energies

Article

Research on Load State Sensing and Early Warning Method of
Distribution Network under High Penetration Distributed
Generation Access

Cailian Gu ¥, Yibo Wang 2, Weisheng Wang 2 and Yang Gao !

check for
updates

Citation: Gu, C.; Wang, Y.; Wang, W.;
Gao, Y. Research on Load State
Sensing and Early Warning Method
of Distribution Network under High
Penetration Distributed Generation
Access. Energies 2023, 16, 3093.
https:/ /doi.org/10.3390/en16073093

Academic Editor: Theofilos A.
Papadopoulos

Received: 28 February 2023
Revised: 24 March 2023
Accepted: 27 March 2023
Published: 28 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Shenyang Institute of Engineering, Shenyang 110136, China

2 College of Information Science and Engineering, Northeastern University, Shenyang 314001, China

*  Correspondence: gucl@sie.edu.cn

Abstract: Aiming at the problems of power flow fluctuation and voltage exceeding standard caused
by high permeability distributed power supply access, this paper proposes a load state perception
early warning method for distribution networks. Firstly, the random behavior characteristics and
voltage early warning mechanisms of power supply and load in distribution networks are analyzed,
the dynamic model of distribution networks based on complex network theory is established, and the
risk index of voltage exceeding limits under the conditions of high permeability distributed power
supply access is put forward. Secondly, the random power flow of distribution networks based on
the Monte Carlo method is studied by sampling and analyzing the dynamic model of distribution
networks. Then, the risk calculation and safety assessment of voltage exceeding limits are carried
out on the currently extracted model, and the risk control strategy of distribution network operation
is put forward. Finally, an improved IEEE30-node distribution network topology is proposed.
Through simulation analysis, it is proven that the load situation awareness early warning method
of distribution networks can effectively predict, improve the security of distribution networks, and
provide timely early warning information for maintenance personnel.

Keywords: distributed power supply; load flow analysis; new energy; power system

1. Introduction

The goal of “double carbon” has accelerated the process of green and low-carbon
transformation in China. The new power system based on high-permeability distributed
generation will be the new development direction in the future [1-4]. High-permeability
distributed power generation is to connect a high proportion of renewable energy power
generation equipment to the new power system, and at the same time connect a large
number of power electronic components with nonlinear characteristics. Renewable energy
power generation is characterized by high randomness and uncertainty. Power electronic
equipment lacks the inertial support of synchronous generators, which leads to the risk of
voltage exceeding limits and brings great challenges to the operation, maintenance, and
overhaul of distribution networks [5-8]. In order to meet the above challenges, it is urgent
to study a new method of load situation awareness and early warning in distribution
networks to deal with the power flow fluctuation caused by high penetration distributed
generation access.

Power flow calculation is of great significance for analyzing the active power flow,
voltage distribution and network loss of distribution networks. Compared with the tra-
ditional distribution network, the access of high-permeability distributed power supply
will bring greater volatility. Because the power flow has the characteristics of bidirectional
flow, it is necessary to access a high proportion of power electronic equipment. Power
flow analysis needs to classify distributed nodes based on the stochastic model of power
flow. A lot of research has been conducted on the analysis and calculation of power flow
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at home and abroad. The ref. [9] adopts the traditional Newton method to deal with the
power flow problem of distribution networks with distributed power supply access. In the
iterative process, various nodes are transformed into PQ nodes or PV nodes for calculation,
which solves the three-phase power flow calculation problem of multi-type distributed
distribution networks. The ref. [10] analyzes the operation characteristics of different types
of distributed power sources, and treats them as different types of nodes, which improves
the accuracy of power flow calculation but does not consider the randomness of power flow
brought by distributed power sources. However, most of the above-mentioned research
on power flow calculation focuses on deterministic analysis, and there is little research on
stochastic power flow analysis.

At present, some scholars have carried out detailed research on the operation state of
distribution network lines. The ref. [11] puts forward the index of power line weight, and
studies the internal relationship between distribution network grid structure and complex
network theory. It can accurately locate the fragile power lines, thus effectively improving
the identification accuracy of distribution network node vulnerability. The ref. [12] puts
forward a method to calculate the average distance of weighted power grids, and establishes
the risk assessment index of power grid operation based on line loss rate and transmission
efficiency drop rate. According to the load dynamics of nodes, the corresponding cascading
failure model is established, which provides a reference for security constraints in optimal
scheduling. The ref. [13] analyzes the power flow distribution mechanism under the
cascading failure of distribution networks and puts forward the electrical coupling strength
index to judge the connection relationships of nodes. At the same time, it establishes a
node feature identification model based on electrical coupling strength, and compares
it with traditional topological indexes. According to the dynamic change of power flow
and the priority index of nodes, the ref. [14] puts forward a method to select the optimal
access location of distributed generation. The ref. [15] takes the European power grid as
an example, analyzes typical power outage accidents and their causes, and puts forward
a fast recovery strategy based on A* algorithm, which is verified in IEEE-39 and IEEE-68
systems. The above references are all based on the power flow idea of power systema to
study the deviation degree of voltage and power. It establishes the corresponding power
grid vulnerability assessment index, and puts forward the rapid recovery strategy, which
provides the theoretical research basis for this paper.

