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Abstract: Multiple nodes (such as distributed generation (DG), electric vehicles (EV), energy storage
(ES), flexible loads (FL), etc.) are connected to the active distribution network (ADN), which changes
its original operational mode. According to the bidirectional current and low-voltage transmission
mode, this study proposed a multi voltage and multi electricity flat loop network, AC/DC (Alternat-
ing Current/ Direct Current) hybrid network, unified interface and flexible self-organizing network
based on Complex network theory. First, the ADN complex network topology of various nodes is
established based on the actual grid connected terminal nodes and power flow sensitivity algorithm.
Second, using the TOPSIS model, the influence factor matrix of weighted directed network is estab-
lished. The matrix can be used to guide the formulation of the distribution network operation mode,
and the robustness and reliability of this paper are verified by using the standard multi voltage level
main distribution hybrid model provided by the Panda Power website as the verification method.
Finally, using the influence maximization calculation model of the New Creedy algorithm, the node
correlation matrix is expanded to form a super family region set of active distribution network. The
results show that the seven nodes in this paper have high correlation, while the other nodes have low
correlation. In addition, the change of reactive power has little impact on other nodes, for a node with
a change rate of 0, it is obviously not in the same power supply family as node 1, and theoretically it
may not have a topological relationship, be a power generation node, or be completely independent.
Analyzing the relationship between nodes has a guiding significance for power supply recovery and
interaction in distribution network reconfiguration.

Keywords: complex network; correlation tightness; new greedy; power flow sensitivity; topology
analysis; TOPSIS

1. Introduction

The development trend of new energy is irreversible. Because of the special distribu-
tion, unstable quality, environmental protection and clean characteristics of wind power
and photovoltaic, they are consistent with the development path of energy supply upgrad-
ing and transformation. Therefore, the research on the power supply system based on
wind energy and other new energy sources will be the key direction in the future. The
rapid development of distributed energy also brings great opportunities and challenges
to the operation of distribution network. The main grid connection points of distributed
generation are located at the distribution network side. Since the early era of smart grid,
experts at home and abroad have begun to study the active distribution network [1,2]. In
the era of integrated energy, the progress of distributed generation technology, Internet
of Things and Internet technology has laid a foundation for the further development of
ADN. Building a complete energy and information network from us to the power plant
can realize the interaction between power generation and consumption in a more efficient
and economical way, which is also a frequently mentioned concept of source network
load interaction.
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Distributed generation (DG), energy storage, flexible load and other nodes penetrate
into the active distribution network (and) largely, changing the tree or radial network
structure of the traditional distribution network. They can make it show the complex
network characteristics similar to the Internet, which means that any two terminal nodes
may have power flow exchange. Based on maximizing DG consumption and flexible
control of nodes, it is of great significance to study the operation mode of the ADN network
for guiding fault recovery, new energy consumption and economic compensation [3].

Many scholars have studied the optimal planning of power supply paths and distribu-
tion network reconfiguration. For example, some scholars have proposed a joint estimation
method of distribution network topology and line parameters under small datasets driven
by mixed data and calculated it in combination with the power flow equation [4]. Some
scholars have optimized and synchronized the distribution of photovoltaic panels (PV) and
wind turbine generators (WT), reconfigured the radial distribution network, reduced power
loss costs and improved reliability, and determined the optimal optimization variables
are very important for obtaining the maximum benefits of renewable resource allocation
and network reconfiguration, and achieving the lowest loss and reliability costs [5]. Some
scholars solved the problems of voltage instability, power imbalance and unreliability
caused by power interruption and loss in the distribution system, proposed the optimal
reconfiguration of the distribution network, and used modified shark smell optimization
(MSSO) in the MATLAB environment to improve system reliability and voltage curve
with low power loss [6]. Some scholars proposed an optimization method of network
reconfiguration strategy to eliminate line overload by building a regional ring network and
proposed a two-layer solution framework to solve the optimization model. The upper layer
is a multi-scenario mixed integer linear programming (MILP) model with DC power flow
constraints, whose goal is to minimize the operation complexity index. The lower layer is
used to check the standing phase angle (SPA) constraints and AC power flow constraints of
the optimal scheme obtained from the upper layer [7]. Some scholars consider the optimal
location and size of distributed storage units in ADN, as well as system constraints. Two
stage optimization is proposed. In the first stage, the optimization technology is applied to
the DESS planning to determine the optimal solution. In the second stage, the fitness value
of the solution is evaluated by solving the daily AC optimal power flow (OPF) problem [8].
However, most of the research is based on the power flow calculation to adjust the run-
ning time of each node in the system to build the model [9–13], not from the node’s own
characteristics and related relationships to do a deeper analysis. In complex networks, it is
helpful to study the diversity characteristics and indexes of networks and nodes, especially
in the process of dynamic operation optimization of distribution network. By studying
the characteristics of complex networks, this paper establishes a tightness model based
on supply and demand relationship between nodes, which is used to describe the supply
and demand guarantee relationship and matching degree between nodes. As the basis of
calculation to guide the dynamic operation of the ADN adjustment.

