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ABSTRACT As the final stage of power system restoration, the critical task of load restoration is to restore
the remaining load as quickly as possible. With the continuous increase of the temperature-controlled load
and the proportion of electric vehicle load in the urban power grid, the complexity of the load side in
the restoration process gradually increases. Therefore, based on the existing grid environment, this paper
considers the sudden increase in load recovery caused by cold load pick-up and the auxiliary effect of electric
vehicle discharge on load recovery during the load recovery process. From the perspective of economy,
safety, and speed, this paper establishes a multi-objective function that includes the amount of load, improved
weighted power flow entropy, and the number of recovered lines. The multi-objective evolutionary algorithm
based on decomposition is used to optimize the constructed multi-objective load recovery model. Through
the IEEE30 node system, it is verified that the method proposed in this paper can effectively establish a fast
and safe load recovery plan that meets the actual grid environment.

INDEX TERMS Load recovery, electric vehicle, cold load pick-up, improved weighted power flow entropy.

I. INTRODUCTION
The power system restoration is divided into three stages:
black start, grid reconstruction, and load recovery [1]. The
primary purpose of load recovery as the final stage of
power system restoration is to quickly and orderly recover
the remaining load [2]. At present, domestic and foreign
scholars’ research on load recovery mainly focuses on four
aspects: load recovery process modeling, load recovery strat-
egy, objective function construction, and solution algorithm.

First of all, the modeling of the load recovery process
mainly involves the classification and modeling of the load
during the recovery process. In early studies, a fixed power is
generally used to represent the load to be restored. However,
as the penetration rate of temperature-controlled loads and
electric vehicle loads in urban power grids is getting higher
and higher, there are certain limitations in expressing the
loads to be restored with a fixed power. During the load
restoration stage, due to the loss of load diversity, the demand
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for electrical energy will suddenly rise. For this kind of
situation, the overload phenomenon when the feeder switch is
closed is called cold load pick-up (CLPU) [3]. The cold load
pick-upwill lead to slower load recovery andmay even lead to
secondary power outages. Therefore, in the study of load
recovery, reference [4] proposed to divide the load types of
the power system after a blackout into temperature-controlled
load, human-controlled load, and fixed load, and established
a linear probability model of the cold load pick-up charac-
teristics of the temperature-controlled load; Reference [5]
established a piecewise linear simplified model of cold load
pick-up for the load recovery stage; Reference [6] adopted
a cold load pick-up delay decay exponential model for the
load recovery process. At the same time, with the increasing
number of electric vehicles in cities and the development of
V2G technology, reference [7], [8] considered the impact of
electric vehicle discharge during the load recovery process,
but did not consider the time characteristics of electric vehicle
load connected to the grid.

Secondly, the current load recovery strategy mainly
focuses on the sorting strategy of the load to be recovered.
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The priority of load recovery is usually set according to the
importance of the load, so as to ensure the priority recovery
of the important load, such as selecting the weight of load
manually according to the load level or use the analytic
hierarchy process to determine the comprehensive weight of
the load [9], but both of these methods have a certain degree
of subjectivity.

In addition, the goal of load recovery usually chooses
the largest amount of load recovery as one of the objective
functions [10], [11]. Reference [12] takes the user load inter-
ruption cost, resuming operation cost, and power generation
cost as the goal. Reference [13] proposes the power flow
entropy and takes it as one of the objective functions, which
can quantitatively describe the imbalance of the power flow
distribution of the line and analyze it as a representative
system safety index. Reference [14] believes that the power
flow entropy will be too large after the failure of some
branches with heavy or light power flow. It is necessary to
distinguish the weight of the power flow in the power flow
entropy. Therefore, weighted power flow entropy is proposed
to distinguish the line load rate. There is a shortcoming of
insufficient sensitivity to heavy-load lines.

