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Abstract—When power systems encounter outages and large-
scale blackouts, system restoration is critical and should be carried
out with dedicated schemes. In this past, most studies divided
the power system restoration into three stages (i.e., black-start
zone partitioning, network reconfiguration, and load restoration)
and deal with them separately. After that, few studies consider-
ing the three stages together were emerging while the support of
multiple flexible resources, i.e., renewable energy source (RES),
electric vehicle system (EVS) and energy storage system (ESS),
were not considered comprehensively. Therefore, a bi-level coor-
dinated power system restoration (BiCPSR) model is proposed in
this work considering the support of multiple flexible resources.
In the upper level, two network topology indices that describe the
“reachability” and “shortest reachable distance” of buses in power
systems, and the restoration characteristics of generators and loads
are utilized for optimizing the start-up sequence of generators
and network reconfiguration. In the lower level, the uncertainties
of RES and EVS are considered by various scenarios and the
support of multiple flexible resources is utilized cooperatively for
accelerating the restoration process and maximizing the restorable
load. Case studies on the revised IEEE 39-bus, WECC 179-bus and
the actual Zhejiang power systems are performed to illustrate the
basic features of the proposed model and its availability in bulk
power systems. The comparisons between the proposed model and
other models are also performed to illustrate the strengths of the
proposed model.
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I. INTRODUCTION

W ITH the rapid development of control technologies and
widespread application of various automatic devices in

power systems, the ability of power systems to resist distur-
bances and failures was significantly enhanced [1]. However,
due to the large-scale accommodation of intermittent and fluctu-
ating renewable energies such as wind power and photovoltaic
power into power systems, the power systems are confronted
with much more complications and uncertainties, which chal-
lenge the operational securities of power systems [2]. As a result,
the power systems are still at risk of entire blackouts or outages
if controlled islanding fails [3], [4]. For example, a major power
outage hit India in 2012, impacting more than 600 million peo-
ple. In 2015, Ukraine suffered a major power outage, and more
than half of its territory is affected. In 2016, a blackout occurred
in South Australia and lasted more than 50 hours and millions
of people were affected. In 2019, blackouts were reported in 21
states of Venezuela, which leads billions of economic losses.
In February 2021, Texas announced an emergency declaration
and more than 2.7 million residents lost the power supply amid
an unusual cold spell, which also boosted the electricity price
up to $9000/MWh. It can be seen that a blackout or a major
power outage can result in serious consequences. Therefore, it
is of great theoretical and practical significance to systematically
investigate the power system restoration strategies considering
multiple flexible resources after partial or complete blackouts,
which could guarantee the security and rapid restoration of
power supply and reduce the unserved loads and financial losses.

The power system restoration can be divided into three stages
(i.e., black-start zone partitioning, network reconfiguration and
load restoration), and several studies have been performed on
this topic. In [5], two characteristic parameters (i.e., degree and
betweenness) of the complex network are used for describing
the power system topologies and the community structure with
modularity index is utilized for dividing interconnection into
black-start zones with similar scales, which is good for the
following parallel restoration. In [6], sectionalizing strategies
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based on the ordered binary decision diagram (OBDD) is pro-
posed for parallel power system restoration, which can search
several possible splitting boundaries quickly. In [7], a two-step
system partitioning algorithm is proposed for parallel power
system restoration. A non-black-start generator grouping model
is presented in the first step to minimize its restoration time and
a network sectionalizing model is presented in the second step
to maximize the electrical distances and minimize the number
of transmission lines among different zones. In [8], the start-up
characteristics of non-black generators are considered and the
start-up sequence is modeled as a mixed-integer linear program-
ming (MILP) problem, which greatly reduces the computation
burden of the enumeration method and dynamic programming.
In [9], a network partitioning scheme based on propagation on
the connectivity of grid, and the problem is converted into a
MILP to ensure the high computational performance. In [10],
a multi-time step service restoration model aiming to minimize
the unserved customers is proposed for the distribution system,
which is also formed as MILP and suitable for different operation
conditions.

However, as mentioned in [2], most of the studies before
2015 do not consider the cooperation among black-start zone
partitioning, network reconfiguration and load restoration due to
the complexity. Although they can obtain relatively reasonable
partitioning strategies, the ultimate goal that maximizing load
restoration may not be achieved optimally.

In light of this situation, some integrated models for power
system restoration are also studied [11]–[14]. In [11], a bi-level
optimization model is proposed for solving the black-start zone
sectionalizing problem and restoration problem, respectively. In
[12], a mixed-integer programming (MIP) model is established
with some criteria (e.g., self-healing time, load pickup capability,
voltage stability and network observability) considered. In [13],
a detailed mathematical model with generator start-up sequence,
transmission network restoration and load pickup considered
together is first proposed for power systems. In [14], a global op-
timization model considering both black-start zone partitioning
and generator restarting sequence is presented and generalized
Benders decomposition (GBD) is utilized to decompose the
model into a master problem and two sub-problems, which can
be solved iteratively. However, the aforementioned literatures
do not consider the effectiveness of renewable energy sources
(RES). To utilize the effectiveness of RES and deal with their
uncertainly, in [15], the influence of RES is considered in the
power system restoration model and the firefly algorithm (FA) is
utilized for solving the nonlinear optimization problem. In [16],
the influence of wind farms including their capacities, locations
and control measures are discussed comprehensively, and the
Latin hypercube sampling (LHS) and L-shape decomposition
are utilized for characterizing the uncertainties of wind farm
outputs and mitigating corresponding computation burden. In
[17], [18], the characteristics of electric vehicle system (EVS)
and energy storage system (ESS) are further considered, and the
particle swarm optimization (PSO) method is used to handle the
bi-level chance-constrained programming in [18]. In [19], the
availability of power system equipment is assessed during the
decision-making of power system restoration according to the

results of fault diagnosis and weather conditions, so as to de-
termine a more practical restoration scheme in actual situations.
In [20], a two-level simulation-assisted optimal sequential load
restoration model for distribution system is proposed consid-
ering the dynamic frequency constraints as well as the black-
start/non-black-start generators. Besides, the potential applica-
tion of involving microgrids [21], [22] and distribution network
[23], [24] into power system restoration in transmission level
are also studied in recent years and achieve promising effective-
ness. In [25], the behind-the-meter distributed energy resources
(DERs) are coordinated with the management of uncertainty to
achieve collaborative distribution system restoration. In [26], the
characteristics of high voltage direct current (HVDC) transmis-
sion systems are considered and a graph-theoretic-based parallel
restoration method of AC-DC hybrid power systems is further
proposed. In [27], a decision support framework is proposed as
the coordination layer and partition optimization layer so as to
achieve adaptive power system restoration.

