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In the event of amajor power outage in the power systems, there is an urgent need
to investigate entire-process coordinated restoration strategies for the
transmission systems (TSs) and distribution systems (DSs), aiming to accelerate
the restoration speed of generating units, network reconfiguration, and load
restoration. Furthermore, it is imperative to address the multiple uncertainties
that arise during the restoration process to mitigate potential security risks
associated with the restoration. Hence, an adaptive ADMM-based entire-
process distributed restoration method of TSs and DSs considering CVaR is
proposed in this paper. Firstly, an entire-process distributed restoration model
of TSs and DSs considering CVaR is proposed to maximize the total restoration
benefits of TSs and DSs. Then, an adaptive ADMM-based distributed solving
algorithm for the coordinated restoration model of the TSs and DSs is
introduced, which incorporates adaptive penalty parameter adjustments,
leading to faster convergence compared to the standard ADMM. Finally, case
studies on an improved 179-bus transmission system are employed to verify that
the proposed restoration method can achieve higher restoration benefits and
faster convergence speed compared to existing restoration models.
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1 Introduction

In recent years, power system blackouts have become increasingly frequent on a global
scale, with various natural and man-made disasters affecting the security and stable
operation of power systems (Chen et al., 2021). Power system blackouts have significant
impacts on society and people, so it is necessary to investigate restoration strategies after
blackouts to effectively guide the power systems restoration and reduce corresponding
economic losses (Chen Y. et al., 2023).

Power systems can be divided into transmission systems (TSs) restoration and
distribution systems (DSs) restoration (Chen et al., 2022a). So far, many studies have
separately explored the restoration strategies for TSs and DSs. In terms of TSs restoration, an
extended black-start restoration optimization approach for TSs is introduced in (Wang et al.,
2017) to maximize the restored power and loads. A network reconfiguration methodology is
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presented in (Sun et al., 2019) to effectively balance the impacts of
generators, transmission lines, and loads during the reconfiguration
of the network. A loop-network reconfiguration optimization
strategy for TSs is proposed in (Li et al., 2022), which establishes
regional loop-network structures to alleviate transmission line
overloads. In (Shen et al., 2018), a triple-stage TSs load
restoration model is presented, formulating load restoration
strategies based on TSs status and three-stage objective functions.
A distributed and coordinated restoration technique for TSs with
wind power integration is investigated in (Zhao et al., 2020a), and
the robust method is incorporated into the wind power output
uncertainty. Regarding DSs restoration, note that DSs typically lack
large thermal power units, thus lacking a black-start stage. In
(Sekhavatmanesh and Cherkaoui, 2020), a multi-step
reconfiguration model for DSs is introduced, taking into account
the startup strategy of distributed generators. The objective here is to
maximize load restoration while minimizing switching operations.
A network reconfiguration method for DSs is proposed in (Shi et al.,
2021), which also considers the scheduling of distributed energy
resources to expedite load restoration. A distributed load restoration
optimization model for unbalanced active DSs is established in
(Roofegari and Sun, 2019), utilizing convex triple-phase
unbalanced power flow constraints to account for their inherent
imbalance. A bi-level service restoration strategy for active DSs is
proposed in (Li et al., 2020), considering the coordination of various
energy supply sources, including distributed generators and energy
storage systems, to maximize the number of restored blackout loads.
A modified Viterbi algorithm is proposed in (Yuan et al., 2017) to
derive an optimal and resilient restoration strategy for the DS,
accompanied by a case study that analyzes the impact of
integrating distributed energy sources and microgrids. A novel
load restoration method for DSs is proposed in (Ghasemi et al.,
2019), which employs a decision-making tree algorithm tomaximize
load restoration power while minimizing switching operations.

In practice, a tightly coupled relationship exists between
transmission and distribution systems, necessitating coordinated
restoration efforts rather than isolated approaches (Fan et al., 2022).
Therefore, investigating coordinated restoration strategies for
transmission and distribution systems is of paramount practical
significance. In this context, a distributed black-start optimization
model of coupled transmission and distribution systems is proposed
in (Zhao et al., 2021), aiming to minimize blackout-related costs. An
innovative distributed load restoration model of coupled
transmission and distribution systems is proposed in (Zhao et al.,
2019), establishing an iterative framework that bridges both systems
using a modified triple-loop analytical target cascading algorithm. A
load restoration approach for coupled transmission and distribution
systems based on the conditional value at risk (CVaR) theory is
proposed in (Zhao et al., 2020b), employing a receding horizon
control algorithm to manage uncertainties arising during the
restoration process. In (Zhao et al., 2020c), a novel load
restoration optimization model designed for integrated
transmission and distribution systems with wind power
integration is proposed, employing the alternating direction
method of multipliers (ADMM) algorithm to achieve a
distributed solution.

The above-mentioned studies have made significant
contributions to the research on power systems restoration.