Finally, because the load recovery process is a multi-
objective mathematical problem of mixed integer nonlin-
ear programming, it is generally solved by the weighting
method or swarm intelligence algorithm. Reference [15] uses
the weighting method to convert the multi-objective function
into a single objective function, but the weight setting of the
weighting method has a certain subjective arbitrariness, and
the weighting method still cannot solve the situation that the
non-pareto front surface is a convex set and the distribution of
the solution not evenly enough. The fast non-dominated sort-
ing genetic algorithm with elite strategy (NSGA-II) adopted
in [5] has a slower solution time, and at the same time, it is less
effective in dealing with more than two objective functions,
and it is easy to fall into a local optimum [16].

In summary, there are the following problems in the
research of rapid load recovery after urban power grid failure:
1) The load to be recovered is represented by a fixed power,
and there is a lack of consideration of the characteristics
of the load during the recovery process; 2) The weight of
the load point in the restoration process is relatively sub-
jective and single; 3) Lack of consideration of the uneven
distribution of line power flow, and when line power flow is
unevenly distributed or part of the line load rate is too heavy,
the system may enter a self-organized critical state, prone to
secondary failures; 4) The solution method used needs to be
improved.

In view of the above problems, this paper proposes the
following solutions, which are the innovations of this paper:
1) Combining the characteristics of urban temperature- con-
trolled and the increasing load of electric vehicles, this paper
considers the sudden increase in load recovery caused by
the cold load pick-up and the auxiliary recovery effect of
electric vehicle discharge in the recovery process; 2) This
paper proposes to combine the network cohesion and the

amount of load, from the two aspects of network topology
and the amount of load, to effectively evaluate the weight
of the load point in the process of load recovery and the
restoration priority of loads of different load levels are con-
sidered in the restoration process; 3) This paper proposes
improved weighted power flow entropy and use it as one of
the objective functions, which can optimize the distribution
of network power flow during the load recovery process and
strengthen the robustness of the load recovery process. At the
same time, in the process of load recovery, this paper adjusts
the objective function in stages according to the different
recovery time steps so that the recovery strategy is more
realistic; 4) In this paper, the multi-objective evolutionary
algorithm based on decomposition (MOEA/D) is used to
solve the multi-objective problem constructed in this paper.
This algorithm has great advantages in maintaining the distri-
bution of solutions and can effectively avoid fall into a local
optimum.

It should be noted that a blackout accident is a small
probability and a large damage event in the power grid. That
is, the probability of occurrence is small, but it will cause a
lot of losses. At present, the main research focuses on the
simulation analysis and recovery plan design of a blackout
accident in the power grid [17]–[20]. The research scenario
in this paper is the load recovery after a blackout accident.
Therefore, the method in this paper is mainly used to for-
mulate a load recovery plan offline, which provides a certain
reference for load recovery after a blackout accident.

II. MODEL OF TYPICAL URBAN LOADS IN THE PROCESS
OF LOAD RECOVERY
A. COLD LOAD MODEL
1) THE CONCEPT OF COLD LOAD PICK-UP
Usually, the temperature-controlled load will stop running
after reaching the set temperature. At this time, although the
temperature-controlled load ratio is relatively high, not all
temperature-controlled loads are in operation, and the system
has a high load diversity. Load diversity usually refers to the
power value obtained by subtracting the peak loads of the
above loads from the sum of the peak loads of two or more
loads in a period of time. It is mainly used to characterize the
difference of operating status of load [21].

After a blackout accident, the temperature-controlled load
will be started synchronously. At this time, the loss of load
diversity will cause the load to be restored at the initial stage
of recovery to be much larger than the steady-state load.
This phenomenon is called cold load pick-up. After that,
as the load gradually recovers, its load diversity is gradually
restored, and the load will gradually attenuate to the normal
load according to a certain attenuation rate.

2) DELAY DECAY EXPONENT MODEL
Because of the long-term nature of the load recovery process
and the feasibility of analysis and calculation, this paper uses
the delayed decay exponential model of [6] to study the cold
load pick-up.
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According to Figure 1, the change law of load during the
cold load pick-up process can be expressed as follow:

P(t) = [P0 + (Ppeak − P0)e−α(t−t1)]u(t − t1) (1)

where P(t) is the power function during the process of cold
load pick-up; P0 is the load power at the normal time; Ppeak
is the peak power of the load; t1 is the beginning time of
attenuation; t2 is the moment when the load decrements to
the normal load; α is cold load attenuation factor; u(t) is the
unit step function.