Nevertheless, there still are research gaps between the existing
methods and the actual power system restoration situations. The
restoration characteristics of multiple types of loads, the network
topology, the failure risk during restoration, and the interaction
effects among multiple flexible resources (e.g., RES, EVS and
ESS) are not cooperatively considered in detail during power
system restoration in Refs. [5]–[24]. Concretely, restoration
characteristics of multiple types of loads refer to the power con-
sumption characteristics of different loads during restoration,
and they can be modeled by constant load, ramping load, impulse
load and flexible load. Failure risk refers to the failure possibility
of a given scheme restoration due to unexpected issues (e.g.,
extreme weather and inherent faults), and it can be modeled by
the recoverable rate of the lines to be restored. If these factors
are neglected, then the load restoration process in the scheme
as well as the success rate of the restoration scheme would
be too optimistic when compared with reality. Therefore, a
bi-level coordinated power system restoration (BiCPSR) model
is proposed in this work considering the support of multiple flex-
ible resources, restoration characteristics and network topology.
The upper-level model aims to maximize the total generation
capacity with the restoration failure possibility considered and
to optimize the restoration path based on the network topology
indices. The lower-level model aims to maximize the total
restored load considering various scenarios and the support of
multiple flexible resources. The contributions of this work are
summarized as follows.

1) The restoration characteristics of multiple types of loads
are further considered in the proposed model. Compared
with the previous power system restoration models, the
proposed model considers different characteristics of mul-
tiple types of loads (i.e., constant load, ramping load,
impulse load and flexible load), the restoration of load
in each bus is represented by piecewise linearization like
the start-up characteristics of generators, which means
the load restoration is more in line with the actual situ-
ation. Besides, case studies also show the advantages of
considering the effectiveness of flexible load, which can
accelerate the restoration and restore more load.
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2) The start-up strategy of non-black-start generators, the
restoration path, and the load restoration are considered
coordinately in the proposed bi-level model, which can
achieve a larger generation capacity and more restored
load than most of the existing models. Besides, two
network-topology indices are introduced to obtain a solid
skeleton network during restoration, and the failure risk
during restoration operation are also considered by the
recoverable possibility of lines, which can help to charac-
terize the influence of fault risks and achieve the higher
recoverable rate of the final restoration scheme.

3) The support of multiple flexible resources for black-start
and their regulation ability during power system restora-
tion are considered in the proposed bi-level coordinated
model, which can accelerate the restoration process. On
the one hand, multiple flexible resources can help to
provide additional black-start resources at the beginning of
power system restoration; on the other hand, multiple flex-
ible resources can help to mitigate the unbalance between
load and power generation during the load restoration.

II. BI-LEVEL COORDINATED POWER SYSTEM RESTORATION

MODEL

In this section, to form the bi-level power system restoration
model, the start-up characteristics of generators, restoration
characteristics of multiple types of loads and network-topology
indices are represented, respectively. Then, the upper-level
model is proposed for maximizing the total generation capacity
with failure possibility and network-topology indices consid-
ered. Finally, the lower-level model is proposed for maximizing
the total restored load with the support of multiple flexible
resources considered.

A. Start-Up Characteristics of Generators and Restoration
Characteristics of Multiple Types of Loads

The typical start-up characteristics of generators during power
system restoration can be simplified as

P start
i,t =

{
0 t < tstart

i

P start
i t ≥ tstart

i
i ∈ Ωgen (1)

P gen
i,t =

⎧⎨
⎩

0 t < tR1
i

Ri(t− tR1
i ) tR1

i ≤ t < tR2
i

Pmax
i t ≥ tR2

i

i ∈ Ωgen (2)

where Ωgen is the set of generators. P start
i , Ri and Pmax

i are the
nominal cranking power, ramping rate and maximum output of
generator i, respectively. P start

i,t and P gen
i,t are the cranking power

and output power of generator i at time t. tstart
i , tR1

i and tR2
i

are the start-up time of generator i, the time that generator i
begins to generate power and the time that the generated power
of generator i reaches the maximum value, respectively. TR

i =
tR1
i − tstart

i is the required restoration time of generator i. The
illustration of the start-up process of a generator is also given in
Fig. 1. It is worth mentioning that the nominal cranking power
(i.e., P start

i ) of black-start generators in power systems is ideally
considered to be 0, since they can be self-restored.

Fig. 1. Illustrations of start-up process of generators. (a) Generated power; (b)
Cranking power; (c) Output power.

Fig. 2. Illustrations of the load restoration process. (a) Characteristic of
constant load; (b) Characteristic of ramping load; (c) Characteristic of impulse
load; (d) Characteristic of compound load.

In the past, the restoration characteristics of multiple types of
loads P load

i,t are considered roughly. Concretely, it is either mod-
eled as i) 0 ≤ P load

i,t ≤ P load
i,t+1 ≤ P Lmax

i , or ii)P load
i,t ∈ {0, P Lmax

i }
and P load

i,t ≤ P load
i,t+1, where P load

i,t is the restored load of bus i at
time t and P Lmax

i is the original load before blackouts. In fact,
the load restoration also has its inherent characteristics and some
of them cannot be interrupted or jumped during the restoration
process. For example, the load can be approximately divided
as constant load, ramping load, impulse load and flexible load.
Such classification and modeling can help the restoration scheme
determined by the proposed model to be more in line with actual
situations. The load restoration curves of the first three types
are shown in Fig. 2. It can be seen that: i) Constant load has no
relationship with the restoration process and its value keeps con-
stants as the original value before blackouts once it is restored. In
practice, the lighting load can be regarded as the typical constant
load [28]. ii) Ramping load is quite small at the beginning of
corresponding bus restoration and it needs a certain time to reach
the rated value before blackouts. In practice, some small power
substations or load aggregators can be regarded as the rampling
load. It can also be regarded as an abstract basic element to
form the compound load shown in Fig. 2(d). iii) Impulse load
is quite large at the beginning of corresponding bus restoration
and its value will decrease to the original value before blackouts
after a certain time. In practice, the electric motor-related load
and thermostatic controlled load can be regarded as the impulse
load. Since cold load pickup (CLPU) refers to the phenomenon
that automatic control loads including thermostatic controlled
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loads start synchronously in the restoration process of the power
system after a major power failure. In such a situation, the power
value of load to be restored in the initial restoration period will be
much greater than the steady-state load [29], [30]. Therefore, the
cold load pickup characteristic can also be roughly represented
by the impulse load. It is noted that this work mainly focuses on
transmission network restoration and modeling the cold load
pickup characteristic as impulse load is a trade-off between
accuracy and computation efficiency.

Different from the traditional load that cannot be interrupted
once it is restored, the flexible load can be shed again even if it
has been restored in the previous restoration process, which is
not considered for power system restoration in the past studies.
In fact, such a feature of flexible load can help to accelerate the
restoration process since it can make way for other critical loads
and buses. To describe the new consideration of characteristics
for the load during restoration, the following models are given.