2. Analysis of ADN Complex Network Topology
2.1. Basic Theory of Complex Networks

In the real world, there are many systems that can be expressed and analyzed by
complex networks, such as common Internet, social network, aviation network, traffic
network and so on. Power network is the most common complex network, and a typical
complex network is shown in Figure 1.

Qian Xuesen gives a strict definition of complex networks: networks with self-organization,
self-similarity, attractor, small world, part or all of the properties in scale-free [14,15]. In short,
the correlation of internal factors and the characteristics of the network itself show highly
complex characteristics.
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Figure 1. Complex node photo example.

Complex networks have the following main features:

(1) Small world characteristics

The theory of Six Degrees of Separation, in the 1960s, was put forward by Stanley
Milgram in his social experiment. The basic idea is that the social network can establish a
contact relationship through up to 6 people.

Define an undirected network of n nodes, defined as the average minimum spacing of
nodes, with

l =
1

1
2 n(n + 1)∑i≥j

dij (1)

The distance between two points is dij, if not reached will be +∞, the value can be
solved by combustion algorithm, which can be expressed in the mathematical field as, that
if the number of nodes with a distance less than r from the center point increases with
exponential r, and l will be increased by log(n).

(2) Scale-free characteristics

The number of edges of a node is called a degree. Real networks are basically des-
ignated networks and are not randomly generated. The degree distribution of nodes
conforms to the power-law distribution, that is, only a few nodes have many links, such as
common changes in the distribution network [16,17]. A network that meets this feature is
called a scale-free network. The scale-free characteristic reflects the serious heterogeneity
of the complex network, that is, the degree of the node has a serious uneven distribution,
which is closely related to the robustness of the network. That is, there are attack vulnera-
bilities of random failures in the scale-free network, namely the high level of nodes also
gives room for further optimization of the network.

There is an important index for degree, network elasticity, which refers to the reacha-
bility of the network after removing a node, which represents the robustness of the network
and can be used to analyze fault recovery in the power network.

For nodes whose degree is greater than k, the cumulative distribution function of the
degree of definition is:

Pk =
∞

∑
k′=k

k′−α × k1−α (2)

The maximum probability function in the network is:
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(3) Superfamily characteristics

In complex networks, nodes often present group aggregation characteristics, such
as families or groups, which is a typical network cohesion tendency [18], reflecting the
characteristic group aggregation in a complex network. The main distribution network
structure of typical power grid is family characteristic.

Family detection technology developed in recent years is a method used to explain
this feature. Cluster analysis and other models are typical applications, while the concept
of modularity proposed by Newman in recent years provides a clearer evaluation index of
partition rationality. Generally speaking, the larger the module degree, the more reasonable
the division. Newman proposed module degree calculation formula is:

Q =
1

2m∑
ij
(Aij −

kik j

2m
)δ(Ci, Cj) (5)

where m is the total degree in the network, A is the adjacency matrix of the network, and Aij
is an integer and a non-variable that is used to describe whether there is a degree between
two points, ki is a node degree and Ci is a family label. Its essence is the familial difference
between a network and a random network, and the greater the difference, the better the
family division.

As the index of network division, module degree promotes the development of com-
plex network detection technology, but it also has some disadvantages. In recent years,
some experts have put forward module degree density and made corresponding corrections.
The common detection methods include:

(1) Methods based on graph segmentation, such as Kemighan-Lin algorithm [19], spectral
bisection method and so on;

(2) Based on hierarchical clustering methods, such as GN algorithms and Newman
fast algorithms;

(3) Based on modularity degree optimization methods, such as Greedy algorithm, Simu-
lated annealing algorithm [20], Memetic algorithm, PSO algorithm [21], Evolutionary
multi-objective optimization algorithm, etc.

The superfamily characteristics and module density after basic calculation and analysis
are shown in Figure 2, which is similar to the current typical distribution network structure.
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2.2. ADN Complex Network Topology

A distribution network is a network in which the secondary voltage side is directly
supplied to the user after lowering the voltage in the power system [22]. It generally
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consists of feeder, step-down transformer, circuit breaker and various switches. Distribution
network generally refers to the power grid that is 110 kV and below. In terms of topology,
the distribution network can be divided into the radial network, tree network and ring
network, as shown in Figure 3 below. At present, most of the distribution networks in
China are tree-like structures.
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Complex distribution networks can usually simplify the method and simplify the tree
network diagram of one node side relationship [23]. As shown in Figure 4, make the root
node as 0 and number the root node down in order according to the principle that the
parent node is smaller than the child node number. The direction of the parent node to the
child node is defined as the routing forward, and the branch number is the same as its child
node symbol.
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The topology analysis of the distribution network is the basis for other analysis of
the distribution network such as state estimation, power flow calculation, fault location,
isolation and power supply restoration, network reconstruction.

