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ABSTRACT This paper proposes a novel equivalence model of the smart grid. The smart grid can be
equivalent to a three-layer model, namely power supply, power distribution, and power layer. For equivalent
model, the system voltage collapses path are analyzed, the characteristics of the N structure complex smart
grid model are derived. The weighted graph model of the brittle relationship of complex smart grid systems is
analyzed. The model has the characteristics of logical clarity, hierarchical representation, qualitative analysis.
By finding the crash path through different equivalent modes, the crash state path between subsystems can be
analyzed. The voltage collapse of one node in the operation of the smart grid system will be transmitted to the
entire system through a chain reaction, which will cause the entire system to collapse. The maximum voltage
collapse path for different equivalent modes is used to analyze the most likely collapse path. The method
of predicting and controlling the brittle voltage collapse path of the smart grid can effectively optimize the
performance of the entire system, which has important guiding significance for the design and control of the

smart grid.

INDEX TERMS Equivalent model, smart grid, voltage collapse path.

I. INTRODUCTION

The quantitative analysis of voltage collapse in complex
power systems has been a hot topic of research. Voltage
collapse detection concepts of voltage support surface and
local balancing equation are also proposed [1]. The model
for analyzing the complex system’s brittleness has been con-
sidered [2]. There are few studies on brittleness in smart
grid environments, brittleness is an inherent property of the
system in complex system brittle structural model [3], [4].
A distributed linearity for calculating the voltage collapse
sensitivity index online has been successfully applied in ship
power system [5].

European countries are in a leading position in the research
of system fragility, and have applied the research results of
fragility to various fields such as national defense security,
transportation, industry, etc [6]. And some scholars use new
method processes the relevant data of the power system, and
has completed the research on the vulnerability of power
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systems such as substations [7]. At the same time, it has
been researched that when a certain substation or other key
equipment in the system fails, it will lead to the research
including the breakdown of the entire system.

In the 21st century, with the development of distributed
power generation systems and smart grids, mankind has car-
ried out a new power grid era [8]-[11], which obtain a series
of research on smart grids, and also put forward a new per-
spective on smart grid security, including heavy-load attacks.
The impact of the interference on the smart grid [12]-[14],
the access of new energy in the smart grid, the research on
the stability of smart grid have begun to be a hot spot, and the
problem of voltage fluctuations including the voltage collapse
limit state has been studied in depth [1], [15], [16], which
is also the commonality of system fragility. The stability,
safety, and controllability of smart grids have become the
main research directions in the development of smart grids,
and new requirements have been put forward for the research
of smart grids.

Recent years have brought development, good foundations
for the research of brittleness theory of smart grid system has
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received some more research results [17], [18]-[22], which
will have important guiding significance for the research of
smart grid system. The introduction of new methods provides
research directions for the research on the voltage collapse
path, some papers propose relaxed decoupled direct calcula-
tion method to find voltage collapse points [23], [24]. The
hardware and local algorithm are used to study the voltage
collapse path [25]-[27].

The complex smart grid is the research object, with power
supply, storage capacity, new energy access, load, etc. The
study of system collapse behavior is a novel thinking direc-
tion for smart grid research and has practical guiding sig-
nificance. There are many reasons for the failure of the
complex smart grid, especially the voltage fluctuation, and
some will have serious consequences such as the collapse
of the entire system. The fragility in the system is different
from the general system failure. Compared with the tradi-
tional particle swarm optimized(PSO) optimization problem
[34], [35], it is easy to fall into the local optimum. In this
paper, the logistic PSO velocity update formula with ran-
dom white noise is added to ensure the continuous update
of velocity when the particle is about to fall into the local
optimum.

This paper discusses the characteristics of the particle
swarm optimization algorithm and uses it to solve the prob-
lem of the largest collapse path of the complex smart grid
system. The simulation of the smart grid system provides a
basis for predicting and controlling the brittle behavior of the
system under extreme voltage collapse. This paper analyzes
the limit state of the system with different working modes,
which provides methods of limit state analysis.