However, there are still some shortcomings in existing studies.
Firstly, most existing research tends to separate the study of
black-start, network restoration, and load restoration, whereas in
reality, these aspects are interrelated. For instance, black-start
procedures require network reconfiguration, and prioritizing the
restoration of critical loads necessitates the restoration of certain
parts of the power network. Furthermore, when gradually restoring
the network, it is also essential to restore some loads to maintain the
frequency stability of power systems (Hao et al., 2022). Therefore,
there is a need to explore entire-process restoration strategies for
power systems. Additionally, the TSs and DSs are under the
jurisdiction of different dispatching entities, and due to
incomplete data and information sharing, it is necessary to
separately construct optimization models and perform distributed
solving for the TSs and DSs. Most existing studies primarily employ
traditional ADMM algorithms for distributed solving, and if the
parameter settings are not appropriate, it may lead to convergence
difficulties.

Hence, an adaptive ADMM-based entire-process distributed
restoration method of TSs and DSs considering CVaR is
proposed in this paper to address the abovementioned issues.
The contributions of this paper are summarized as follows.

1) An entire-process restoration model of TSs and DSs considering
CVaR is proposed. Firstly, the CVaR is employed to quantify the
conditional value at risk of multiple uncertainties during the
entire restoration process. Subsequently, an entire-process
restoration strategy of TSs and DSs considering CVaR is
formulated to maximize the total restoration benefits of TSs
andDSs. The proposedmodel provides restoration strategies that
enable the entire-process restoration of the TSs and DSs,
achieving higher generated power and load restoration benefits.

2) An adaptive ADMM-based distributed solving algorithm for the
coordinated restoration model of the TSs and DSs is introduced,
in which the interacted power at coupling buses between the TS
and DS is utilized as the interaction variable to realize distributed
solving. This algorithm incorporates adaptive penalty parameter
adjustments, leading to faster convergence speed compared to
the standard ADMM.

The rest of this paper is organized as follows: Section 2
establishes the entire-process restoration model of TSs and DSs
considering CVaR; Section 3 establishes an adaptive ADMM-based
distributed solving algorithm for the coordinated restoration model
of the TSs and DSs; case studies and corresponding conclusions are
presented in Sections 4, 5, respectively.

2 Entire-process restoration model of
TSs and DSs considering CVaR

In this section, the CVaR theory is first employed to quantify the
conditional risk value of multiple uncertainties, i.e., wind and solar
power output forecasts, load prediction, and buses and lines
restoration failure probabilities, in the entire restoration process.
Subsequently, an entire-process restoration model of TSs and DSs
considering CVaR is established to maximize the total restoration
benefits of TSs and DSs.
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2.1 Quantifying the CVaR of multiple
uncertainties during the entire restoration
process

During the entire restoration process of TSs and DSs, various
uncertainties such as wind and solar power output forecasts, load
predictions, and buses and lines restoration failure probabilities
exist. If these uncertainties are not addressed properly, it may lead to
restoration strategies that do not meet the security requirements of
the system’s restoration. Therefore, this paper employs CVaR theory
to assess the conditional risk value of multiple uncertainties during
the entire restoration process.

CVaR is defined as the average loss incurred when the risk loss of
an investment portfolio exceeds the value at risk (VaR) at a given
confidence level within a certain investment horizon (Rockafellar
and Stanislav, 2002), whose specific expression is represented by

VCVaR � E fR Z, λ( ) fR Z, λ( )>∣∣∣∣ VVaR[ ] (1)

where Z is the optimization variable matrix, which corresponds to the
restoration strategy in this work; VCVaR and VVaR are the CVaR and
VaR, respectively; λ is continuous random variables that represent
multiple uncertainties; E[·] is the mathematical expectation; fB

CVaR is
the net restoration benefit of the TSs and DSs considering CVaR of
multiple uncertainties, whose specific expression is presented by

fB
CVaR �fB − ∑Tstep

t�1
pRES
t ΔPRES

t

∣∣∣∣ ∣∣∣∣+pL
t ΔPL

t

∣∣∣∣ ∣∣∣∣+pline
t ∑Nline

l�1
ρRF,linel,t +pbus

t ∑Nbus

n�1
ρRF,busl,t

⎛⎝ ⎞⎠
(2)

where fB is the restoration benefit of TSs and DSs without considering
CVaR, and its specific expression will be illustrated in Section 2.2; Tstep

is the number of restoration time step; pRES
t and pL

t are the unit
restoration risk costs associated with wind and solar power output
forecasts errors and load prediction errors, respectively;ΔPRES

t andΔPL
t

are the errors in wind and solar power output forecasts and load
predictions during the restoration process, respectively; pline

t and pbus
t

are the unit restoration risk costs resulting from line and node
restoration failures, respectively; ρRF,linel,t and ρRF,busl,t are the
restoration failure probabilities of lines and buses, respectively; Nline

and Nbus are the total numbers of lines and buses, respectively.
On this basis, the CVaR and VaR for the multiple uncertainties

during the restoration process can be simultaneously obtained by
solving Eq. 3.

min VCVaR � VVaR +
∑NSCE

n�1
Pr,n fB

CVaR,n − VVaR , 0[ ]+
1 − β

(3)

where βCVaR is the confidence level of CVaR; [fB
CVaR,n − VVaR , 0]+ is the

maximum between fB
CVaR,n − VVaR and 0; NSCE is the number of

operation scenarios; Pr,n is the occurred probability of the nth scenario.