As the development trend of the distribution network, ADN as the main way to
solve the new energy consumption, its form will be composed of multiple voltage levels
of the multi-level ring network, AC-DC hybrid, interconnection interface with a unified
standard, and a structure mode of flexible Ad-Hoc network based on complex network
theory. Especially the DC distribution network, which is the core of the future energy
internet, will become the basic supporting link, and the medium voltage distribution
network that represented by flexible tributary technology will also become an important
development direction in the future.

The basic topology of ADN in flexible DC mode can be divided into loop structure
(Figure 5), radial structure (Figure 6) and two-terminal distribution structure (Figure 7).
The analysis of ADN topology is the basis of constructing the interactive model of source,
network and load under the safe operation of power grid.
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Different from the traditional distribution network, there are a large number of random
power supply and load nodes in the ADN network, which has a situation of bi-directional
current and low-pressure transfer, and the network structure is changed into a complex
undirected network structure. The physical structure of those two is consistent, so the
node connection model based on graph theory has not changed fundamentally. However,
the supply and demand relationship between nodes has essentially changed based on
node characteristics and bi-directional current. Therefore, it is necessary to supplement
node characteristics to further describe this complex undirected network. In this paper, the
power flow is used as the basis of node association analysis, and the node feature vector
matrix is established to analyze the complex relations between nodes.

Due to the existence of microgrid nodes in the ADN, that is, the existence of bi-
directional nodes in power, which increase the complexity of network topology analysis.
For the ADN, the flow direction is used as the distinction to deal with the node association.
The inflow feeder node is defined as positive, and the outflow is negative. According to the
characteristics of the running time, it is called as a positive node or a negative node, the
power flow balance of the system can be briefly expressed as:

N

∑
i=1

Pi = 0 (6)

Which means the sum of node power is zero.
In the example of the distribution network operation mode shown in Figure 8—drawn

with Microsoft Visio tools, which is different from the standard grid icon, for example—only
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after a simple topology sequence label is conducted for the equipment can it be found that
there is a massive difference between the operation mode of the traditional unidirectional
power flow system and the new bi-directional current system.
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There are three main differences in the operation mode of the ADN network and the
traditional distribution network:

(1) Distributed power supply is the main difference between them;
(2) Loop distribution network structure that is composed of a contact switch ( 8©, 9©);
(3) Load area low-voltage transfer operation mode, which is the bi-directional current

operation mode.

The so-called bi-directional current as a whole refers to the interaction way between
each terminal node and the power grid, which can show two directions as a whole: inflow
and outflow. However, the physical characteristics determine that the direction of power
flow in a certain section of the fixed line at any time is unique, and the overall direction is
from the power source to the load.

The traditional distribution network is designed according to the separation of power
supply and load in the design plan. That means the power supply is sent from the fixed
power network to the load center, which is in the area where the distribution busbar I is
on the left side of Figure 8. The power flow output of photovoltaic and energy storage
can only be within the busbar I area, and it needs to be calculated in conjunction with the
main network power supply. If in the case of power failure of the main network without
contact switches ( 8©, 9©), the power supply cannot be completed by the low-voltage reverse
operation though the right distribution busbar II.

If bi-directional current is adopted in the right area, there is a massive difference
in the operation and supply mode of each node in the distribution network. It is nec-
essary to determine the output power and load power of each power supply according
to the unidirectional power flow distribution in different feeder lines according to the
network topology link relationship. Therefore, its complexity is higher than the traditional
distribution network.

It can be seen that in the traditional distribution network of unidirectional power flow,
it can only adopt a single feeder supply mode, and the node operation strategy is single,
which indirectly leads to the waste of power generation resources. At the same time, there
will be more family characteristics of human interference in this network.That is, positive
and negative node planning and design on the same feeder side, which lack flexibility. At
present, many hydropower enrichment areas in China, such as Sichuan, show obvious
characteristics of this kind, all small hydropower according to its geographical location
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from 10 kV or 35 kV of unified gateway access to the power grid, to participate in the
power supply.

According to the principle of maximum generation capacity (different resources re-
quired for different types of new energy), the grid connection point can be selected (when
the capacity channel is sufficient) in the ADN with DER that adopts bi-directional current
supply. The family characteristics in this network tend to gather around the supply-demand
relationship and meet the demand of local absorption of new energy. At the same time,
the network presents the characteristics of distribution network stratification. That is,
the external supply-demand characteristics after family aggregation, are basically around
feeder or public transformer as focal point.

The calculation flow chart is as follows Figure 9.

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 18 
 

the capacity channel is sufficient) in the ADN with DER that adopts bi-directional current 
supply. The family characteristics in this network tend to gather around the supply-de-
mand relationship and meet the demand of local absorption of new energy. At the same 
time, the network presents the characteristics of distribution network stratification. That 
is, the external supply-demand characteristics after family aggregation, are basically 
around feeder or public transformer as focal point. 

The calculation flow chart is as follows Figure 9. 