FIGURE 1. Model of cold load pick-up.

B. ELECTRIC VEHICLE CHARGING AND DISCHARGING
POWER MODELING
1) PROBABILITY MODELING OF ELECTRIC VEHICLE RETURN
TIME AND DAILY MILEAGE
Existing research shows that most private electric vehicles are
idle for most of the day. Therefore, as a mobile distributed
energy storage resource [22], electric vehicles can participate
in the recovery of power systems after a power system black-
out occurs [23], [24].

In order to obtain the charge and discharge power of an
electric vehicle at any time, it is first necessary to model the
probability characteristics of the return time and the daily
mileage of the electric vehicle.

According to [25], the return time of electric vehiclesmeets
the normal distribution, with expectationµs = 17.6; standard
deviation σs = 3.4, and the probability density function is as
follows:

fs =


1

σs
√
2π

exp[
(x − µs)2

2σ 2
s

], (µs − 12) < x ≤ 24

1

σs
√
2π

exp[
(x+24−µs)2

2σ 2
s

], 0 < x ≤ (µs − 12)

(2)

where x is the return time of the electric vehicle.
The daily mileage of electric vehicles meets the lognormal

distribution, with expectation µD = 3.2; standard deviation
σD = 0.88, and the probability density function is as follows:

fD =
1

yσD
√
2π

exp[−
(ln y− µD)2

2σ 2
D

] (3)

where y is the daily mileage of electric vehicle.

2) ELECTRIC VEHICLE CHARGE AND DISCHARGE POWER
Theoretically, the charging and discharging power of electric
vehicles can be expressed as follow:

PEV ,CH (t) =
NEV (t)∑
i=1

Pev,ch(i, t) (4)

PEV ,DIS (t) =
NEV (t)∑
i=1

Pev,dis(i, t) (5)

where NEV (t) is the number of electric vehicles charging
and discharging in the electric vehicle charging station at
the time t; Pev,ch(i, t) and Pev,dis(i, t) are respectively the
maximum charging and discharging power of electric vehicle
i at the time t .

In practice, when charging and discharging electric vehi-
cles, the maximum charging and discharging power cannot
always be maintained. The charging and discharging power
of an electric vehicle are related to the state-of-charge (SOC)
of the battery when charging or discharging. Therefore,
(4) and (5) need to be corrected as follow [26]:

PEV ,CH (t) = βch(t)
NEV (t)∑
i=1

Pev,ch(i, t) (6)

PEV ,DIS (t) = βdis(t)
NEV (t)∑
i=1

Pev,dis(i, t) (7)

βch(t) = 1−

√
EEV (t)

NEV (t) · QN
(8)

βdis(t) =

√
EEV (t)

NEV (t) · QN
(9)

where βch(t) and βdis(t) are the adjustment coefficients of
battery charging and discharging power of EVs at the time t;
EEV (t) is the remaining battery of electric vehicles in charg-
ing and changing station at the time t;QN is the rated capacity
of EVs battery; the result of dividing EEV (t) by NEV (t) · QN
in equation (8) and (9) is the SOC of electric vehicles, so the
essence of the adjustment coefficient is to use the SOC of
electric vehicles to roughly estimate the proportion of the
number of electric vehicles that can participate in charging
and discharging to the total number of electric vehicles.

III. LOAD RECOVERY STRATEGY
The essence of load recovery is the nonlinear integer opti-
mization problem of 0-1 combination. In this stage, the resid-
ual load should be recovered as much as possible on the
basis of the backbone network frame established in the net-
work frame reconstruction stage. Its objective function can be
expressed as follows:

f1 =
N∑
i=1

ciλiLi (10)

where N is the number of system nodes; ci is the node switch
case, 0 means the node switch is off, 1 means the node switch
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is closed; λi is the node importance coefficient; Li is the load
of the node to be recovered.

