre-event risk-based decentralized planning is 

shown in Fig. 3. The resilient TNS planning (RTNSP) 

problem and resilient DNS planning (RDNSP) problems are 

modeled independently with their active boundary power 

communicated through the boundary buses. The coordination 

between the RTNSP and RDNSP problems is achieved 

through decentralized identification of their corresponding 

interacted boundary power. The investment decisions include 

hardening and expansion of transmission network in TNS as 

well as distribution line hardening, MEG and automatic switch 

deployment in DNSs. The uncertainty of typhoon impact is 

modeled by the status of transmission/distribution lines in 

different typhoon scenarios. And the uncertainties of growth in 

load demand and RGC are captured in normal scenarios. To 

quantify the probabilistic risks brought by stochastic typhoons, 
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Resilient transmission network system planning problem

Objective function:

Annualized investment cost

Operation cost in normal scenarios:

×CVaR cost in typhoon scenarios

Σ

 -investment cost for line hardening, MEG and automatic switch

-cost of CGUs dispatching, load shedding and wind curtailment

 ×expected load reduction cost in typhoon scenarios

Uncertainties: Failure states of transmission lines in typhoon scenarios, load growth and wind farms capacity growth in normal 
scenarios

• Investment constraints

• Operation constraints in normal scenarios

Constraints:

• Operation constraints in typhoon scenarios

• CVaR constraints of TNS in typhoon scenarios

 -transmission line hardening budget, binary decision variables

 -nodal power balance, power flow, CGUs/wind farms operation, etc

 -nodal power balance, power flow, CGUs/wind farms operation, etc

Resilient distribution network system planning problem m

Objective function:

Annualized investment cost

Operation cost in normal scenarios:

×CVaR cost in typhoon scenarios

Σ

 -investment cost for transmission hardening/expansion

-cost of power purchase, DGs/MEGs dispatching, etc

 ×expected load reduction cost in typhoon scenarios

Uncertainties: Failure states of distribution lines in typhoon scenarios, load growth and renewable -based DG capacity growth in 
normal scenarios

• Investment constraints

• Operation constraints in normal scenarios

Constraints:

• Operation constraints in typhoon scenarios

• CVaR constraints of DNS m in typhoon scenarios

 -distribution line hardening budget, binary decision variables

 -Distflow constraints, DGs/MEGs operation, radial topology, etc

 -Distflow constraints, DGs/MEGs operation, radial topology, etc
DNS(1 )−

......
Resilient distribution network system planning problem 2

Resilient distribution network system planning problem 1

TNS(1 )−

TNS

DNS

...

Boundary power 

Transmission network

Distribution networks

P

...

...

1 2 m

 
Fig. 3. Overall architecture of the risk-based decentralized planning model. 

 

CVaR is introduced into the RTNSP and RDNSP problems. 

Wherein, TNS  and DNS  are the risk preference factors to 

adjust trade-off between risk-averse and risk-neutral decisions. 

Further details of the model are provided in the following. 

A. Resilient TNS Planning (RTNSP) Problem 

Firstly, we introduce the basic formulation of planning 

model. The goal of TNS planning problem is to minimize the 

investment cost, the expected operation cost under normal 

electricity growth scenarios as well as the expected load 

reduction cost and CVaR cost under typhoon disasters. The 

complete formulation of RTNSP problem is shown as follows.  

TNS TNS TNS ls,TNS U,TNS du

inv ope, ,

TNS ls,TNS TNS du

min (1 )

CVaR( , )

 

                                

s s s b s

s s

s

C C C r

C

 

+ + −

+  

   (2) 

 TNS TNS

inv inv,ini

(1 )

(1 ) 1

Y

Y

IR IR
C C

IR

+
= 

+ −
 (3) 

 
TNS TNS*

TNS H,TNS H,TNS L,TNS L,TNS

inv,ini l l l l

l l

C C x C x
 

= +   (4) 

 TNS

TNS TNS

TNS su,TNS du op,TNS G du

ope, , ,

ls,TNS U,TNS du wc,TNS W,TNS du

, ,               

TNS

s g g s g g s

g g

b s w s

b w

C C SU C P

C r C r

 

 

= +

+ +

 

 

 (5) 

subject to: 

1) Investment constraints:  

 
TNS

H,TNS H,TNS H,TNS

l l

l

C x


  (6) 

 H,TNS L,TNS, {0,1}l lx x l     (7) 

2) Operation constraints in normal and typhoon scenarios:  

 
TNS TNS TNS TNS*

TNS TNS* TD

G W

, , ,

( ) re( )

TNS TD U,TNS

, , , ,

( ) se( )

TNS ,

b b b

b b b

g s w s l s

g w l l b

l s s b o s m b s

ml l b o

P P f

f D P r

b s

      =

  =  

+ +

− = + −

   

  

     

                                                          

∪

∪

 (8) 

H,TNS TNS TNS H,TNS

, , , se( ), re( ),

H,TNS TNS TNS H,TNS TNS

, ,

(1 ( )) ( )

(1 ( )) ,

l l s l s l l s l l s l s

l l s l s l

x x M f B

x x M l s

− − + −  −  −

 − + −                  

 (9) 

 
H,TNS TNS TNS H,TNS max

, , ,

H,TNS TNS TNS H,TNS max TNS

, ,

( )

( ) ,

l l s l s l l l s

l l s l s l l

x x F f

x x F l s

− + − 

 + −           

 (10) 

 
L,TNS

, se( ), re( ),

L,TNS TNS*

(1 ) ( )

(1 ) ,

l l s l l s l s

l

x M f B

x M l s

− −  − −

 −                         

 (11) 

 L,TNS max L,TNS max TNS*

, ,l l l s l lx F f x F l s−          (12) 

 G min G G max TNS

, , , ,g s g g s g s gSU P P SU P g s        (13) 

W W,TNS W,TNS TNS Wmax TNS

, , ,w s w s w s wP r c P w s+ =       (14) 

 W W,TNS TNS Wmax TNS

,0 ,w s w s wP c P w s        (15) 

 U,TNS TNS TNS

,0 ,r D s       b s s b b  (16) 

Eq.(2) represents the objective function of RTNSP problem. 

The total annualized investment cost comprises the cost of 

transmission expansion and line hardening, as in (3)-(4), 

which takes the interest rate IR and planning years Y into 

account. The expected total operation cost under normal 

scenarios in (5) incorporates the startup, operation cost of the 

conventional generating units (CGUs), shedding punishment 

cost of power load and curtailment cost of wind power. 