Il. PRIMARY ELECTRICAL SYSTEM MODELING OF MAIN
TOPOLOGY

A. TWO THREE-LAYER EQUIVALENT MODELS OF THE
SYSTEM

The paper analyzes the voltage limit state through the
AGENT diagram. Equivalent model of primary system is
based on 35kV smart grid. The system layout is shown
in Figurel. The design of the primary system based on 35kV
smart grid is mainly based on 380V adjustable transformer
to 800V analog 35kV core control system, using main line
power supply, wind power generation, solar power supply,
real-time switching equipment, intelligent and safe power
supply. The system consists of various modules, consisting of
busbars, transformers, bidirectional converters, filters, iron-
lithium batteries, capacitors, hydropower and thermal power
generation, photovoltaics, solar power generation and other
modules. Main parameters (1) Doubly-fedfans: for simula-
tion 35kV system, so the wind turbine generator-dual-fed fan
of small household is selected, its rated capacity is SkW to
meet the requirements. (2) iron-lithium battery: the model of
iron-lithium battery is 20kW, which belongs to small house-
hold energy storage equipment. The output power of the sup-
porting inverter is 6kVA. (3) Super capacitor: the selection of
super capacitor, its rated capacity output power is 0 ~ 20kW.
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FIGURE 1. Energy storage power model of wind and solar energy.

(4) Photovoltaic power generation: the selected photovoltaic
is also a small household photovoltaic power generation rated
capacity is 8kW (for general household small photovoltaic
2-5kW that meets the requirements; The inverter operating
frequency is 90%.) (5) Flow battery. (6) Diesel drive unit.
(7) Direct drive motor.

In order to study the brittleness of complex smart grid
systems, the equivalent models are analyzed and discussed
separately to provide a basis for further study of system
brittleness [5], [28]-[31]. In this paper, the smart grid system
is divided into different levels according to several functional
modules of power supply, power distribution and power con-
sumption, and then further subdivided into subsystems.

Smart grids mainly operate in two modes: on-grid and off-
grid. One is to connect the smart grid to the main grid, and
the other is to cut off the main grid. The research models
in this paper are divided into on-grid model A and off-grid
model B.

After analyzing the structure, a three-layer equivalent
model can be established: power supply layer, distribution
layer, and electricity consumption layer. The three-layer
equivalent model is applicable to any smart grid structure.
Corresponding to the two modes of grid-connected operation
and off-grid operation of smart grid, the power layer of model
A and model B are also different. The power supply layer is
provided by wind power, photovoltaic power generation and
the main power grid, which is called model A in Figure2.
When the smart grid is in the off-grid state, the power layer
of model A will leave the main grid to form model B. The
iron-lithium battery and supercapacitor in model A can store
and discharge due to their physical characteristics, and they
are also incorporated into the power supply layer. As model B,
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FIGURE 3. Power model of wind and solar energy in off-grid mode.

batte consumption

wind energy storage power supply model for analysis is
shown in Figure3.

The smart grid system is divided into several functional
modules, such as power supply, power distribution and elec-
tricity consumption. On this basis, it is further subdivided
into subsystems, and the relationship between subsystems is
considered. This is the equivalent model of smart grid.

B. ANALYSIS OF EQUIVALENT MODEL AGENT WEIGHTING
GRAPH IN SYSTEM

With the development of different nature power sources in
the smart grid system as the system power source, the system
may cause the voltage collapse of the system under abnor-
mal operation, the number of crash subsystems recursively
increases, the expansion will eventually lead to the collapse
of the entire complex system with serious consequences. The
edge of the graph is used to describe the brittle connection
between subsystems, and the weight of the edge is used to
describe the degree of brittle connection between subsystems.
Through effective control algorithm, the possible collapse
path of smart grid when brittleness occurs is analyzed, which
is the voltage collapse path.

For the system in a state of possible collapse, it is necessary
to discuss the state before the crash, thus giving the concept
of brittleness of the smart grid system [5]. There are many
reasons why the smart grid system cannot operate normally,
but some do not cause the entire system to crash. The system
crash is a state under extreme operation and the final system
state under various interference conditions.

In order to study the brittleness of the system more con-
veniently, the brittleness diagram of the smart grid system
is represented as an adaptive graph model [17], [32], [33].
Each subsystem of the system is an adaptive agent, and the
brittleness of the smart grid system is established by using
the brittle relationship between subsystems as the topolog-
ical structure. This paper applies the adaptive graph model
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FIGURE 5. Model agent weighting diagram double feed fan and iron
lithium battery.

to analyze the dynamic characteristics of brittle behavior
between subsystems in the smart grid system.

For the brittleness study of smart grid systems, this paper
describes the system through the weight graph, and only con-
sider the brittle relationship of the system: each subsystem is
a node, and the degree of brittleness between the subsystems
is the edge, brittleness agent weighting graph model for smart
grid systems.