2.2 Objective function of the proposed
model

The objective function of the proposed model is to maximize the
entire-process generation and load power restoration benefits of the
TSs and DSs, as shown in (4).

fB � max ∑NTDS

z�1
∑N
z
bus

n�1
∫Tstep

0
Pz
NBS,n,tdt + bzL,n∑Tstep

t�1
Pz
L,n,tΔt⎛⎝ ⎞⎠ (4)

where NTDS is the number of TSs and DSs; Nz
bus is the number of

buses in the zth power system; bzL,n is the unit restoration benefit of
the nth bus in the zth power system; Pz

NBS,n,t and Pz
L,n,t are the

restored generation and load power of the nth bus in the zth power
system at time step t; Δt is the duration of each time step. Note that
the linearization method for generation power restoration refers to
reference (Zhao et al., 2018), and the linearized expression is
represented by (5).

Pz,max
NBS,nT

z,rp
NBS,n − Pz,st

NBS,n Tz,rp
NBS,n + Tz,sp

NBS,n( )
2

+ Pz,max
NBS,n − Pz,st

NBS,n( )
× Tstep − Tz,sp

NBS,n − Tz,rp
NBS,n( ) − Tz,st

NBS,n Pz,max
NBS,n − Pz,st

NBS,n( ) (5)

where Pz,max
NBS,n and Pz,st

NBS,n are the rated power and auxiliary
consumption power of non-black-start units at the bus n in the
zth power system, respectively; Tstep is the number of time steps;
Pz,st
NBS,n, T

z,sp
NBS,n and Tz,rp

NBS,n are the start time, start duration and ramp
duration, respectively.

2.3 Constraints of the proposed model

The constraints of the proposed model consist of the entire-
process restoration constraints for the TSs and DSs. The unique and
general constraints for the TSs and DSs are described as follows.

1) Unique constraints of the TS

The TS typically includes large thermal power units that are not
black-start capable, so when a major power outage occurs, these
units need to be black-started initially using black-start units.
Therefore, the unique constraints for the TSs encompass the
black-start-related constraints. More specifically, the relationship
between the restoration power and time step for non-black-start
units is expressed as 6); the relationship between the start-up time
step of non-black-start units and bus restoration status is presented
as 7); the constraints on the start-up time step of non-black-start
units concerning cold start and hot start time step are expressed
as 8).

PTS
NBS,n,t �

0, t< t1
t − t1( )RTS

NBS,n − PTS,st
NBS,n, t1 ≤ t< t2

PTS,max
NBS,n − PTS,st

NBS,n, t≥ t2

⎧⎪⎨⎪⎩ (6)

∑Tstep

t�1 1 − BTS
bus,n,t( )≤TTS,st

NBS,n (7)
TTS,st,min
NBS,n ≤TTS,st

NBS,n ≤TTS,st,max
NBS,n (8)

where PTS
NBS,n,t, P

TS,st
NBS,n, and P

TS,max
NBS,n are the restored generation power,

auxiliary consumption power, and rated power of non-black-start
units at the bus n in time step t, respectively; RTS

NBS,n is the ramping
rate of non-black-start units; t1 and t2 are the time steps when non-
black-start units restart and reach their rated power, respectively;
BTS
bus,n,t is a binary variable indicating the restoration status of the bus

where the non-black-start unit is located; TTS,st,max
NBS,n and TTS,st,min

NBS,n are
the upper and lower bounds on the black-start time of non-black-
start units.
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2) Unique constraints of the DS

DSs typically do not have large non-black-start units, but they
directly manage the loads connected to them. Therefore, the unique
constraints for DSs encompass load restoration-related constraints.
More specifically, restored non-flexible loads cannot be
disconnected again, as represented by Eq. 9). Flexible loads can
be subject to demand response and partial disconnection after being
restored, as represented by Eq. 10). Considering practical factors like
power flow limits and system frequency security, the load restored in
each time step should not exceed a certain value, as expressed in Eq.
11). The load at bus n can only be restored after its bus has been
restored, as expressed in Eq. 12). Note that some buses in the TS also
have high-voltage level loads connected to them, so they also need to
follow these load restoration constraints as well.