Eq.(17) indicates the load reduction in TNS under typhoon 

scenarios. Constraint (6) sets the investment budgets for line 

hardening. Constraint (7) defines the binary nature of 

investment decision variables. Eq.(8) ensures the nodal power 

balance of TNS. DC power flow of the existing transmission 

lines under the mutual impact of hardening and typhoons is 

modeled in (9),  where a real number M with a big positive 

value is introduced for linearization. Constraint (10) imposes 

upper and lower bounds on power flow. Constraints (11)-(12) 

model the DC power flow and line transmission capacity of 

candidate transmission lines. Constraint (13) limits the power 

output of the CGUs. Constraints (14)-(15) characterize the 

power output range of wind farms. Constraint (16) expresses 

the range of unserved power load in TNS.  

3) CVaR constraints in typhoon scenarios: 

 
TNS

TNS U,TNS

,s b s

b

r s


=       (17) 
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 TNS TNS TNSVaR 0s s s− −       (18) 

 TNS 0s s      (19) 

 TNS TNS TNS1
CVaR( , ) VaR

1
s s s

s

= +
−

  (20) 

where TNSCVaR( , )s
 represents the quantified load reduction 

risk in typhoon extreme scenarios for TNS. TNSVaR represents 

the expected load reduction in typhoon scenarios under 

confidence level . TNS

s
 is the auxiliary variable in RTNSP. 

B. Resilient DNS Planning (RDNSP) Problem 

Similar to RTNSP, the objective of RDNSP problem is to 

minimize investment cost, the expected cost in normal 

scenarios as well as the expected load reduction cost and 

CVaR cost in typhoon disasters. The complete model of 

RDNSP for each DNS m is formulated in the following parts. 

For brief expression, the subscript m in each letter is omitted 

except the boundary variable. 
DNS DNS DNS ls,DNS U,DNS du

inv ope, ,

DNS ls,DNS DNS du

min (1 )

CVaR( , )

 

                                

s s s i s

s s

s

C C C r

C

 

+ + −

+  

        (21) 

 DNS DNS

inv inv,ini

(1 )

(1 ) 1

Y

Y

IR IR
C C

IR

+
= 

+ −
 (22) 

DNS DNS+ DNS

DNS H,DNS H,DNS Ginv MG AS AS

inv,ini ij ij k k ij ij

ij k ij

C C x C x C x
  

= + +    (23) 

            
DT

DNS DNS+ DNS

DNS DNS

DNS buy,DNS DT du

ope. , ,

op,DNS CD du om,DNS MG du

, , ,

ls,DNS U,DNS du wc,DNS WD,DNS du

, ,

m

s o o s m

o

i s i k s

i k i

i s i s

i i

C C P

C P C P

C r C r



  

 

=

+ +

+ +



  

 

 (24) 

subject to: 

1) Investment constraints:  

 
DNS

H,DNS H,DNS H,DNS

ij ij

ij

C x


  (25) 

 H,DNS MEG AS, , {0,1} ,ij k ijx x x ij k       (26) 

2) Operation constraints in normal and typhoon scenarios:  

,

CD WD MG DT

, , , , , , , ,

DNS U,DNS DNS DNS

, ,

( )

, ,

DNS DT
j m

ij s ij s ij j s j s j k s o s m

ij o

s j j s

p L R P P P P

D r j k s

   

+

− + + + +

= −      

  

            

 (27) 

DNS

,

CD WD MG

, , , , , ,

DT DNS DNS DNS+

, ,

( )

, ,
DT
j m

ij s ij s ij j s j s j k s

ij

o s m j

o

q L X Q Q Q

Q Q j k s

 

 

− + + +

+ =      





 

          

 (28) 

2 2

, , , , , ,

2 2

, , , , , ,

(1 ) 2( ) ( )

(1 ) 2( ) ( )

i s ij s j s ij ij s ij ij s ij ij ij s

i s ij s j s ij ij s ij ij s ij ij ij s

U M U R p X q R X L

U M U R p X q R X L

ij                                                                   
DNS s,  

 (29) 

 , , , , , ,2

DNS DNS

2 2

, ,

ij s ij s ij s j s ij s j sp q L U L U

ij j s

    

                  

 (30) 

 DT DT DT

, , , , tan arccos , ,o s m o s m o mQ P o s m=           (31) 

min 2 max 2 DNS

, , ,( ) ( ) ,ij s ij ij s ij s ijI L I ij s     (32) 

 min 2 max 2 DNS

,( ) ( ) ,i i s iV U V i s     (33) 

DNS

, , , ,, ,ij s ij s ij s ij sM p q M ij s     (34) 

 CDmin CD CDmax

, , ,i i s iP P P i s         (35) 

 CDmin CD CDmax

, ,i i s iQ Q Q i s         (36) 

 WD WD,DNS WD,DNS DNS WDmax

, , ,i s i s s iP r c P i s+ =        (37) 

 WD WD,DNS DNS WDmax

,0 ,i s s iP c P i s         (38) 

WD WD WD

, , tan arccos ,i s i s iQ P i s=        (39) 

 
MG min MG MG max

, , , , , ,

DNS, ,

i k s k i k s i k s kP P P

i k s+

 

                         

 (40) 

 
MG min MG MG max

, , , , , , ,

DNS, ,

i k s k i k s i k s kQ Q Q

i k s+

 

    

  

                       

 (41) 

 MG DNS+

, , , ,i k s k

i

x i k s            (42) 

 U,DNS DNS DNS

, ,0 ,i s s ir D i s       (43) 

 
DNS

DNS

, card( ) 1 ,ij s

ij

s     (44) 

 DNS

, , , ,ji s ij s ij s ij s     (45) 

 DNS

, 1 ,ji s

i

j s      (46) 

H,DNS DNS DNS H,DNS DNS

, , , , , ,ij s m ij ij s ij s ijx x ij s    (47) 

 
H,DNS DNS DNS H,DNS AS

, , ,

DNS ,

ij s ij ij s ij s ij ij ijx x x

ij s                                           

 (48) 

Eq.(21) represents the objective function of RDNSP. The 

total annualized investment cost includes three terms related 

with hardening distribution line, MEG deployment and 

automatic switch installation, as shown in (22)-(24). Eq.(24) 

formulates the expected operation cost under normal 

scenarios, which includes the cost of power purchase from 

TNS, the operation cost of DG and MEG, the punishment cost 

for unserved load power and renewable curtailment. Eq.(49) 

indicates the load reduction in DNS under typhoon scenarios. 

Constraint (25) imposes the investment budgets on line 

hardening. Constraint (26) defines the binary status of 

investment decision variables. The DistFlow model 

incorporating power balance, branch flow and second-order 

cone constraint is defined in (27)-(30) which is linearized by 

big-M method [43]. Constraint (31) indicates the calculation 

of reactive exchange power DT

, ,o s mQ  of CTDS with power factor. 