P load
i,t =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 t < tL0i
PL1

i −PL0
i

tL1
i −tL0

i
(t−tL0i )+PL0

i tL0i ≤ t≤ tL1i
P Lmax

i −PL1
i

tL2
i −tL1

i
(t−tL1i )+PL1

i tL1i ≤ t < tL2i
P Lmax
i t≥ tL2i

i ∈ Ωbus−ΩFL

(3){
P load
i,t = 0 t < tL0i

0 ≤ P load
i,t ≤ P Lmax

i t ≥ tL0i
i∈ΩFL (4)

where tL0i , tL1i and tL2i are the time of bus i to be restored, the
time that impulse load decreases to its rated value of bus i, and
the time that ramping load increases to its rated value of bus
i, respectively. tL0i is the variables to be optimized while tL1i
and tL2i are inherent parameters related to the loads. In practice,
tL1i and tL2i can be determined according to actual situations or
estimated according to experience. PL0

i and PL1
i are the load of

bus i at time tL0i and tL1i , respectively. Ωbus and ΩFL are the set
of all buses and the set of the buses connected with the flexible
load, respectively.

B. Network-Topology Indices

To obtain a solid skeleton network during the restoration
process, two network-topology indices [31] measuring the bus
importance are respectively introduced here. The network-
topology indices for the kth bus (i.e., reachability index IN1

k and
shortest reachable distance index IN2

k ) can be defined as

IN1
k =

⎛
⎝Nbus∑

i=1

Nbus∑
j=1

DN1
ij −

Nbus∑
i=1

Nbus∑
j=1

DN1
ijk

′
⎞
⎠ /2 (5)

IN2
k =

⎛
⎝∑

i

∑
j

DN2
ijk

′−
∑
i

∑
j

DN2
ijk

′
⎞
⎠ /2 (i, j) ∈ Ωreach,k

(6)

where Nbus is the number of buses in a given power system.
DN1

ij denotes whether bus i and bus j are reachable through the
network, andDN1

ijk′ denotes whether bus i and bus j are reachable
through the network after removing bus k, respectively. They

Fig. 3. Schematic diagram of network-topology indices measuring the node
importance. (a) Original network; (b) Network after removing bus 6; (c) Network
after removing bus 1; (d) Network after removing bus 2.

equal to 1 if the two buses are reachable; otherwise, they equal
to 0. Therefore, the reachability index IN1

k describes the topology
connectivity loss after removing k. The larger the index is, the
less the loss is, and the more important the bus k is. DN2

ij denotes
the shortest distance between bus i and bus j, and DN2

ijk′ denotes
the shortest distance between bus i and bus j after removing bus
k, respectively. It is noted that the shortest distance between two
buses in this work is determined as the number of lines in the
shortest path between two buses. Ωreach,k is the set of reachable
bus pairs after removing bus k. Therefore, the shortest reachable
distance index IN2

k describes the increased restoration time/cost
after removing k. The larger the index is, the more the time/cost
required for restoration, and the more important the bus k is.
It is worth mentioning that the two network-topology indices
represent the importance of a given bus in the original network.
The more important the bus is, the higher priority it should be
for restoration. In other words, the two indices of each bus can
be determined before the blackout, therefore, they can still work
even in a large-scale blackout.

To illustrate the two indices more clearly, an example with
six buses is given in Fig. 3, and 3(a) shows the original network.
In Fig. 3(b), bus 6 is removed from the original network: IN1

6 =
(36− 26)/2 = 5, and IN2

6 = (40− 36)/2 = 2 sinceΩreach,6 =
{(1,2), (1,3), (1,4), (1,5), (2,3), (2,4), (2,5), (3,4), (3,5), (4,5),
(2,1), (3,1), (4,1), (5,1), (3,2), (4,2), (5,2), (4,3), (5,3), (5,4)}.
In Fig. 3(c), bus 1 is removed from the original network: IN1

1 =
(36− 26)/2 = 5, and IN2

1 = (28− 28)/2 = 0 sinceΩreach,1 =
{(2,3), (2,4), (2,5), (2,6), (3,4), (3,5), (3,6), (4,5), (4,6), (5,6),
(3,2), (4,2), (5,2), (6,2), (4,3), (5,3), (6,3), (5,4), (6,4), (6,5)}. In
Fig. 3(d), bus 2 is removed from the original network: IN1

2 =
(36− 18)/2 = 9, and IN2

2 = (16− 16)/2 = 0 sinceΩreach,2 =
{(3,4), (3,5), (3,6), (4,5), (4,6), (5,6), (4,3), (5,3), (6,3), (5,4),
(6,4), (6,5)}. Since IN1

2 + IN2
2 > IN1

6 + IN2
6 > IN1

1 + IN2
1 , bus

2 is more important than bus 6, and bus 6 is more important than
bus 1 in this example from the aspects of network-topology for
restoration.

The index IN1
k represents the influence of bus k on the reach-

ability of different buses within the network, and the index IN2
k
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represents the influence of bus k on the overall connectivity of the
network. Therefore, it can be seen that the two network-topology
indices can measure the importance of buses in a given power
system and can help to determine the skeleton network during
the restoration process. The larger the values of the two indices
are, the better the network topology is.

C. Optimal Generator Start-Up Strategy and
Skeleton-Network Determination in the Upper-Level Model

As aforementioned, a solid skeleton network can contribute
to the power system stability and reliability during restoration;
besides, an appropriate generator start-up strategy can help to
accelerate the process of load restoration in the lower level of the
proposed model. Furthermore, during power system restoration,
the recoverable rate of each transmission line which is influenced
by the environment and weather factors, is different from the
ones in the normal situation. Generally, during the black-start
process and power system restoration, the recoverable rates of
some lines would be quite low due to the potential faults and
these increased failure risks should be considered in the power
system model. Therefore, the initial objective function of the
upper-level model that aims to find the optimal generator start-
up strategy considering failure risks and to determine skeleton-
network can be given as

max

⎡
⎣ ∑
i∈Ωgen

(Egen
i − Estart

i )
∏
l∈ΩL

res

αl

+

Nbus∑
i=1

ui,T I
N1
i +

Nbus∑
i=1

ui,T I
N2
i

]
(7)

where Egen
i and Estart

i are the MW generation and cranking
capabilities of generator i,ΩL

res is the set of restored lines,αl is the
recoverable rate of the line l during restoration, respectively. T is
the number of time steps during the restoration process and ui,T
is a binary variable indicating the condition of bus i at time T. ui,T
= 1 if bus i is restored at time T and ui,T = 0 otherwise. The first
term of (7) denotes the total expected net output power capacity
by generators with the recoverable rate considered. The second
and third terms of (7) denote the values of two network-topology
indices in the final restored network, respectively. Obviously, the
larger the three terms of (7), the better the final restoration result.
Therefore, (7) aims to maximize the total expected net output
power capacity of generators and two network-topology indices.
The impacts of extreme weather and other inherent uncertainties
that would affect restoration success rate can be considered in the
recoverable rate αl. In this work, αl are forecasted/assumed as
given values in advance; however, they can be studied in details
and set more elaborately by the methods in Refs. [19] and [32]
as well. It has been demonstrated in [8], [19] that

max
∑
i∈Ωgen

(Egen
i − Estart

i ) ⇔min
∑
i∈Ωgen

(Pmax
i − P start

i )tstart
i

(8)∏
l∈ΩL

res

αl ≈ 1−
∑
l∈ΩL

res

(1− αl) (9)