In recent years, most scholars are keen to study the problem of load state perception
under the condition of large-scale distributed power supply access. The ref. [16] takes
the Greek pilot project as an example, puts forward a new state estimation method of
transmission and distribution system, and solves the application problem of integrated
monitoring systems to deal with the uncertainty of power grids. The ref. [17] puts forward
a power quality evaluation method based on data envelopment analysis, and establishes a
power quality evaluation index system suitable for distributed generation. The ref. [18]
puts forward a distributed generation access method based on the healthy power qual-
ity of distribution networks. At the same time, by selecting the comprehensive index to
measure the power quality, the health state characteristic quantity is established. The
ref. [19] puts forward an active distribution network operation risk assessment and early
warning method based on graph theory, which uses multi-scenario analysis technology to
improve the accuracy of state perception and calculation efficiency. The ref. [20] considers
the start-up capability constraint of distributed generation, and selects the recovery path of
distribution systems under black start according to the load weight and node importance,
thus improving the flexibility of distribution networks under power failure. The above
method does not make a hierarchical access scheme for the power grid based on vulnerabil-
ity. With the diversification of access subjects of distribution networks, it is more difficult to
study the flexible load of renewable energy supply and consumption demand, new energy
vehicles, and various energy storage systems.

In this paper, nodes are classified based on graph theory to identify the location of
vulnerable nodes, and then a state awareness method with risk assessment and early
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warning functions is developed. The simulation results show that the optimal access node
of DG can be selected effectively.

Based on the research of the above problems, according to the relationship between the
operation risk of a high-permeability distributed power supply connected to a distribution
network and node criticality, this paper puts forward a voltage limit sensing early warning
method for distribution networks. Firstly, the set of nodes and edges of distribution
networks are described in the form of graph theory, and the behavior characteristics of
distribution networks are analyzed. By establishing the dynamic model of distribution
networks, the expected risk degree is quantified. Secondly, the probability distribution
model of the stochastic process of distributed generation and load demand is established
by the nonparametric kernel density estimation method, and the power flow characteristics
of distribution networks under stochastic conditions are analyzed. Then, a dynamic
optimization strategy considering the operation risk of distribution networks under load
state is proposed, taking the minimum amount of abandoned electricity generated by
renewable energy as the optimization goal, and combining the optimization adjustment of
reactive power compensation equipment, the adjustment of distributed power factor, and
the reduction of active output of distributed power supply. This strategy solves the problem
of voltage overrun in distribution networks through reactive power compensation and
active power reduction. Finally, based on the improved IEEE30-node, the proposed method
is compared and simulated in the distribution network system. Practice has proven that
the load situation awareness early warning method proposed in this paper can effectively
predict the security of distribution networks, and provide effective theoretical support for
the risk assessment and early warning method formulation of distribution networks.

2. Dynamic Model of Distribution Network Based on Graph Theory

According to one reference [21], there is no significant correlation between the com-
plexity of the network model structure and the analysis accuracy of power flow distribution
in distribution networks. Compared with the existing complex network model structure,
describing the edge set and node set of distribution networks in the form of graph theory
can dig out the physical information relationship in the characteristic parameters of distri-
bution networks more quickly and accurately. On this basis, by analyzing the weights of
each side, the running state and physical characteristics of the distribution network can
be intuitively and accurately reflected. According to the physical model with distributed
generation, it is defined as an undirected weighted graph G = (P, L). Among them, the
edge set can be expressed as L = {l1,15,- - - , I, }. Distributed power supply, substation, and
load are nodes of the network. The node set can be represented by P = {p1,p2,- - - , Pm }-

The power flow distribution is used to judge the running state of the distribution
network, and the electrical betweenness of the lines is calculated and weighted, thus
establishing a weighted topological dynamic model [22]. The electrical betweenness is:

Ci(Lpp;) = Z )Y \/Splsmllpzp/‘ 1)

peAp €B

where A is the set of distributed generation nodes; B is a collection of multiple types of load
side nodes of the distribution network; P; and P; are both corresponding node pairs; Sy,
and S, are the actual powers of nodes v; and v; respectively; Ip,p, is the current generated
between the node pairs; and P, is the input power of the node.

In the process of analyzing the node state, in order to quantify the influence on the
network topology when the nodes in the network quit due to faults, the method proposed
in reference [23] is adopted to define the average connectivity index of the network as:

C; )
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Ci = 3)

Wi=Zj=— 4)

where N is the number of nodes; C; is the reciprocal of the sum of the electrical distances
between nodes; and Wij; is the electrical distance between nodes. When the nodes are in a
fault state, the path is interrupted, and the length is equivalent to infinity. Namely W; = oo,
and C; = 0; Zij is the equivalent impedance between nodes, that is, the ratio of the road
voltage U;; between nodes to the node current ;.