0≤PDS,L
n,t−1 ≤PDS,L

n,t ≤PDS,L,max
n ,∀n ∈ ΩDS,NFL

bus (9)
0≤PDS,L

n,t ≤PDS,L,max
n ,∀n ∈ ΩDS,FL

bus (10)
PDS,L
n,t − PDS,L

n,t−1 ≤ΔPDS,L,max
n,t (11)

BDS,L
bus,n,t ≤BDS

bus,n,t−1 (12)
where PDS,L

n,t and PDS,L,max
n are the already restored load at bus n and

the maximum load, respectively; ΩDS,NFL
bus andΩDS,FL

bus are sets of non-
flexible and flexible load buses; ΔPDS,L,max

n,t is the upper limit of the
restorable load for each time step, which is related to power flow
limits and system frequency security; BDS,L

bus,n,t is the load restoration
state variable for the bus n.

3) General constraints for the TSs and DSs

The general constraints for the TSs and DSs include network
restoration constraints and power balance constraints. More
specifically, the restored buses and lines will not experience
another power outage, as represented by Eqs 13, 14), respectively;
the necessary but not sufficient condition for line restoration is that
both of its start and terminal buses have been restored, as represented
by Eq. 15); the necessary condition for bus restoration is that at least
one connected line has been restored, as represented by Eq. 16);
considering practical factors such as manual operations and line
charging time, if the adjacent lines of a specific line have not been
restored in a given time step, that line cannot be restored in that time
step, as represented by (17); the operation constraints of energy
storage systems refer to reference (Chen C. et al., 2023).

BT D( )S
bus,n,t ≥BT D( )S

bus,n,t−1 (13)
BT D( )S
line,l,t ≥BT D( )S

line,l,t−1 (14)
BT D( )S
bus,n,t ≥B

T D( )S
line,l,t ,∀l ∈ ΩT D( )S

line,busn (15)
BT D( )S
bus,n,t ≤ ∑

l∈ΩT D( )S
line,busn

BT D( )S
line,l,t (16)

BT D( )S
line,p,t ≤ ∑

q∈ΩT D( )S
line,linep

BT D( )S
line,q,t−1 (17)

where BT(D)S
bus,n,t and BT(D)S

line,l,t are Boolean variables reflecting the
restoration status of bus n and line l, respectively, with a value of
1 indicating that the bus or line has been restored; ΩT(D)S

line,busn is the set
of lines connected to bus n, while ΩT(D)S

line,linep is the set of lines
connected to line l.

Both TSs and DSs need to consider power balance constraints, as
represented by Eqs 18, 19), respectively. It can be seen from Eqs 18,
19 that the power balance constraints in the DS are less complex
than those in the TS, as they do not involve the power of black-start
and non-black-start units. Besides, power interaction between TSs
and DSs can occur through the transmission-distribution coupling
buses.

∑
n∈ΩTS

bus

PTS
NBS,n,t + PTS

BS,n,t + PTS
RES,n,t + PTS

ES,n,t( ) � ∑
n∈ΩTS

bus

PTS
L,n,t + PTS

DS,n,t( )
(18)

PTS
DS,n,t + ∑

x∈ΩDS,n
bus

PDS,n
RES,x,t + PDS,n

ES,x,t( ) � ∑
x∈ΩDS,n

bus

PDS,n
L,x,t (19)

where ΩTS
bus and ΩDS,n

bus are the sets of buses in the TS and its
connected DS under bus n, respectively; PTS

BS,n,t, PTS
RES,n,t, and

PTS
ES,n,t are the power generation of black-start units, renewable

energy units, and energy storage devices at bus n in the TS,
respectively; PTS

L,n,t is the load power at bus n in the TS; PTS
DS,n,t is

the interaction power provided by the TS to the connected DS at its
bus n, with positive values indicating supply from the TS to the DS;
PDS,n
RES,x,t, P

DS,n
ES,x,t, and PDS,n

L,x,t are the power generation of renewable
energy units and energy storage devices, as well as the load power at
bus x in the TS connected under bus n in the TS.

Both TSs and DSs are subject to power flow constraints. More
specifically, the TS typically has a meshed structure, so AC power
flow constraints as shown in Eqs 20, 23) need to be considered. On
the other hand, the DS is typically radial in structure, allowing the
use of DistFlow DC power flow constraints as in Eqs 24–29). Since
both TSs and DSs power flow constraints involve non-convex and
non-linear terms, they are linearized separately using the
approximate linearization methods proposed in references (Zhao
et al., 2021; Chen et al., 2022b).

PTS
i,t � ∑

i,j( )∈ΩTS
line

PTS
i,j,t (20)

QTS
i,t � ∑

i,j( )∈ΩTS
line

QTS
i,j,t (21)

PTS
i,j,t � UTS

i,t( )2GTS
i,j,t − UTS

i,t U
TS
j,t GTS

i,j,t cos θ
TS
i,j,t + BTS

i,j,t sin θ
TS
i,j,t( ) (22)

QTS
i,j,t� − UTS

i,t( )2BTS
i,j,t − UTS

i,t U
TS
j,t GTS

i,j,t sin θ
TS
i,j,t − BTS

i,j,t cos θ
TS
i,j,t( ) (23)

∑
p∈ΩDS

line,n+

PDS
p,t − ∑

q∈ΩDS
line,n−

PDS
q,t − IDSq,t( )( 2

RDS
q,j) � PDS

n,t,out (24)