Constraints (32)-(33) set the upper and lower limit on current 

and voltage magnitude. Constraint (34) regulates the power 

flow passing through each branch which is decided by its line 

status. Constraints (35)-(36) state the bounds for power output 

of traditional DGs. Constraints (37)-(39) introduce the power 

output model of renewable-based DGs. Constraints (40)-(41) 

express the power output of MEGs. Constraint (42) ensures 

the location variable of MEG is decided by its investment 

decision variable. Constraint (43) sets the boundary of 
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unserved power load in DNS. Constraints (44)-(46) preserve 

the radial topology of distribution network. Card(·) represents 

the number of elements in a set. Constraint (47) represents the 

reconfiguration status of distribution lines under the mutual 

impact of hardening and typhoons. Constraint (48) expresses 

the status of distribution lines considering the extra impact of 

the installing automatic switches and tie-line characteristic in 

addition to the influence of hardening and typhoons. 

3) CVaR constraints in typhoon scenarios: 

 
DNS

DNS U,DNS

,s i s

i

r s


=       (49) 

 DNS DNS DNSVaR 0s s s− −       (50) 

 DNS 0s s      (51) 

 DNS DNS DNS1
CVaR( , ) VaR

1
s s s

s

= +
−

  (52) 

where DNSCVaR( , )s
 represents the quantified load reduction 

risk in typhoon extreme scenarios for DNS. DNSVaR represents 

the expected load reduction in extreme scenarios under 

confidence level . DNS

s
 is the auxiliary variable in RDNSP. 

IV. SOLUTION METHODOLOGY 

In this section, an integrated iterative solution process is 

designed for solving the proposed planning model. In section 

Ⅳ-A, the model reformulation is prepared for ADMM which 

can achieve a fully decentralized manner. In section Ⅳ-B, an 

improved PHA with scenario bundling is introduced for 

accelerating the collaborative computation of multi-scenario 

problems representing uncertainties. In section Ⅳ-C, the 

solution procedure of the integrated algorithm is presented. 

A. Model reformulation for implementing ADMM 

The ADMM is employed for the interaction of power 

information between TNS and DNSs, thereby ensuring data 

privacy and decision-making independency of each system. 

For ADMM, the RTNSP and RDNSP models are reformulated 

with their Lagrangian functions, which are abbreviated below. 

Reformulated RTNSP model:  
T TNS T TNS ls,TNS U,TNS du

,

TNS ls,TNS TNS du TNS

min (1 )

CVaR

 C x H y

                                          

s s s b s

s s

C r

C L

 (53) 

 TNS TNS TNS. . , {0,1}, ss t      Ax c  x  Fy D ex  (54) 

Reformulated RDNSP model:  
T DNS T DNS ls,DNS U,DNS du

, , ,

DNS ls,DNS DNS du DNS

min (1 )

CVaR

 Q x G z

                                          

m s s m m s i s m

s s

m m m

C r

C L

  (55) 

 DNS DNS DNS

,. . , {0,1},m m s m ms t      Bx h  x  Lz J vx  (56) 

where TNS
x  and DNS

mx  are the investment decision variables of 

TNS and DNS m respectively. ys and zs,m are the operation 

variables of TNS and DNS m respectively. C, H, Q and G are 

the cost coefficient vectors. A, F, c, D, e are the constant 

coefficient vectors related to the constraints of RTNSP 

problem. And B, L, h, J, v are the constant coefficient vectors 
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(a)                                 (b)                              (c) 

Fig. 4. Comparison of the (a) original problem, (b) PHA-based 

decomposed subproblems and (c) BPHA-based decomposed 

subproblems with 4 scenarios. 

 

related to the constraints of RDNSP problem. Constraint (54) 

represents the formulation (6)-(16) of RTNSP problem. 

Constraint (56) represents the formulation (25)-(48) of RDNSP 

problem. TNSL  and DNS

mL  are the Lagrangian functions of TNS 

and DNS m respectively, which are shown below. 

TD

TNS
2, ,TNS TNS TD TD

, , , , , , , , , , 2
( ( ( ) ))

2

o s m

d s o s m o s m o s m o s m o s m

m s o

P P P P


= − + −  L  (57) 

DT( )

DNS
2, ,DNS DNS DT DT

, , , , , , , , , , , 2
( ( ) )

2m

o s m

d m s o s m o s m o s m o s m o s m

s o

P P P P


= − + − L  (58) 

where TNS

, ,o s m
 and DNS

, ,o s m
 are the multiplier parameters of ADMM. 

TNS

, ,o s m
 and DNS

, ,o s m
 are the penalty parameters of ADMM. 

, ,o s mP  

is the global boundary variable between TNS and DNS m 

which is calculated as TD DT

, , , , , ,( ) / 2o s m o s m o s mP P P . To date, the 

model reformulation for conducting ADMM has been 

complete and a detailed procedure for specific ADMM will be 

presented in section Ⅳ-C.  

B. Principle of BPHA with scenario bundling 

In consideration of the stochastic mixed integer planning 

problem with multiple scenarios, PHA is often employed to 

tackle the resolution by decomposing the problem into single-

scenario subproblems, where each investment decision 

variable corresponds to each single scenario [44]. To this 

further, a bundle-based PHA is customized to establish the 

main framework for solving the decentralized multi-scenario 

planning problem. Its peculiarity lies in its capability to 

encapsulate a subset of scenarios within a scenario bundle for 

planning, where each generated decision variable corresponds 

to each scenario bundle. The improvement principle of such 

BPHA is illustrated in Fig. 4. Compared to PHA, the BPHA 

with scenario bundling can enhance the quality of PHA’s 

lower bounds and accelerate the iteration speed of this 

algorithm [19], [45]. By selecting an appropriate number of 

scenarios in each bundle, the frequency of solving processes 

during PHA iteration is reduced, leading to computational 

time savings and accuracy enhancement.  

By differentiating the combination of normal scenarios and 

typhoon scenarios in a scenario bundle, the scenarios in each 

bundle can be determined. And the attached probability can be 

identified as ,  
d

d ss
d 


=  , wherein d  is the 

probability of scenario bundle d, 
d

represents the set of 

scenarios in scenario bundle d. 

 

 

This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIA.2025.3546909

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on April 27,2025 at 07:01:06 UTC from IEEE Xplore.  Restrictions apply. 



 

 

 

 

 

Algorithm 1: ADMM for an individual-bundle problem. 