Mature power flow algorithm of main 
network

three-phase
Forward and backward generation

single-phase
Forward and backward generation

Principal subordinate 
split method

Main network

Distribution 
network

Niulafa

Gauss method

PQ decomposition

Distribution network: node power flow supplementary calculation

Main network: equivalent calculation of terminal nodesGrid model 
input

Tidal 
current 
result

Convergence 
improvement

 
Figure 9. Hybrid power flow algorithm flow. 

3. Modeling the Tightness of Node Correlation in ADN 
3.1. Basic Theory of Node Tightness Analysis 

Node correlation tightness is mainly used to describe the supply and demand density 
(complex graph theory density) of the power network based on a series of static and dy-
namic correlation indexes between nodes in ADN, which is used to describe the optimal 
matching of power supply and load under ADN operation. 

The basic principle of tightness is similar to the path selection between transportation 
nodes. For example, one point is used to pass between two points on the map. The deci-
sion factors include road nature, road condition, adoption mode, cost, profit and loss ef-
fect and so on. By generating a fixed relationship between the two points, the effective 
development of transportation can be effectively guided, and different results can be ob-
tained under different objective functions. 

In the power grid, multiple types of applications can be realized through the tightness 
of correlation between nodes, such as power grid operation mode planning, arbitrary load 
according to the tightness index matching in the power node sequence to form a planning 
scheme. In the case of power network failure, backup power supply can be selected as the 
first choice for iterative calculation. In the process of constructing the index, the superfamily 
characteristics of network topology have been considered. The dynamic sensitivity has been 
selected as the index of operation analysis, which is based on the inherent node admittance 
matrix of the power network to form a number of influencing factors. Then, adopt the 
method of regional density to construct, so that the overall complexity and cost are better 
than the independent reconstruction of the distribution network. 

The construction of tightness mainly starts from the following two aspects: 
(1) Sensitivity analysis indicators 

Sensitivity calculation can describe the sensitivity of grid nodes based on various de-
pendent variables and is the most intuitive index of response tightness. In order to further 
explain the relationship between node supply, the following sensitivity analysis models 
should be considered: 

Figure 9. Hybrid power flow algorithm flow.

3. Modeling the Tightness of Node Correlation in ADN
3.1. Basic Theory of Node Tightness Analysis

Node correlation tightness is mainly used to describe the supply and demand density
(complex graph theory density) of the power network based on a series of static and
dynamic correlation indexes between nodes in ADN, which is used to describe the optimal
matching of power supply and load under ADN operation.

The basic principle of tightness is similar to the path selection between transportation
nodes. For example, one point is used to pass between two points on the map. The decision
factors include road nature, road condition, adoption mode, cost, profit and loss effect and
so on. By generating a fixed relationship between the two points, the effective development
of transportation can be effectively guided, and different results can be obtained under
different objective functions.

In the power grid, multiple types of applications can be realized through the tightness
of correlation between nodes, such as power grid operation mode planning, arbitrary load
according to the tightness index matching in the power node sequence to form a planning
scheme. In the case of power network failure, backup power supply can be selected as the
first choice for iterative calculation. In the process of constructing the index, the superfamily
characteristics of network topology have been considered. The dynamic sensitivity has
been selected as the index of operation analysis, which is based on the inherent node
admittance matrix of the power network to form a number of influencing factors. Then,
adopt the method of regional density to construct, so that the overall complexity and cost
are better than the independent reconstruction of the distribution network.

The construction of tightness mainly starts from the following two aspects:

(1) Sensitivity analysis indicators

Sensitivity calculation can describe the sensitivity of grid nodes based on various
dependent variables and is the most intuitive index of response tightness. In order to
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further explain the relationship between node supply, the following sensitivity analysis
models should be considered:

(1) The voltage sensitivity is mainly a power sequence that characterizes the degree of
voltage influence on load nodes from the perspective of power grid security. The
random power supply will increase the voltage due to the output demand in ADN,
which will cause the voltage flicker of the associated node and cause unnecessary
production failures. This problem has become a major problem affecting the operation
of the power grid in most small hydropower-intensive areas in China;

(2) The power sensitivity is mainly based on the analysis of the reliability of the power
grid, which characterizes the optimal power supply sequence of the load node. The
load node with the highest sensitivity under power fluctuations of any power supply
node has the highest possibility of relying on the power supply. Therefore, its relia-
bility dependence is the highest because the efficiency matching between the two is
the best;

(3) The network loss sensitivity is mainly based on the analysis of the economics of the
power grid, which characterizes the contribution of the power changes of each node
to the network loss of the system. For the nodes with high sensitivity, the frequency
fluctuation is not easy to reduce the loss of the power grid. Therefore, it is necessary to
consider the stable operation of constant power as much as possible. For power supply
nodes, it is necessary to consider power supply complementation or full consumption
nearby to improve the economics of grid operation.

(2) Static physical and statistical indicators

Static physical attributes are generally used to describe the inherent characteristics of
nodes. In this paper, node capacity is selected to describe the inherent characteristics of
supply and demand between nodes, to facilitate the analysis of the degree of adaptation
of power and load, and to restrict safety indicators. Some other statistical indicators,
such as failure rate, load loss rate, maximum or minimum power, and other analysis
factors are too much involved. This article decomposes them into the constraints of their
respective calculation models according to different solution goals, such as nodes failure
rate, maximum and minimum power values, etc., without adding static statistical analysis.
Here, it can be used as the extension of the node correlation tightness further analysis and
calculation, and the node correlation tightness analysis model considering the full index
set, such as security, stability, reliability, economy, etc.