UDS
j,t � UDS

i,t − IDSi,j,tR
DS
i,j (25)

PDS
i,j,t � UDS

i,t I
DS
i,j,t (26)

PDS
i,j,t

∣∣∣∣∣ ∣∣∣∣∣≤PDS,max
i,j (27)

IDSi,j,t
∣∣∣∣∣ ∣∣∣∣∣≤ IDS,max

i,j (28)
0≤UDS

i,t ≤U
DS,max
i (29)

where PTS
i,t and Q

TS
i,t are the total injected active and reactive power at

bus i, respectively; PTS
i,j,t andQ

TS
i,j,t are the active and reactive power on

line ij, respectively;ΩTS
line is the set of lines in the TS;U

TS
i,t is the voltage

at bus i. GTS
i,j,t, B

TS
i,j,t, and θTSi,j,t are the conductance, susceptance, and

phase angle of line ij in the TS, respectively; ΩDS
line,n+ and ΩDS

line,n− are
the set of lines in the DS that start from and end at bus n,
respectively; PDS

q,t , IDSq,t , and RDS
q,j are the power, current, and
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resistance of bus i in the DS, respectively; PDS
n,t,out is the power flowing

out of bus n in the DS; UDS
i,t is the voltage at bus i in the DS; PDS,max

i,j ,
IDS,max
i,j , andUDS,max

i are the upper limits for line power, current, and
bus voltage in the DS, respectively.

3 Adaptive ADMM-based distributed
solving algorithm for the coordinated
restoration model of the TSs and DSs

Due to the separate jurisdiction of TSs and DSs and the
incomplete sharing of data and information, it is challenging to
directly establish the unified optimization model as presented in
Section 2 and solve it in a centralized manner in practical
applications. Therefore, the original optimization model is
transformed into two distributed optimization models.
Subsequently, by treating the power exchange between the TSs and
DSs as coupling variables, an adaptive ADMM algorithm is employed
for iterative convergence, enabling the distributed solving of the
entire-process restoration of the TSs and DSs. Note that the
solution time and optimal solution of the standard ADMM are
significantly affected by the initial penalty factor. Inappropriately
setting the initial penalty factor may lead to convergence to local
optima and an increase in solution time. On the contrary, the utilized
adaptive ADMM can adjust the step size dynamically according to the
primal residue and dual residue during the iterative process, thereby
achieving a faster convergence rate than that of standard ADMM.

3.1 Distributed restoration optimization
models for TSs and DSs

Considering the objective function and constraints of the unified
restoration optimization model for the TSs and DSs shown in Eq. 4),
the augmented Lagrangian function is introduced to formulate the
distributed restoration optimization models for the TSs and DSs, as
represented by (30) and (31), respectively.

fTS � max fTS,B
CVaR + ∑N

TS
bus,DS

x�1
∑Tstep

t�1
λTSDS,x,t PTS

DS,x,t − PDS,x
TS,t( )[ ]

+ ∑N
TS
bus,DS

x�1

ρTSDS,x
2

∑Tstep

t�1
PTS
DS,x,t − PDS,x

TS,t( )2⎡⎢⎣ ⎤⎥⎦ (30)

s.t. (6)–(8), (13)–(18), (20)–(23)

fDS,n � max fDS,n,B
CVaR + ∑Tstep

t�1
λDS,nTS,t PTS

DS,n,t − PDS,n
TS,t( )[ ]

+ ρDS,nTS

2
∑Tstep

t�1
PTS
DS,n,t − PDS,n

TS,t( )2 (31)

s.t. (9)–(12), (13)–(18), (24)–(29).
where fTS and fDS,n are the augmented objective functions for the
TS and the nth DS, respectively; λTSDS,x,t and ρTSDS,x are the Lagrange
multipliers and penalty factors for the TS, while λDS,xTS,t and ρDS,xTS are
the Lagrange multipliers and penalty factors for the nth DS,
respectively; fTS,B

CVaR and fDS,n,B
CVaR are the restoration benefits for the

TSs and DSs considering CVaR, and their specific expressions are
represented by Eqs 32, 33), respectively.

fTS,B
CVaR � ∑N

TS
bus

n�1
∫Tstep

0
PTS
NBS,n,tdt + bTSL,n∑Tstep

t�1
PTS
L,n,tΔt⎛⎝ ⎞⎠ (32)

fDS,n,B
CVaR � ∑N

DS,n
bus

m�1
bDS,nL,m ∑Tstep

t�1
PDS,n
L,m,tΔt (33)

3.2 Distributed solving process based on the
adaptive ADMM

The adaptive ADMM-based distributed solving process for the
previously constructed distributed optimization models for the TSs
and DSs is utilized, as outlined below.

Step 1: Set the maximum iteration number kmax, primal residual
convergence threshold δP, dual residual convergence threshold δD,
and initial iteration counter k = 1.