Reference [27] uses network cohesion to evaluate the
importance of nodes in the process of skeleton network recon-
struction, which can objectively reflect the importance of
nodes in the network. Therefore, this paper uses the product
of the network cohesion after node contraction and the load to
be restored to express the node importance coefficient, which
is defined as follows:

λi = αiLi
αi = 1/nili
li =

∑
a,b∈V

dmin,ij/[ni(ni − 1)/2]
(11)

where αi is the network aggregation degree; Li is the load
of the node to be recovered; ni is the number of nodes in the
network after node i contraction; li is the average shortest path
between nodes after node i contraction; dmin,ij is the shortest
distance between any two nodes in the contracted network
expressed by the number of edges; V is a collection of all the
nodes in a network.

Considering that the load of some nodes to be restored
is small, but its importance is high, this paper divides the
load of nodes to be restored into first-level, second-level,
and third-level loads and sets corresponding weights as 100,
10, and 1, respectively. The specific weight setting can be
adjusted according to actual needs. The improvement of (10)
is as follows:

f ′1 =
N∑
i=1

ciwi(100Li1 + 10Li2 + Li3) (12)

IV. OTHER OBJECTIVE FUNCTIONS
A. IMPROVED WEIGHTED POWER FLOW ENTROPY
In the process of load recovery, some lines will have a high
load rate, that is, overload. The reasons for this phenomenon
mainly include two aspects: on the one hand, the node in
normal operation often has multiple lines to supply power
to the load on the node. In the process of load recovery,
the line connected to the load point cannot be recovered at the
same time. Therefore, the load on the recovered line will be
overloaded; on the other hand, if there is more temperature-
controlled load on the node to be recovered, then due to the
influence of cold load pick-up, the load of the node to be
restored will increase suddenly, and the line load rate will also
be too high.

Entropy is one of the parameters that characterize the state
of matter in thermodynamics, and its physical meaning is a
measure of the degree of chaos in the system. The power flow
entropy of the power system is mainly used to quantitatively
evaluate the uniformity of the line load distribution. The
smaller the power flow entropy, the more uniform the line
load distribution, and vice versa [28].

It can be seen that in the process of load recovery,
the increase in line load rate caused by load input is a major

safety hazard during the recovery process. Although the tra-
ditional line average load factor can reflect the overall load
level as a whole, it does not consider the impact of uneven
distribution of line power flow. Therefore, the power flow
entropy is introduced to quantitatively describe the distribu-
tion of the line power flow during the load restoration process
and to evaluate the safety of the restoration process.

Assuming that the maximum load capacity of the line li is
Fmax
i , and the line power flow in actual operation is F0

i , the
load factor η of the line is:

η =

∣∣∣∣∣ F0
i

Fmax
i

∣∣∣∣∣ (13)

According to the line load rate limit, divide the line load
rate interval into continuous equal difference intervals D =
[D0,D1, . . . ,Dn], Dn can be set according to the actual oper-
ation requirements of the network [29]. The probability that
the load rate of the line i is in the interval (Dk ,Dk+1] is P(Xi),
power flow entropy is defined as follows:

H (k) = −C
M∑
i=1

P(Xi) lnP(Xi) (14)

where C is a constant; M is the total number of lines.
When the traditional power flow entropy is small, it is

impossible to distinguish whether it is caused by high or low
line load rate. Although the latter will not have an adverse
effect on the grid, for the former, too high line load rate
may lead to secondary failures in the recovery process or the
interruption of the recovery process.

Reference [14] uses weighted power flow entropy to effec-
tively distinguish the degree of line load, which is defined as
follows:

H (k) = −
M∑
i=1

wiP(Xi) lnP(Xi) (15)

wi =
Pi − Pmin

Pmax − Pmin
(16)

where wi is the weight coefficient used to distinguish the line
load; Pi is the actual active power flow value of the line i;
Pmax and Pmin are the maximum and minimum active power
flow values of the line i, respectively.

According to (16), it can be found that the weight coeffi-
cient of power flow entropy is always less than 1. Although
the influence of line load degree is divided, it is still not
sensitive enough to reflect the heavy load line, especially the
line that exceeds the limit is not distinguished enough.

