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As a traditional fault recovery strategy, network reconfiguration changes the
structure of a distribution network by changing the switching state to achieve
a normal power supply for non-fault power loss. Distributed access, such as
wind power and photovoltaics, will cause voltage and frequency fluctuations.
Traditional tie switches cannot adapt to this change, which may lead to
reconstruction failure. A flexible interconnection device can suppress the
negative impact of these large-scale sources and loads with strong uncertainty
and volatility on the power supply quality and system stability. This paper
proposes a fault recovery strategy for a distribution network considering wind
and solar consumption. First, through the analysis of the fault recovery process
of a distribution network, it is proposed that the fault recovery of a distribution
network can be realized by distribution network reconfiguration. Then, by
analyzing the characteristics of the flexible interconnection device, it is shown
that the flexible interconnection device can adapt well to the distribution
network with new energy access. Finally, this paper constructs a multi-objective
optimization reconfiguration model of a distribution network considering wind
and solar consumption capacity and verifies the effectiveness of the scheme
in improving wind and solar consumption capacity and solving economic
problems through case analysis.

KEYWORDS

distribution network, renewable energy integration, flexible interconnection device,
network reconfiguration, fault self-recovery

1 Introduction

With the increasing penetration of distributed energy (DG) in distribution
networks (DNs), the planning and operation of DNs are facing great pressure,
so it is particularly important to ensure the safe and reliable operation of the
distribution network. However, due to the complex structure of a distribution
network, a wide variety of access equipment, and vulnerability to external factors,
faults in distribution networks are inevitable (He et al., 2024; Tong et al., 2024). DN
reconfiguration is a technology to optimize a distribution system by changing the
controllable switching state of the distribution network. It is one of the important
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technical means to realize the fault recovery of the
distribution network (Gu et al., 2024). In the practical application
process, the traditional contact switch will involve problems such
as switching operation, closed-loop current impact, and switching
loss, which will bring hidden dangers to the safety and reliability of
a power grid operation.

In order to improve the safety and reliability of DN operation,
a hybrid energy storage system based on superconducting magnetic
energy storage and battery energy storage is constructed by Liu et al.
(2024a) to solve the influence of wind power output fluctuation on
the stable operation of the microgrid. Liu et al. (2024b) proposed a
microgrid energy storagemodel combining superconducting energy
storage and battery energy storage technology to reduce power
fluctuations in the distribution network. In recent years, the rapid
development of power electronics technology has provided an
opportunity to solve the problem of lack of primary equipment
regulation and control ability that restricts the further improvement
of the operation level of a distribution system. Experts and
scholars use flexible interconnection devices (FIDs) for flexible
interconnection in distribution networks to facilitate easy access
to distributed wind and solar resources, electric vehicle charging
piles, and energy storage equipment, expand the form of the DN
frame, and enhance the power flow regulation and control ability
of a distribution network. FIDs for medium- and low-voltage
distribution networks are triggering new research (Cai et al., 2022;
Yingyi et al., 2022).

In recent years, with the development of flexible interconnection
devices such as soft open point (SOP), the negative problems
such as circulating power and an electromagnetic loop network
caused by a closed-loop power supply mode have been solved
technically (Chen et al., 2023; Zhang et al., 2023; Luo et al., 2023;
Yang et al., 2023; Jian et al., 2024), and fault self-healing technology
has also been widely studied. Jo et al. (2024) proposed a recoverable
dynamic distribution network reconfiguration framework that can
continuously reconfigure after a fault and quickly restore the stopped
service area. Chen et al. (2024) proposed a distributed traveling
wave location and ranging technology for the distribution loop
network, which improved the accuracy and reliability of fault
location in the power supply loop network. Yutao et al. (2024) used
a four-port SOP to form a power supply loop network with a DC
network and then proposed a two-stage interconnected DN fault
self-healing scheme using an FID’s power flow control capability
to assist fast load transfer and network reconfiguration technology.
In Yifei et al. (2024), the SOP DC side of the distribution loop
network is connected to the energy storage device so that the SOP
uses the energy storage device to invert theACpower supply for load
power supply when the power supply on both sides of the power
supply loop network is faulty, and a network reconfiguration model
considering the power supply capacity of the energy storage SOP
is proposed. In Zhao et al. (2022), a stochastic optimization model
for fault recovery of flexible interconnected distribution networks
is established for the cooperative operation scenario of multiple
closed-loop power supply systems. The methods proposed in the
above literature can improve the fault self-healing ability of the
distribution network; however, they still cannot solve the economic
problem of power supply in the distribution network.

