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ABSTRACT: With the high proportion of new energy access, the traditional fault self-healing mechanism of the
distribution network is challenged. Aiming at the demand for fast recovery of new distribution network faults, this
paper proposes a fault self-healing cooperative strategy for the new energy distribution network based on an improved
ant colony-genetic hybrid algorithm. Firstly, the graph theory adjacency matrix is used to characterize the topology of
the distribution network, and the dynamic positioning of new energy nodes is realized. Secondly, based on the output
model and load characteristic model of wind, photovoltaic, and energy storage, a two-layer cooperative self-healing
model of the distribution network is constructed. The upper layer is based on the improved depth-breadth hybrid search
(DFS-BFS) to divide the island, with the maximum weight load recovery and the minimum number of switching actions
as the goal, combined with the load priority to dynamically restore the key load. The lower layer uses the improved
ant colony-genetic hybrid algorithm to solve the fault recovery path with the minimum total power loss load and the
minimum network loss as the goal, generate the optimal switching sequence, and verify the power flow constraints.
Finally, the simulation results based on the IEEE 33-bus system show that the proposed method can guarantee the power
supply of key loads in the distribution network with high-tech energy penetration, restore the power supply of more
load nodes with the least switching operation, and effectively reduce the line loss, which verifies the effectiveness and
superiority of the method.

KEYWORDS: Fault recovery; identification of topology; improved ant colony-genetic hybrid algorithm; distribution
network self-healing

1 Introduction

With the deepening of the “double carbon” strategy, the penetration rate of new energy represented by
wind power and photovoltaic in the distribution network continues to rise. However, the high proportion
of new energy access leads to the characteristics of strong uncertainty, weak inertia support, and multiple
control dimensions in the distribution network [1], which makes the traditional fault self-healing mechanism
based on centralized control of the master station face severe challenges [2,3]. For example, the topology
adaptability is poor, and the traditional admittance matrix method is difficult to dynamically track the
location of distributed generation (DG) nodes. The random fluctuation of new energy output leads to
the risk of island power imbalance, and a single algorithm is difficult to balance the recovery speed and
recovery quality.
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At present, scholars’ research on fault self-healing of new energy distribution network includes: model
construction and collaborative recovery strategy of diversified flexible resources such as source-grid-load-
storage [4], core problems and characteristics of fault recovery [5], and key technologies for improving the
resilience of distribution network [6]. At present, the solution methods of distribution network fault recovery
mainly include mathematical optimization algorithms [7], heuristic search algorithms [8,9], and intelligent
optimization algorithms [10-12]. References [8,9] proposed a distribution network fault recovery strategy
based on the combination of heuristic rules and algorithms for distribution networks with high-permeability
distributed power sources, but it is easy to fall into a local optimum. References [10,11] established a
model considering distributed generation, combined island division with network reconfiguration, and used
intelligent algorithms to solve it. In Reference [12], a fault recovery strategy for a distribution network under
a multi-agent system is proposed. Based on the improved ant colony algorithm, the established cooperative
recovery model is solved, but the distributed new energy is not considered. In Reference [13], a fault recovery
strategy considering both network reconfiguration and islanding is proposed. The fault recovery model is
solved efficiently by the combination of second-order cone and relaxation technology, but it is difficult to
ensure that the solution is the optimal solution that satisfies the constraints.

Reference [14] used an ant colony algorithm to improve the fault recovery model of the distribution
network. In the study of load shedding [15], the binary particle swarm optimization algorithm (BPSO) is
applied to ensure that the particles can obtain the optimal solution under the condition of satisfying the
constraints. Reference [16] used a genetic algorithm (GA) to optimize the fault recovery strategy with the
minimum number of power loss loads as the objective function. However, intelligent algorithms such as the
ant colony algorithm, particle swarm algorithm [17,18], and GA [19,20] have their own defects. Combining
two or more algorithms and using complementary advantages can make up for the shortcomings of the
algorithm itself [21].

In summary, in order to meet the needs of rapid recovery of new distribution network faults, this
paper proposes a self-healing collaborative strategy for new energy distribution network faults based on an
improved ant colony-genetic hybrid algorithm. Construct a two-layer collaborative self-healing model for
the distribution network: The upper layer conducts island division based on the improved depth-breadth
hybrid search (DFS-BES), aiming at maximum weight load recovery and minimum number of switching
actions, and dynamically recovers key loads in combination with load priority. The bottom layer adopts an
improved ant colony genetic hybrid algorithm, aiming at minimizing the total loss load and network loss, to
solve the fault recovery path and generate the optimal handover sequence. The results show that the proposed
method can ensure the power supply of key loads in the high-tech energy penetration distribution network
and effectively reduce line losses.

2 Topology Identification of New Energy Distribution Network Based on Graph Theory
2.1 Graph Theory Basic Modeling

Graph theory modeling uses graph data to characterize the topological structure and electrical charac-
teristic information of a new energy distribution network, and abstracts the distribution network with new
energy into a weighted directed graph [22], thatis G = (V, E, W).