Therefore, (7) can be converted as

min

{
−

Nbus∑
i=1

ui,T I
N1
i −

Nbus∑
i=1

ui,T I
N2
i

+
∑
i∈Ωgen

(Pmax
i − P start

i )tstart
i

⎡
⎣1− ∑

l∈ΩL
res

(1− αl)

⎤
⎦
⎫⎬
⎭
(10)

During the start-up process of generators and the determina-
tion of skeleton-network, several constraints should be satisfied
as follows. As mentioned in Section II, the start-up characteristic
of generators should be satisfied, and (1) and (2) can be linearized
as

− (1− zi,t)M ≤ P start
i,t ≤ (1− zi,t)M (11)

− zi,tM ≤ P start
i,t − P start

i ≤ zi,tM (12)

− zi,tM ≤ t− tstart
i ≤ (1− zi,t)M (13)

− (1− wi,t)M ≤ P gen
i,t ≤ (1− wi,t)M (14)

− wi,tM ≤ P gen
i,t − PR1

i,t ≤ wi,tM (15)

− wi,tM ≤ t− tR1
i ≤ (1− wi,t)M (16)

− (1− vi,t)M ≤ PR2
i,t + Pmax

i −Ri(t− tR1
i ) ≤ (1− vi,t)M

(17)

− vi,tM ≤ PR2
i,t ≤ vi,tM (18)

− vi,tM ≤ t− tR2
i ≤ (1− vi,t)M (19)

where M is a number large enough; zi,t, wi,t, and vi,t are 0-1
auxiliary variables for generator i at time t; PR1

i,t and PR2
i,t are

also corresponding auxiliary variables for generator i at time t.
It is noted that introducing the auxiliary variable zi,t is aiming to
convert (1) into (11)–(13) by the big-M method. It can be seen
that: i) if t < tstart

i , then zi,t = 1 according to (13) and P start
i,t = 0

according to (11); ii) if t > tstart
i , then zi,t = 0 according to (13)

and P start
i,t = P start

i according to (12). Therefore, (11)–(13) lin-
earize the (1) by introducing the auxiliary variable zi,t. Similarly,
(14)–(19) linearize the (3) by introducing the auxiliary variables
wi,t, vi,t, PR1

i,t and PR2
i,t as well. These auxiliary variables do

not have physical meanings but help to linearize the nonlinear
constraints.

In power systems, the generators to be started can be divided
into the hot-start ones that should be started within a limited
time, and the cold-start ones that cannot be started before a
preparation time. Therefore, the constraint associated with the
maximum/minimum critical start-up time of generators can be
modeled as

TGmin
i /TL ≤ tstart

i ≤ TGmax
i /TL i ∈ Ωgen (20)

where TL is the length of time step during the restoration process;
and TGmin

i and TGmix
i are the maximum/minimum critical start-

up time of generators, respectively. It is noted that tstart
i is a

variable denoting the start time of generator i, and the lower and
upper limits of constraints (20) respectively denote the earliest
and the latest allowable start-up time for generator i.
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The lines directly connected with the black-start generators
cannot be restored until the black-start generators are restored.
This constraint can be modeled as

T∑
t=1

(1− xl,t) ≥ tstart
i + TR

i /TL i ∈ ΩBS, l ∈ ΩL_BS (21)

where xl,t is a binary variable indicating the state of line l at time
t. xl,t = 1 if line l is restored at time t and xl,t = 0 otherwise. ΩBS

andΩL_BS are the sets of black-start generators and the set of lines
directly connected with black-start generators. Generally, the
lines that have been restored should not be tripped again during
the restoration process, therefore, this constraint is modeled as

0 ≤ xl,t−1 ≤ xl,t l ∈ ΩL, 1 ≤ t− 1, t ≤ T (22)

whereΩL is the set of lines in the given power system. It is noted
that buses, loads and non-black start generators also have similar
rules during the restoration process. The rule for buses would be
introduced in (27), and the rules for loads and non-black start
generators have automatically been guaranteed by the sequential
restoration constraints from (1) and (2), respectively.

The non-black-start generators can be restored only if the lines
directly connected with them are restored in the previous time
steps, and this requirement can be modeled as

T∑
t=1

(1− yi,t) + 1 ≤ tstart
i i ∈ ΩNBS (23)

xl,t ≤ yi,t i ∈ ΩNBS, l ∈ ΩL_NBS (24)

yi,t ≤
∑

l∈ΩL_NBS

xl,t i ∈ ΩNBS (25)

where yi,t is a binary variable indicating the condition of the
non-black-start generator at bus i at time t. yi,t = 1 if bus i is
restored at time t and yi,t = 0 otherwise. ΩNBS and ΩL_NBS are
the sets of non-black-start generators and the set of lines directly
connected with non-black-start generators.

For each line, it cannot be restored unless at least one ad-
jacent line is restored or it is connected with a bus that has
self-restoration ability (i.e., the bus connected with black-start
generators, EVS, ESS, or RES). Generally, EVS and ESS have
a certain black-start capacity [17], [18] since EVS would have
several EVs and ESS would have a certain level of energy
storage at any time. As for RES, its black-start capacity mainly
depends on the weather situation. Concretely, solar power has no
black-start capacity at night and wind power has no black-start
capacity when the wind speed is too small or too large [16]. But
anyway, whether they have black-start capacity can be known
in advance and can be considered in the proposed power system
restoration model according to the actual situations. Therefore,
this constraint is modeled as

xl,t ≤
∑

k∈ΩL,l

xk,t 1 ≤ t− 1, t ≤ T

l ∈ ΩL − ΩL_BS − ΩL_EVS − ΩL_ESS − ΩL_RES (26)

whereΩL,l is the set of lines that are directly connected with line
l, andΩL_EVS,ΩL_ESS andΩL_RES are respectively the sets of lines

that are directly connected with black-start generator bus, EVS
bus, ESS bus, and RES bus that can provide black-start ability
in the actual situation before making restoration scheme.