A distribution network can reduce the node voltage fluctuation
and greatly reduce the constraints of network reconfiguration
by replacing the traditional contact switch with the flexible
interconnection device to realize the fast self-healing of the fault.
Network reconfiguration can also optimize the operation state of
a distribution network and improve the level of wind and solar
consumption. This paper first analyzes the self-healing process of
DN faults and concludes that DN reconfiguration is the key method
to improve the self-healing level of faults. In addition, replacing
the traditional contact switch with an FID for switch closure can
improve the voltage fluctuation generated by the traditional switch
and further improve the economy of the distribution network.Then,
this paper takes into account the wind and solar consumption
capacity, combines the control effect of the FID, transforms the
optimization goal of the wind and solar consumption capacity
into the node voltage optimization goal, and constructs a multi-
objective optimization and reconstruction model of the distribution
network. Finally, the effectiveness of the DN reconfiguration scheme
is verified by an example analysis. The scheme has a certain
improvement effect on the wind and light consumption capacity
and solves the economic problem of the distribution network to a
certain extent.

2 Analysis of a distribution network
fault recovery process

The distribution network adopts the power supply mode of
open-loop design and closed-loop operation, and its structure is
dynamically adjusted with the change of switching state, which
can be adapted to the change by DN reconfiguration. In the
fault state, the core goal of reconstruction is to ensure the
stable power supply of the load by adjusting the breaking of the
line switch.

An open-loop operation distribution network first relies on the
feeder automation technology when the system fails. The network
reconfiguration is carried out through the action timing of the
normally closed section switch on the feeder and the normally open
contact switch between the feeders. Load transfer is used to realize
the automatic recovery of the user’s power supply in the power loss
area after the fault. As shown in Figure 1, when the branch L6-7 fails,
the load of node 7 will lose power supply. After the fault is isolated by
feeder automation, the normally open contact switch on the closed
branch L4-7 can transfer the load of node 7 to node 4 to achieve
initial restoration.

In a traditional distribution network, network reconfiguration is
mostly used to optimize the network power flow, reduce the network
loss, and balance the load. For an active distribution network with
DG, the island operation mode of a DG power supply alone can
be used to restore the power supply of the fault network. The
combination of island and reconstruction can achieve a better fault
recovery effect. As shown in Figure 2, when the L6-7 branch fails,
the node 7 load will lose power supply. After isolating the fault
through feeder automation, it can also choose to access the DG at
node 7 and supply power to the node 7 load through DG to realize
preliminary power restoration.
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FIGURE 1
Schematic diagram of fault self-healing process of a distribution network. (a) Distribution network in normal operation. (b) Reconfiguration of
distribution network.

FIGURE 2
Schematic diagram of a DN fault self-healing scheme. (a) Network reconfiguration. (b) Network reconfiguration and island coordination.

3 Analysis of control characteristics of
a flexible interconnection device

Two forms of DG access systems are shown in Figure 3. One is
distributed access to each load point in the low-voltage distribution
network, and the other is centralized access to the low-voltage side
bus. When DG is connected to the low-voltage side bus, its function
is the same as the system-side power supply, and it can restore the
power supply of the low-voltage side users only when the medium-
voltage side fails and loses the system-side power supply. When
access is distributed and the low-voltage side fails, the power supply
can still be sustained in the non-fault area.