Among them, V is the vertex set, V = {v;|i = 1,2, - --, N}, N is the total number of distribution network
nodes; according to the node type of the new energy distribution network, it can be divided into: vy, is the
substation node (source point), vy, is the switching node (segmented/contact switch), vp is the new energy
node (wind turbine/photovoltaic), and v;,,4 is the load node.
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Tag node attribute: the attribute of v}, 4 is (priority, active demand); the attributes of vp; are (type, rated
power, volatility). At the same time, the new energy node needs to expand the node’s dynamic identification
according to its output characteristics. The extended node attributes of the photovoltaic node are (rated
power P,,;.4, MPPT efficiency #yppr, irradiation fluctuation variance o), and the extended node attributes
of the wind turbine node are (rated power P, .4, cut-in/rated wind speed v,;, power curve linearity j3).

E is the edge set, E = {e,- il j=1,2, -, N}, e;j means that there is a direct connection line between
nodes i and j, if there is a direct connection line between nodes i — j, then e;; = 1, otherwise e;; = 0, and the
direction from the power supply to the load is positive.

W is the weight set, W = {wi i|Veij € E}, and its electrical parameter mapping relationship is w;; =

T
[R,» iXijlmax,i j] > Rij, Xij, and T ax.; j corresponding to resistance, reactance, and current carrying capac-
ity, respectively.

The topological structure of a distribution network is commonly expressed by an adjacency matrix. The
topological structure matrix Ay of the distribution network with new energy is defined as follows:

Aij = {WU herwis M

0 otherwise

2.2 Topology Reconstruction Rules

During the operation of the new energy distribution network, its topology will change with the change of
the switching state. Topology reconfiguration is to dynamically update the topology connection relationship
of the distribution network according to the change of switch state. The state function of the switch
Sk 1s set as:

50 (1) = {1 closed 2

0 disconnected

Among them, ¢ is the time; k is the kth switch. then the switch state variation can be expressed as:
AS; = {si (1) = s (1 - 1)}

After adding the state of the switch, the update rule of the edge set E can be described as: e;; (t) =
eij - sk (), then the adjacency matrix A,y can be updated according to the switch state:

Aij(t):{wij if eijns(t)=1 5

0 otherwise

At the same time, the constraints of topology reconstruction are established.
(1) Radial constraint

The effective topology should satisfy: |A;;| =|V|- (1+ Npg), where A;; is the activation edge set,
Ajj # 0; Npg is the number of new energy islands.

(2) Connectivity constraint

For any load node vj,,4, there is a path-connected power supply, which requires: Vv;,,4 €V,
3T (Vsub = Vioad ). Here, the mathematical expression of the path is: T = {v,,,va,, -+, Va4, }> and satisfies
1'[,’(”:_11 Aga,,, # 0. Amongthem, v,,, va,, - -+, Vg, areindices of nodes in the path T, m is the number of nodes
in the path T
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(3) Electrical safety constraints

Any node voltage needs to meet the voltage deviation constraint:

Umin < Ui < Umax (4)
U=U- Y AUj; (5)
(i,j)€loi
AUy, ~ PijR;j + QijXij ©)
Uo

At the same time, meet the line capacity constraints:

\ /Pl.zj + Q,.Zj

Ii' :——Imaxi'
‘ J| \/§Ui < Sij

(7)
2.3 New Energy Island Formation Rules

In the new energy distribution network, because the distributed new energy is used as the power point,
when the main power supply is disconnected, an island can be formed with the new energy as the center [23].
Therefore, it is necessary to establish the judgment conditions of the new energy island:

Island; = {vj]path (VDGk - Vj) A —path (Vsub - VJ')} ®

And meet the power balance constraints and voltage stability constraints.
The power balance constraint can be expressed as:

IR ALEND IR IRP 9)
ieDGy jeLoady

avail _ pactual
pavail = p

Among them, the available power - &;, «; is the confidence level.

The island must have enough voltage support nodes, so the voltage stability constraint can be expressed

as: {vpceVf_Mode}|

Tsland] > y,, where vpg is the new energy node, V f_Mode is the voltage-frequency control

mode, Islandy is all nodes of the kth island, y, is the minimum proportion of voltage support, [0.25, 0.35],
generally 0.3.

3 Wind-Solar-Storage-Load Model
3.1 Wind-Solar-Storage Output Model
3.1.1 Photovoltaic Model
Solar radiation intensity is a key factor affecting the output power of photovoltaic generators. The
relationship between photovoltaic output and solar radiation intensity can be expressed as:

Ppy (t) = nAS (10)

Among them, Ppy (t) is the predicted output value of photovoltaic power generation at time ¢, # is
the rated photoelectric conversion efficiency, A is the area of the photovoltaic module, and S is the solar
radiation intensity.
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3.1.2 Wind Turbine Model

The output power of the wind turbine is mainly affected by the local wind speed. The relationship
between the output power and the wind speed can be expressed as follows:

O, 0< Ve < Vei
Vi—Vei

Pyr(t) = Pr (V’_V"'
Pr:Vr <Vt < Veo

0,v: > v

),ch<Vt§Vr

(11)

Among them, Py r (¢) is the predicted output value of wind power generation at time ¢, P, is the rated
capacity of the wind turbine, v, is the wind speed at time ¢, v, is the rated wind speed, v.; is the cut-in wind
speed, and v, is the cut-out wind speed.