It can be seen from the above formula that Dy, is directly proportional to the connec-
tivity of the distribution network, that is, the more stable the grid structure is. When the
node v; exits, the stability change index of the distribution network structure is:

i) |sz’7D0|
=—1—7z

Dy = 5. )

where D,, stands for the strength of structural stability of the distribution network. The
intensity is proportional to the influence of the node stop operation on the structural
stability of the distribution network.

3. Distribution Network Operation Risk Index
3.1. Out-of-Limit Probability Index

In order to quantify the probability of out-of-gauge risk, reference [24] puts forward
the index of out-of-gauge probability:

Py = —~ (6)

where N; is the sampling times of out-of-limit behavior; N is the total number of samples.

3.2. Risk of Voltage Overrun

The voltage over-limit risk is mainly concentrated in two aspects: node and system.
The proposed voltage over-limit risk index is:

AVave,i + AVmax,i

Cvuii = Pyoii 5 )
1 Nnod
Cvois = Noog l; Cvi,i (8)
Pyyii = I\;;l'l )
1 NVvi,i
AViye,i = Nyois k; |Vik — Viimi| (10)
AVmax,i = max“/i,k - Vlim,i| (11)

where Cy,; ; is the exceeding index; Py, ; is the exceeding probability of v; AV, ; is the
average value of the exceeding index level; AV}, ; is the upper limit of the exceeding index
limit level; Cy ;s is the exceeding index of the system; Ny ; is the number of overruns
drawn; V; ; is the node voltage value in the kth sampling; and Vjjy, ; is the maximum value
of voltage.



Energies 2023, 16, 3093 50f 15

3.3. Risk of Power Overrun

In this paper, the power limit risk index is proposed to quantify the power limit risk.
The risk of power overrun index is concentrated in branches and systems, which can be

expressed as:
ASave,j + ASmax,j

Csvi,j = Psvijj 5 (12)
1 Nor
Csois = NTﬂJ; Csuij (13)
Psyij = % (14)
Nsoi
ASaves = oo klj Sk — S, ) (15)
ASmax,j = max(S]-,k — Smax,]-) (16)

where Csy; j is the out-of-limit indicator; Psy; ; is the probability of exceeding the limit of
branch j; AS,ye,j is the average power over-limit level of branch j; Csy; s is the out-of-limit
indicator of the system; Ny, is the number of branches; Ngyij is the excess number of
sampling branches; S x is the apparent power when it exceeds the limit value by k times;
and S,y is the rated capacity.

4. Random Power Flow Analysis Based on the Monte Carlo Method

In general, the output power of each power supply in the network is fixed. Therefore, it
needs to use a deterministic calculation method for forward and reverse power generation.
This method has good convergence and computational efficiency for a single radial network
structure [24]. However, in the case of wind energy and photovoltaic power generation,
the traditional methods have certain limitations. The Monte Carlo method can generate
random data, which is a good simulation of intermittent energy output.

According to the research route of the Monte Carlo method, in order to meet the large
data requirements of stochastic power flow analysis, the probability distribution model
of stochastic process should be established first. Then, sample experiments are carried
out to calculate the statistical characteristics of the parameters to be solved. Finally, the
approximate value of the solution is given, and the probability distribution model of source
charge is established by the nonparametric kernel density estimation method. This method
does not contain any subjective factors and settings, and fully excavates the probability
characteristics of the data itself.

The wind speed characteristics mainly obey the Weibull distribution, namely:

s =2(2) o[- <w>

i (%>—1.086 (18)
C= T (1”+ %) (19)

where v is speed; a is the distribution state factor; b is the distribution scale factor; o is
standard deviation; and 7y is Gamma function.
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The output power is:

0 U0 < U < Ueq
Pw=<av+ay vq<v<v (20)
Py v < v < 0

where P is the rated power; v.; is the starting speed; vy is the cut out speed; v; is rated

wind speed; a1 = Pi/ (vt — ve1); and ap = —a10.
The probability function of wind power output is:
N L PW — ap PW —day a
f(PW) - ﬂ1b< ﬂlb )exp|:< lllb ) (21)

Maximum frequency tracking method is adoped to study the power of photovoltaic
generation, which is:
Pry = @Scly = ¢S (kT —x°T') (22)

where S, is the effective area of the photovoltaic panel;  is air clarity coefficient; « is the
inclination angle of the photovoltaic array; and T is affected by parameters such as the
inclination angle of the PV array, ground reflectivity, and latitude.
When T > 0and T" < 0, if Ppy € [0, Ppy(ky)], then the photovoltaic output probability
density function is:
C(Ku — L+ ac’))

A !
froy (Ppy) = opS T o3 (ata) (23)

where «, is the upper limit of the air clarity coefficient; and C and A are both probability
density functions of the air clearness coefficient.