Thenetwork reconfiguration and islanding are selected to realize
the self-healing of the DN fault. The active power consumed by the

internal load of the system is Pload, and the reactive power consumed
is Qload. In the process of ad hoc network, other loads or DG
grid connections will produce corresponding large transient power
fluctuations. Therefore, it is assumed that the corresponding active
and reactive power fluctuations are ΔPload and ΔQload, respectively.
At this time, the transient power fluctuations caused by other loads
and the DG grid connection are analyzed. It is considered that DG
equivalently outputs stable active power PDG and reactive power
QDG. Then

PDG = Pload +ΔPload =
U2
m

Rload

QDG = Qload +ΔQload = Qt
U2
m

Rload
(

fr
fm
−

fm
fr
).

(1)
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FIGURE 3
The structure of a DN system with distributed generation.

In the formula, Um is the island voltage. Rload is the
load equivalent resistance. Qt is the load quality factor.
fm is the island frequency. fr is the load resonance
frequency. Solving Equation 1 yields

Um = √Rload(PDG −ΔPload). (2)

Substituting Equation 2 into Equation 1, we can get

f2m + fm
fr
Qt

QDG −ΔQload

PDG −ΔPload
− f2r = 0. (3)

Solving Equation 3, we can get:

fm =
−δ+√δ2 + 4

2
fr (4)

In the equation,

δ = 1
Qt

QDG −ΔQload.

PDG −ΔPload
(5)

According to Equations 4, 5, the value changes with the change
of DG active and reactive power output, resulting in corresponding
frequency fluctuation. Many factors affect the output of DG,
including uncertain factors such as light intensity and wind speed,
so there is frequency fluctuation in an island ad hoc network. In
addition, when DG and load are continuously incorporated into the
island, the resulting transient change of active power will affect Um,
resulting in the fluctuation of island voltage when the load or DG is
connected to the island. In order to solve this problem, this paper
considers replacing the traditional contact switch with an FID.

A flexible interconnection device is composed of a power
module, a capacitor module, a control module, a protection circuit,
a filter module, and an energy supply module. The unit topology
is shown in Figure 4.

Whether it is applied to a medium-voltage or a low-
voltage distribution network, the interconnection device first
must be connected to the interconnection line through the

FIGURE 4
The topology diagram of a flexible interconnection device.

switch closing operation. The line current state at the moment
of the interconnection of the distribution network can be
controlled using the voltage compensation characteristics of the
interconnection device.

As shown in Figure 5, the interconnection device unit is
distributed in the interconnection line between node A and node
B, and its mathematical model can be regarded as an equivalent
model of multiple controlled voltage sources. In the figure, VA∠δA
and VB∠δB are the node voltages of the interconnected nodes
A and B, respectively. RL and XL are the equivalent resistance
and reactance of the interconnected line, respectively. Vse1∠θse1,
Vse2∠θse2, and Vsen∠θsen are the equivalent output voltages of n
flexible interconnection units, respectively. Vse∠θse is the external
equivalent output voltage of thewhole interconnected device system,
as shown in Equation 6.

V̇se = V̇se1 + V̇se2 +⋯+ V̇sen. (6)

Before the switch S is closed, the voltage difference between its
two ends is V̇S, as shown in Equation 7.

V̇s = V̇A − V̇B + V̇se. (7)

When switch S is closed, the steady-state current flowing
through the line is as follows:

̇IL =
V̇A − V̇B + V̇se

RL + jXL
=

V̇s

RL + jXL
. (8)

From Equation 8, it can be obtained that the voltage difference
between nodes can be compensated by controlling the equivalent
output voltage of the interconnection device system. Then, the line
current at the moment of node interconnection can be controlled,
and the voltage compensation level can be verified by measuring
the voltage difference on both sides of the switch S. Because the
amplitude and phase angle of the compensation voltage must be
controlled separately according to the amplitude and phase angle
of the voltage difference between the nodes, the output voltage
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FIGURE 5
Voltage compensation schematic diagram of the interconnected device.