After constructing the node attribute set, the TOPSIS model in complex graph theory
has been used to solve the corresponding node importance index under the multi-attribute
of nodes in the network.

3.2. Node Tightness Model Solution

The sensitivity calculation of the power network is generally used to study the dif-
ferential relationship of various corresponding physical variables in the state of power
network operation, and to obtain the sensitivity between dependent variables and inde-
pendent variables. Thus, an analysis method is used to analyze the specific variables of
power network operation. It is widely used in the power network, such as power network
reliability analysis, network loss analysis, transmission capacity and so on, which can
improve system security, system stability margin and economy.

The general expression for sensitivity is:

SF
x =

∂F
∂x

(7)

The sensitivity value reflects the dependence of a particular network function on a
particular variable, and the larger the value, the more sensitive it is, otherwise the slower
it is. It quantifies the qualitative physical concept, and the calculation is simple, so it is
more practical.
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In this paper, we mainly rely on the establishment of power flow sensitivity matrix,
which involves three kinds of variables:

Independent parameters α, including line admittance and other invariant parameters,
expressed as X;

State variables X, including load node voltage, phase angle, generation node phase
angle, etc., expressed as X;

The control variables V, active power and voltage of generating node, balance node
voltage and phase angle, etc., are expressed as F.

At present, the main analysis and calculation of power flow sensitivity includes:
1© Bus sensitivity, which is used to judge the sensitivity of weak bus or reactive power

compensation position; 2© Branch sensitivity, which is used to determine the sensitivity of
a branch to the voltage stability of the system; 3© Generator sensitivity, which is used to
determine the most important generator for voltage stability near the critical point. The
method used in the calculation of power flow sensitivity mainly includes static sensitivity
and trajectory sensitivity and the system is analyzed from two perspectives of static section
and dynamic response, respectively.

A general expression for steady-state flow, according to the above-mentioned parameters are{
F(X, V) = 0
Y = Y(X, V)

(8)

Assuming that the stability point of the system is (x0, v0), if the stability point after
the system disturbance is (x0 + ∆x, v0 + ∆v), according to Taylor expansion:{

F(x0 + ∆x, v0 + ∆v) = F(x0, v0) +
∂F
∂x ∆x + ∂F

∂v ∆v = 0
y0 + ∆y = Y(x0, v0) +

∂Y
∂x ∆x + ∂Y

∂v ∆v
(9)

Bring the above two into the solution:

∆x = −
(

∂F
∂x

)−1
∂F
∂v ∆v = Sxv∆v

∆y = ∂Y
∂x ∆x + ∂Y

∂v ∆v =
(

∂Y
∂x Sxv +

∂Y
∂v

)
∆v = Syv∆v

Sxv = −
(

∂F
∂x

)−1
∂F
∂v

Syv =
(

∂Y
∂x Sxv +

∂Y
∂v

) (10)

The sensitivity matrix of X, Y change caused by V change.

(1) Modeling of Node Associated Security Factors Considering Voltage Sensitivity

In this factor, the voltage is regarded as the main reference variable of system security,
and the weak part of the voltage change of different nodes in the system is found through
the sensitivity relationship between the power node and the load node as the judgment
matrix. As a constraint on the security boundary in system operation, the system can be
optimized. This factor belongs to static factor.

For the differential relation matrix of generator and load node with node voltage
change, the reactive power balance equation of node injection is:

Qi −Vi∑
j∈i

Vj(Gij sin θij − Bij cos θij) ≈ Qi + ∑
j∈i

VjBij = 0 (11)

In order to simplify the equation, according to the previous basic method, the Taylor
Formula will be expanded, and abandon the higher term and the relation is obtained
as follows:

∆Qi + ∑
j∈i

Bij∆Vj = 0 (12)
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Breakdown of generation and load nodes into matrix:[
BLL BLG
BGL BGG

][
∆VL
∆VG

]
= −

[
∆QL
∆QG

]
(13)

QL and QG are variation of load and power generation node. Note that this formula is
consistent with the VQ iterative correction equation of the PQ decomposition method. It is
assumed that QL will remain the same if change the VG, then formula becomes ∆QL = 0.

BLL∆VL + BGL∆VG = 0
∆VL = −B−1

LL BGL∆VG = SLG∆VG
SLG = −B−1

LL BGL

(14)

SLG is the voltage sensitivity matrix between power generation and load nodes.
Through this calculation, the power generation node that has the greatest impact on load
node changes can be analyzed. Because of the power node voltage rise phenomenon in
ADN, the load voltage qualification rate is affected, so according to the sensitivity matrix, it
is possible to further determine the system safety boundary and the ranking of the influence
of reactive power changes.