Meanwhile, if Ppy ¢ [0, Ppy (Ku)], then fPPV (va) =0.

When T > 0and T" > 0, if Ppy € [0, Ppy(ky)], then the photovoltaic output probability
density function is:

C(Ku — (e~ "‘/)) A (a—a)

= 2
froy (Ppv) rapS T (24)
The probability function of the load adopts a normal distribution, which is:
1 *(PL*ﬁL)Z
fr (PL) = e 22 (25)

oV271
where Py is the average load value; ¢ is the variance.

5. Dynamic Optimization Strategy for Load State Aware Operation Risk of
Distribution Networks

Load state perception is to realize the state monitoring and operation decision of
distributed power supply and distribution network equipment through the analysis and
calculation of real-time measurement data. By optimizing the power flow of distribution
networks, the safe operation of distribution networks can be guaranteed, thus greatly
improving the utilization rate of new energy power generation.

Load state perception of distribution networks is to realize state monitoring and
operation decisions of distributed power supply and equipment through processing and
analyzing real-time measurement data. It aims at minimizing the reduction of renewable
energy, and the problem of voltage violation in distribution networks is solved by reducing
reactive power [25].

5.1. Dynamic Optimization of Reactive Power Compensation Equipment

Generally speaking, reactive power compensation technology is to switch capacitor
in advance. It is characterized by a lack of judgment and initiative on the voltage limit.
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The state-aware method proposed in this paper can realize active continuous control of
reactive power compensation by tracking the node voltage in real time. The reactive power
compensation device adopts constant voltage control mode, and all nodes are photovoltaic
nodes. According to the node voltage, reactive power compensation is adjusted to realize
the dynamic optimization of the node voltage of reactive power compensation equipment.
When the output of the distributed power supply is much higher than the load demands,
the line voltage level of the distribution network will rise. At this time, the reactive
power compensation device absorbs reactive power, thus reducing the voltage level of the
distribution network. When the output of the distributed power supply is far less than
the load demands, the voltage level of the distribution network lines will decrease. The
reactive power compensation device improves the voltage level of the distribution network
by providing reactive power. If the reactive power output of this node reaches the limit,
then PV nodes will become PQ nodes.

5.2. Dynamic Optimization of the Distributed Power Factor

The power factor of distributed generation is fixed, that is, the running state of the
distribution network is not considered. The state-aware method proposed in this paper
can dynamically adjust the power factor of a distributed power supply by tracking the
node voltage in real time. The distributed power supply adopts the constant voltage
control mode, and all nodes are PV nodes. According to the node voltage, reactive power
compensation is adjusted to realize the dynamic optimization of the distributed power
factor. When the voltage is too low, the power factor is adjusted to lag. At this time, the
distributed power supply injects reactive power, thus increasing the voltage. When the
voltage is too high, the power factor is adjusted to lead. At this time, the distributed
power source absorbs reactive power, thus reducing the voltage. When the power factor
adjustment limit is reached, PV nodes are converted into PQ nodes.

5.3. Optimal Reduction of Active Power Output of Distributed Power Supply

When the dynamic optimization of reactive power compensation equipment and the
power factor of the distributed power supply cannot solve the problem of voltage overrun
in the distribution network, it is necessary to further suppress the voltage overrun by
optimizing the reduction of active output of the distributed power supply.

Firstly, the reduction rate index of the distributed generation is defined.

(5max = Pc,max/Pr (26)

5 =P./P, (27)

where dmax is the limit of the reduction rate; J is the actual reduction rate; Pc max is the limit
of power reduction; P, is the rated power; and P is the reduced power.

Secondly, with minimum power reduction as the goal, power balance, node voltage,
branch power and the distributed power reduction rate are considered constraints. Its
optimization model is:

Npg
minAPp: = Y 6P (28)
=1
Npg Nn Nb
P + Z PDG.I = Z Pload.i + Z APloss.j (29)
I=1 i=1 =1
Npg Nn Ny
Qs + Z QDG,I = Z Qload.i + Z APloss.j (30)
=1 i=1 =1

Vmin,i < Vz < Vmax,i (31)
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5;<S

j max,j (32)

51 S 5max,l (33)

where APpg, is the total active power reduction; Npg is the number of distributed power
sources; ¢ is the reduction rate of the /th distributed power supply; P, is the rated output;
P; and Qs are the active power and reactive power output of the substation, respectively;
Ppg and Qpg, are the active power and reactive power output, respectively; Pioaq.; and
Qload.i are the active load and reactive load, respectively; APy, ; and AQ)ess.j are the active
and reactive power loss of branch j; S; is the apparent power; ¢; is the reduction rate; and
Omax is the maximum reduction rate.