Initialization: Set the initial value of 
, ,o s mP , TNS

, ,o s m
, 

DNS

, ,o s m
, TNS

, ,o s m
 and DNS

, ,o s m
; Set the residual tolerances 

1 2,  

Iteration: 

for n = 1, 2, …, do 

   Solve the selected RTNSP problem to obtain TD,( )

, ,

n

o s mP  

   Solve the selected RDNSP problem to obtain DT,( )

, ,

n

o s mP  

   Update global variable: ( ) TD,( ) DT,( )

, , , , , ,( ) / 2n n n

o s m o s m o s mP P P  

   Update the multiplier parameters based on (59) 

 
TNS,( 1) TNS,( ) TNS,( ) TD,( ) ( )

, , , , , , , , , ,

DNS,( 1) DNS,( ) DNS,( ) DT,( ) ( )

, , , , , , , , , ,

( )

( )

n n n n n

o s m o s m o s m o s m o s m

n n n n n

o s m o s m o s m o s m o s m

P P

P P

  

  

 (59) 

Calculate the residuals R1 and R2 of updated boundary 

power vectors based on (60) 

     
TD,( ) ( 1)

1 2

( 1) ( )

2 2

max ( )

max ( )

P P

P P

n n

s s s

n n

s s s

R

R

 (60) 

if 
1 1 2 2,  R R  then Stop 

else 

Update the penalty parameters of ADMM based on 

(A1)-(A2), which accelerates the convergency [51] 

end if 

n ← n + 1 

end for 

Output: Record the value of TNS

dx , DNS

,d mx , 
dy  and 

,d mz  

 

C. Iterative process of the BPHA integrated with ADMM  

In the iterative solution framework, ADMM is employed 

for the coordination of active power information exchange 

between TNS and DNSs in each bundle within each iteration 

of BPHA. To this end, the ADMM procedure for an 

individual-bundle problem embedded into the BPHA process 

is introduced firstly, which is described in Algorithm 1.  

To implement complete BPHA, the objective functions of 

reformulated RTNSP and RDNSP models are extended with 

the introduction of TNS,( )u

d
, DNS,( )

,

u

d m
 and TNS,( )u , DNS,( )u

m
to 

enforce the non-anticipativity policy for all scenario bundles 

[19], which are shown below.  

Extended RTNSP model:  
T TNS T TNS ls,DNS U,DNS du

, ,

TNS ls,TNS TNS du TNS

TNS,( )
TNS,( ) TNS TNS TNS

min (1 )

CVaR

2

 C x H y

                                   

                                   x x x

d

d s s d s i s

s s

d

u
u

d d d

C r

C L
 (61) 

TNS TNS TNS

,. . , {0,1},d d s d ds t      Ax c  x  Fy D ex  (62) 

Extended RDNSP model:  

 

T DNS T DNS ls,DNS U,DNS du

, , , , ,

DNS ls,DNS DNS du DNS

,

DNS,( )
DNS,( ) DNS

, ,

min (1 )

CVaR

2

 Q x G z

                                   

                                   x

d d

d m s s d m m s i s m

s s

m m d m

u
u m

d m d m

C r

C L

DNS DNS

, ,x xd m d m

(63) 

DNS DNS DNS

, , , , ,. . , {0,1},d m d m s d m d ms t      Bx h  x  Lz J vx  (64) 

Algorithm 2: BPHA integrated with ADMM. 

Initialization: Set the initial value of TNS

d
, DNS

,d m
 as 0 and 

TNS , DNS

m
; Set the convergency thresholds 

BPHA
 

Selection: Identify (53)-(54) and (55)-(56) as the RTNSP 

and RDNSP problems to be solved in Algorithm 1 

Iteration:  

for each scenario bundle d   do 

Implement the ADMM in Algorithm 1 to obtain TNS,(0)

dx  

and DNS,(0)

,d mx  

end for 

Aggregation: Calculate the respective aggregated vector:  
card( )TNS,(0) TNS,(0)

1 d dd =
= x x , 

card( )DNS,(0) DNS,(0)

,1m d d md =
= x x  

Selection: Identify (61)-(62) and (63)-(64) as the RTNSP 

and RDNSP problems to be solved in Algorithm 1 

Iteration:  

for u = 1, 2, …, do 

Update the multipliers based on (65) and (66) 

 TNS,( ) TNS,( 1) TNS,( 1) TNS,( 1) TNS,( 1)( )u u u u u

d d d d− − − −= + − x x    (65) 

 DNS,( ) DNS,( 1) DNS,( 1) DNS,( 1) DNS,( 1)

, , ,( )u u u u u

d m d m m d m m d− − − −= + − x x    (66) 

Iteration:  

for each scenario bundle d   do 

Implement Algorithm 1 to obtain TNS,( )u

dx  and DNS,( )

,

u

d mx  

end for 

Aggregation: Calculate the respective aggregated vector:  
card( )TNS,( ) TNS,( )

1

u u

d dd =
= x x , 

card( )DNS,( ) DNS,( )

,1

u u

m d d md =
= x x  

Aggregation: Group the decision vectors in both the 

TNS and DNSs based on (67) and (68) 

 ( ) TNS,( ) T DNS,( ) T DNS,( ) T T

,1 ,[( ) , ( ) ,..., ( ) ]u u u u

d d d d m=x x x x  (67) 

 ( ) TNS,( ) T DNS,( ) T DNS,( ) T T

1[( ) , ( ) ,..., ( ) ]u u u u

m=x x x x  (68) 

if 
2card( ) ( ) ( ) BPHA

1
x x

u u

d dd =
−   then Stop 

else  

update the penalty parameters based on (69) [46]. 
2

,( ) ,( )

,( 1) ,( )

,( ) ,( )
( ) 1
max min 1

x x

x x

sys u sys u

dsys u sys u

d sys u sys u
d d d

 

 (69) 

where superscript sys represents the TNS or DNS.  

is the adjustment factor 

end if  

u ← u + 1 

end for 

Output: Final value of the TNS,( )u

dx , DNS,( )

,

u

d mx , ( )

,

u

s dy  and ( )

, ,

u

s d mz  

 

By incorporating the above-mentioned ADMM procedures 

into the BPHA framework with selected RTNSP and RDNSP 

problems to be solved, the overall programming problem can 

be solved systematically via the off-the-shelf commercial 

solver like Gurobi. After dividing the original scenarios into 

several scenario bundles, the whole iterative process of the 

solution methodology is described in Algorithm 2.  
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Fig. 5. Wiring and location schematic diagram of T6D3 

system. 

V. CASE STUDIES 

In this section, numerical experiments are performed on a 

T6D3 system and a T118D7 system which validate the 

effectiveness of the proposed method. Typhoon physical 

process in the CTDS is simulated by Batts model. All 

modeling and simulations are compiled in YALMIP run by 

MATLAB and the programming problems are solved by 

Gurobi on a computer with 2.50 GHz CPU and 16 GB RAM. 

A. T6D3 Test System 

The geographic wiring diagram of T6D3 test system is 

shown in Fig. 6. The system comprises one transmission 

network and three distribution networks which are located at 

bus 1, 4 and bus 5. In TNS, total power demand is 570 MW. 