In general, a bus can only be restored if at least one of the
directly connected lines is restored and it cannot be outage again
once it is restored. This constraint can be modeled as

0 ≤ ui,t−1 ≤ ui,t ≤
∑

l∈ΩL,i

xl,t1 ≤ t− 1, t ≤ T (27)

where ui,t is a binary variable indicating the condition of bus
i at time t. ui,t = 1 if bus i is restored at time t and ui,t = 0
otherwise. ΩL,i is the set of lines that directly connected with
bus i.

In summary, the upper-level model is
Objective function: (10)
Constraints: (11)–(27)

where ui,t, ui,T, vi,t, xl,t, yi,t, zi,t, wi,t, P
gen
i,t , P start

i,t , P start
i , TR

i ,
PR1
i,t , PR2

i,t , ΩL
res are state variables; and P start

i , Ri, Pmax
i,t , tR1

i , tR2
i ,

TL, TGmin
i , TGmix

i , IN1
i , IN2

i , Nbus, M, αl, Ωgen, Ωbus, ΩBS, ΩL,l,
ΩL,i, ΩL_EVS, ΩL_ESS, ΩL_RES and ΩL_BS are parameters that can
be determined in advance.

D. Optimal Load Restoration Under Various Scenarios
Associated With the Support of Multiple Flexible Resources in
the Lower-Level Model

Load restoration is the ultimate aim of power system restora-
tion. Furthermore, the uncertainties of flexible resources would
result in the different performance of load restoration. Therefore,
maximizing the load restoration under various scenarios associ-
ated with the support of multiple flexible resources is employed
as the objective function of the lower-level model and it can be
represented as

max
S∑

s=1

βs

Nbus∑
i=1

(ωiP
load
i,T )

s
(28)

where S is the number of scenarios, βs is the possibility of the
sth scenario. P load

i,T is the restored load at bus i at time T, and the
subscript “s” denotes it is the corresponding value under the sth

scenario. ωi is the parameter denoting the importance of load
connected at bus i. The buses with critical infrastructure and
services (e.g., hospitals and fire stations) [33], and load priori-
tization (e.g., high social burden and economic advantage) [34]
should be given a larger ωi. It should be worth mentioning that:
i) The equations and constraints in Section II-D are discussed
under the sth scenario. For the convenience of formula derivation,
the subscript “s” is omitted in the rest of Section II-D whenever
no confusion arises. ii) The possibility βs is obtained based on
typical scenario generation and reduction with the actual data
from Jianshan New District Zhejiang Province, China. More
details can be found in the first part of Section III. iii) The more
the number of scenarios, the more accurate the characterization
of the uncertainty, the higher the computational burden.

As represented in Section II-A, the load restoration process
has its inherent characteristics as modeled in equations (3), and
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(3) can be reformulated as

P load
i,t =uL0

i,tλ1,i+uL1
i,t (λ2,i−λ1,i) + uL2

i,t (P
Lmax
i − λ2,i − λ1,i)

(29)
where

uL0
i,t =

{
0 t < tL0i
1 t ≥ tL0i

uL1
i,t =

{
0 t < tL1i
1 t ≥ tL1i

uL2
i,t =

{
0 t < tL2i
1 t ≥ tL2i

(30)

λ1,i =
PL1
i − PL0

i

tL1i − tL0i
(t− tL0i ) + PL0

i ,

λ2,i =
P Lmax
i − PL1

i

tL2i − tL1i
(t− tL1i ) + PL1

i (31)

Similar to the generator start-up characteristics, constraints
(29)-(31) can be further converted into a linear form using big-M
method [35], [36]. ESS can help to accelerate the process of
power system restoration and its charge and discharge charac-
teristics can be modeled as

0 ≤ P ESS
i,t ≤ PmaxESSin

i (32)

0 ≤ P ESSout
i,t ≤ PmaxESSout

i (33)

0 ≤ EESS
i,t ≤ EmaxESS

i (34)

P ESSin
i,t P ESSout

i,t = 0 (35)

EESS
i,t − EESS

i,t−1 =

∫ t

t−1

(ηESSinP
ESSin
i,t−1 − ηESSoutP

ESSout
i,t−1 )dt

(36)

where P ESSin
i,t , P ESSout

i,t and EESS
i,t are the input power, output

power and remained energy of the ESS connected at bus i at time
t, respectively. PmaxESSin

i , PmaxESSout
i , EmaxESS

i are the maximum
input power, maximum output power, and nominal capacity of
the ESS connected at bus i, respectively. ηESSin and ηESSout are
the charge and discharge efficiency of the ESS, respectively.
Constraints (35)-(36) can be further linearized as

−uESS
i,t M ≤ P ESSin

i,t ≤ uESS
i,t M (37)

−(1− uESS
i,t )M ≤ P ESSout

i,t ≤ uESS
i,t M (38)

EESS
i,t − EESS

i,t−1 = (ηESSinP
ESSin
i,t−1 − ηESSoutP

ESSout
i,t−1 )Δt (39)

where uESSin
i,t is the 0-1 auxiliary variable introduced for the

linearization of ESS characteristics. Similar to ESS, EVS can
also help to accelerate and support the power system restora-
tion. The differences between ESS and EVS are that EVS is
constituted by lots of vehicles while their user-behaviors are
uncertain and should be considered. Thus, the characteristics of
EVS are modeled as

0 ≤ P EVin
i,n,t ≤ PmaxEVin

i,n (40)

0 ≤ P EVout
i,n,t ≤ PmaxEVout

i,n (41)

0 ≤ EEV
i,n,t ≤ EmaxEV

i,n (42)

P EVSin
i,t =

NEV
i,t∑

n=1

P EVin
i,n,t (43)

P EVSout
i,t =

NEV
i,t∑

n=1

P EVout
i,n,t (44)

EEV
i,n,t − EEV

i,n,t−1 =

∫ t

t−1

(ηEVinP
EVin
i,n,t−1 − ηEVoutP

EVout
i,n,t−1)dt

(45)

P EVin
i,n,t P

EVout
i,n,t = 0 (46)

where P EVSin
i,t , P EVSout

i,t and NEV
i,t are the input power, output

power, and number of EV of the EVS connected at bus i at time
t, respectively. EmaxEV

i,n is the nominal capacity of the nth EV in
the EVS connected at bus i.P EVin

i,n,t,P
EVout
i,n,t andEEV

i,n,t are the input
power, output power and remained energy of the nth EV in the
EVS connected at bus i at time t, respectively. ηEVin and ηEVout

are the charge and discharge efficiency of the EV, respectively.
It should be mentioned that both the ESS and EVS in this work
are infrastructures that are located in fixed places, and they are
not mobile resources. Recently, some research has also studied
the effectiveness of mobile resources (e.g., mobile emergency
generators and mobile storage devices) with the corresponding
pre-allocation problem, and more details can be found in [37]. In
this work, the uncertainty of EVS is described by the uncertain
number of EVs (i.e., NEV

i,t ), that is, different numbers of EVs
in a given EVS before and during restoration would affect the
black-start capability and power regulation ability of the EVS.
Constraints (45)-(46) can be further linearized as