6. Simulation Analysis

In this paper, wind turbine and photovoltaic generators are introduced according to
the improved IEEE30-node, and the state-aware method is simulated. The structure of
the system node is shown in Figure 1. The rated capacity of the fan is 1000 kW, the rated
capacity of photovoltaic power generation is 800 kW, the initial working wind speed is
3 m/s, the extreme operating wind speed is 30 m/s, the photoelectric conversion rate is
20%, and the effective cross-sectional area of the photovoltaic panels is 3000 m2. The main
network is set as a balanced node and the load is set as a PQ node. The simulation platform
is based on the seventh generation CPU of i7 and Matlab2021a on a computer with 16G
memory, and it is solved by Gurobi solver. The loads of some nodes within 24 h are shown

in Figure 2.
[
I 2 3 4 5 67 V\iP
I | | | I I]6|7|8 19 20 21 22
9 10 11 12 13
. A
Main grid g 14 15

23 24 25 26 27 28 29 30

} ¥

PV PV

Figure 1. Improved IEEE 30 node distribution network system structure diagram.

First of all, the strong randomness of distributed power generation is considered.
It is necessary to determine the access nodes of distributed generation according to the
average connectivity index. Therefore, nodes 2, 4, and 17 and nodes 20, 24, and 29, with
the strongest average connectivity index, are selected as wind power generation nodes
and photovoltaic power generation nodes to ensure good connectivity of the distribution
network under fault conditions. The performance indicators of these nodes are shown in
Table 1.
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Figure 2. Daily load curve of some nodes.

Table 1. Typical risk indicators of typical nodes of the distribution network.

Node Connectivity Index Voltage Risk Branch Load Risk Risk Indicators of Weighted Average

Indicators Indicators Branch Line Loss Path
2 7.76 50.178 45.564 36.786 0.189
3 0.033 17.303 32.163 19.043 0.083
4 15.029 45.789 35.123 15.478 0.187
9 0.027 14.813 27.770 20.188 0.059
17 10.232 54.378 16.379 25.967 0.089
20 11.078 46.658 20.453 16.373 0.111
22 0.001 10.822 19.686 13.688 0.037
24 13.054 61.172 83.673 50.107 0.168
29 6.321 50.439 69.910 46.327 0.166
32 0.009 12.009 18.089 12.196 0.011

Secondly, the optimal weighted path is calculated according to the weighted network
model. By establishing a node identification index system, the average path change index
of the power grid under different operating conditions is obtained. Then, the average
connectivity, the change indexes of node voltage, and branch load after the node fault state
is relieved are calculated, in order to complete the construction of the node state awareness
system. The change of the weight index of each node is shown in Table 1.

Then, based on the dynamic optimization strategy of load state perception operation
risk, the index weight of typical nodes is obtained. The typical daily weight change diagram
of the power grid is shown in Figure 3. As can be seen from the figure, the connectivity
index has a high weight, generally floating around 0.4. Other indexes fluctuate around 0.2.
Among them, the weight loss index of the branch line changes greatly, reaching 0.27 at 7 h.

Finally, according to the complex network theory and the node weight index, five key
nodes in the distribution network system are selected to carry out simulation experiments
with different distributed generation permeability. The changes of node voltage and branch
load rate are analyzed when the permeability is 20%, 40%, 60%, and 80%, respectively.
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Figure 3. Typical daily weight index change.

In order to verify the risk of system voltage violation and the change of branch load
rate under the distributed power supply access with different permeability, five scenarios
are proposed, and they are compared and simulated. Scenario 1 sets the penetration rate of
the distributed power supply at 80%. Scenario 2 sets the penetration rate of the distributed
power supply at 60%. Scenario 3 sets the penetration rate of the distributed power supply
at 40%. Scenario 4 sets the penetration rate of the distributed power supply at 20%. In
Scenario 5, the distributed power supply cannot be obtained.

The unit value of node voltage under different distributed power supply permeability
is shown in Figure 4. As can be seen from Figure 4, if the permeability of the distributed
power supply is higher, the unit node voltage of each node is higher, and the risk of voltage
overrun is higher. When the penetration rate of the distributed power supply is 80%, node
26 has reached the critical value of voltage overrun. According to Figure 5, it can be seen
that after the distributed power is connected to the distribution network, with the increase
of the proportion of distributed power access, the distribution network will have a certain
degree of power reversal. This phenomenon easily leads to the increase of branch load rate.
Therefore, the influence of distributed generation on the distribution network is gradually
increasing with the increase of access rate.