Two CGUs are located at bus 3 and bus 6 with a capacity of 

145 MW and 345 MW. The newly constructed transmission 

lines are assumed to possess sufficient strength to withstand 

the impact of typhoons without any adverse effects. The 

distance of the transmission corridor between each bus can be 

viewed in [47]. One wind farm with 210 MW is located at bus 

2. The hardening and investment cost for each transmission 

line is set as 400 and 1000 $/(km·MW) [48]. Besides, the 

punishment cost for load shedding and wind power 

curtailment is set as 2000 $/MW and 200 $/MW. Investment 

budget for line hardening in TNS takes 1.4 M$. The 

boundaries of the possible typhoon’s tracks are also displayed 

in Fig. 5. To represent the uncertainty of typhoons, eight 

typhoon tracks are generated by Monte Carlo simulation 

between the boundaries. The corresponding line failure rate 

and extreme line failure scenarios can be obtained by Batts 

model and sampling with threshold [49]. Besides, 4 scenarios 

are selected as normal scenarios for the uncertainties of load 

growth in CTDS, growth of wind farm capacity in TNS and 

growth of wind-based DG in DNS. To this end, 12 scenarios 

in total are formulated consisting of 4 normal and 8 typhoon 

scenarios. The probability ratio between normal scenarios and 

extreme scenarios is set as 9:1. And CVaR metric is applied to 

capture the tail risk of typhoon scenarios.  

The schematic diagram of three distribution networks as 

DNS1, DNS2 and DNS3 are shown in Fig. 6. The capacity of 

conventional DGs and wind-based DGs in three DNSs are 8 

MW and 5 MW. Each DNS can deploy two candidate MEGs 

with a capacity of 5 MW at the access nodes. The topology 
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Fig. 6. Wiring schematic diagrams of three DNSs. 

 

and parameters for DNS1 and DNS3 are identical, while their 

locations in the CTDS are different. The investment cost for 

hardening distribution line and deploying MEG can be 

referred in [20] and the deployment cost for automatic switch 

is set as 5000 $/line. The cost for load shedding and wind 

power curtailment are set as 2 $/kW and 0.1 $/kW in DNS. 

The investment budgets for line hardening are set as 180 k$.  

To apply the BPHA approach, 4 scenario bundles are 

selected to implement resilient planning in turn within each 

iteration of BPHA. And each scenario bundle contains 3 

scenarios which is composed of 2 typhoon scenarios and 1 

normal scenario. The probability of each bundle can be 

obtained by adding the probability of typhoon scenarios and 

normal scenario in the bundle. For ADMM parameters, 

convergency thresholds 1 and 2 are set as 0.01. For BPHA 

parameters, convergency threshold BPHA  is set as 0. Risk 

preference factors for TNS and DNSs are all set as 0.6 and the 

confidence level is 0.9. The MIP gap for Gurobi is 0.1%. 

(1) Comparative analysis of planning results 

To validate the effectiveness of the proposed decentralized 

resilience enhancement planning method, isolated planning is 

also conducted to obtain the results. For isolated planning, 

resilient planning is initially implemented for all the DNSs. 

Then the transmitted power for each DNS is considered as a 

constant load in TNS to perform resilient planning of TNS. 

Both approaches are implemented by solving the planning 

model using the BPHA method integrated with ADMM. 

The planning schemes are shown in Table Ⅱ. Both 

approaches yield similar planning schemes for TNS except 

one more hardened line in isolated planning, which necessitate 

the hardening of three existing lines and the construction of 

two candidate lines. The additional hardened transmission line 

1-4 is needed in isolated planning due to the disregard of 

boundary information exchange between TNS and DNS1. 

Hence, the potential for harnessing self-supply capability in 

DNS1 and DNS3 with DGs and available MEGs remains 

unexplored in isolated planning. The schemes in DNSs 

obtained through two approaches exhibit differences in line 

hardening, wherein a reduced overall number of hardened 

lines is obtained for DNS3 in isolated planning. Besides, 

decentralized planning approach involves the deployment of 

two MEGs in DNS1, whereas no MEG is deployed in DNS1 

in isolated planning. This is because in isolated planning, DNS 

primarily facilitates power distribution by leveraging power 

from the upstream TNS without considering the benefits of the 

it. In contrast, decentralized planning consolidates the overall 

resilience of CTDS, where the DNS planners deploy MEGs to  

This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIA.2025.3546909

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on April 27,2025 at 07:01:06 UTC from IEEE Xplore.  Restrictions apply. 



 

 

 

 

 

                                           TABLE Ⅱ 

COMPARISON OF PLANNING SCHEMES FOR TWO APPROACHES 

System Measures Isolated  Decentralized  

TNS 
Hardening 1-4, 2-3, 2-6, 4-6 2-3, 2-6, 4-6 

Expansion 1-4, 2-6 1-4, 2-6 

DNS1 

Hardening 2-6, 9-14, 12-13 2-6, 9-14, 12-13 

MEG / Two MEGs 

Automatic switch / 15-16 

DNS2 

Hardening 
2-10, 4-6, 6-7, 7-8, 

8-13, 9-14, 12-13, 

13-16, 15-16  

2-6, 4-6 6-7, 7-8,  

8-13, 9-14, 12-13, 

13-16, 15-16 

MEG Two MEGs Two MEGs 

Automatic switch 8-13 8-13 

DNS3 

Hardening 
2-6, 6-7, 7-8, 8-13, 

9-14, 10-15 

11-16, 12-13, 15-16 

2-6, 5-13, 6-7, 7-8, 

8-13, 9-10, 9-14,  

11-16, 12-13, 15-16 

MEG Two MEGs Two MEGs 

Automatic switch 15-16 15-16 

 
TABLE Ⅲ 

COMPARISON OF PLANNING RESULTS FOR TWO APPROACHES 

System Results Isolated  Decentralized  

TNS 

Investment cost (M$) 3.91 3.28 

Operation cost in NS (M$) 1399.60 1244.24 

CVaR (MW) 2.19 0.08 

DNS1 

Investment cost (k$) 43.94 57.61 

Operation cost in NS (k$) 23693.18 21283.06 

CVaR (kW) 0 0 

DNS2 

Investment cost (k$) 192.37 192.37 

Operation cost in NS (k$) 21976.77 21976.77 

CVaR (kW) 0 0 

DNS3 
Investment cost (k$) 145.49 167.95 

Operation cost in NS (k$) 21289.76 21283.06 

CVaR (kW) 173.15 57.42 

(TS: typhoon scenario, NS: normal scenario) 

 

provide emergency power supply under typhoon scenarios and 

conserve the upstream power supply from TNS to support 

other buses. Due to various investment options for MEG in 

DNS1, automatic switch planning schemes also differ in the 

two approaches.  

Table Ⅲ lists the planning results of two approaches for 

CTDS. Since one excessive line hardening is avoided under 

decentralized planning scheme of TNS, the investment cost in 

TNS is reduced by 0.63 M$ compared to isolated scheme. Due 

to the supportive role of DGs and deployed MEGs in three 

DNSs under decentralized planning scheme, sufficient power 

can be transmitted to other nodes of the transmission network. 