In mode 1, the power supply layer is composed of a
fan, a photovoltaic, a diesel unit, a direct-drive fan, and a
lithium-lithium battery, as shown in Figure4, this is a smart
grid that is independent of the main grid and is operating in
an off-grid mode.

In addition to these two modes, the brittle relationship
between systems in the non-off-grid state of the smart grid
continues to establish five topologies to discuss the topology
of the small modules in the power generation unit and the
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FIGURE 7. Model agent weighting diagram with iron lithium battery.

chargeable and discharge unit. The overall topology of the
entire large system can be expanded.

In mode 2, the power supply layer is considered to be a fan,
photovoltaic, iron-lithium battery, diesel unit, direct-drive
fan, and the rest are loads in Figure5.

In mode 3, the power supply layer is composed of a fan, a
photovoltaic, a diesel unit, a direct-drive fan, and the rest is
a load, but the load is removed from the iron-lithium battery
in Figure®6.

In mode 4, Figure. 7 shows that the power layer photo-
voltaic, diesel units, direct drive fans, the rest for the load.

In mode 5, the power supply layer is composed of photo-
voltaic, diesel unit, direct drive fan and iron-lithium battery,
and the rest is load, as shown in Figure8.

In mode 6, the power supply layer consists of photovoltaic,
diesel, direct-drive fans, and the rest is the load, but the load
is removed from the iron-lithium battery in Figure9.
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FIGURE 9. Model agent weighting diagram without double feed fan and
iron lithium battery.

IIl. MATHEMATICAL MODEL ANALYSIS

A. PARTICLE SWARM OPTIMIZATION

The particle swarm optimization algorithm is an evolution-
ary computation technique, which is proposed by Eber-
hart and Kennedy, from the behavioral study of predation
of birds.

When c is used to solve the maximum collapse path of
smart grid, it is assumed that n particles are randomly dis-
tributed on each node of the fragility weighting graph model
of the micro grid system [5], [34]-[36], and the initial popu-
lation of particles is randomly generated. Each particle has a
random initial speed. The following equations update particle
velocity and particle position:

Vi];;rl = a)Vl-]Zj +cir (P;(d - lejj) +can (Plg’d - X’%)(l)
k+1 k k+1
Xig" =X+ Vig" @

1
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__ ®Wmax — @min
MaxlIt

where w is the inertia weight,d=1,2,...,D;i=1,2,...,n;
Xia, Vig represents the current position of the particle and
the particle velocity; ¢1 and ¢z are non-negative constants,
called acceleration factors, Here ¢1 = 0.5, ¢c2 = 0.7; r1 and
ro are random numbers distributed in the interval [0,1]. Pid
and Pgd represent the current best position of the particle and
the current best position in the population. iter = 1,2, ...,
MaxIt. MaxIt represents the maximum number of iterations,
®max> @min represents the maximum inertia weight and the
minimum inertia weight.

iter 3)

B. RESEARCH ON MATRIX IN ALGORITHM
For n*n-type matrices, there are generally such matrix
representations.

qi1 4912 -+ (in
q21 922 4o

Q=" =@ @
qnl qn2 dnn | ,n

The n*n-type matrix represents an n-dimensional topology.
The specific value of n depends on the number of connected
topologies. The Q represents the n*n-type matrix, and the
qij represents the value of the i-th row and the j-th column
in the matrix. Due to the particularity of the matrix used
by the algorithm, the matrix is a symmetric matrix, it is
clear that

qij = gji
gi =1 (5)

The above matrix will be divided into blocks, and the block
matrix is obtained as follows.

A C
[ B D ] (6)
where A, B, C, and D represent the respective block matrices,
among them,
a0 Aim
A= : . : @)

aml ce Amm | 1sem

In matrix A, aj; is used to represent the matrix values of the
i-th row and the j-th column.
Matrix A is a symmetric matrix, in the matrix A:
ajj =1
ajj = aj; ®)
Each matrix A is fixed and has the following matrix. Rank
of matrix A:

Rank (A) =m ©))
bir -+ b1 biirny - bi—m

B=| ... ... ... ... R (10)
bml te bmi bm(i—H) : bm(n—m) mx(n—m)
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In matrix B, bjj represents the value of the i-th row, the j-th
column, and has a total of m rows, (n-m) columns.