EEV
i,n,t − EEV

i,n,t−1 = (ηEVinP
EVin
i,n,t−1 − ηEVoutP

EVout
i,n,t−1)Δt (47)

− uEV
i,n,tM ≤ P EVin

i,n,t ≤ uESS
i,n,tM (48)

− (1− uEV
i,n,t)M ≤ P EVout

i,n,t ≤ uEV
i,n,tM

(49)

where uEV
i,n,t is the 0-1 auxiliary variable introduced for the

linearization of EV characteristics. Finally, the power balance
constraints should be satisfied as∑
i∈Ωgen

(P gen
i,t − P start

i,t ) +
∑

i∈ΩEVS

(P EVSout
i,t − P EVSin

i,t )

+
∑

i∈ΩESS

(P ESSout
i,t − P ESSin

i,t ) +
∑
i∈ΩPV

P PV
i,t +

∑
i∈ΩWD

PWD
i,t ≥ 0

(50)∑
l∈ΩL,i

Pl,t = P gen
i,t + P PV

i,t + PWD
i,t − P start

i,t − P load
i,t

+ P EVSout
i,t − P EVSin

i,t + P ESSout
i,t − P ESSin

i,t (51)

where P PV
i,t and PWD

i,t are the output of solar and wind generation
at bus i at time t, respectively. Pl,t is the power flow through
the line l. ΩESS, ΩEVS, ΩPV and ΩWD are the sets of ESS, EVS,
solar power and wind power, respectively. In (50) and (51), it can
be seen that the EVS, ESS and RES can provide more flexible
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resources for balancing the power generation and consumption
during power system restoration, which means it would be more
possible to achieve power balance and further accelerate the
restoration process when considering these multiple flexible
resources.

In summary, the lower-level model is
Objective function: (28)
Constraints: (29)–(34), (37)–(44), (47)–(51) ∀s where

P load
i,T , P

EVSin
i,t , P EVSout

i,t , PEV in
i,n,t , PEV out

i,n,t , Pl,t, E
ESS
i,t , E

EV
i,n,t, u

ESSin
i,t ,

anduEV
i,n,t are state variables;PmaxESSin

i , PmaxESSout
i , EmaxESS

i

EmaxEV
i,n , ηESSin, ηESSout, ηEVin, ηEVout, ΩESS, ΩEVS, ΩPV and

ΩWD are parameters that can be determined in advance,
respectively. It should be mentioned that NEV

i,t , P PV
i,t and PWD

i,t

are uncertain variables and they would vary with different
scenarios and characterize the fluctuant and intermittent
nurtures of wind and solar power. At present, the methods
to deal with uncertain variables mainly include: i) stochastic
optimization, ii) chance-constrained programming, iii) robust
optimization, and iv) scenario analysis. In this work, the
uncertainties are considered by various power output scenarios
of RES and various scenarios for different numbers of EVs in
EVS. Through scenario analysis, the uncertainly programming
with uncertain variables (i.e., the fluctuant and intermittent
nurtures of wind and solar power) can be converted into normal
MILP with different typical scenarios. More details can be
found in Section III.

It should be noted that the branch flow, frequency, and voltage
constraints should also be considered and would be checked for
each generated restoration scheme. Besides, solutions from DC
power flow model-based restoration models can be infeasible
with respect to AC power flow model. However, it is hard to
consider AC power flow constraints indeed during restoration
for the transmission network. Therefore, the AC feasibility
would also be satisfied by checking for each potential generated
restoration scheme in practice. In fact, the proposed model can
obtain several potential best or second-best solutions, and the
final scheme is determined as the first solution that can pass the
checkout.

III. CASE STUDIES

To show the effectiveness of the proposed power system
restoration model, the revised IEEE 39-bus and WECC 179-bus
systems, and the actual Zhejiang power systems of China are em-
ployed respectively for demonstration, and the results obtained
by other power system restoration models are also given for
comparisons. For the three power systems, they are all assumed
in the complete outage situation before restoration, i.e., all lines
and buses are disconnected and in an outage. In this section,
2:00, 10:00 and 18:00 are selected as the start time of restoration
to simulate the midnight, morning, and dusk times. Therefore,
these three typical times are selected in this work while it does
not matter to select other suitable times to study.

The typical curves of wind power and solar power outputs are
obtained based on the actual data from Jianshan New District
Zhejiang Province, China [38] (also can be obtained based
on other actual databases such as [39]). Concretely, the wind

TABLE I
SEVERAL PARAMETERS OF THE REVISED IEEE 39-BUS AND THE REVISED

WECC 179-BUS SYSTEM

and solar power data of one year (i.e., 365 daily curves) are
utilized to generate the typical wind and solar curves based on
k-means clustering. Then, 6 typical scenarios, i.e., spring sunny
day (23.4%), summer sunny day (24.1%), autumn sunny day
(13.1%), winter sunny day (13.1%), cloudy day (20.4%), and
rainy day (5.9%) for solar; and 3 typical scenarios, i.e., high
speed (13.1%), middle speed (23.1%), and low speed (63.8%),
for wind can be obtained. The final scenarios and corresponding
possibility βs are determined by the combination of them. Be-
sides, for both the revised power system and the revised WECC
179-bus system, some parameters are set and shown in Table I.

It is noted that the rest parameters (i.e., tR1
i , tR2

i , IN1
i , IN2

i ,
Nbus, M,αl,Ωgen,Ωbus,ΩBS,ΩL,l,ΩL,i,ΩL_EVS,ΩL_ESS,ΩL_RES

ΩL_BS,ΩESS,ΩEVS,ΩPV andΩWD) involved in the power restora-
tion model for the revised IEEE 39-bus and WECC 179-bus
system can be either obtained from [40], [41] or determined by
the above given parameters.

A. Case Studies and Comparisons in the Revised IEEE 39-Bus
System

As one of the well-known power systems, the IEEE 39-bus
system is used for illustrating the proposed power system model
and the detailed electrical parameters of IEEE 39-bus system can
be found in [40]. On this basis, it is assumed that a wind power
plant, a PV power plant, an ESS and an EVS are deployed in
Bus 3, Bus 23, Bus 5 and Bus 15, respectively. The black-start
generator is assumed to be deployed in Bus 30. Besides, it is
assumed that the recoverable rate of the line from Bus 5 to Bus
6 is 50% and the ones of all other lines are 99.9% to simulate
the practical situation after blackouts due to extreme weather or
destruction. Thus, the revised IEEE 39-bus system is shown in
Fig. 4 and the restoration path is determined as shown in Table II.