As can be seen from Table 2, according to the method proposed in this paper, the node
voltage deviation index is reduced by 13.00%, 3.75%, and 24.23%, respectively, when the
distributed power penetration rate is 80%, 60%, 40%, 20%, and 32.83%. At this time, the
overload index of branch load decreased by 6.03%, 6.25%, 16.89%, and 22.44%, respectively.
According to the node voltage offset index and branch load overload index, the probability
of voltage exceeding the limit caused by traditional access mode is directly proportional to
the popularization rate of distributed generation. After the improved method is adopted
in this paper, it can adjust the access mode in time, according to the early warning in-
formation, thus effectively reducing the probability of voltage exceeding the limit of the
distribution network.
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Figure 5. Branch load rate under different distributed power penetration.

Table 2. Comparison of the influence of different access methods on the distribution network.

The method Proposed in the Ref. [18] Proposed Method
Scenario Node Voltage Offset Branch Load Overload Node Voltage Offset Branch Load Overload
Index Index Index Index
Scenario 1 0.823 0.779 0.716 0.732
Scenario 2 0.587 0.432 0.565 0.405
Scenario 3 0.326 0.373 0.247 0.310

Scenario 4 0.198 0.156 0.133 0.121
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7. Discussion

The distribution network is at the end of the power system and has a high degree of
connection complexity and heterogeneity. Under the background of the current new power
system, the penetration rate of the distributed power supply is gradually increasing, and
the connection of a high proportion of power electronic devices will cause risks such as
a voltage limit and load rate deviation, which pose huge challenges to the safe operation
of the distribution network. Therefore, it is necessary to analyze the network connectivity
index according to the structural characteristics of the distribution network grid, and select
nodes with high stability as distributed power access nodes. At the same time, the risk
index of voltage over-limit is calculated, the corresponding safety assessment is made,
and the risk control strategy of distribution network operation is proposed. It provides a
reference for distributed power access and operation.

The “distribution network load state perception method” proposed in this paper
mainly uses the node voltage over-limit index and the branch load deviation index to
identify the fault risk, thereby narrowing the fault detection range of the distribution
network, sensing the state of the distribution network, and giving an early warning of the
fault. Firstly, the distribution network is simplified and described as a set of nodes and
a set of edges based on graph theory, and the dynamic characteristics of the distribution
network are analyzed. Compared with the existing complex network model structure,
describing the edge set and node set of the distribution network in the form of graph
theory can more quickly and accurately mine the physical information relationship in the
characteristic parameters of the distribution network. On this basis, the operation status
and physical characteristics of the distribution network can be intuitively and accurately
reflected by analyzing the weight of each side. Secondly, considering the probability
density of node failure based on historical data, a risk index of node voltage violation
is proposed to describe the severity of voltage excursion, the branch load deviation rate
index is proposed to describe the severity of load overload, and the node connectivity
index is proposed to describe the strength of the connection between the node and other
nodes. Sampling analysis of power flow stochastic characteristics is based on the Monte
Carlo method. The probability distribution model of the random process of distributed
generation and load demand is established by using the non-parametric kernel density
estimation method, and the power flow characteristics of the distribution network are
analyzed under random conditions. Then, through the combination of optimal adjustment
of reactive power compensation equipment, distributed power factor adjustment, and
distributed power active output reduction technology, a dynamic optimization strategy
for distribution network load state-aware operation risk is proposed, and the voltage over-
limit problem of distribution networks is solved through reactive power compensation
and active power reduction. Finally, through the improved IEEE30 node system, the node
index weight is analyzed, and the distributed power access node is selected according to
the connectivity index. In the five scenarios with different distributed power penetration
rates, it can be seen that after the distributed generation is connected to the distribution
network, as the proportion of distributed generation increases, the distribution network
has a certain degree of power reverse, resulting in an increase in the load rate of the branch.
Under the proposed access mode, the node voltage deviation index is reduced by 13.00%,
3.75%, 24.23%, and 32.83%, respectively, when the distributed power penetration rate
is 80%, 60%, 40%, and 20%. The branch load deviation rate index is reduced by 6.03%,
6.25%, 16.89%, and 22.44%, respectively, when the distributed power penetration rate is
80%, 60%, 40%, and 20%. According to the node voltage offset index and the branch load
overload index, with the increase of the penetration rate of the distributed power supply,
the possibility of the risk of voltage exceeding the limit caused by the traditional access
method is increasing. After adopting the method proposed in this paper, the distribution
network adjusts the access mode in time, according to the early warning information,
which effectively reduces the voltage limit risk of the distribution network. In practical
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applications, it can provide theoretical support for the access mode of distributed power
generation and line maintenance.

8. Conclusions

In this paper, the power flow fluctuation caused by distributed power sources with
different permeability connected to distribution networks is studied. At the same time, a
load state perception model of distribution networks is proposed, and the access mode of
distributed power supply is formulated according to the weight information.

(1) In this paper, the dynamic model of distribution networks based on complex network
theory is established, and the operation risk index of distribution networks is put
forward. The uncertainty caused by high penetration distributed generation access is
analyzed, and the degree of expected risk is quantified.