According to the three-layer topology model, it is assumed
that the number of topologies directly related between the
first layer and the second layer is m, and there is no direct
relationship between the second layers, and the number of
indirect links between the third layers is a, the number of
topologies without indirect links is b. This paper introduces
a concept, for the three-layer topology, we think that the
relationship between the first and second layers is a simple
direct relationship, and the relationship between the sec-
ond layers is more complicated. We classify as follows:
Assume that the number of sub-topologies are not associated
is a, and

by = b1 —02(n—1) n<5—J. l<i<m
0 n>5—j
0 j=1
b1j=113-02j 2<j<6 (11
0 j=17
Rank of matrix B:
—1 <
Rank B) = | m =6 (12)
5 m>7

the number of indirect associated sub-topologies is b. At the
same time, the value of a affects the value of the B and C
matrices. In theory, the maximum value of a is 5, and for the
associated sub-topology greater than 5, it can be considered
as uncorrelated, with a value of 0. In the maximum crash path
algorithm, points with a value of 0 cannot be brought into the
operation matrix [5]. Therefore, all points with a value of 0
will be replaced by 0.1 to represent irrelevant points in the
topology.

In the algorithm of the maximum crash path, we assume
that the value of the point with a value of 0 is 0.1 to replace
the irrelevance between points: rank(B) = m — 1

Regardless of its substitute value, only the basic matrix
structure is discussed.

The C matrix is discussed below, wherein the C matrix is
similar to the B matrix and is a symmetric matrix of the B
matrix, which will not be described here.

C11 C(n—m)m
(13)
L C(n—m)1 C—mym 1 (, 1y em
I R R e
0 n>5—j
99413
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0 j=1
¢i=113-02j 2<j<6 (14)
0 i>7

where ¢;; represents the value of the i-th row and the j-th
column in the matrix C, and has a total of (n-m) rows and
m columns. Matrix D is the most complex, and it is again
partitioned here. Four block matrices of D1, D2, D3, and
D4 are obtained, eq (15), as shown at the bottom of the page.

As with the matrix above, it has been partitioned and
constrained by several equations.

dl;=1
dlij=dl; =0
07—-02n 1<n<3
d2; = " ==
0 n>4
d2; =d2; =0 (16)
07—-02n 1<n<3
d3ii =
0 n>4
d3;=4d3; =0
dd; =1
d4l:,'=d4ﬂ=0

where cj; represents the value of the i-th row and the j-th
column in the matrix C, and has a total of (n-m) rows and m
columns.

It is known that the D matrix is composed of a unity
symmetric matrix and a symmetric matrix whose oblique
diagonals are arithmetic progressions, wherein the first term
of the arithmetic progression is 0.7 and the common ratio is
—0.2. We assume that each value of the diagonal is D21,
D22 ... D2n, and the values after n > 3 are held at zero,
which constitutes the 0 matrix of the lower right corner. At the
same time, the value of b affects the change in the value
of the D matrix, and the maximum value of b should be 4.
The D matrix has a special feature. The order of the matrix
is increased by an even pair, so the D matrix is always an
even order matrix. It can be seen from the above equations
that the four matrices are all symmetric matrices, at the same
time, the value of O is all replaced by 0.1. Using MAT-
LAB to analyze the above matrix, we can conclude that the

orthogonal space of the above matrix is the identity matrix.
That is, the specific value of 1 is based on the order of the
matrix.

: .ol (17)

[ o P

Simultaneously solving the traces of each matrix can be
obtained,

—0.1n*+08n D2,D3

18
1 D 1,D4 (18)

From the above two Equations (17) and (18), it can be
concluded that it is consistent with the derivation process.
This is only for the discussion of simple topology, but the idea
can be derived into the n*n matrix to get the general structure
of the matrix Q.

IV. SIMULATION MODEL AND RESULT ANALYSIS
The above topology graphs are simulated and analyzed, and
the main simulation parameters are as follows:

(1) P: Tt is the total number of particles in the population,
set to a value between 10 and 40, based on the complexity of
the smart grid, the total number of particles is 100.

(2) Dim: The motion interval between particles is deter-
mined by optimizing the problem. For different topologies
of the smart grid, the motion space of the particle has
three dimensions, which are 20 dimensional, 18 dimensional,
16 dimensional. Each dimension can be set in its different
interval.

(3) d: Tt is the specific situation of the optimization problem
to make a decision.