As a result, expected load reduction and CVaR of TNS under 

decentralized planning scheme in typhoon scenarios is reduced 

significantly by about 96% compared to isolated planning 

scheme. A similar situation is also observed in DNS3. In 

addition, operation cost of TNS in normal scenarios exhibit a 

decline in decentralized planning with the boundary 

information exchanged, which is also observed in DNS1 and 

DNS3. The investment costs in three DNSs under 

decentralized planning scheme are lower compared to those 

under the isolated planning scheme, primarily caused by the 

disparity of investments in line hardening and MEGs. But 

such increase can lower the load reduction risk and operation 

cost. In sum, the resilience in CTDS against typhoons and the 

economics in satisfying the growing electricity demand are 

enhanced by decentralized planning. 

The boundary transmitted power between TNS and DNSs 

presents differences when adopting isolated planning and 

                
1 2 3 4 5 6 7 8 9 10 11 12

−5

0

5

10

15

20

25

T
ra

n
sm

it
te

d
 p

o
w

er
 (

M
W

)

Scenario

 Isolated      Decentralized

 
(a) TNS and DNS1 

1 2 3 4 5 6 7 8 9 10 11 12
0

5

10

15

20

T
ra

n
sm

it
te

d
 p

o
w

er
 (

M
W

)

Scenario

 Isolated      Decentralized

 
(b) TNS and DNS2 

1 2 3 4 5 6 7 8 9 10 11 12

−5

0

5

10

15

T
ra

n
sm

it
te

d
 p

o
w

er
 (

M
W

)

Scenario

 Isolated      Decentralized

 
(c) TNS and DNS3 

Fig. 7. Power transmitted between TNS and three DNSs of the 

two approaches. 

 

decentralized planning approaches, which are shown in Fig. 7. 

The positive transmitted power value indicates that TNS 

transfers power to DNSs. It can be seen that decentralized 

planning requires TNS to provide less power supply for DNSs 

with the support of distributed resources belonging to each 

DNS. Particularly, the decentralized approach can 

significantly reduce the transmitted power from TNS to DNS1 

and DNS3 in most scenarios, as compared to the isolated 

approach. This reduction in transmitted power allows for 

allocation of additional supportive power towards other buses 

within TNS. Moreover, DNS1 and DNS3 transfer the inverse 

power flow to transmission network in the scenario 2, 4, 10 

and 11 under typhoon impacts. For instance, the power supply 

of DNS1 and DNS3 in scenario 10 reaches the maximum 

values of 3.71 MW and 3.72 MW respectively to support TNS 

in reverse. 

The power flow diagram of CTDS after planning in 

scenario 2 is shown in Fig. 8, which also illustrates the 

transmitted power between TNS and DNSs. The presented 

scenario encompasses five typhoon-induced damaged lines in 

TNS. In response to this catastrophic situation for TNS, three 

existing lines are hardened and two new lines are constructed. 

To guarantee the power supply for bus 4 in TNS, electricity 

generated from the CGU at bus 6 is transmitted to bus 4 with a 

power injection of 57.43 MW. With the other loads at bus 4 

satisfied, a net power injection of 5.27 MW is transmitted to 

DNS2. And two invested MEGs are deployed at node 2 and 13 

respectively with other DGs as well as 8 hardened lines to 

facilitate power support in DNS2. For the power supply at the 

 bus 1, 3, and 5 in TNS, it is implemented by a power injection   
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Fig. 8. Power flow of CTDS in scenario 2. 

 
TABLE Ⅳ 

COMPARISON OF TNS PLANNING RESULTS WITH DIFFERENT RISK FACTORS 

TNS risk preference factor 0.3 0.6 0.9 

Investment cost (M$) 3.28 3.28 3.97 

ELR in TNS (MW) 0.03 0.03 0.01 

CVaR (MW) 0.09 0.08 0.04 

(ELR: expected load reduction) 

 

of 49.29 MW through the expanded line 1-4 and 69.70 MW 

through the hardened line 2-3. And by the internal generation 

resources in DNS1 with two deployed MEGs, the surplus 

power of 3.58 MW can be generated from DNS1 for other 

loads at bus 1. Analogously, net power output with 3.61 MW 

can be generated from DNS3 to transmit the power to DNS1. 

(2) Sensitivity analysis of planning results 

Table Ⅳ compares the planning results of TNS in 

collaboration with three DNSs under different TNS risk 

preference factors. It can be seen that the selection of risk 

preference factors has a direct impact on the results of 

decentralized planning. As the risk preference factor increases, 

the planning objective places greater emphasis on mitigating 

load loss in typhoon scenarios, which leads to the decrease of 

ELR and CVaR. By allocating additional resources to TNS, 

the ELR decreases to 0.01 MW and CVaR decreases to 0.04 

MW as the risk preference factor increases to 0.9. 

In order to investigate the impact of risk preference factor 

on load reduction risk mitigation performance under typhoon 

scenarios, load shedding cost is reduced to 50 $/MW for TNS 

and three DNSs. The specific changes in TNS CVaR with 

respect to risk preference factors for TNS and DNS are 

illustrated in Fig. 9. As shown in Fig. 9, the CVaR of TNS 

maintains a consistent downward trend as the TNS risk 

preference factor grows, across all settings of DNS risk 

preference factors. However, for a fixed TNS risk preference 

factor, an increase in the DNS risk preference factor tends to 

amplify the TNS CVaR. This is attributed to the fact that a 

stronger inclination towards mitigating DNS risk might 

compromise the effectiveness of TNS risk mitigation. For 

example, TNS CVaR can increase from 0.33 MW to 1.08 MW 

as all the DNS preference factors grow from 0.3 to 0.9, while 

keeping the TNS risk preference factor fixed at 0.6. Hence,  
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Fig. 9. CVaR of TNS with different risk preference factors. 
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Fig. 10. Operation cost, ELR and CVaR of TNS and DNS2 

versus the RDG penetration level in DNS2. 

 

planners can proactively manage the tail risk associated with 

typhoons by adjusting the risk preference factors of CTDS. 

The planning results can also be influenced by the location, 

renewable-based DG (RDG) penetration of DNS and the 

network reconfiguration characteristic of DNS. Regarding the 

DNS location, the divergence in planning results between 

DNS1 and DNS3 can be attributed solely to variations in 

typhoon impact, as both possess identical topologies and 

parameters. The different impact of typhoons results in distinct 

distribution line failures for DNS1 and DNS3, which leads to 

the variation of hardening schemes, as presented in Table Ⅱ, 

and the variation of CVaR values, as shown in Table Ⅲ. It 

reveals the fact that the extent of damage in DNS3 is worse 

than that in DNS1, thus additional lines need to be hardened 

and a greater value of CVaR is acquired. It should be noted 

that despite the differences in hardening schemes and CVaR 

between DNS1 and DNS3, their boundary exchange power 

with TNS remains similar due to the identical topologies and 

parameters, as depicted in Fig. 8. 