(2) In this paper, the Monte Carlo method is used to sample and analyze the power
flow of distribution networks, and a dynamic evaluation system of key nodes of
distribution networks under different time scales is proposed. At the same time, this
paper determines the access mode of high penetration distributed generation, and
establishes the state awareness method system of distribution networks.

(3) Inthis paper, four access modes under different penetration rates of distributed power
supply are proposed and simulated. Through the analysis of a node voltage deviation
index and a branch load overload index, it is proven that this method can effectively
improve the stability margin of distribution networks.
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Nomenclature

Ct(Lp,p;) electrical betweenness

P;,P; corresponding node pair

Sp; weight of nodes v;

Sp; weight of nodes v},

Ly, current generated between the node pairs

B node input power

Dy, average connectivity index

N number of nodes

(@F reciprocal of the sum of the electrical distances
Wi electrical distance

Dy, strength of the stability of the distribution network structure
Py out-of-limit probability index

Nyi sampling times of out-of-limit behavior

N total sampling times

Cvvi,i exceeding index

Pyyii exceeding probability

AViave,i average value of the exceeding index level
AViaxi upper limit of the exceeding index limit level
Nyyii number of overruns drawn

Vik node voltage value

Viim.i maximum value of voltage
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out-of-limit indicator
Poyij probability of exceeding the limit of branch j
ASave,j average power over-limit level of branch j

Csvigs out-of-limit indicator

Npy number of branches

Nasyi,j number of overruns

Smaxj  rated capacity

v speed

Ku upper limit of air clarity coefficient
PL average load value

[ variance

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Zhang, T.; Yao, Z.; Hu, J.; Huang, J. Multi-Time Scale Rolling Optimization Scheduling of “Nealy-Zero Carbon Park” Based on
Stepped Carbon Allowance Trading. Int. Trans. Electr. Energy Syst. 2022, 2022, 4449515. [CrossRef]

He, C.; Zhang, X; Liu, T.; Wu, L. Distributionally Robust Scheduling of Integrated Gas-Electricity Systems with Demand Response.
IEEE Trans. Power Syst. 2019, 34, 3791-3803. [CrossRef]

Wang, R.; Sun, Q.; Hu, W,; Li, Y.;; Ma, D.; Wang, P. SoC-based droop coefficients stability region analysis of the battery for
stand-alone supply systems with constant power loads. IEEE Trans. Power Electron. 2021, 36, 7866-7879. [CrossRef]

Zhou, J.; Yu, X.; Lu, J. Node Importance in Controlled Complex Networks. IEEE Trans. Circuits Syst. 1l Express Briefs 2018,
66, 437-441. [CrossRef]

Saleh, M.; Yusef, E.; Ahmed, M. Applications of Complex Network Analysis in Electric Power Systems. Energies 2018, 11, 1381.
[CrossRef]

Zhang, W.; Liu, K,; Sheng, W.; Du, S.; Jia, D. Critical Node Identification in Active Distribution Network Using Resilience and
Risk Theory. IET Gener. Transm. Distrib. 2020, 14, 2771-2778. [CrossRef]

Wang, R.; Sun, Q.; Ma, D.; Hu, X. Line Impedance Cooperative Stability Region Identification Method for Grid-Tied Inverters
Under Weak Grids. IEEE Trans. Smart Grid 2020, 11, 2856-2866.

Wang, R.; Sun, Q.; Zhang, P; Gui, Y,; Qin, D.; Wang, P. Reduced-Order Transfer Function Model of the Droop-Controlled Inverter
via Jordan Continued-Fraction Expansion. IEEE Trans. Energy Convers. 2020, 35, 1585-1595.

Wang, S.; Jiang, X.; Wang, C. Calculation of Three-Phase Unbalanced Power Flow in Distribution Network Containing Distributed
Generation. Power Syst. Technol. 2006, 21, 42-45, 61.

Mimica, M.; Dominkovi, D.E; Kirini, V.; Krajai, G. Soft-Linking of Improved Spatiotemporal Capacity Expansion Model with a
Power Flow Analysis for Increased Integration of Renewable Energy Sources into Interconnected Archipelago. Appl. Energy 2022,
305, 117855. [CrossRef]

Hassan, M.H.; Elsayed, S.K.; Kamel, S.; Rahmann, C.; Taha, I. Developing Chaotic Bonobo Optimizer for Optimal Power Flow
Analysis Considering Stochastic Renewable Energy Resources. Int. ]. Energy Res. 2022, 46, 11291-11325. [CrossRef]

Liu, N.; Hu, X.; Ma, L.; Yu, X. Vulnerability Assessment for Coupled Network Consisting of Power Grid and EV Traffic Network.
IEEE Trans. Smart Grid 2022, 13, 589-598. [CrossRef]

Tan, Y,; Li, X,; Cai, Y.; Zhang, Y. Critical Node Identification for Complex Power Grid Based on Electrical Distance. Proc. CSEE
2014, 34, 146-152.