(2) Modeling Node-related Supply Factors Considering Power Sensitivity

In this factor, the influence of power conduction change is taken as the reference
variable of supply and demand reliability of nodes in the network, which mainly analyzes
the dependence of power generation and load nodes, removes the influence of load loss
rate in traditional reliability, and the sensitive load nodes are relatively dependent on power
generation. This factor belongs to static factor.

In general, the power transfer factor of generating nodes is defined as branch power
flow sensitivity, and there are:

∆Pi
k = Gk−i∆Pi (15)

where Gk−i is the generator power transfer factor, i represent generator, k represent branch.
Assuming that the power transfer is completely absorbed by the balance node, the other
nodes do not change, then there is:

∆θ = X
[
0 · · · ∆Pi · · · 0

]T
= Xi∆P (16)

where Xi is a column vector of the node impedance array, the active power flow of the
branch between the node m and n changes to:

∆Pi
k =

MT
k ∆θ
xk

=
MT

k Xi∆Pi
xk

= Xmi−Xni
xk

∆Pi

∆Pi
k = Gk−i∆Pi

Gk−i =
Xmi−Xni

xk

(17)

where MT
k is the associated column vector of the node branch. The row corresponds to the

node number, the independent value is 0, the entry node is −1, and the departure is 1. Gk−i
is the transfer distribution factor, that is, generation power sensitivity. Xmi represents m
row i column elements in the X. If the above expression selects only nodes m it is a single
node sensitivity. It can be deduced for the linkage of multiple generators:

∆Pk = GR
k−G∆P(0)

G

Gk−G =

[
Xmi − Xni

xk

Xmj − Xnj
xk

· · · Xml − Xnl
xk

]
GR

k−G = Gk−GFu

(18)
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According to this, the adjustment amount of each generator under the active power
flow change of the branch is:

∆P(0)
G = (GR

k−G)
T[

GR
k−G(G

R
k−G)

T]−1
∆Pk (19)

According to the distributed factor formula of generation, the power transfer distribu-
tion factor between nodes can be deduced:

∆Pij
k = Gk−ij∆Pij

Gk−ij =
Xmi − Xmj − Xni + Xnj

xk

(20)

(3) Modeling of Node Correlation Economic Factors Based on Network Loss Sensitivity

In this factor, the net loss is used to describe the economic index of the whole system.
Any node voltage and branch power flow change in the ADN network will lead to the
change of line loss. The network loss sensitivity as a whole reflects the system loss change
caused by the node power change under the specific network operation state. The change
of network loss sensitivity can guide the operation mode of the node, the load node can use
as much electricity as possible at low sensitivity, and the power node can generate more
electricity at high sensitivity. Unlike the first two factors, they belong to dynamic factors.

For any time t of power grid, the loss of active power network is:

Ploss =
N
∑

i=1
∑
j∈i

[
αij(PiPj + QiQj) + βij(QiPj − PiQj)

]
αij =

Rij
UiUj

cos(θi − θj)

βij =
Rij

UiUj
sin(θi − θj)

(21)

where Ui∠θi is the voltage amplitude, Zij = Rij + jXij is the element of the node impedance
array, and the PQ is active and reactive power, respectively.

Active and reactive sensitivity for node i can be obtained by:

Gl−p = ∂Ploss
∂Pi

= 2 ∑
j∈i

(
αijPj − βijQj

)
Gl−q = ∂Ploss

∂Qi
= 2 ∑

j∈i

(
αijQj − βijPj

) (22)

According to the relationship PQ nodes:

[
∂Ploss

∂Pi
∂Ploss
∂Qi

]
=

[
∂Pi
∂θi

Ui
∂Pi
∂Ui

∂Qi
∂θi

Ui
∂Qi
∂Ui

]−1[ ∂Ploss
∂θi

U ∂Ploss
∂Ui

]
Ui

∂Ploss
∂Ui

= −2Ui
N
∑

j=1
UjGij cosθij

∂Ploss
∂θi

= −2Ui
N
∑

j=1
UjGij sinθij

(23)

Model modification for calculating physical constraints of nodes in a system.
Considering that the main solution in the system is to ensure the supply relationship

of nodes, it is necessary to consider the supply and demand relationship of nodes in any
family. The supply and demand capacity ratio of the superfamily supply island is basically
1:1, but considering the relationship between the islands in the system, a certain floating
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ratio is used as the supporting capacity factor between the islands. The general basic
floating ratio is about 5%, and the basic constraint formula is:

SD(Fi) =
Ng

∑
n

Cn

/Nl

∑
m

Cm(Cn, Cm ∈ Fi) (24)

1− η ≤ SD(Fi) ≤ 1 + η (25)

4. Solving Examples
4.1. The Example Adopts the System Model

To verify the correctness of the example method used in this paper, the 118-node
distribution network structure of the IEEE standard has been used as the calculation and
analysis model of the node correlation tightness, which accords with the basic attributes
of the ADN. The Matpower based on Matlab language has been used as the basis of
programming. The relevant data of the example are shown in Figure 10, and the detailed
parameters of the system can be obtained from the Internet.
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Figure 10. Typical ADN.