Therefore, this paper proposes an improved weighted
power flow entropy, and its weight coefficient is calculated
as follows:

w′i = (
Pi − Pmin

κPN − Pmin
)2 (17)

where Pi is the actual active power flow value of the line i;
Pmin is the minimum active power flow value of the line i;
κ is the line load rate limit coefficient, which is mainly related

VOLUME 9, 2021 10637



M. Wang et al.: Research on Urban Load Rapid Recovery Strategy Based on Improved Weighted Power Flow Entropy

to the wiring method of the line; PN is the limit transmission
power of the line, which is mainly determined by the thermal
stability of the wire.

It can be seen from (17) that if the line load exceeds the
limit, the value of w′i will be greater than 1, and then the
squaring process will make the power flow entropy weight
of the line larger, thereby better limiting the appearance of
the line with the load limit.

Therefore, combined with (15), the calculation formula of
the improved weighted power flow entropy can be obtained
as follows:

f2 = H (k) = −
M∑
i=1

w′iP(Xi) lnP(Xi) (18)

B. NUMBER OF RESTORED LINES
Taking theminimum number of lines to be restored during the
load restoration process as the objective function can reduce
the complexity and risk of system restoration operations and
ensure the rapidity of the load restoration process. For a
system with M lines, the objective function can be defined
as follows:

f3 = ATA (19)

where A = [a(1), a(2), . . . , a(M )]T is the binary decision
vector of M × 1 dimension, represents the network con-
nection in the load recovery process, and a(i) ∈ {0, 1},
i = 1, 2, . . . ,M .
In the process of load restoration, there is a certain contra-

diction between restoring as much load as possible to ensure
the economy and restoring as few lines as possible to ensure
rapidity. Therefore, in the first-time step of load recovery, this
paper requires that important loads be restored first and the
speed is as fast as possible, while in the other time steps, it is
required to restore as much load as possible and also hope
to restore as many lines as possible, which makes the load
recovery strategy more reasonable, shown as follow:

f ′3 =

{
ATA k = 1
−ATA k 6= 1

(20)

where k is the time step of load recovery, when k = 1 means
the current time step is the first time step of load recovery.

V. LOAD RECOVERY PROCESS MODEL
A. MULTI-OBJECTIVE FUNCTION MODEL
According to Section III and Section IV, the multi-objective
function established in this paper is as follows:

f =
{
max f ′1,min f2,min f ′3

}
(21)

where f is the objective function to be optimized; f ′1 , f2 and
f ′3 respectively correspond to the weighted load recovery,
the improved weighted power flow entropy, and the number
of restored lines.

B. CONSTRAINT CONDITIONS
1) LINE POWER FLOW CONSTRAINT
Load recovery needs to consider line power flow constraint:

1Pi = Pi − Ui
N∑
j=1

Uj(Gij cos θij + Bij sin θij) = 0

1Qi = Qi − Ui
N∑
j=1

Uj(Gij sin θij − Bij cos θij) = 0

(22)

where Pi andQi are the active and reactive injection power of
node i respectively; Ui is the voltage of node i; Gij and Bij are
the conductance and susceptance between node i and node j,
respectively.

2) GENERATOR OUTPUT CONSTRAINT
In the process of load recovery, the recoverable load at the
current time step is related to the sum of the power provided
by the generator at the time step. The recovered load should
meet the generator output constraint, shown as follow:

1PL ≤ 1PG (23)

where1PL is the load recovered at the current time step;1PG
is the increase of current time-stepping generator output,
shown as follow:

1PG =
s∑
j=1

[PGj(t +1t)− PGj(t)] (24)

where s is the number of generators in the system; 1t is
the step length; PGj(t) is the active power of the unit j(j =
1, . . . , s) at the moment t , which can be determined by the
simplified starting curve of the unit as shown in Figure 2.

FIGURE 2. Chart of generation output.