In order to analyze the effect of RDG penetration level on 

planning results, four levels of RDG penetration in DNS2 as 

100% (normal level), 125%, 150% and 175% are set for 

comparative analysis. The operation cost, expected load 

reduction and CVaR of TNS and DNS2 are illustrated in Fig. 

10. The tendency shows that an increase of RDG penetration 

level in DNS2 can directly decrease the operation cost in 

normal scenarios. Additionally, with the augment of resilience 

resources in DNS2, the operation cost, ELR and CVaR of 

TNS is also decreased through the assistance of DNS2. 

The planning results, with and without considering network 

reconfiguration, are compared in Table Ⅴ. It can be seen that 

the absence of network reconfiguration necessitates a greater 
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TABLE Ⅵ 

COMPARISON OF THE COMPUTATIONAL PERFORMANCE COORESPONDING WITH DIFFERENT SOLUTION METHODS 

Solution Methodology 
Objective (M$) Relative error PHA 

iterations 
CPU time 

(h) TNS DNS1 DNS2 DNS3 TNS DNS1 DNS2 DNS3 

ADMM 1303.86 21.34 22.10 21.40 / / / / / 1.29 

BPHA integrated with ADMM 1334.71 21.34 22.17 21.45 2.37% 0.00% 0.32% 0.23% 8 0.27 

PHA integrated with ADMM N/A N/A N/A N/A N/A N/A N/A N/A 100 5.03 

 

TABLE Ⅴ 
COMPARISON OF PLANNING RESULTS WITH AND WITHOUT CONSIDERING 

NETWORK RECONFIGURATION 

Results Consider Not consider 

Investment cost of DNS1 (k$) 57.61 80.07 

Operation cost of DNS1 (k$) 21283.06 21543.16 
CVaR of DNS1 (kW) 0 0 

Investment cost of TNS (M$) 3.28 3.28 

Operation cost of TNS (M$) 1244.24 1248.45 
CVaR of TNS (MW) 0.08 0.1 

 

number of distribution lines in DNS1 to be hardened in order 

to maintain the radial topology of the distribution network, 

thereby escalating investment cost from 57.61 k$ to 80.07 k$. 

Furthermore, the lack of network flexibility results in 

increased operation cost for DNS1. For TNS, network 

reconfiguration facilitates the flexible interaction between 

TNS and DNS1, thereby enhancing the load supply capability 

and reducing the operation cost. The lack of network 

reconfiguration increases the CVaR of TNS from 0.08 MW to 

0.1 MW.  

(3) Validation in efficiency of the solution methodology 

To validate the effectiveness of the proposed BPHA method 

integrated with ADMM. We implement two other solving 

methods to solve the model based on risk-based decentralized 

programming model, which are the directly-adopted ADMM 

and the common PHA integrated with ADMM. The 

computation performances of different solving methods are 

compared in Table Ⅵ. It should be noted that ADMM yields 

the original planning results which requires no scenario-

decomposition of the formulated model. Hence, the objectives 

acquired by the ADMM are the baseline solutions, and other 

PHA methods are compared with them. From Table Ⅵ, it can 

be seen that the proposed BPHA method integrated with 

ADMM converges with 8 PHA iterations. The computation 

time for implementing BPHA integrated with ADMM needs 

0.27 hours, which is decreased by about 79.1% compared to 

the ADMM with 1.29 hours. The objective achieved by the 

proposed method present a relative error of 2.37% for the 

planning problem of TNS, while very slight errors are present 

for the planning problems of DNS1, DNS2, and DNS3. For 

the PHA method integrated with ADMM, it fails to converge 

for PHA with the non-diminishing termination criterion after 

84th iteration, which still remains above the convergency 

threshold. The total 100 iterations incur a computation time of 

5.03 hours. This can be attributed to the significant disparity in 

risk-based decentralized optimization outcomes between 

typhoon scenarios and normal scenarios. And the result 

demonstrates the suitability and superiority of the proposed 

BPHA method in addressing such resilience enhancement 

planning problem. The iteration process of the proposed 

BPHA integrated with ADMM is illustrated in Fig. 11, where 

the convergency tendency of BPHA is demonstrated through 
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Fig. 11. Iterative process of the solution methodology. 

 

the residual values, and the number of ADMM iterations 

required during each BPHA iteration is also presented. The 

residual values of BPHA in each bundle converge to 0 by the 

8th iteration, indicating that the planning decisions obtained 

for the extended RTNSP and RDNSP problems within each 

bundle eventually become identical. The convergency of 

ADMM in each iteration of BPHA requires approximately 14-

19 iterations for each scenario bundle.   

B. T118D7 Test System 

The T118D7 test system consists of an IEEE 118-bus 

transmission network and seven integrated identical 

distribution networks, including five IEEE 33-bus distribution 

networks referred to as DNS1, DNS2, DNS3, DNS4, and 

DNS5, as well as two IEEE 69-bus distribution networks 

known as DNS6 and DNS7. These aforementioned 

distribution networks are respectively located at the boundary 

buses numbered 2, 23, 35, 41, 44, 106 and 117 within the 

transmission network. The T118D7 test system comprises a 

total of 421 buses, 693 lines eligible for hardening, 372 

candidate lines for construction, 54 conventional generating 

units (CGUs), 5 wind farms, 30 distributed generations (DGs), 

16 candidate MEGs, and other components. The wiring and 

location schematic diagram of T118D7 system is presented in 

Fig. A1 with the topologies of TNS, DNS1 and DNS2 

displayed, while other DNSs are labeled with their 

corresponding numbers. Basic transmission network data of 

IEEE 118-bus system is from [50]. Fifteen typhoon scenarios 

are generated by Monte Carlo simulation and five normal 

scenarios are selected to form a total of 20 scenarios. Then 

four scenario bundles are partitioned, each comprising three 

typhoon scenarios and one normal scenario, with the 

respective probability being equal to the sum of individual 

scenario probabilities. The ratio between normal scenarios and 

typhoon scenarios is maintained at 9:1. Convergency 

thresholds for ADMM are set as 0.05. Convergency threshold 

for BPHA is set as 0. The MIP gap for Gurobi is set as 0.5%. 