IEEE 118 node distribution network model is a standard ADN example commonly
used in electrical engineering, which contains 118 nodes, 132 branches, 15 connection
lines, 117 segmented switching and xx power supply networks, which including 54 power
generation nodes, and the key parameters of the system are standard values, which can be
used in many scenarios. The core parameters of the 118 node network model refer to the
IEEE standard model.

4.2. Analysis Results

The sensitivity calculation and analysis method was used to solve and analyze the
118-node distribution network. Select some of the node data, analyze and calculate the
related node change rate of the whole network after the independent change of active and
reactive power of the power generation node.
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Select some of the power generation nodes and the change rate of the load node for
example, and the result of the sensitivity change as shown in Figure 11.
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Figure 11. Generator node sensitivity calculation result.

The results of the node closing density matrix obtained by the whole network calcula-
tion and analysis are as follows.

In the calculation, the maximum and minimum interval limit is followed, and the
theoretical basis of tightness correlation can be obtained from the diagram obviously:

(1) In the increment node sequence, there is an obvious change rate difference. The larger
the slope of the node, the more the power generation capacity is dependent on node 1;

(2) If there is a node with a rate of change of 0, it is obviously not located in the same power
supply family with node 1, which may theoretically be physically non-topological,
generating node or completely independent;

(3) There is a slope change to negative node, non-terminal node;
(4) The change of reactive power has little effect on other nodes.

At the same time, the active power of load node is raised, the power change value of
all generating nodes in the system is analyzed and observed, and the results are obtained
as shown in Figure 12.
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Figure 12. Load node sensitivity calculation result.

The analysis of the calculated results is basically consistent with the generation sensitivity:

(1) Load node active power change, the most ideal state for the family generation node
supply, rather than a single node;

(2) The nodes that affect the voltage and reactive power of the load node are very few
nodes, such as the No.2 load reactive power node is 92 and 103 generation nodes.

The IEEE 118 node compactness matrix is too large to be displayed in this paper, so the
IEEE 14 node has been used as the basic calculation model of compactness matrix display.
The compactness matrix generated by this method is as follows Figure 13.
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Among them, the self-correlation coefficients are all set to 1, the matrix is a symmet-
ric matrix, the node with a correlation value of 1 outside its own node represents the
closest supply node of the node, and 0 represents the non-correlation node. The above
results can be used for distribution network family analysis, distribution network topology
reconstruction, scheduling optimization, and other scenarios.

Comparing the calculated matrix based on 118 nodes, it is found that the sparseness
of the matrix reflects the number of distribution network supply families, that is, the
number of autonomous topological islands. The sparse matrix represents a distribution
network with strong autonomy, which is characterized by many distributed power sources
and a complex distribution network structure. The dense matrix is basically a traditional
distribution network structure, its supply relationship is radially related, and the structure
is simple.

The analysis results of this matrix are most directly applied to distribution network
weakness analysis and distribution network distributed power planning. By adding key
associated nodes, the distribution network family and the associated characteristics are
changed, and the security and flexibility of distribution network are greatly increased.

4.3. Comparative Analysis

In order to verify the correctness of the calculation method used in this paper, the
standard multi-voltage level master hybrid model provided by the panda-power website is
cited as the verification method, and the matlab-based matpower is used as the basis for
programming implementation.

There are four voltage levels: 380 kV transmission network, 20/10 kV medium voltage
distribution network, and 0.4 kV low voltage distribution network. Among them, the low-
voltage distribution network presents the characteristics of high typical impedance ratio, which
has the characteristics of power flow pathology, and is not easy to calculate convergence, so
the forward pushback generation method is used for calculation and analysis.

In the calculation and analysis of this paper, the mature pushback generation calcula-
tion results are not analyzed, but the pypower built-in calculation model is directly used as
the result, focusing on the main network using the PQ decomposition calculation results
and the main network voltage and phase angle calculated by the master-slave mixed model
to verify the accuracy of the model. In addition, the model here is verified by the main
configuration hybrid model after stitching of the IEEE standard model, and the method is
not repeated.

The initial network parameters for this model are shown in Table 1.
After 4 alternate iterations of master-slave splitting calculation, the voltage deviation

of coupling node 11 gradually decreases, and the phase angle tends to be stable, meeting
the convergence requirements, and the calculation is terminated. The data of iteration
process is shown in Table 2.
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Table 1. Initial network parameters.

Network
Layering

Voltage
Level

Coupling
Node Network Size Solution

Algorithm
Convergence

Precision

Main
network

Above
10 kV Node 11

Number of nodes: 20
PQ decompo-

sition 1 × 10−6
Number of branches: 20

Number of power
generated: 4

Distribution
network 0.4 kV Number of nodes: 12 Forward and

backward
generationNumber of branches: 11

Table 2. Calculation progress information.