of the interconnection device is not vertical to the line current,
and the energy supply module is needed to provide active power
support. If a suitable control method is applied to the flexible
interconnection device, the node voltage can be stabilized by
controlling the output of the device. Its voltage regulation function
is mainly realized by the output compensation voltage Vk of the
sub-module CVt of the interconnection device, and its conventional
control strategy is shown in Figure 6. The feedback node voltage is
VL, and thenVLd andVLq are obtained by coordinate transformation.
In the synchronous coordinate system, the PI controller is used to
calculate the SPWM modulation signal. By using CVt to adjust the
compensation voltage Vk in real time, Vsed and Vseq can track the
given reference signals Vsedre f and Vseqre f in real time to offset the
fluctuation and asymmetry of the node voltageVL to realize the node
voltage control.

4 Multi-objective optimization
reconfiguration method of a
distribution network considering wind
and solar consumption capacity

The full utilization of DG output can improve the fault self-
healing ability of a distribution network. However, due to the
randomness of DG output, it is difficult to take the fluctuating
DG output in the distribution network as the optimization target.
Starting from the constraint conditions of DN reconfiguration,
this paper analyzes an objective function that can improve the
DG consumption ability and studies the self-healing strategy
of DN fault in combination with network reconfiguration
and island.

FIGURE 6
Control strategy block diagram of a flexible interconnection device.

4.1 Constraint condition

In order to ensure the power balance of the whole
network, the power flow constraints of the distribution network
are shown in Equation 9.

Pg,i − PL,i −Vi

Nbus

∑
j=1

Vj(Gi−j cos θij +Bi−j sin θij) = 0

Qg,i −QL,i −Vi

Nbus

∑
j=1

Vj(Gi−j sin θij −Bi−j cos θij) = 0

(9)

In the formula, Pg,i and Qg,i are the active and reactive output
power of the node i connected to the distributed power supply. PL,i
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and QL,i are the active and reactive power of the load at the node
i, respectively. Vi and Vj are the node voltages of nodes i and j,
respectively. Nbus is the total number of DN nodes. Gi−j and Bi−j are
the branch conductance and susceptance between nodes i and j. θij
is the voltage phase difference between nodes i and j.

In order to ensure that the voltage of each node of the
reconstructed distribution network does not exceed the limit, the
node voltage constraint is shown in Equation 10.

Vi,min ⩽ Vi ⩽ Vi,max (10)

In the formula, Vi,min and Vi,max are the upper and lower limits
of the node voltage of node i, respectively.

In order to ensure that the power on the reconstructed branch
does not exceed the allowable limit, the branch capacity constraint
is shown in Equation 11.

|Si−j| ⩽ Si−j,max (11)

In the formula, Si−j is the apparent power flowing through
branch Li−j, and Si−j,max is the maximum allowable current carrying
capacity flowing through the branch Li−j.

According to the operation characteristics of the distribution
network, the optimized and reconstructed network topology should
meet the requirements of neither island nor ring network. The
network topology constraints are shown in Equation 12.

{{{{{{{{
{{{{{{{{
{

∑
Li−j∈Ck

ui−j ⩽ |Ck| − 1 ∀Ck ∈ C

∑
Li−j∈Pk

ui−j ⩽ |Pk| − 1 ∀Pk ∈ P

∑
Li−j∈E

ui−j = Nbus −Nrt

(ui−j = 0,1). (12)

In the formula, ui−j is the switching state of the branch between
nodes i and j; 0 is open, and 1 is closed.Ck is any link in the network.
|Ck| denotes the number of branches that make up Ck. C is the set
of all rings in the network. Pk is any path between the root nodes.
|Pk| denotes the number of branches constituting Pk. P is the set of
all paths between the root nodes. E is the set of all branches in the
network. Nrt is the total number of system root nodes.

It can be seen from the power flow constraints of the distribution
network that the wind power and photovoltaic output connected to
each node is constrained by the node voltage.