As shown in Figure 2, PGj(t) can be calculated as follow:

PGj(t) =


0 0 ≤ t ≤ TSj + TKj
KPj(t − TSj − TKj) TSj + TKj < t ≤ TSj

+TKj + TRj
PMj TSj + TKj + TRj < t

(25)

where TSj is the starting time of the unit j; TKj is the time
required for the output power of the unit j from start to start
climbing; TRj is the time required for the unit j to climb
from the beginning to the maximum output power; KPj is the
climbing slope of the unit j;PMj is the rated power of the unit j.
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3) SINGLE INPUT MAXIMUM LOAD CONSTRAINT
In the load recovery process after the power system blackout,
the constant input load is equivalent to the system disturbance
and then the readjustment process. To ensure the stability of
the system in the whole load recovery process, the constraint
of themaximum load of a single input is considered to prevent
the risk of new system instability caused by the excessive load
of a single input.

According to the rated power and frequency response value
of the grid-connected generator of the system, the maximum
load that can be input in the current time step can be roughly
calculated:

1PL ≤ 1PLmax (26)

1PLmax = 1fmax

s∑
j=1

PNj
dfj

(27)

where 1PL is the load restored at the current time step;
1PLmax is the maximum load that can be put into operation
at the current time step, and its value can be calculated
according to the rated power and frequency response of the
grid-connected generators 1fmax is the maximum allowable
value of system frequency reduction; PNj is the rated active
power of the unit j; dfj is the frequency response value of the
unit j under the current load rate.

4) OTHER INEQUALITY CONSTRAINTS

PGimin ≤ PGi ≤ PGimax i = 1, 2, . . .NG (28)

QGimin ≤ QGi ≤ QGimax i = 1, 2, . . .NG (29)

Uimin ≤ Ui ≤ Uimax i = 1, 2, . . . ,N (30)

where PGi andQGi are the active power and reactive power of
the generator, respectively; NG is the number of generators;
Ui is the node voltage.

VI. SOLUTION OF MODEL
In the process of load recovery, 0/1 is usually used to represent
the disconnection and recovery of the line, so its essence is
a mixed integer programming problem with multiple objec-
tives and multiple constraints. This paper uses the MOEA/D
algorithm to solve. This method was proposed by Qingfu
Zhang in 2007 [30]. Compared with other multi-objective
algorithms, MOEA/D has the following characteristics:

(1) MOEA/D algorithm optimates the N-scalar problem
simultaneously rather than solving the multi-objective opti-
mization problem as a whole, so MOEA/D will reduce the
difficulty of diversity maintenance and fitness allocation of
traditional MOEA.

(2) MOEA/D uses the solution information of adjacent
subproblems to simultaneously optimize N-scalar problems.
Relatively speaking, MOEA/D does not repeat optimization
for scalar subproblems because it utilizes the coevolution
mechanism between subproblems, so the computational com-
plexity of the algorithm is relatively low.

Generally, the commonly used methods for convert-
ing a multi-objective problem into a set of scalar opti-
mization problems include: the weighted sum approach,
the Chebyshev approach, and the penalty-based boundary
intersection approach. The MOEA/D algorithm uses the
Chebyshev approach. The following only introduces the
Chebyshev approach:

The Chebyshev approach transforms the problem into the
following scalar problem:

min gch(x|λ, z∗) = max{λi(fi(x)− z∗i )}

s.t. x ∈ � (31)

where z∗ = (z∗1, z
∗

2, . . . , z
∗
m)

T , for each target component i,
z∗i = min{fi(x)|x ∈ �} that is, the ideal solution consisting of
the minimum value of each target component.

The main steps of the load recovery process using the
MOEA/D algorithm are as follows:

A. SETTING PARAMETERS
Set the number of objective functions m; set the popula-
tion size N ; generate uniformly distributed weight vectors
{λ1, λ2, . . . , λN }, the number of weight vectors is N ; set the
number of weight vectors in each neighborhood T ; set the
number of algorithm iterations.

B. INITIALIZATION
Step2.1: Calculate the Euclidean distance between any two
weight vectors, find the T weight vectors closest to each
weight vector. For each i = 1, 2, . . . ,N , let B(i) =
{i1, i2, . . . , iT }, λi1 , λi2 , . . . , λiT are the T weight vectors
closest to λi;

Step2.2: The code is coded according to the recovery of
the system network frame. 0 means the line is disconnected,
1 means the line is connected, and the dimension of chro-
mosome is the number of bus routes. Initial chromosome
population is randomly generated {x1, x2, . . . , xN }, and one
chromosome x corresponds to a load recovery scheme;

Step2.3: Perform power flow calculation on the generated
initial population. If the power flow calculation converges,
the fitness value of the individual is obtained; otherwise,
the fitness value of the individual is set to a larger real
number p;
Step2.4: Initialize the ideal solution set z = {z1, z2, . . . zm},

let zi = min{fi(x1), fi(x2), . . . , fi(x2)};
Step2.5: Initialization set EP, used to store all non-

dominated solutions, initially empty.