It can be seen from Eq. (11) that when the wind speed is lower than the cut-in wind speed or greater
than the cut-out wind speed, the wind turbine does not output; when the wind speed is higher than the rated
wind speed and lower than the cut-out wind speed, the wind turbine issues a rated power.

3.1.3 Energy Storage System Model

The charging and discharging model of the energy storage system is simplified into a linear model in
the normal operation interval, and the simplified charging and discharging models can be expressed as:

Charging model:

E(t+1)=E(t)+P.(t)h (12)
Discharge model:

E(t+1)=E(t)-P.(t)h (13)

Among them, E (t) is the remaining power of the energy storage system at time ¢, P, (t) is the power
of charging or discharging at time ¢, and h is the duration of charging or discharging at a time.

At the same time, the energy storage system model needs to consider the maximum power limit
of charging and discharging and the energy storage capacity limit. The constraint conditions can be
expressed as:

Pc (t) < Pc,max

Pc (t) < Pdc,max (14)
Emin < E (t) < Emax

Among them, P, 1.x and Pj. .y are the maximum charging and discharging power of the energy
storage system, Epi, and E, are the minimum and maximum residual capacity of the energy storage
system, respectively.

3.2 Load Characteristic Model
3.2.1 Load Classification Model

In order to ensure the power supply reliability of important loads and optimize the allocation of
resources, the power load is usually divided into primary, secondary and tertiary according to the degree
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of safety and economic impact that may be caused by the interruption of power supply [24]. The first-level
load must quickly restore power supply when the distribution network fails, and the second-level and third-
level loads are sorted in turn. Therefore, for different types of loads, the order of power supply restoration
is determined according to their importance in the scene at that time. Therefore, the recovery power supply
coefficient of the load is established, which can be expressed as:

w(t)=F,-L;(t)-D(t) (15)

Among them, w (t) is the recovery power supply coefficient of the load at time ¢, F,, is the weight of
the load, and the first-level, second-level and third-level loads are set to 1, 0.1, 0.01, respectively; L; (t) is the
electricity demand of node i at time ¢; D (¢) is the time importance coefficient of the load, D (¢) € [0,10], the
firstlevel load is 10, and the other loads are set according to the importance of different times. For example, the
D (t) of the residential load is set to 5 in the morning and evening peak of residential electricity consumption,
and the D (t) of the commercial load is set to 1.

During the fault recovery period, the load is sorted from large to small according to w (¢), and the load
with a high recovery power supply coeflicient w (t) is classified into the load priority recovery set Fg, so
that the power supply is restored preferentially during the recovery process, thus ensuring the power supply
reliability of important loads.

3.2.2 Time-Varying Load Model

Different load types have different characteristics in different time periods [25]. Fig. 1 is the typical daily
load curve of hospital government load, resident load, and commercial load. By integrating the typical daily
load curve, the power demand of different types of loads changing with time can be obtained, that is, the
time-varying model of load:

Li(t) - [t " () dx (16)

Daily load curve of typical load
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Figure 1: Daily load curve of typical load.

Among them, t is the daily time point, ¢ = 0,1, - - -, 23, L; (¢) is the power demand of node i at time f,
and f; (x) is the load curve function of node i.
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4 Double-Layer Cooperative Self-Healing Model of Distribution Network
4.1 Upper Layer: Island Division Based on Improved Depth-Breadth Hybrid Search

After the failure of the new energy distribution network, the stable island is quickly constructed, and
the power supply of important loads is restored according to the load priority recovery set Fg. At the same
time, the number of switching operations is minimized, the load is cut as little as possible, and the power
supply of other loads is restored as much as possible [26,27].

4.1.1 Objective Function

The island division takes the maximum weight load recovery and the minimum number of switching
actions as the goal, and combines the load priority to dynamically restore the key load. Therefore, the
objective function of island partition can be expressed as follows:

max f (£) = > w; (£)-P; (t) - yi (t) (17)

ieN

Among them, N is all load nodes in the island, w; () is the load recovery power supply coefficient of
node i at time ¢, P; (t) is the active power of node i at time ¢, and y; (¢) is the power supply state of node i
at time ¢. If y; (t) = 0, the load power supply is not restored, and if y; (¢) = 1, the load has been restored.

4.1.2 Constraint Condition

(1) Power constraint on the island

anpisland(t)2 Zpi(t)+Ploss(t) (18)
i=1

ieN

Among them, 7 is the number of DGs in the new energy distribution network, N is the number of nodes
in the island, P; 4,4 () is the output value of the nth DG at time ¢, P; (t) is the active power of the node i
in the island at time ¢, and P, (t) is the island network loss at time t.