In fact, for medium- and low-voltage distribution networks,
the node voltage constraint is the most important factor limiting
the distributed photovoltaic consumption capacity. Especially when
a large-scale distributed photovoltaic system is connected to the
distribution network, the generated power reverse transmission
will increase the node voltage. Before the capacity of the upper
transformer exceeds the limit, the node voltage of the distribution
network often exceeds the limit. Therefore, using the DN
reconfiguration to optimize the power flow distribution of the
electrical network and improve the voltage distribution of the
system nodes can effectively improve the distributed photovoltaic
consumption capacity of the distribution network.

The equivalent circuit for a wind–solar power generation
system connected to a medium-voltage distribution network
is shown in Figure 7.

FIGURE 7
Grid-connected equivalent circuit of a wind–solar power
generation system.

Because the capacity of the wind–solar power generation system
is much smaller than the capacity of the distribution network, the
distribution system can be considered as an infinite capacity power
system in the analysis. In the figure, U̇S is the bus voltage of the
medium-voltage distribution network, and its voltage amplitude
can be considered to be basically constant. ZL = RL + jXL is the
line impedance between the DN bus and the point of common
coupling (PCC). Pt and Qt are the active power and reactive
power transmitted by the distribution bus to the PCC node load
through the feeder. U̇PCC is the node voltage of PCC. Pload and
Qload are the active load and the reactive load of the PCC node
load, respectively. PG and QG are the active power and reactive
power transmitted by thewind–solar power generation system to the
distribution network through the PCC grid connection, respectively.
QC represents the reactive power generated by the reactive power
compensation equipment arranged in parallel locally to regulate the
PCC node voltage.

The total power transmitted from the distribution network bus
to the PCC node load through the feeder is shown in Equation 13.

⃗S = Pt + jQt. (13)

Therefore, when the distribution network bus supplies power to
the PCC node, the voltage drop generated by the feeder impedance
is shown in Equation 14.

ΔU̇S−PCC = (RL + jXL)(
Pt + jQt

U̇PCC
).
∗

(14)

With the PCC node voltage phase as the reference phase,
Equation 14 can be converted to Equation 15.

ΔU̇S−PCC =
RLPt +XLQt

UPCC
+ j

XLPt −RLQt

UPCC
. (15)

The real part of the above equation is the longitudinal
component of the voltage drop, and the imaginary part is
the transverse component of the voltage drop. The transverse
component of the feeder voltage drop in the medium-voltage
distribution network can be ignored, that is

ΔU̇S−PCC ≈
RLPt +XLQt

UPCC
. (16)

From the power balance of the PCC node, it can be obtained that

Pt = Pload − PG
Qt = Qload −QG −QC.

(17)
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Substituting Equation 17 into Equation 16, we can get

UPCC ≈ US +
RL(PG − Pload)

UPCC
+
XL(QG +QC −Qload)

UPCC
. (18)

The arrangement of reactive power compensation devices in
parallel with different PCCnodes is quite different in device capacity,
so the reactive power emitted by them is ignored; that is, QC =
0. Because the FID can solve the problem of closed-loop voltage
fluctuation, the output of wind and solar resources can track the
maximum power point, and the grid-connected inverter works at
the unit power factor, that is, QG = 0.

Then, the reactive power demand required by the PCCnode load
is all satisfied by the DN system, and Equation 18 can be further
expressed as

UPCC ≈ US +
RL(PG − Pload)

UPCC
−
XLQload

UPCC.
(19)

Equation 19 shows that due to the existence of line resistance, the
transmission of active power from the wind-solar power generation
system to theDN systemwill cause the PCCnode voltage to rise; that
is, the wind–solar consumption capacity depends to a certain extent
on the PCCnode voltage quality. If the node voltage withwind–solar
resources access after the DN reconfiguration is close to the upper
limit of voltage when the output of the wind–solar power generation
system increases slightly, the PCC node voltage will exceed the limit;
that is, the wind–solar consumption capacity is poor. Therefore, it
can be concluded that if the node voltage with access to wind and
solar resources after DN reconfiguration is closer to the upper limit
of voltage, the wind and solar absorption capacity of a distribution
network will be worse; if the node voltage with access to wind and
solar resources after DN reconfiguration is closer to the lower limit
of voltage, the wind and solar absorption capacity of the distribution
network will be stronger.