C. UPDATE
Step3.1: Circulate according to the set number of iterations,
randomly select two serial numbers k and l from B(i), cross-
mutate the corresponding individuals xk and x l to generate a
new solution y, and calculate a new fitness value;

Step3.2: Update the ideal solution z. For all j =
1, 2, . . . ,m, if zj < fj(y) then set zj = fj(y);
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Step3.3: Update the neighborhood solution. For j ∈ B(i),
if gch(y|λj, z) ≤ gch(x j|λj, z), then set x j = y;
Step3.4: Update EP. Remove all solutions dominated by

f (y) from EP. If all solutions in EP do not dominate f (y), add
f (y) to EP;
Step3.5: Complete a cycle and the number of iterations

increases by one.

D. STOP CRITERION
Whether the number of iterations is reached, stop and output
if yes, otherwise go to step3 to update.

The algorithm flow chart is shown in Figure 3.

FIGURE 3. Flow chart of the algorithm.

VII. ANALYSIS OF EXAMPLE
The computer used in this article is Lenovo-S41, Intel(R)
Core(TM) i5-5200U CPU@ 2.20GHz and the programming
software used in this article is Matlab2018a. This paper uses
the IEEE30-node system shown in Figure 4 as an example
after completing the network frame reconstruction to verify
the method in this paper. The isolated node is the node to
be restored. The frequency response parameters and node

parameters of the generator are shown in Table 1 and Table 2.
In order to simplify the calculation, the other parameters are
set as follows: this paper takes the climbing power of the gen-
erator set composed of all power generation as 87MW/h; it is
generally believed that the input load should not reduce the
system frequency by more than 0.5Hz. In order to ensure the
stability of the frequency, the maximum frequency reduction
is 0.3Hz; LJG-300 is selected as the wire model, its thermal
stability limit transmission current is 700A, κ takes 0.9; the
number of electric vehicles is 1000, according to the prob-
ability model of electric vehicles established in section 2.2,
using Monte Carlo method to extract the initial charging time
and dailymileage of each sample, and calculate the number of
electric vehicles charged and discharged. This article selects
the Nissan SYLPHY electric vehicle model. The battery is a
sheet-type high-performance ternary lithium-ion battery with
a battery capacity of 38kWh, a charging power of 6.60kW,
and a discharge power of 5.86kW.

FIGURE 4. The system diagram after the reconfiguration of the grid.

TABLE 1. Parameters of the units.

Table 1 shows the frequency response values of a typi-
cal generator set under load rates of 5%, 40%, and 75%.
Piecewise linear interpolation method is used to calculate the
frequency response values of a generator set under different
load rates.

Table 2 shows the parameters of the nodes to be restored.
Taking into account the characteristics of urban loads, this
paper divides the nodes to be restored into three cat-
egories: industrial, commercial, and civil. Among them,
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TABLE 2. Parameters of nodes to be restored.

the industrial load contains more primary loads and needs to
be restored first. Commercial loads contain more secondary
loads; civil loads contain more tertiary loads, of which cold
load accounts for a higher proportion of civil and commer-
cial loads but lower in industrial loads. This setting is also
in line with the relatively high proportion of temperature
control loads in civil and commercial loads, such as air
conditions.

A. EXAMPLE ANALYSIS AND DISCUSSION
Taking into account the complexity and variability of the load
recovery site, it takes about 5-15minutes for a node to recover
from an isolated state to full load recovery. The time step is
taken in the calculation process, and the specific time step can
be set according to the actual needs of the site.