(2) Power balance constraints

N
P, = U,’ Z Uj (G,’jCOSOCij +B,'j Sil’lOC,’j)

J?} (19)
Qi=U; X U; (G,-j sina;; — Bjj cosocij)

1

-
Il

Among them, P; and Q; are the active power and reactive power injected by node i, respectively, N is
the total number of nodes, U; and Uj are the voltage amplitude of node i and j, respectively, G;;, B;j and a;;
are the conductance, susceptance and voltage phase angle difference between node i and j, respectively.

(3)  Branch capacity and current constraints

|Pl| < Pmax (20)

Among them, P; is the active power flowing through branch [, and P 1, is the maximum capacity of
the branch [.

Il < Il max (21)
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Among them, I; is the current value of the branch [, and I; ,,,x is the maximum current value allowed
on branch .

(4) Network radial constraints
geG (22)

Among them, g is the current operation structure of the distribution network, and G is the set of radial
operation topology of the distribution network.

4.1.3 Island Partition Based on Improved DFS-BFS Hybrid Search

In this paper, a hybrid search method combining depth-first search Depth-First Search (DFS) and
breadth-first search Breadth-First Search (BFS) is used to search the new energy distribution network
topology in the process of island division. DFS quickly penetrates the network and locks the new energy-
intensive area as an ‘island seed, while BFS expands from the ‘seed’ to the outside layer, preferentially
accessing high-weight loads to ensure the fairness and efficiency of fault recovery. The specific island division
process can be described as follows [28]:

(1) DES positioning the new energy core position

Taking the new energy node as the starting point, the depth search is carried out along the feeder; in
order to prevent too far a search, the search depth dp,y is limited. At the same time, the search backtracking
condition is set. And output the candidate island core area I',,., such as T, = {photovoltaic power station,
adjacent transformer}.

CapDR

(23)
Pload,min

dmax =

Among them, Cappp is the new energy capacity and Pj,,4 min is the minimum load power.

Search backtracking conditions (immediately stop the search and return):

1. Out-of-limit voltage |U; — 1.0| > 0.1 pu.
2. Loading rate of transmission line > 90%;
3. Fault equipment encountered.

(2) BES layered load expansion

Starting from T, it is stratified according to the electrical distance: the first level is the node directly
adjacent to the new energy node, and access to the load with larger weight in the load priority recovery set Fg;
the second level includes the adjacent points of the second level, and accesses the load with medium weight
in the load priority recovery set Fg; the third level is the farther node, when the power margin is sufficient,
the load with the lowest access weight is accessed.

In the search process, each extended layer needs to calculate the real-time power flow, AU; =

PijRij+Qi; X
U;

> SIf ‘AU ‘ < 0.05, the load with the lowest priority in this layer is removed, and the new energy

is switched to the V/ f_Mode voltage-frequency control mode to enhance support.
(3) Island stability optimization

If the island voltage fluctuation continues to be >2%, the secondary adjustment is started, that is, the
energy storage device is put into operation to provide reactive power support. If there is wind power, the
pitch angle of the fan is adjusted to have less active fluctuation.
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4.2 The Lower Layer: Fault Recovery Strategy Based on an Improved Ant Colony-Genetic Hybrid
Algorithm

4.2.1 Objective Function

Aiming at minimizing the total power loss load and network loss, the fault recovery path is solved to
recover the high-demand load in a limited way, while avoiding the surge of line loss caused by long-distance
power supply, so as to generate the optimal switching sequence and verify the power flow constraints [29,30].
Therefore, the objective function of the fault recovery strategy can be expressed as:

min (Poutage tp- Ploss)
M

Pgutage = El(Toutuge,i 'PL;) (24)

Among them, P, 4y, is the total power loss load (kW), P, is the total network loss; M is the total load
number, Tyy¢a4e,i is the cumulative outage time (s) of load i, and Py, is the active power demand (kW) of
load i. K is the total number of line i}, I;; is the current of line ij (kA), R;; is the line resistance (Q), p is the
network loss penalty coeflicient, generally taken as 0.8.

4.2.2 Constraint Condition

The implementation of the lower-level fault recovery strategy also needs to meet multiple constraints.
(1) Topological constraint

The new energy distribution network is guaranteed to operate in a radial network structure, a loopless
network form, and the topology constraints are defined as follows:

2|4 =N -c (25)
Among them, HAi i H is the number of activated lines, N is the total number of nodes, and C is the

number of connected regions.

(2)  Voltage and current constraints

The voltage complies with the allowable deviation stipulated in the Chinese national standard “Power
quality—Deviation of supply voltage”, and the current meets the safety margin of the line.