4.2 Objective function

In order to consider the wind and light consumption capacity
of the distribution network and the safe and stable operation of the
system, the optimization goal of theDN reconfiguration should be to
make the node voltage as close as possible to the rated voltage of the
node.The corresponding objective function is shown inEquation 20.

F1 =min
Nbus

∑
j=1

λj(
Vj −Vj_e

Vj_e
).

2

(20)

In the formula, Vj_e is the rated voltage of node j. λj = SG_j/SG_N
is the weight factor reflecting the capacity proportion of the node
wind-solar power generation system. SG_j is the rated capacity of the
wind–solar power generation system connected to node j, and SG_N
is the sum of the rated capacity of the wind–solar power generation
system connected to the distribution network.

The objective function of minimizing the network loss
is shown in Equation 21.

F2 =min ∑
Li−j∈E

ui−jRi−j

P2i−jj +Q
2
i−jj.

V2
j

(21)

In the formula, Nbr is the total number of branches. Pi−jj and
Qi−jj are the active and reactive power flowing through the j-node
in branch Li−j, respectively.

The objective function reflecting load balancing
is shown in Equation 22.

F3 =min ∑
Li−j∈E
(

Ii−j
Ii−j_ max
)
2

. (22)

In the formula, Ii−j and Ii−j_ max are the actual current and
the maximum allowable current flowing through the branch Li−j,
respectively.

The objective function reflecting the least number of switching
operations is shown in Equation 23.

F4 =min ∑
Li−j∈E
|u1i−j − u

0
i−j.| (23)

In the formula, u1i−j and u0i−j are the switching states before and
after the branch Li-j reconstruction; 0 is open, and 1 is closed.

4.3 Data processing

In order to perform multi-objective optimization and
reconstruction according to the different priorities of the four
objective functions in the process of DN reconfiguration, the
objective function must be normalized first. The normalized
objective function is shown in Equation 24.

Fi =
Fmax
i − Fi

Fmax
i − F

min
i
. (24)

In the formula, 1 Fmax
i and Fmin

i are themaximum andminimum
allowable values of the objective functionFi, respectively, i = 1,2,3,4.

Based on each sub-objective function, the final objective
function is shown in Equation 25.

F =min
4

∑
i=1

λFiFi. (25)

In the formula, λFi is the weight factor of each objective function,

and the value is between 0 and 1,
4
∑
i=1

λFi = 1.
In this paper, the weight coefficient is further calculated by

constructing the judgment matrix. The relative weight of target i to
target j is recorded as aij =

ωi
ωj
, and the result of pairwise comparison

of the above four targets is the judgment matrix A. The calculation
process of the judgment matrix A is shown in Equation 26.

A =
(((((

(

ω1

ω1

ω1
ω2

ω1
ω3

ω1
ω4

ω2

ω1

ω2
ω2

ω2
ω3

ω2
ω4

ω3

ω1

ω3
ω2

ω3
ω3

ω3
ω4

ω4

ω1

ω4
ω2

ω4
ω3

ω4
ω4

)))))

)

. (26)

The Satty scale can be used to reflect the relative importance
between the comparison targets to determine the value of aij,
as shown in Table 1.
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TABLE 1 Satty scale table of target relative importance judgment.

Scale Goal i compared with goal j

1 Equally important

3 Slightly more important

5 Obviously important

7 Strongly important

9 Extremely important

2, 4, 6, 8 The importance is between the values of the two adjacent
judgments

reciprocal If the importance ratio of goal i to goal j is aij, then the importance
ratio of goal j to goal i is aji =

1
aij

FIGURE 8
Iterative process of the genetic algorithm.

FIGURE 9
IEEE 33-bus distribution system.