It can be seen from Table II that: i) For Case 1, the system
restoration starts at the buses connected with the wind power
plant, ESS and EVS. ii) For both Case 2 and Case 3, the system
restoration starts at the buses connected with the wind power
plant, solar power plant, ESS and EVS. iii) For all three cases,
the black-start generator begins to restore other buses after a
certain time period. iv) All the restoration paths of the three
cases do not include the line from Bus 5 to Bus 6. The reasons
for these phenomena can be summarized as: i) The solar power
plant cannot support the power system restoration in Case 1
since this case is at midnight and the solar power plant has no
output. ii) Correspondingly, Case 2 and Case 3 are in the daytime,
which means the solar power plant can provide strong support
for the restoration. iii) Although the black-start generator has the
self-restored ability, it requires a certain time to generate power
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Fig. 4. Schematic diagram of the revised IEEE 39-bus system.

TABLE II
RESTORATION PATH DETERMINED BY THE PROPOSED MODEL IN THE REVISED

IEEE 39-BUS SYSTEM

Note: The unit for t is minute.

for supply, which means it cannot restore the power system
immediately. iv) The proposed model considers the recoverable
rate of different restoration schemes, which means the schemes
containing restoring lines with low recoverable rates would be
abandoned.

The results of power system restorations that begin at 2:00
(Case 1), 10:00 (Case 2) and 18:00 (Case 3) are respectively
given in Fig. 5 and Table III, and the results obtained by other
models are also given in Fig. 5 and Table III for comparisons.

It can be seen from Fig. 5 and Table III that the proposed
BiCPSR model can always achieve the best performance than
other models (i.e., the largest values for generation capacity,

Fig. 5. Restoration processes of Case 1, Case2 and Case 3 in the revised IEEE
39-bus system. (a) Case 1; (b) Case 2; (c) Case 3.

recoverable rate, expected restored load and network topology).
For the generation capacity, the multiple flexible resources are
considered together and utilized for black-start in the proposed
model. Therefore, the proposed model obtains the largest gen-
eration capacity for all three cases.

For the recoverable rate, the line from Bus 5 to Bus 6 is
expected to be restored by the CSNR [13] and NORP [16]
models. However, this line is with a low recoverable rate in
the previous assumption. Therefore their final recoverable rate
is also quite low. The CSPSR model [19] and the proposed
BiCPSR model can consider the impact of the recoverable rate of
equipment during the restoration process, so they avoid trying to
restore line from Bus 5 to Bus 6 and can obtain a high recoverable
rate. The reason for the slightly higher recoverable rate of the
proposed model when compared with the CSPSR model [19]
is that the proposed model chooses a better restoration path to
avoid unnecessary operations during restoration.

For the expected restored load, CSNR [13] and NORP [16]
models obtain the lower value due to the same reason (i.e.,
they cannot consider the recoverable rate of equipment during
restoration). Besides, the proposed model can achieve a larger
expected restored load than the one of the CSPSR model [19]
since the proposed model further considers the effectiveness
of PV, ESS and EVS (CSPSR model [19] just considers the
wind power generation), which can provide additional power
for load restoration. For the same reason, the RES (including
solar and wind power), ESS and EVS can also be regarded as the
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TABLE III
COMPARISONS BETWEEN THE PROPOSED MODEL AND THE OTHER

STATE-OF-THE-ART MODELS IN THE REVISED IEEE 39-BUS SYSTEM

CSNR: Comprehensive Skeleton-Network Restoration [13]
NORP: Novel Offline Restoration Planning [16]
CSPSR: Case-Sensitive Power System Restoration [19]

black-start resources at the beginning of system restoration and
can help to accelerate the restoration process. It is noted that the
restoration actions are finished at 135min, 105min and 130min
in Table II, while the restored load continuously increases until
around the 210min in Fig. 5. The reason is that although buses
and lines are restored, the generators require a certain time to
ramp to their maximum output so as to restore more loads.
Therefore, there would be a certain delay for the load restoration
in Fig. 5.

For the network topology, it can be seen that the proposed
model also achieves the highest value since it can determine
a more suitable restoration path to reconfigure the skeleton
network.

It can be seen from Table III that the results of the proposed
model for different cases are also different. The reason is that the
conditions of RES, ESS and EVS vary with time. For example,
there is no solar power generation in Case 1 since this case begins
at 2:00. Therefore, solar power cannot help the power system
restoration for this case and the time step required for restoration
is longer than Case 2 and Case 3. Similarly, the wind power
generation is different for the three cases, so the results obtained
by the NORP [16] and CSPSR [19] models, which consider wind
power generation, are also different. For the CSNR [13], it does
not consider flexible resources, therefore, the results of all three
cases are the same.

B. Case Studies and Comparisons in the Revised WECC
179-Bus System

For demonstrating the effectiveness of the proposed power
system restoration model in bulk power systems and considering
the power system restoration resources with multi black-start
generators, multi EVS, multi ESS and multi RES, the revised

TABLE IV
RESTORATION PATH DETERMINED BY THE PROPOSED MODEL IN THE REVISED

WECC 179-BUS SYSTEM

Note: The unit for t is minute.

WECC 179-bus system is also employed in this work for case
studies.

The WECC 179-bus system is the simplification of the actual
western electricity coordinating council (WECC) power system,
whose detailed parameters can be found in [41]. On this basis, it
is assumed that one wind power plant is deployed in Bus 3, one
PV power plant is deployed in Bus 24, two ESS are deployed in
Bus 25 and Bus 32, and two EVS are deployed in Bus 10 and
Bus 53, respectively. The black-start generators are assumed to
be deployed in Bus 15, Bus 36 and Bus 43, respectively. Besides,
it is assumed that the recoverable rates of the line from Bus 14
to Bus 21 is 50% and the ones of all other lines are 99.9% to
simulate the practical situation after blackouts due to extreme
weather or destruction.

Thus, the restoration path is determined as shown in Table IV.
It can be seen from Table IV that similar phenomena with the
revised IEEE 39-bus systems can be observed and multi-power
system restoration resources can help to restore the power system
parallelly and accelerate the restoration process. Since it is
assumed that the line between Bus 14 and Bus 21 is with a
low recoverable rate (i.e., 50%), this line is not restored in the
restoration schemes for Cases 4-6 determined by the proposed
model.

The results of power system restorations that begin at 2:00
(Case 4), 10:00 (Case 5) and 18:00 (Case 6) are respectively
given in Fig. 6 and Table V, and the results obtained by other
models are also given in Fig. 6 and Table V for comparisons. It
can be seen that the proposed power system restoration model
can achieve better performance than other models for most of
the indices.