<U; <1 .
{0.95 pu. < U; <1.05pu (26)

17| < 0.91 max
(3) Power constraints

It should ensure that the total output of all available power sources has a total load demand and a 10%
power reserve, that is:

Z PDG >1.1 Z Pload (27)

(4)  Switch operation interval constraint
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In order to prevent the mechanical misoperation of the switch, the operation time interval of the
adjacent switch is required to be not less than 2 s, that is:

Atswitch >2s (28)

where At ;;cp is the operation time interval of adjacent switches.

4.2.3 Fault Recovery Based on an Improved Ant Colony-Genetic Hybrid Algorithm

The ant colony algorithm adopts a positive feedback mechanism. The principle of solving the shortest
path is that the ants choose the next path according to the pheromone concentration left by the previous
ants. However, the quality of the initial solution of the ant colony algorithm depends on the parameters, and
it is easy to fall into a local optimum. The genetic algorithm is a group iterative algorithm. Starting from
any initial solution generated, it simulates the mechanism of the survival of the fittest of organisms, through
selection, crossover and mutation operations, until the optimal solution is found. The genetic algorithm has
a large-scale and diversified initial population, the population efficiency is low, and the convergence speed
of the algorithm is slow.

The fault recovery of a new energy distribution network is a typical combinatorial optimization problem.
The search space of switch operation sequence increases exponentially with the number of switches, and the
traditional mathematical programming method is difficult to solve in real time [31]. Therefore, this paper
adopts the improved ant colony-genetic hybrid algorithm, uses the positive feedback mechanism of the ant
colony algorithm to guide the ants to gather to the high-quality solution area with pheromones, and quickly
generates the high-quality initial solution. Then, the genetic algorithm is used to search in depth in the field
of high-quality solutions delineated by the ant colony. The diversity and global optimality of the solution
are guaranteed by selection-cross-mutation, and the optimal operation sequence of the fault recovery switch
is obtained.

The implementation process of the fault recovery strategy based on an improved ant colony-genetic
hybrid algorithm is shown in Fig. 2, which can be divided into the ant colony optimization stage, the genetic
optimization stage, and the hybrid coordination stage.

(1) Ant colony optimization stage: switch path search

The ant colony optimization stage includes the state transition probability and the pheromone
update mechanism.

1. State transition rule

o B
Tij  Mij

(29)
,.jé (75 -15)

Dijk =

Among them, p;j; is the probability that the ant k selects the path (i, j), 7; is the pheromone
concentration of the switch operation (i, j), which characterizes the path history, and the initial value is
set to 1.0; #;; is the heuristic factor, #;; = 1/ (R,- j+0.5 HAUi j’ ), preference for low impedance, low voltage
fluctuation path; K is the total number of lines ij; «, § are empirical weight coeflicients, generally take
a=15=3.
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Start
Initialize the switch sequence

Topology verification fail Eliminate

pass

Ant colony generates candidate solutions

Power flow check

Update pheromones

Output optimal solution Dynamic penalty function processing

Genetic selection, crossover and mutation operations

Produce a new generation of populations
No
Whether convergence?

Yes

Optimal switching sequence

End

Figure 2: Flow chart of fault recovery strategy based on improved ant colony-genetic hybrid algorithm.

2. Pheromone update mechanism
T,'j:(l—)t)'Tij-l‘ZAT:(j (30)

Among them, A is the pheromone volatilization rate, 0 < A < I; ATfj is the increment of pheromone left
by the kth ant on the path (i, j). If the ant k adopts the switch operation (i, j), then Arfj =C/fw;>Cisa
constant, usually 100, f,;; is the objective function value of the corresponding solution of the ant, otherwise
A‘rf.‘j =0.

(2) Genetic optimization stage: global optimization

In the genetic optimization stage, the operation sequence of the switch is first encoded with a binary

string, 1 indicates that the switch is closed, and 0 indicates that the switch is disconnected.

The genetic selection operation adopts the roulette strategy, and the selection probability psejecs.; is
expressed as Eq. (32). The smaller the objective function value f,;;, the greater the probability that the
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individual is selected, thereby retaining the high-quality solution.
1/ fobj,i

N (31)
El (1/fovjj)

Pselect,i =

The genetic crossover operation is to randomly select two crossover points, exchange the gene fragments
of two parent individuals between the two points, and maintain the feasible sequence.

The genetic variation operation flips the gene locus with a mutation probability, and the mutation
probability decays with time:

Pm =0.1-exp (—t/Timax) (32)

(3) Hybrid collaboration phase

Based on the improved ant colony-genetic hybrid algorithm, the first 20% of the optimal solution
obtained by ant colony optimization is added to the initial population of the genetic algorithm, and then the
optimal solution of each generation of the genetic algorithm is used to update the pheromone, that is:

Tij = T,‘j+0.2'(c/fbest) (33)

where f}.,; is the objective function value of the current optimal solution.