Step 2: The TS collects the desired transmission-distribution
interaction power strategy matrix PDS,n,k

TS,t from each DS. Then, it
solves the distributed restoration model for the TS as represented by
(30) to obtain the desired transmission-distribution interaction
power strategy matrix PTS,k+1

DS,n,t for the TS. Set n = 1.

Step 3: The nth DS receives PTS,k+1
DS,n,t from the TS. Then, it solves the

distributed restoration model for the nth DS as represented by (31)
to obtain the desired transmission-distribution interaction power
strategy matrix PDS,n,k+1

TS,t . n = n+1.

Step 4: Check if n > NTS
bus,DS? If yes, proceed to Step 5, otherwise,

return to Step 3.

Step 5: According to the previous description, the utilized adaptive
ADMM can adjust the step size dynamically according to the primal
residue and dual residue during the iterative process, thereby
achieving a faster convergence rate than that of standard ADMM.
More specifically, according to the dual-update acceleration iteration
strategy, if the primal residual is greater than a certain threshold,
update the penalty factors according to (34)–(35) and update the
Lagrange multipliers according to (36)–(37); otherwise, when the
primal residual is equal to or less than a certain threshold at iteration
k*, keep the penalty factors unchanged and update the Lagrange
multipliers according to (38)–(39).

ρTS,k+1DS,n �

ρTS,kDS,n/ 1 + lg
dTS,k,D
DS,n

pTS,k,P
DS,n

( )[ ], dTS,k,D
DS,n

δD
( )≥

10pTS,k,P
DS,n

δP

ρTS,kDS,n 1 + lg
pTS,k,P
DS,n

dTS,k,D
DS,n

( )[ ], pTS,k,P
DS,n

δP
( )≥

10dTS,k,D
DS,n

δD

ρTS,kDS,n, otherwise

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(34)

ρDS,n,k+1TS �

ρDS,n,kTS / 1 + lg
dDS,n,k,D
TS

pDS,n,k,P
TS

( )[ ], dDS,n,k,D
TS

δD
( )≥

10pDS,n,k,P
TS

δP

ρDS,n,kTS 1 + lg
pDS,n,k,P
TS

dDS,n,k,D
TS

( )[ ], pDS,n,k,P
TS

δP
( )≥

10dDS,n,k,D
TS

δD

ρDS,n,kTS , otherwise

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(35)
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λTS,k+1DS,n,t � λTS,kDS,n,t + ρTS,k+1DS,n PTS,k+1
DS,n,t − PDS,n,k+1

TS,t( ) (36)

λDS,n,k+1TS,t � λDS,n,kTS,t + ρDS,n,k+1TS,t PTS,k+1
DS,n,t − PDS,n,k+1

TS,t( ) (37)

λTS,k+1DS,n,t � λTS,kDS,n,t + ρTS,k+1DS,n PTS,k+1
DS,n,t − PDS,n,k+1

TS,t( )
+ KD PTS,k+1

DS,n,t − PDS,n,k+1
TS,t( ) − PTS,k

DS,n,t − PDS,n,k
TS,t( )[ ]

+ KI ∑k
m�k*

PTS,m+1
DS,n,t − PDS,n,m+1

TS,t( ) (38)

λDS,n,k+1TS,t � λDS,n,kTS,t + ρDS,n,k+1TS,t PTS,k+1
DS,n,t − PDS,n,k+1

TS,t( )
+KD PTS,k+1

DS,n,t − PDS,n,k+1
TS,t( ) − PTS,k

DS,n,t − PDS,n,k
TS,t( )[ ]

+KI ∑k
m�k*

PTS,m+1
DS,n,t − PDS,n,m+1

TS,t( ) (39)

where KD and KI are the integral and double residual control
parameters, respectively; pTS,k,P

DS,n = pDS,n,k,P
TS and dTS,k,DDS,n = dDS,n,k,DTS

are the primal and dual residuals for the kth iteration, whose specific
expressions are represented by Eqs 40, 41).

pTS,k,P
DS,n � pDS,n,k,P

TS � ∑Tstep

t�1
PTS,k+1
DS,n,t − PDS,n,k+1

TS,t( )2 (40)

dTS,k,D
DS,n � dDS,n,k,D

TS

� max ∑Tstep

t�1
PTS,k+1
DS,n,t − PTS,k

DS,n,t( )2, ∑Tstep

t�1
PDS,n,k+1
TS,t − PDS,n,k

TS,t( )2⎡⎢⎣ ⎤⎥⎦
(41)

Step 6:Determine the convergence of the primal and dual residuals
according to (42). If (42) is satisfied or k ≥ kmax, terminate the
iterations. Otherwise, k = k+1 and return to Step 2.

pTS,k,P
DS,n ≤ δP ∩ dTS,k,D

DS,n ≤ δD� 1 (42)

According to the above process, it can realize distributed solving
for the TSs and DSs and obtain their respective optimal restoration
strategies. The distributed optimization models are established using
the YALMIP platform in MATLAB R2021a software and the
distributed solving can be realized through the GUROBI 10.0 solver.