The planning results are obtained by conducting risk-based 

decentralized planning and they are compared to the outcomes 

of isolated planning, as shown in TABLE Ⅶ. It can be 

observed that by implementing the coordination between TNS 
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                                                        TABLE Ⅶ 
PLANNING RESULTS OF T118D7 SYSTEM 

System Results Isolated  Decentralized  

TNS 

Investment cost (M$) 11.38 11.38 

Operation cost in NS (M$) 4298.73 4258.16 
CVaR (MW) 7.67 5.92 

DNS1 

Investment cost (k$) 74.50 78.57 

Operation cost in NS (M$) 6.87 7.40 

CVaR (kW) 0 0 

DNS2 

Investment cost (k$) 95.58 99.22 

Operation cost in NS (M$) 3.83 2.93 

CVaR (kW) 0 0 

DNS3 

Investment cost (k$) 75.38 63.67 

Operation cost in NS (M$) 34.72 36.35 

CVaR (kW) 6.67 11.55 

DNS4 

Investment cost (k$) 204.69 215.27 

Operation cost in NS (M$) 16.31 17.05 

CVaR (kW) 3.94 0.16 

DNS5 

Investment cost (k$) 50.42 38.71 

Operation cost in NS (M$) 90.73 82.84 

CVaR (kW) 14.36 30.89 

DNS6 

Investment cost (k$) 65.33 65.33 

Operation cost in NS (M$) 11.92 13.57 

CVaR (kW) 0 2.81 

DNS7 

Investment cost (k$) 40.91 33.97 

Operation cost in NS (M$) 11.92 13.68 

CVaR (kW) 0 2.67 

 

and five DNSs in decentralized planning, 22.8% decline in 

load reduction risks in TNS can be reduced compared to the 

isolated planning. And a cost of 40.57 M$ can be saved in 

operation under decentralized planning strategies, despite both 

approaches having identical investment costs. The above-

mentioned benefits of TNS are acquired based on some 

benefits abandonment in certain DNSs, such as an increase in 

operation cost by 1.63 M$ and an elevation of load reduction 

risk in DNS3 from 6.67 kW to 11.55 kW. Nevertheless, 

decentralized planning enables greater mitigation of overall 

load reduction risks in CTDS and leads to a decrease in the 

total operation cost. It is noteworthy that the resilience 

enhancement benefits of the T118D7 system are achieved 

through effective coordination between the primary TNS and a 

limited number of seven DNSs. Further benefits can be 

exploited in decentralized planning of CTDS by incorporating 

additional DNSs into collaboration with TNS. 

For the computation efficiency, the proposed BPHA 

integrated with ADMM achieves a computation time of 16.5 

hours for solving the risk-based decentralized planning model 

of T118D7 system, while the directly-adopted ADMM 

approach fails to converge within 100 hours under the preset 

MIP gap. To further validate the enhancement of 

computational efficiency, computational tests are performed 

with different MIP gaps and ADMM convergency thresholds, 

where the results are shown in Table Ⅷ and Table Ⅸ. For 

BPHA integrated with ADMM, it is evident that the 

computation time decreases as the MIP gap and ADMM 

thresholds increase. However, the ADMM is unable to 

converge within 100 hours under these conditions except the 

MIP grows to 3%. Under this condition, ADMM is able to 

converge requiring a computation time of 75.6 hours, which is 

significantly longer than that required by the BPHA integrated 

with ADMM. The result validates the effective performance of 
 

TABLE Ⅷ 

COMPUTATIONAL PERFORMANCE WITH DIFFERENT MIP GAPS  

MIP 
gap 

BPHA integrated with ADMM ADMM 

BPHA 

iterations 

Computation 

time (h) 

ADMM 

iterations 

Computation 

time (h) 

0.5% 21 16.5 N/A N/A 
1% 21 14.1 N/A N/A 

3% 20 9.7 24 75.6 

 
TABLE Ⅸ 

COMPUTATIONAL PERFORMANCE WITH DIFFERENT ADMM THRESHOLDS  

ADMM 
thresholds 

BPHA integrated with ADMM ADMM 

BPHA 

iterations 

Computation 

time (h) 

ADMM 

iterations 

Computation 

time (h) 

0.05 21 16.5 N/A N/A 

0.2 21 15.3 N/A N/A 

0.5 21 13.8 N/A N/A 

 

our proposed solution method when it is applied to a larger 

and more complicated T&D network system. Despite there 

still need at least 9.7 hours for the proposed method to address 

such computational burden, the optimal investment planning 

scheme for one TNS and seven DNSs, as well as the optimal 

allocation strategy of resources such as the access node and 

power output for MEGs in each scenario can be obtained. 

Besides, more computation time will be reduced using the 

BPHA integrated with ADMM if the MIP gap increases or the 

ADMM threshold increases within an acceptable range.  

VI. CONCLUSION 

This paper proposes a risk-based decentralized planning 

method of CTDS considering the collaborative effect of TNS 

and DNSs in defense of stochastic typhoon disasters. The 

comprehensive planning assets are invested in both 

transmission and distribution level, encompassing measures of 

transmission line hardening, transmission network expansion 

in TNS and distribution line hardening, MEG deployment as 

well as automatic switch deployment in DNS. For the 

uncertainties, the randomness of typhoon tracks and electricity 

growth under normal condition are modeled via multiple 

scenarios. And the tail risk associated with load reduction 

resulting from uncertain typhoons is captured using the CVaR 

metric, enabling a trade-off between resilience performance 

and investment economics. To address the risk-based decen-

tralized planning model incorporating multiple typhoon and 

normal scenarios, a novel BPHA approach integrated with 

ADMM is proposed which can effectively tackle the intricate 

characteristics of our model and enhance the computational 

efficiency. By conducting the case studies on a T6D3 system 

and a T118D7 system, main conclusions can be drawn as:  

1) Compared to isolated planning, the proposed decen-

tralized planning approach for CTDS which involves investing 

assets in T&D network systems, can further mitigate the load 

reduction risk through the coordination between TNS and 

DNSs, thereby enhancing resilience against stochastic 

typhoons. Additionally, this approach also reduces the 

operation cost of CTDS.  

2) Risk preferences for TNS and DNSs can be adjusted for 

the planner to determine the risk mitigation attitude towards 

typhoons impact, thereby developing strategic planning 
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Fig. A1. Wiring and location schematic diagram of T118D7 test system. 

 

schemes for TNS and DNSs according to their expectations.  

3) The solution of the risk-based decentralized planning 

problem with multiple scenarios can be achieved successfully 

by the proposed BPHA method integrated with ADMM, 

which is validated on the two test T&D network systems with 

different scales. And the solution efficiency is greatly 

improved by the BPHA iteration. 

For future work, the involving of time-sequential operation 

under typhoon scenarios should be explored and incorporated 

into the present planning model, which can increase its 

scalability and adjustability. On this basis, spatial-temporal 

operation strategies such as unit commitment, mobile energy 

storage system optimization or component maintenance 

resources dispatch can be considered and incorporated into the 

planning model, which are also of great importance to system-

wide resilience enhancement. Furthermore, the development 

of more efficient algorithms will remain a key focus in our 

work to address the resilient planning model of CTDS. 

APPENDIX 

UPDATE IN THE PENALTY PARAMETERS OF ADMM 

To accelerate the iterative process of ADMM, an adaptive 

penalty method is applied to tune the penalty parameters 

during ADMM iteration [51], which is shown below. 
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where  and  are the parameters whose values are set as 1 

and 0.1 respectively.  
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