For the generation capacity, the multiple flexible resources
can help to crank the non-black start generators more rapidly, so
the proposed model can always obtain the largest values. For the
recoverable rate and expected restored load, the proposed model
can consider the recoverable rate of the transmission line so as
to achieve good performance and be more suitable for practical
situations. For network-topology indices, the proposed model
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Fig. 6. Restoration processes of Case 4, Case 5 and Case 6 in the revised
WECC 179-bus system. (a) Case 4; (b) Case 5; (c) Case 6.

TABLE V
COMPARISONS BETWEEN THE PROPOSED MODEL AND THE OTHER

STATE-OF-THE-ART MODELS IN THE REVISED WECC 179-BUS SYSTEM

also can achieve the largest values, whose reason is similar to
the cases in the revised IEEE 39-bus system. Therefore, it can be
concluded that the proposed model can obtain good performance
in bulk power systems and is adapted to practical situations.

TABLE VI
COMPARISONS BETWEEN THE PROPOSED MODEL AND THE OTHER

STATE-OF-THE-ART MODELS IN THE ACTUAL ZHEJIANG POWER SYSTEM

C. Case Studies and Comparisons in the Actual Zhejiang
Power System of China

To illustrate the feasibility of the proposed BiCPSR model,
the simplified version of the actual Zhejiang power system of
China is utilized for demonstration. In this power system, there
are 83 buses in total, and three of them are with 1000kV-level and
eighty of them are with 500kV-level. There are eighteen power
plants including thermal power, nuclear power and pump storage
ones. Besides, the power from other provinces is also simplified
as seven equivalent buses. For power system restoration, pump
storage plants are usually utilized as the black-start generators,
therefore, the three pump storage plants at Bus 30, Bus 73 and
Bus 76 are regarded as the black-start generators. Besides, two
ESSs are deployed at Bus 28 and Bus 44, one PV power plant
is installed at Bus 57, one wind power plant is installed at Bus
23, one EVS is installed at Bus 12, respectively. Furthermore,
it is assumed that the recoverable rates of the line from Bus 32
to Bus 33 is 50% and the ones of all other lines are 99.9% to
simulate the practical situation after blackouts due to extreme
weather or destruction. The results of power system restorations
that begin at 2:00 (Case 7), 10:00 (Case 8) and 18:00 (Case
9) are respectively given in Table VI. It can be seen that the
proposed BiCPSR model achieves the largest values of the
recoverable rate (i.e., 95.400%), expected restored load (i.e.,
261.488MW, 262.960MW and 262.310MW) and network topol-
ogy (i.e., 20.6317) for Cases 7-9. For the generation capacity,
the values achieved by the proposed BiCPSR model are slightly
smaller than the ones of the NORP model [16]. However, the
recoverable rate is not considered in the NORP model, which
means that one of the steps (i.e., restoring the line from Bus
32 to Bus 33) of the NORP model for Cases 7-9 may fail. In
fact, if the expected values of generation capacity are utilized
for comparison, the expected values of the NORP model would
decrease sharply.
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Fig. 7. Restoration processes of Case 9 in the actual Zhejiang power system.

To show the restoration process more clearly, the detailed view
for Case 9 is given in Fig. 7, and two zoom-in views are plotted
for the beginning and the ending of the system restoration. It can
be seen that the CSNR model [13] restores the load slower than
the other three models, the reason is that it does not consider the
effectiveness of wind power generation for black-start. Accord-
ingly, the proposed BiCPSR model can restore the load faster
than the other three models at the beginning of the restoration,
and the reason is that it further considers the effectiveness of
solar power generation, EVS and ESS for black-start. Similarly,
it can be seen from the second zoom-in view that the proposed
BiCPSR model can restore the most load when compared with
the other three models. Therefore, it can be concluded that the
proposed BiCPSR model is better than the other three ones.

D. Discussions for the Proposed BiCPSR Model

It can be seen from Cases 1-9 that the proposed BiCPSR
model outperforms other models from all four aspects. In par-
ticular, compared with the CSPSR model [19], the proposed
BiCPSR model further considers the coordination effectiveness
of solar power generation, ESS and EVS. Therefore, the pro-
posed BiCPSR model can achieve a better performance than the
CSPSR model [19] w.r.t. the generation capacity and expected
restored load. Besides, the proposed BiCPSR model also consid-
ers the network-topology indices, so it can obtain a more suitable
skeleton network when compared with the CSPSR model [19].

To illustrate the advantages of considering flexible load in the
power system restoration, the restoration processes for Case 9
with and without flexible load considered are shown in Fig. 8. It
can be seen that the load restored would increase continuously
if the flexible load is not considered, which is required by the
constraint that restored load cannot be shed again. However,
if the flexible load is considered, then the load restored may
decrease for a certain period (e.g., the 55min∼60min in Fig. 8),
which means that some restored load is shed again. In the
meantime, however, the surplus power generation would help to
restore more critical lines and buses so as to restore more load
in near future. In fact, as the saying goes, more preparation may
quicken the speed in doing work. It can be seen from the right part
of Fig. 8 that the restoration process considering flexible load
achieves more load restoration than the ones without considering
flexible load.

Fig. 8. Restoration processes of Case 9 in the actual Zhejiang power system
with and without the flexible load considered.

IV. CONCLUSION

In this work, a bi-level coordinated power system restoration
model considering the support of multiple flexible resources is
proposed. The proposed model considers the whole three stages
(i.e., black-start zone partitioning, network reconfiguration and
load restoration) together [2] with TL = 5min operation action
interval and the whole restoration would take several hours.
Although the model is a little complex, it is still feasible in
practice. In the upper-level model, two network-topology indices
are proposed for searching the skeleton network during restora-
tion and the generator start-up sequences are determined with
aim of maximizing total generation capacity. In the lower level,
the support of multiple flexible resources is considered com-
prehensively and typical scenarios are utilized to describe their
uncertainties of them. Besides, the restoration characteristics of
multiple types of loads are first considered and the recoverable
rates of transmission lines during the restoration process are
considered, which makes the obtained restoration scheme more
in line with the actual situations. Therefore, compared with the
state-of-the-art models, the proposed model can achieve better
performance regarding generation capacity, recoverable rate,
expected restored load, and network topology. This work mainly
focuses on the framework to consider the three stages of power
system restoration together, while some specific details are not
explored. To study how to further develop the pre-allocation of
black-start resources [33], the importance of load associated with
critical infrastructure, services and corresponding economic
consequences [34] in the model, and how to develop the detailed
relationship between recoverable rate and extreme weather [32]
are our research directions in the future.
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