4 Case studies

In this work, an improved 179-bus TS is employed for analysis,
whose topology is shown in Figure 1. Some main technique

FIGURE 1
Topology of the improved 179-bus TS.
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parameters of this case are set as follows: Tstep = 30, Δt = 5min, buses
14, 35, and 42 are equipped with black-start units, buses 26 and
81 are connected to wind power generators, and buses 28 and
110 have photovoltaic units. Each bus in the TS is connected to
an IEEE 33-bus DS, and the feeders connected to each bus of the DS
are not considered in this work. The bus voltages of the TS and DS
are 220 kV and 110kV, respectively. The other technique parameters
of this case refer to reference (Liu et al., 2023). Three blackout
scenarios are considered as follows: Scenario 1 occurs at 2:00 with

only wind power output; Scenario 2 occurs at 10:00 with both wind
and photovoltaic power output, and Scenario 3 occurs under
typhoon disasters with neither wind nor photovoltaic power output.

Taking Scenario 2 as an example, the black-start and network
restoration process for the TS is illustrated in Figure 2. It can be seen
from Figure 2 that in the first time step, black-start units from buses
14, 35, and 42, wind power generators at buses 26 and 81, a pumped
hydro storage unit at bus 25, and photovoltaic units at buses 28 and
110 initiate the network reconfiguration process by expanding

FIGURE 2
(Continued).
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FIGURE 2
(Continued). Black-start and network restoration process for the TS.

TABLE 1 Network reconfiguration strategy of DS connected with bus 66 under three disaster scenarios.

Time step
Scenarios

0 1 2 3 4 5 6 7 8 9 10

S1 12,16 11,13,15,17,22 9,10,14,18,21 8,20,33 7,19,32 2,6,31 1,3,5,26,30 4,23,27,29 24,25,28 11,13,15,17,22 —

S2 5,12,16 4,6,11,13,15,17,22 3,7,9,10,14,18,21,26 2,8,20,23,27,33 1,19,24,28,32 25,29,31 30 — — — —

S3 12 11,13,22 10,14,21 8,9,15,20 7,16,19 2,6,17 1,3,5,18,26 4,23,27,33 24,28,32 25,29,31 30
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outward, gradually restoring non-black-start units. In the second
and third time steps, non-black-start units located at buses 76 and
147 begin their black-start processes, respectively. During these time
steps, it is also necessary to restore a portion of the load to maintain
system frequency stability. By the fourth time step, 63.7% of the
network has been reconfigured, 26.9% of non-black-start units have
entered black-start status, and 61.4 p.u. of the load (representing
12.2% of the total load) has also been restored to maintain system
frequency stability. The black-start and network reconfiguration
processes for the TS are completed by the eighth time step.

Taking the DS under bus 66 as an example, its network
reconfiguration strategy under three disaster scenarios is shown
in Table 1. It can be seen from Table 1 that there is no photovoltaic
output in Scenario 1, only the wind power and energy storage units
at buses 12 and 16 serve as black-start units for the DS’s network
restoration, taking a total of 9 time steps to complete the network
reconfiguration. In Scenario 2, except for wind power and energy
storage units, the photovoltaic power unit at bus 5 also acts as a black
start unit to participate in the DS’s network reconfiguration. This
accelerates the network reconfiguration process, which takes only
6 time steps to complete network reconfiguration. In Scenario 3, due
to the typhoon disaster, both wind and photovoltaic power units
have no output power, so only the energy storage unit can be used as
a black-start unit for black-starting, completing the network
reconfiguration in 10 time steps.

Figure 3 illustrates the power balance of the TS under three
different disaster scenarios. It can be seen from Figure 3 that during
the early restoration process, i.e., the first 5 time steps, non-black-
start units have not fully restored to their rated power, as a result, the
renewable energy output has a significant proportion of the total
output power of the TS. Then, the system has also restored a portion
of the load to maintain system frequency stability. In the mid to late
restoration process (i.e., 6–25 time steps), as non-black-start units
gradually restore their generated power, and the network undergoes
reconfiguration, the loads also restore rapidly.

To better illustrate the impact of different disaster scenarios on
the entire-process restoration of the TS, Figure 4 presents the power
generation and load power restoration under the three scenarios. It
can be seen from Figure 4 that Scenario 2 occurs at 10:00 when both
wind and photovoltaic units are active, making them available as
black-start units. Consequently, Scenario 2 exhibits the highest
restoration rates of generated power and load among the three
scenarios. Scenario 1, occurring at 2:00 with only wind power output
and no photovoltaic output, has a slightly slower black-start process
than Scenario 2, resulting in slightly lower rates of power generation
and load power restoration. Scenario 3 represents a typhoon disaster
where rainy conditions lead to no photovoltaic output, and the high
wind speeds exceed the wind turbine cut-off power. Therefore, the
wind power unit is also inactive. In this context, only the energy
storage unit is available as black-start units, resulting in a 22.35%

FIGURE 3
Power balance of the TS under three different disaster scenarios.
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and 24.11% lower generated power restoration compared to
Scenarios 1 and 2, respectively, and load restoration is 20.55%
and 22.12% lower compared to Scenarios 1 and 2, respectively.