(4) w: Inertia weight, which keeps the particles inert, and
expands the search space and opens up new areas. Consider-
ing the update of the particle optimization speed, the maxi-
mum inertia weight and the minimum inertia weight are set,
and the inertia weight is updated by the loop iteration by
the maximum iteration number of the particle according to
Equation (3).

(5) Vmax: The maximum speed determines the range of
maximum movement of the particle, and is generally set to the

M dlp dlp dls d3
dly dly dly .
dls; dls dlss d33;

d4q

d2i d2i» d2i3

Ld2(—m=3)1 d2(1—m=3)2 d2(—m-3)3 d4n—m-3)1

99414

d31(—m—3)

d33(1—m—3)
A (n—m—3)

15)

- d4—m—3)n—m—-3)_

(n—m—3)x(n—m-3)
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width of the particle’s active range. Where Vi, is too high,
the particles may cross better solutions and lose their ability.
If Vinax 1s small, the particles cannot be explored outside the
local interval, resulting in local extremum.

(6) Learning Factor: Keeping particles in motion inertia,
so that they have the ability to expand the search space and
explore new areas, this performance is the main feature of the
particle algorithm. The main parameters are cl and c2, which
represent the weight of each particle to the best position and
the statistical acceleration of the best position. This is the
usual method of setting parameters.

(7) Maximum Number of Iterations: The algorithm ter-
minates the condition, and the value is determined by the
specific problem. Select 500 here as the maximum number
of iterations.

(8) x is called the compression factor, which acts on w,
and is used to control its convergence speed. This factor has
no significant impact on the algorithm, the parameter setting
is clear, we must consider the quality and calculation cost of
the case 6 in two aspects.

The following is a discussion of the random crash path,
the optimal collapse path, the fitness curve and the particle
velocity curve under different supply and discharge devices.
Figure. 10 to Figure. 13 are simulation diagrams under
model 1.

Figure10 is a random crash path, from which it can be seen
that the occurrence of the crash is random, but the collapse of
one point will affect other stores and the chain reaction will
cause the entire system to collapse, which explains the impact
of random crash on the whole. We study one of the random
examples, but it is representative.

Stochastic Collapse Path

FIGURE 10. Chart of stochastic collapse path with model 1.

As shown in Figurell is the optimal crash path. Through
the particle swarm optimization algorithm, the crash path is
continuously iterated and optimized. Finally, a road with the
largest brittleness of the crash path R in the specified range is
found. In this case, the system crash loss. Minimize, minimize
the damage caused by the crash.

Figure. 12 is the fitness change curve. As the number of
iterations increases, the particle fitness becomes larger, that

VOLUME 9, 2021
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FIGURE 11. Chart of optimal collapse path with model 1.
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FIGURE 13. Chart of velocity curve with model 1.

is, the brittleness weight of the crash path R becomes larger,
which is the same as the expected result: the final fitness tends
to a certain value.

It can be seen that the velocity of each iterative particle
is recorded in the process of particle iterative optimization.
In the process of updating the speed shown in Figurel3,
the speed will have an extreme value, and finally it will
go to 0.

lim v, =0 (19)

X—> 00

99415
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FIGURE 14. Chart of stochastic collapse path with model 2.

Optimal Collapse Path

FIGURE 15. Chart of optimal collapse path with model 2.

%10 Fitness Curve
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FIGURE 16. Chart of fitness curve with model 2.

where Vn represents the velocity of motion of the particle
group.

1) The optimal path is:

12-3-10-4-16-15-11-1-6-5-19-20-2-7-9-8-14-13-18-17

Figure. 14 to Figure. 17 are simulation diagrams under
model 2. The discharge and discharge device of model 2 has
undergone a slight change with respect to the model 1. It can
be seen that the optimal collapse path of the system changes
with the change of water supply and discharge device, but the
whole fitness trend changes little, and the particle velocity
with the change tends to zero.

2) The optimal path is:

2-6-5-19-11-14-13-20-4-8-7-12-17-18-3-10-9-1-15-16

99416
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FIGURE 17. Chart of velocity curve with model 2.

Stochastic Collapse Path

FIGURE 18. Chart of stochastic collapse path with model 3.

Optimal Collapse Path

FIGURE 19. Chart of optimal collapse path with model 3.

As shown in Figurel8 to Figure21, the simulation diagram
under the model 3 shows that the optimal crash path change of
the system is obvious due to the removal of the power supply
of the iron-lithium battery. Compared with the simulation
diagrams under model 1 and model 2, the overall fitness of
the system changes little, but the overall fitness change rate is
very fast, the slope of the curve changes greatly, and particles
will approach zero at a faster rate.