1) COMPARISON OF ALGORITHM
UsingMOEA/D for load recovery calculation, the population
size of the algorithm is 50, the evolutionary algebra is 50,
the crossover probability is 0.9, and the mutation probability
is 0.024. Therefore, this paper selects the non-dominated
sorting Genetic Algorithms (NSGA-II) to compare with the
algorithm used in this paper. The optimal results obtained by
NSGA-II and the results of theMOEA/D algorithm are shown
in Table 3.

According to the analysis in Table 3, the calculation time
of the algorithm in this paper is significantly shortened, and
a more reasonable load recovery plan can be obtained. That
is, important loads can be recovered faster.

TABLE 3. Comparison of the algorithm.

TABLE 4. Comparison of recovery strategies.

2) VERIFICATION OF RECOVERY STRATEGY
In order to verify the effectiveness of the recovery strat-
egy proposed in this article, different recovery strategies are
formed by setting different objective functions, and the results
are compared, as shown in Table 4 and Figure 5, 6, 7, and 8.

By comparing the load recovery plan in Figure 5 and
Figure 6, it can be found that considering the load level during
the load recovery process, the primary load can be restored
in the first time. If the traditional load recovery objective
function is adopted, the primary load recovery process will
be delayed.

Comparing Figure. 5 and Figure. 7, it can be found that
compared with recovery strategy 1, recovery strategy 3 only
needs three time steps to complete the restoration. Therefore,
only consider the restoration of as few lines as possible during
the first time step of load restoration. Restoring as many lines
as possible at other times can speed up the process of load
restoration.

Figure 8 is the recovery strategy adopted in this article.
Compared with other strategies, while ensuring the rapid
recovery, most of the important loads can also be recovered in
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FIGURE 5. Load recovery plan of recovery strategy 1.

FIGURE 6. Load recovery plan of recovery strategy 2.

FIGURE 7. Load recovery plan of recovery strategy 3.

the first time, taking into account the requirements of rapidity
and economy.

3) VERIFICATION OF IMPROVED WEIGHTED POWER FLOW
ENTROPY
In order to verify the limiting effect of the improved weighted
power flow entropy on the line over-limit power flow in load
recovery, the line load rate at the end of the first time step is
used for comparison. The result is shown in Figure 9. It can be
seen that the weighted power flow entropy and the improved
weighted power flow entropy has obvious limitation on the
line overload during the restoration process.

FIGURE 8. Load recovery plan of recovery strategy 4.

FIGURE 9. Load recovery plan of recovery strategy 4.

Analyzing the results at the end of the first time step,
we can get that without considering the improvement of
power flow entropy, the distribution variance of the line load
rate is 0.438, of which there are 3 lines with the line load
rate exceeding 90%; When considering the weighted power
flow entropy, the distribution variance of the line load rate
is 0.287, of which there are 3 lines with the line load rate
exceeding 90%; When considering the improved weighted
power flow entropy, the distribution variance of the line load
rate is 0.248, of which there is one line with the line load
rate exceeding 90%. Through the above analysis, it can be
seen that when the improved weighted power flow entropy
proposed in this paper is considered, the uniformity of the
line power flow distribution has been further improved, and
the number of lines with over-load is less.

VIII. CONCLUSION
This paper starts from the backbone grid that has completed
the grid reconfiguration after the blackout. First, the typical
urban load is analyzed during the load recovery process,
taking into account the influence of the cold load pick-up
characteristics and the auxiliary role of electric vehicle dis-
charge; second, evaluate the importance of load nodes to
be restored based on the degree of network cohesion and
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the amount of load, and consider the restoration priorities
of loads of different load levels during the restoration pro-
cess; third, an improved weighted power flow entropy is
proposed, which can better distinguish between light-load
and heavy-load lines in the system, so as to prevent the
appearance of heavy-load lines from affecting load recovery.
At the same time, considering that the objective function
changes with the recovery time step, a more reasonable and
effective load recovery strategy is proposed; Finally, the
multi-objective evolutionary algorithm based on decompo-
sition is used to solve the constructed multi-objective and
multi-constrained load recovery problem. Compared with
other algorithms, the superiority of this algorithm is demon-
strated. The IEEE30-node system example is used to verify
the effectiveness of the method proposed in this paper.
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