For infeasible solutions, a dynamic penalty function is set:
fpenalty = fobj

+K(t) - (i(max(o, |U;| - 1.05) + max(0,0.95 - |U;|))

i=1

K
+Zmax(o,lij_0-9'1ij,max)) (34)

i=1

The penalty coefficient K increases linearly with time, K (¢) = 500¢/ Tjax, t is the current number of
iterations, and Ty, is the total number of iterations.

And, a flowchart for self-healing of faults is shown in Fig. 3. The detailed steps are as follows:

First, upon the occurrence and isolation of a permanent fault, the process is initiated. The system enters
a state of real-time situational awareness, where the graph theory-based adjacency matrix is dynamically
updated to reflect the new network topology with the faulted section isolated. Concurrently, real-time data
on the output of wind, photovoltaic, and energy storage systems, as well as the time-varying demand of loads,
is aggregated to form an accurate snapshot of system conditions.

Subsequently, the upper-layer model performs strategic island formation. The improved DFS-BES
algorithm utilizes the real-time data to dynamically identify viable microgrids. It begins by locating “island
seeds” around distributed energy resources using a depth-first search and then expands these seeds through
a breadth-first search, preferentially incorporating high-priority loads while strictly adhering to radiality,
power balance, and voltage constraints. This stage determines the optimal boundaries for self-sustaining
islands, effectively deciding which loads can be restored locally and where.

Following the island division, the lower-layer model executes optimal path restoration for the remaining
non-islanded, de-energized sections. The improved ant colony-genetic hybrid algorithm solves for the
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optimal sequence of switch operations to re-energize these areas from the main grid or adjacent stable islands.
This step focuses on how to restore the remaining network with minimal switching operations, lost load, and
network losses, thereby complementing the strategic decision of the upper layer with tactical pathfinding.

Real-time situation awareness and fault isolation

|

The upper-level model island division is carried out
based on the DFS-BFS algorithm

|

The lower-level optimal path recovery model is
constructed with the goals of minimizing switch
action, power failure load and network loss

'

Network reconfiguration is carried out based on the
two-layer model to achieve self-healing of faults

'

Continuously monitor the key operating parameters of
the isolated island and trigger active stabilization
measures

Figure 3: Self-healing process for faults.

The process then transitions from computation to physical action. The calculated switching sequence—
encompassing both the island formation and network reconfiguration—is executed by sending commands
to remote-controlled switches. This constitutes the physical reconfiguration of the network, where islands
are energized and tie-switches are closed to back-feed power, transforming the algorithmic solution into a
new, stable operating topology.

Finally, a post-restoration monitoring and stabilization phase ensures ongoing resilience. The system
continuously monitors key parameters within the newly formed islands.

5 Example Simulation
5.1 Example Setting

In order to verify the effectiveness of the proposed fault self-healing coordination strategy of the new
energy distribution network based on an improved ant colony-genetic hybrid algorithm, this paper is based
on the IEEE33 node distribution network example model [32,33], as shown in Fig. 4. The node is the load
access point, with a total of 37 branches, of which 5 branches include contact switches, and the remaining
branches include segmented switches. Nodes 6 and 13 are connected to distributed photovoltaic and energy
storage, and nodes 23 and 31 are connected to wind power and energy storage.
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The specific data of the IEEE33 node distribution network is shown in Table Al, and the specific
parameters of the distributed power supply and energy storage are shown in Table A2.

8 19 20 21
A4

SG L 4 L 4 L 4 L 4 L ¢ 4 4 @ & &
Q 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Main power grid

DG+ESS
35 26 27 ® 29 30 |31 32
L DG+ESS

22 23 24
DG+ESS ‘ --------------- Contains contact switch branch ‘

Figure 4: IEEE33 node new energy distribution network example model.

=

The load classification and load type of the IEEE33 distribution network example are shown in Tables 1
and 2, respectively.

Table 1: Load classification of the IEEE33 distribution network example.

Load classification Load nodes Load weight
Level I 3,6,13,23,31 1
Level 11 1,5,714,15,16, 21, 22, 26, 28, 30, 32 0.1
Level 11T 0,2,4,8,910,11,12,17,18, 19, 20, 24, 25, 27, 29 0.01

Table 2: Load types of the IEEE33 distribution network example.

Load type Load nodes
Hospital government load 3,6,13, 23, 31
Commercial load 2,8,9,10, 14, 18, 22, 25, 27, 28, 30
Resident load 1,4,5,711,12,15, 16, 17, 19, 20, 21, 24, 26, 29, 32

5.2 Analysis of Island Division Results

The faults occurred respectively in branches 8-9 at 15:00 and branches 2-22 at 20:00. The fault point
section switch is disconnected first to isolate the fault branch. Then the recovery power supply coeflicient
D (t) w (t) of the power loss load 9-17 and 22-24 is calculated. At 15:00, the commercial load belongs to the
peak period of electricity consumption. The time important coefficient D () of the commercial load is set to
5,and the D (t) of the residential load is set to 1. At 20:00, the electricity demand of residential load is higher.