To analyze the advantages of the proposed entire-process
distributed restoration model of TSs and DSs considering CVaR
(RM-TS-CVaR) compared to other restoration models, Table 2
presents a comparison among the proposed RM-TS-CVaR, the
entire-process distributed restoration model that does not consider
CVaR (RM-TS), and the entire-process restoration model that does
not consider transmission-distribution systems coordination (RM-I-
CVaR) under Scenario 2. It can be seen from Table 2 that the RM-TS
tends to be optimistic when formulating restoration strategies, failing
to account for the security risks posed by various uncertainties during
the restoration process. Consequently, the restoration benefits of the
RM-TS are 1.44 billion CNY and 1.09 billion CNY higher than those
of the proposed RM-TS-CVaR, respectively. However, when there are

deviations between the actual values of renewable energy output and
load forecasts and their predicted values, the TSs and DSs may incur
additional security risk costs due to the lack of reserved power in
advance, potentially leading to over-limit system frequencies and
voltages. As a result, after deducting the additional security risk
costs, the total restoration benefits of the RM-TS are 3.93 billion
CNY less than those of the proposed RM-TS-CVaR. In the RM-I-
CVaR, the TSs and DSs independently conduct restoration, failing to
fully exploit their energy mutual support capabilities. This may lead to
situations where power-deficient systems do not receive power
support, while power-surplus systems need to curtail wind and
photovoltaic power. Consequently, the restoration benefits of the
TS, DS, and the overall benefits of the RM-I-CVaR are 1.55%,
52.4%, and 10.61% less than those of the proposed RM-TS-CVaR,
respectively. In summary, our proposed RM-TS-CVaR exhibits
advantages in enhancing system restoration benefits.

FIGURE 4
Power generation and load power restoration under the three scenarios.

TABLE 2 Comparison among the proposed RM-TS-CVaR, RM-TS and RM-I-CVaR under Scenario 2.

Models Restoration benefit of the TS/
107 CNY

Restoration benefit of the DS/
107 CNY

Total restoration benefits considering CVaR/
107 CNY

RM-TS-
CVaR

4423.5 580.5 4935.8

RM-TS 4437.9 591.4 4896.5

RM-I-CVaR 4355.1 276.3 4412.6

TABLE 3 Comparison between the adaptive ADMM and the standard ADMM.

Algorithms Initial penalty factor Total restoration benefits of the TSs and DSs Iteration number Solution time/s

Adaptive ADMM 1 4935.8 13 15,169

5 4936.7 14 15,881

10 4935.1 12 13,032

Standard ADMM 1 4845.9 27 28,343

5 4901.3 22 23,276

10 4885.6 15 15,982
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To verify the effectiveness of the adaptive ADMM algorithm
employed in this paper, the results obtained by the adaptive ADMM
are compared with those of a standard ADMM, as shown in Table 3. It
can be seen from Table 3 that the solution time and optimal solution of
the standard ADMM are significantly affected by the initial penalty
factor. Inappropriately setting the initial penalty factor may lead to
convergence to local optima and an increase in solution time. The
average solution time for the adaptive ADMM used in three scenarios
is 7,840 s shorter than that of the standard ADMM, while the
maximum restoration benefits of the adaptive ADMM exceed
those of the standard ADMM by 0.72%. This is because the
ADMM algorithm employed in this paper can dynamically adjust
penalty factors based on the results of each iteration, which accelerates
the convergence rate of the distributed solution and enhances the
practicality of the proposed RM-TS-CVaR.

5 Conclusion

An adaptive ADMM-based entire-process distributed
restoration method of TSs and DSs considering CVaR is
proposed in this work. The case study based on an improved
179-bus transmission system is conducted to test the effectiveness
and advantages of the proposed method, and the following
conclusions are drawn from the simulation.

1) The entire-process restoration strategy of TSs and DSs
considering CVaR is formulated to maximize the total
restoration benefits of TSs and DSs, which achieves higher
generated power and load restoration benefits compared to
the entire-process distributed restoration model that does not
consider CVaR and the entire-process restoration model that
does not consider transmission-distribution systems
coordination.

2) The proposed adaptive ADMM achieves approximately equal
restoration benefits of the TSs and DSs compared to the
standard ADMM, while reducing by over 50% iteration
number and corresponding 13,174 s of solution time
compared to the standard ADMM. Hence, the proposed
adaptive ADMM accelerates the convergence rate of the
distributed solution and enhances the practicality of the
proposed entire-process distributed restoration model of TSs
and DSs considering CVaR.

The detailed restoration strategies for the feeders connected to
each bus of DSs are not considered in this paper, which will be
further studied in future work.
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