3) The optimal path is:

1-15-19-20-9-4-2-17-12-16-10-3-7-8-11-13-14-18

VOLUME 9, 2021



J. Xu, W. Gao: Novel Voltage Collapse Path Analysis of Primary System Equivalent Model

IEEE Access

w10 Fitness Curve

FIGURE 20. Chart of fitness curve with model 3.
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FIGURE 21. Chart of velocity curve with model 3.

Stochastic Collapse Path

FIGURE 22. Chart of stochastic collapse path with model 4.

Figure22 to Figure25 are simulation diagrams under the
model 4. At this time, the discharge device changes greatly,
but the overall trend of the simulation chart changes little, and
the velocity of the particles still tends to zero, but the rate of
change is slightly different.

4) The optimal path is:

19-10-20-6-16-8-7-9-1-2-5-12-18-11-17-15-14-13

Figure26 to Figure29 are simulation diagrams under
model 5. Compared with model 4, the change of fitness is
more obvious when the iron-lithium battery is used as the
power supply device. When the iron-lithium battery is used as
the load, as shown in Figure28, The degree of change in the
beginning of the curve is relatively stable, and then suddenly
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FIGURE 23. Chart of optimal collapse path with model 4.

10 Fitness Curve

25+

05F

FIGURE 24. Chart of fitness curve with model 4.
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FIGURE 25. Chart of velocity curve with model 4.

changes greatly. However, when the iron-lithium battery is
used as the power supply device, a large slope change occurs
in a short time, indicating that changing the position of the
same device has a great influence on the crash path. At the
same time, the velocity of the particles that changes with it
still tends to zero.

5) The optimal path is:

14-13-5-6-19-20-2-7-8-1-11-15-10-9-12-17-18-16

Figure30 to Figure33 are simulation diagrams under
model 6. After removing the iron-lithium battery and the
doubly-fed fan, the overall change trend of the system is
not large. At this time, the crash path is simpler, and the
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Stochastic Collapse Path
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FIGURE 30. Chart of stochastic collapse path with model 6.
FIGURE 26. Chart of stochastic collapse path with model 5.
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FIGURE 31. Chart of optimal collapse path with model 6.
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FIGURE 29. Chart of velocity curve with model 5. 6) The optimal path is:
18-9-1-17-10-2-8-7-12-14-11-20-19-13-15-16
overall fitness of the system changes little. However, the rate It can be seen from the above structural topologies that
of change in fitness at the beginning is only a little larger. The the overall fitness curve changes according to the general
particle velocity still tends to O. trend, changes from a certain point, and after a certain degree,
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FIGURE 34. Topology diagram of smart grid.

the slope will change a lot and the degree of adaptation will
be greatly improved. A lot of enhancements, combined with
the crash path that has occurred, it is seen that the occurrence
of the crash point is random and then spread to each endpoint,
which can cause the entire system to crash. The reason why
we study the above system is that it is a small topology, and
thus the structure can derive the overall topology, the total
topology is derived on this basis. The above six structures are
the most basic topological model, which is a topology model
with a single power generation device and a chargeable and
discharge device.

For devices in an n-type topology, this paper is divided
into two categories, one for devices that are only used for
output, assuming that the number is m, one class refers to
devices that are available for output and input, assuming
that the number is n, the total topology map generated is
2m*3n. These general topologies are based on the above.
The basic topology is constantly evolving, Figure34 stud-
ies above topologies. The general topology changes are lin-
ear for the basic structure. The general rule can also be
drawn.

VOLUME 9, 2021
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Charge and discharge Charge and discharge
power supply power supply

V. CONCLUSION

This paper defines the equivalence of the complex smart
grid system model for the first time, and provides the model
with N nodes smart grid. Firstly, a new method for brit-
tleness analysis of complex smart grids is proposed. Sec-
ondly, the weighted graph model of the brittle relationship of
complex smart grid systems is analyzed. Finally, the model
characteristics of logical clarity, hierarchical representation,
qualitative analysis are proposed. The most likely collapse
path is analyzed through the maximum voltage collapse path
under different equivalent modes. Results and conclusions
drawn from this study are also presented. The research of
voltage collapse path analysis will be more meaningful for
multi energy access, especially for smart grid with high pro-
portion of energy access.
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