5 Example analysis

Taking the IEEE 33-node distribution system as an example, this
paper builds and uses a genetic algorithm to solve the above multi-
objective optimization reconfiguration model of a distribution
network using the MATLAB platform.

5.1 Algorithm flow

Thesteps of a distribution network optimization reconfiguration
algorithm based on a genetic algorithm are as follows.

1) The initial population is generated, and the fitness function of
the initial population is calculated.

2) Selection, crossover, and mutation. The selection operation
adopts the roulette selection method combined with the elite
retention strategy. The positions of crossover and mutation
operations are determined by random numbers, and new
individuals can be generated after crossover and mutation.

3) Checking and re-selecting feasible solutions. After crossover
and mutation, many of the new individuals will be infeasible
solutions. It is necessary to check the feasibility of the new
individuals in turn and eliminate the infeasible solutions
in time. According to the number of eliminated infeasible
solutions, the secondary selection is carried out from the
incidental population to ensure a sufficient population.

4) Calculate the fitness of the individual population and
determine whether the maximum evolutionary generation
is reached. If yes, the optimization result is output. If no, step
2 is returned.

The genetic algorithmoptimization process is shown in Figure 8.
The initial state of the distribution network is shown in Figure 9.

The black number (0–32) in the diagram is the node label, the node
0 is the power node, set to 11 kV, and the rated voltage of the node
is 10 kV. The red number (1–37) is the branch label. The blue line
indicates that the sectional switch/contact switch on the branch is
closed. The orange line indicates that the section switch/contact
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FIGURE 10
The optimal reconstruction results of branch 22 after a fault. (a) Optimized reconstruction Scheme 1. (b) Optimized reconstruction Scheme 2.

TABLE 2 Results of network reconfiguration without DG access.

Reconfiguration
plan

Branches fault Weight setting Network loss Number of
switching
operations

Schemes
comparison

1 22 λF1 = 0, λF2 = 0.7, λF3 =
0.1, λF4 = 0.2

356 kW 1 —

2 22 λF1 = 0, λF2 = 0.2, λF3 =
0.1, λF4 = 0.7

255 kW 5 The network loss is
reduced by 39.61%, and
the number of switching
operations is increased

by 400%.

FIGURE 11
The optimal reconstruction results of a branch 25 fault after the wind–solar power generation system is connected. (a) Optimized reconstruction
Scheme 1. (b) Optimized reconstruction Scheme 2.
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TABLE 3 Network reconfiguration results considering DG access.

Reconfiguration
plan

Branches
fault

Weight setting Network loss DG access node voltage Schemes
comparison

10 11 12 13 14

1 25 λF1 = 0.05, λF2 = 0.75,
λF3 = 0.1, λF4 = 0.1

153 kW 10.67 10.675 10.68 10.65 10.64 —

2 25 λF1 = 0.75, λF2 = 0.05,
λF3 = 0.1, λF4 = 0.1

183 kW 10.35 10.34 10.3 10.22 10.2 Closer to the
system-rated voltage

FIGURE 12
Voltage situation of each node in the distribution network. (a) Optimized reconstruction Scheme 1. (b) Optimized reconstruction Scheme 2.

switch on the branch road on the branch road is turned on. Each
node and the power node are connected, and the load power supply
is normal. The population number of the genetic algorithm is set to
50, the mutation rate is set to 0.001, and the maximum number of
iterations is 100.

5.2 Analysis of network reconfiguration
results without DG access

In order to verify the fault self-healing ability of the distribution
network by optimizing the reconfiguration, the line switch of branch
22 is disconnected below, and the distribution network fault is
simulated to make the DN reconfiguration result after the node 22,
23, and 24 loads are powered off.

Through the DN reconfiguration, the nodes 22, 23, and 24
are restored to power supply; that is, the fault self-healing is
realized through the DN reconfiguration. The simulation results
are shown in Figure 10. The network reconfiguration results are
shown in Table 2.