Round
Coupling Node Voltage Coupling Node Phase Angle Total

AccuracyMain
Network

Distribution
Network Deviation Main

Network
Distribution

Network Deviation

1 0.9482 1.0000 0.0517 −6.8574 −6.8574 0.0000 0.0517
2 0.9478 0.9482 0.0003 −6.8842 −6.8574 0.0000 0.0003
3 0.947856 0.947859 3 × 10−6 −6.8844 −6.8574 0.0000 3 × 10−6

4 0.9478563 0.9478563 2 × 10−8 −6.8844 −6.8574 0.0000 2 × 10−8

Table 3 shows the final calculation results of each main network node calculated by PQ
decomposition and the master-slave splitting method. It can be seen that its convergence
and calculation results meet the requirements of calculation accuracy.

Table 3. Comparative analysis of results.

Network
Type

Node
Number

Newton’s Method
Calculation Results

The Master-Slave Split
Method Calculates the Result Deviation

Voltage Phase Angle Voltage Phase Angle

Main
network

0 1.03 0 1.03 0 0
1 1.03257 −1.73713 1.03257 −1.73713 0
2 1.02214 −3.96513 1.02214 −3.96513 0
3 1.01445 −4.62806 1.01445 −4.62806 0
4 1.02555 −3.52348 1.02555 −3.52348 0
5 1.03 −3.26918 1.01445 −3.26918 0
6 1.00115 −6.38936 1.02555 −6.38936 0
7 1.00144 −6.24999 1.03 −6.24999 0
8 0.997036 −6.31971 1.00115 −6.31971 0
9 0.993758 −6.36155 1.00144 −6.36155 0
10 0.991537 −6.36944 0.997036 −6.36944 0
11 0.947856 −6.88444 0.993758 −6.88444 0
12 1.01237 −5.79345 0.991537 −5.79345 0
13 1.00847 −5.94472 0.947856 −5.94472 0
14 1.00443 −6.11352 1.01237 −6.11352 0
25 0.861582 2.51946 1.00847 2.51946 0
26 0.842511 5.75087 1.00443 5.75087 0
27 1.02616 −3.52348 0.861582 −3.52348 0
28 1.024 −3.96513 0.842511 −3.96513 0
29 1.00623 −5.59055 1.02616 −5.59055 0
30 0.990384 −6.34397 0.990384 −6.34397 0

Distribu-
tion
net-

work

15 0.990373 −6.34308 0.990373 −6.34308 0
16 0.936086 −5.89545 0.936086 −5.89545 0
17 0.92631 −5.09591 0.92631 −5.09091 0
18 0.919187 −4.48188 0.919187 −4.48188 0
19 0.914058 −4.07614 0.914058 −4.07614 0
20 0.911502 −3.87155 0.911502 −3.87155 0
21 0.923788 −5.08725 0.923788 −5.08725 0
22 0.904304 −3.50968 0.904304 −3.50968 0
23 0.861582 2.51946 0.861582 2.51946 0
24 0.842511 5.75087 0.842511 5.75087 0

5. Conclusions

ADN was an important part of smart grid and energy internet, safe, and economic
operation will be the important task, and the consumption of distributed energy was its
important goal. In view of this direction, this paper proposed a distribution network node
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correlation tightness model based on sensitivity and physical attribute weighting, which
was used to analyze the internal supply relationship between each node. The following
conclusions were obtained:

(1) Considering the main influencing factors of the relationship between nodes, using
the sensitivity index as the micro-change rate determination factor, based on the three
types of sensitivity of voltage, power, and network loss to reflect the three major
indicators of safety, reliability, and economy;

(2) In order to reflect the supply-demand relationship between nodes, from the three per-
spectives of supply capacity, responsiveness, and stability, supplementary indicators
are calculated around capacity, failure rate, and flexibility margin;

(3) Taking into account the complexity of each index, the TOPSIS method was adopted,
built around the weighted index set, calculated using AHP’s Santy scaling method,
and solved using the degree concept of graph theory to form a node tightness matrix;
at the same time, the ranking sequence of the most important nodes in the system can
be obtained intuitively;

(4) Compared with other related research on distribution network operation mode, the
correlation tightness matrix can more flexibly present the relationship between the
output indicators. Based on the weight reconstruction, a new network operation
strategy can be formed quickly, and it can effectively reflect the relationship between
nodes that based on the internal relationship of supply indicators, which has a wider
application space.

Similarly, there were some deficiencies in this study. In the ideal active distribution
network, there was no external tie line. The power supply of the high-voltage grid, which
can basically meet the requirements of self-sufficiency in the network. At the same time,
random power supply or load access was not considered, which had certain limitations;
The limitation was that the identification of the plug and play active distribution network
will have a certain delay and lag, and the identification of active distribution network
planning and random access with distributed generation is low.

In the future, we will be able to more accurately analyze the dynamic correlation of
each node, connect the intermittent new energy characteristics of the active distribution
network in the network, and organically integrate with the relevant power prediction in
the new active distribution network around the existence of plug and play, so as to make a
more accurate analysis on fault recovery guidance or operation mode adjustment.
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