Cai, Y.; Cao, Y; Li, Y,; Huang, X,; Tan, Y. Identification of Vulnerable Lines in Urban Power Grid Based on Voltage Grade and
Running state. Proc. CSEE 2014, 34, 2124-2131.

Fotis, G.; Vita, V.; Maris, T.I. Risks in the European Transmission System and a Novel Restoration Strategy for a Power System
after a Major Blackout. Appl. Sci. 2023, 13, 83. [CrossRef]

Sijakovic, N.; Terzic, A.; Fotis, G.; Mentis, L.; Zafeiropoulou, M.; Maris, T.; Zoulias, E.; Elias, C.; Ristic, V.; Vita, V. Active System
Management Approach for Flexibility Services to the Greek Transmission and Distribution System. Energies 2022, 15, 6134.
[CrossRef]

Dong, X.; Su, Y.; Wu, J.; Wang, S.; Yin, H.; Zhang, Y.; Jiang, T. Scheme Design and Engineering Demonstration of Active
Distribution Network Supporting Cityenergy Internetwork. Proc. CSEE 2018, 38, 75-85.

Sheng, W.; Liu, K,; Liu, Y.; Meng, X.; Li, Y. Optimal Placement and Sizing of Distributed Generation via an Improved NondomI-
nated Sorting Genetic Algorithm II. IEEE Trans. Power Deliv. 2014, 30, 569-578. [CrossRef]

Vita, V.; Fotis, G.; Pavlatos, C.; Mladenov, V. A New Restoration Strategy in Microgrids after a Blackout with Priority in Critical
Loads. Sustainability 2023, 15, 1974. [CrossRef]

Mousavizadeh, S.; Bolandi, T.G.; Alahyari, A.; Dadashzade, A.; Haghifam, M.R. A Novel Unbalanced Power Flow Analysis in
Active AC-DC Distribution Networks Considering PWM Convertors and Distributed Generations. Int. J. Electr. Power Energy
Syst. 2022, 138, 107938. [CrossRef]

Yao, Z.; Zhang, T.; Zhao, Y. Two-Stage Robust Optimal Scheduling of “Nearly-Zero-Carbon Park” Considering the Synergy of
Waste Disposal and Carbon Capture Gas-Fired Power Plants. Front. Energy Res. 2023, 16648714, 16. [CrossRef]


http://doi.org/10.1155/2022/4449515
http://doi.org/10.1109/TPWRS.2019.2907170
http://doi.org/10.1109/TPEL.2021.3049241
http://doi.org/10.1109/TCSII.2018.2845940
http://doi.org/10.3390/en11061381
http://doi.org/10.1049/iet-gtd.2019.1781
http://doi.org/10.1016/j.apenergy.2021.117855
http://doi.org/10.1002/er.7928
http://doi.org/10.1109/TSG.2021.3112464
http://doi.org/10.3390/app13010083
http://doi.org/10.3390/en15176134
http://doi.org/10.1109/TPWRD.2014.2325938
http://doi.org/10.3390/su15031974
http://doi.org/10.1016/j.ijepes.2021.107938
http://doi.org/10.3389/fenrg.2022.939110

Energies 2023, 16, 3093 15 of 15

22.

23.

24.

25.

Xu, L.; Wang, X.; Wang, X. Electric Betweenness and Its Application in Vulnerable Line Identification in Power System. Proc.
CSEE 2010, 30, 33-39.

Sun, B,; Yu, Y;; Qi, X,; Wang, K.; Zhao, P.; Wu, W. Identification Method for Critical Nodes of DC Bias Current Distribution based
on Network Connectivity. High Volt. Eng. 2020, 46, 979-986.

Xie, Q.; Deng, C.; Zhao, H.; Weng, Y. Evaluation Method for Node Importance of Power Grid Based on the Weighted Network
Model. Autom. Electr. Power Syst. 2009, 33, 21-24.

Zhang, W.; Sheng, W.; Liu, K; Du, S,; Jia, D.; Bai, M. A Prediction Method of Fault Risk Level for Distribution Network
Considering Correlation of Weather Factors. Power Syst. Technol. 2018, 42, 2391-2398.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



	Introduction 
	Dynamic Model of Distribution Network Based on Graph Theory 
	Distribution Network Operation Risk Index 
	Out-of-Limit Probability Index 
	Risk of Voltage Overrun 
	Risk of Power Overrun 

	Random Power Flow Analysis Based on the Monte Carlo Method 
	Dynamic Optimization Strategy for Load State Aware Operation Risk of Distribution Networks 
	Dynamic Optimization of Reactive Power Compensation Equipment 
	Dynamic Optimization of the Distributed Power Factor 
	Optimal Reduction of Active Power Output of Distributed Power Supply 

	Simulation Analysis 
	Discussion 
	Conclusions 
	References