The D (t) w (t) of power loss load of each node is calculated as shown in Table 3. The calculation results
are sorted. At15:00, the loads 13,14, 22, 23 are put into the load priority recovery set Fg, and at 20:00, the loads
13,15, 16, 23 are put into the load priority recovery set Fg, and the island division strategy is used for recovery.
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Table 3: Comparison of fault recovery results of three schemes.

Scheme Total load recovery/kW Network Node minimum Power loss
Mai loss/k 1 1
Isolated grid ain [.)ower oss/kW voltage oad node
grid
1 946 2170 97.47 0.9484 9,10, 11, 16,17
1375 3210 105.32 0.9463 N/A
3 660 2530 124.63 0.9512 22,16,17

According to the results of the island division, the fault branch and the island area branch are
disconnected and isolated from the distribution network. The remaining section switches and contact
switches in the distribution network are renumbered, and the improved depth-breadth hybrid search is used
to divide the island, as shown in Fig. 5.

18 19 20 21 18 19 20 2
] *

SG . : SG .
0 > 3 4 s l6 7 879 10 1 12 [13B 14 15 16 i17 0 > 3 4 |5 le 7 87 9 10 11 12 113 14 15 16
Main power grid DGHESS DGHESS R E DGH+ESS DGHESS
5 26 271 W 29 30 |3l 2 5 26 27 B 29 0 31 2
; DGHESS | DGESS

5

DG+ESS

7777777777 Contains contact ... The contact switch Fault branch Island 1 Island 2 ..........Contains contact .. The contact swich Fault branch Iedand 1 Loland 2
ranc| s switch branc] is closed

(a) (b)

Figure 5: Results of island division in different periods. (a) Island division of 15:00 fault; (b) Island division of
20:00 fault.

5.3 Comparison of the Effect of Fault Recovery Strategy Based on Improved Ant Colony-Genetic Hybrid
Algorithm

In order to verify the effectiveness of the fault recovery strategy, this paper uses three schemes to recover
the same fault at the same fault time.

Scheme 1: This method is adopted, but the stability of distributed new energy and the time-varying
demand of the load are not considered; that is, the energy storage device is not connected, and the time-
varying demand difference of different types of loads is not considered.

Scheme 2: The method of this paper is used to recover the fault of the distribution network, and the
uncertainty of the wind and light load is considered.

Scheme 3: The two-layer collaborative self-healing model of the distribution network in this paper is
adopted, but the lower-layer algorithm adopts a genetic algorithm.

At 20:00, a fault occurs at branch 8-9 and branch 2-22. The fault recovery results of schemes 1 and 2 are
shown in Fig. 6, and the fault recovery results are shown in Table 3.
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According to the comparison of the three fault recovery schemes in Fig. 6 and Table 3, it can be seen
from the comparison results of the three fault recovery schemes that scheme 1 and scheme 3 can restore
power supply to most of the power loss areas in the distribution network, but all the power loss load nodes
cannot be restored. Among them, the scheme 3 algorithm does not make the optimal selection of the initial
path, resulting in high network loss, being unable to close the contact switch, and using the main power grid
to restore more power loss load nodes. The network loss of scheme 1 is slightly lower than that of scheme 2,
but there is still a power loss load, and the island division range is small, so the important load cannot be
restored preferentially. The fault recovery strategy adopted in this paper is better than scheme 1 and scheme
3, which can obtain the optimal strategy of distribution network fault recovery, restore all the power loss
load, and reduce the network loss.

SG ; SG ‘ 1
O 0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 O 0 2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17
Main power grid DGHESS DGHESS Ll pory prid DGHESS DGHESS
25 26 27 ® 29 30 31 32 25 26 27 B 29 30 |31 32
DGHESS DGHESS

DGHESS Island 1 Island 2 recovery reconstruction

DOLESS Istand 1 Island 2 recovery reconstruction

Contains contact ‘The contact switch ;
—————————— OMans OMact ...~ Fault banch O Unrecovered load ~+-- Contains contact switch branch -~ The contact switch is closed Fault branch O Unrecovered load
switch branch is closed

(a) (b)

5 le 7 879 10 11 12 1314 15 16 (17
5‘ DG+ESS éli DG+ESS

5 26 27 28 29 30 |3 2
N (51} DGH+ESS

DGH+ESS Island 1 Island 2 recovery reconstruction

—————————— Contains contact switch branch - The contact swiich is closed ~§— Fault branch O Unrecovered load

(c)

Figure 6: Fault recovery results of three schemes. (a) Scheme 1 Fault recovery result; (b) Scheme 2 Fault recovery result;
(c) Scheme 3 Fault recovery result.

At the same time, this paper compares the convergence of the algorithm of scheme 2 and scheme 3, that
is, the lower-layer algorithm of the double-layer collaborative self-healing model of the distribution network
adopts the genetic algorithm and the improved ant colony-genetic hybrid algorithm. The convergence of
the algorithm is compared, as shown in Fig. 7. It shows that the proposed algorithm takes into account the
fast convergence of the fault recovery process while outputting the optimal strategy of distribution network
fault recovery.
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180 T T T T T

improved ant colony-genetic hybrid algorithm
genetic algorithm
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160
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network loss/kW
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number of iterations

Figure 7: Comparison of algorithm convergence of scheme 2 and scheme 3.