When DG is not connected, this paper presents two optimal
reconfiguration schemes. When generating reconstruction Scheme
1, the given sub-objective function weight factors are λF1 = 0, λF2

= 0.7, λF3 = 0.1, λF4 = 0.2. When generating reconstruction Scheme
2, the given sub-objective function weight factors are λF1 = 0, λF2
= 0.2, λF3 = 0.1, λF4 = 0.7. That is to say, for the multi-objective
optimization reconfigurationmodel of the distribution network, the
relative attention given to various optimization objectives in the
reconfiguration scheme can be adjusted by adjusting the weight
factor of each sub-objective, and different results can be obtained.
In reconstruction Scheme 1, the priority with the least number
of switches is the highest, the network loss after reconstruction
is 356 kW, and the number of switching operations is 1. In
reconstruction Scheme 2, the priority of the minimum network loss
is the highest. After reconstruction, the network loss is 255 kWwith
five switching operations. Compared with Scheme 1, the network
loss of Scheme 2 is reduced by 39.61%, and the number of switching
operations is increased by 400%.

5.3 Analysis of network reconfiguration
results considering DG access

In order to verify the multi-objective optimization and
reconstruction method of the distribution network considering
wind and solar consumption capacity proposed in this paper, the
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voltage quality of nodes can be optimized according to each node’s
access to wind and solar power generation resources to improve its
consumption capacity. In this section, the nodes 10, 11, 12, 13, and
14 of the distribution network shown in Figure 9 are connected to
the wind and solar power generation system with equal capacity.
The weight factor of the capacity ratio of nodes 10, 11, 12, 13, and
14 in the objective function is: λ10 = λ11 = λ12 = λ13 = λ14 = 0.2, and
the weight factors of the other nodes are all 0.

In the following, by disconnecting the line switch of branch 25,
the DN fault is simulated to make the DN reconfiguration result
after nodes 25, 26, 27, 28, 29, 30, 31, and 32 loads are powered
off. The simulation results are shown in Figure 11. The network
reconfiguration results are shown in Table 3.

Two sets of DN optimization and reconstruction schemes
restore power supply to nodes 25, 26, 27, 28, 29, 30, 31, and
32. In order to observe the voltage quality optimization effect of
wind and solar resource access nodes through control variables, in
reconstruction Scheme 1, the given sub-objective function weight
factors are: λF1 = 0.05, λF2 = 0.75, λF3 = 0.1, λF4 = 0.1. In
reconstruction Scheme 2, the given sub-objective function weight
factors are: λF1 = 0.75, λF2 = 0.05, λF3 = 0.1, λF4 = 0.1. That is, the
priority of the minimum network loss in reconstruction Scheme 1
is the highest, the priority of the voltage quality of the wind and
solar resources access node in reconstruction Scheme 2 is higher,
and the priority of other objective functions is the same.Thenetwork
loss of reconstruction Scheme 1 is 153 kW, and the network loss of
reconstruction Scheme 2 is 183 kW.

In order to show the optimization effect of node voltage quality,
the voltage of each node of the distribution network after the
two reconstruction schemes is shown in Figure 12. Compared with
reconstruction Scheme 1, the voltage of nodes 10, 11, 12, 13, and
14 with wind and solar power generation resources access has
decreased significantly, which is closer to the rated voltage of the
system. This also means that before the node voltage exceeds the
limit, the wind-solar power generation system has a larger output
space; that is, the wind-solar consumption capacity is stronger.

6 Conclusion

This paper discusses the use of flexible interconnection
devices to enhance the adaptability of a distribution network
to renewable energy and flexible load under the background
of dual carbon targets. With the increase in the proportion of
renewable energy access, the distribution network not only must
efficiently connect to the traditional power grid but also must
flexibly respond to new energy and load access. By introducing
flexible interconnection devices and combining advanced fault self-
healing technologies, this paper shows that DN reconfiguration can
significantly improve its economy and power supply stability. The
multi-objective optimization DN reconfiguration model proposed
in this paper shows its potential to improve wind and solar
absorption capacity. With additional research, it will play a
greater role in renewable energy consumption and economic
optimization of distribution networks.
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