6 Conclusion

In this paper, a fault self-healing collaborative strategy for new energy distribution networks based on

an improved ant colony-genetic hybrid algorithm is proposed. The graph theory adjacency matrix is used
to characterize the network topology, and a two-layer collaborative self-healing model is constructed based
on the output/load characteristic models of wind energy, photovoltaics, and energy storage. The upper layer
adopts the improved DFS-BES (Depth-First Search-Breadth-First Search) for island division, while the lower
layer uses the improved hybrid algorithm to solve the fault recovery path with minimal lost load and network

loss. This ensures the supply of critical loads, restores more nodes with fewer switching operations, and
reduces line losses. Simulations on the IEEE33 node system yield the following conclusions:

©)

(2)

Using the graph theory adjacency matrix to characterize the topology and dynamically locate new
energy nodes, combined with the wind-solar-storage output and load models, not only provides an
effective data foundation for upper-layer island division but also addresses the issue in existing methods
where the dynamic locations of new energy nodes are ignored, which leads to inaccurate division.
This ensures that island division takes into account the real-time nature of new energy supply and
improves adaptability to high-proportion new energy. The improved DFS-BEFS can generate reasonable
island partitions that conform to the output characteristics of distributed energy resources, enhancing
the feasibility of island operation after faults and solving the problem of “unusable” new energy in
traditional strategies.

The two-layer collaborative mechanism overcomes the problem that traditional single-algorithm
strategies struggle to balance “island rationality” and “recovery efficiency”. The two-layer model
decouples and collaboratively optimizes the two tasks: the upper-layer division provides a reasonable
“solution space” for the lower-layer search, ensuring the overall strategy and local optimization
efficiency. The improved hybrid algorithm reduces line losses and features fast convergence, addressing
the problems of slow convergence of pure ant colony algorithms in large-scale networks and poor
local optimization capabilities of pure genetic algorithms, thus providing a more effective tool for path
solving. In general, this two-layer model provides a new methodological framework for fault self-
healing of new energy distribution networks and lays a foundation for the intelligent and resilient
development of future distribution networks.
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Appendix A
Table Al: The specific data of the IEEE33 node distribution network.
Branch First Last Resistance/Q)  Reactance/Q)  Active power/kW Reactive
node node power/kW

1 0 1 0.0922 0.0470 100 60
2 1 2 0.4930 0.2511 90 40
3 2 3 0.3660 0.1864 120 80
4 3 4 0.3811 0.1941 60 30
5 4 5 0.8190 0.7070 60 20
6 5 6 0.1872 0.6188 200 100
7 6 7 0.7114 0.2351 200 100
8 7 8 1.0300 0.7400 60 20
9 8 9 1.0440 0.7400 60 20
10 9 10 0.1966 0.0650 45 30
1 10 11 0.3744 0.1238 60 35
12 1 12 1.4680 1.1550 60 35
13 12 13 0.5416 0.7129 120 80
14 13 14 0.5910 0.5260 60 10
15 14 15 0.7463 0.5450 60 20
16 15 16 1.2890 1.7210 60 20
17 16 17 0.7320 0.5740 90 40
18 1 18 0.1640 0.1565 90 40
19 18 19 1.5042 1.3554 90 40
20 19 20 0.4095 0.4784 90 40
21 20 21 0.7089 0.9373 90 40
22 2 22 0.4512 0.3083 90 50
23 22 23 0.8980 0.1034 420 200

(Continued)
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Table Al (continued)

First Last Reacti
Branch 1rs as Resistance/(2 Reactance/Q2  Active power/kW cactive
node node power/kW

24 23 24 0.8980 0.1447 420 200

25 5 25 0.2030 0.7006 60 25

26 25 26 0.2842 0.2585 60 25

27 26 27 1.0590 0.9630 60 20

28 27 28 0.8042 0.3619 120 70

29 28 29 0.5075 0.5302 200 600

30 29 30 0.9744 2.0000 150 70

3] 30 3] 0.3105 2.0000 210 100

32 31 32 0.3410 2.0000 60 40

33 7 20 2.0000 0.5000 Interconnection —
switch

34 8 14 2.0000 0.5000 Interconnection —
switch

35 1 21 2.0000 0.0470 Interconnection —
switch

36 17 32 0.5000 0.2511 Interconnection _
switch

37 24 28 0.5000 0.1864 Interconnection —
switch

Table A2: The specific parameters of the distributed power supply and energy storage.

. DG rated Energy storage Maximum charge and
Number Position ] : )
capacity/kW capacity/kWh discharge power/kW
1 6 700 400 100
2 13 500 300 75
3 24 700 500 125
4 31 650 350 87.5
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