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Abstract

The collaborative support of “source storage” resources becomes a key condition when human error
leads to islanding operation. This paper proposes an optimization method for the coordinated
support of distributed power sources and energy storage in the scenario of islanding operation of
distribution systems caused by human error. A comprehensive error probability model was
established by analyzing probability models of human operational errors based on skills, rules, and
knowledge. A comprehensive self-healing performance evaluation model was constructed using
entropy weight method, taking into account core indicators such as load recovery rate, self-healing
speed, and operational complexity. Considering the random output of distributed generation, energy
storage system constraints, and network topology requirements, a “source-storage” resource
collaborative support optimization model is constructed for islanding operation of distribution
systems, with the goal of maximizing load recovery rate while minimizing switch operations and
power losses. The improved particle swarm optimization algorithm effectively avoids local optima
by dynamically adjusting the particle concentration and velocity update strategy. The simulation
results based on IEEE-33 distribution network show that this method can quickly restore power
supply to critical loads after faults, reduce power loss and fault recovery time, and significantly
improve the self-healing performance of the distribution network.

Keywords: distribution system; “source-storage” resource; coordination cupport; island operation;
human misoperation; Improved particle swarm optimization algorithm

1. Introduction

In recent years, against the backdrop of intelligent upgrading of equipment in distribution
networks and continuous innovation in anti misoperation device technology, coupled with the
standardization of anti misoperation operation systems and the refinement of management systems,
the field of anti misoperation management has shown a development trend of “dual wheel drive of
technology and management” [1-8]. It is worth noting that during this process, the behavior control
of operators has gradually become a core issue in the construction of error prevention systems. As
the only element with subjective initiative in the human-machine environmental management
system, personnel behavior has become the most challenging governance dimension in modern error
prevention management systems due to its dynamic, differential, and uncertain characteristics [9-
18]. Human error not only caused large-scale power outages, but also resulted in significant economic
losses [19-23]. In the 2019 California PG&E power outage scandal, PG&E cut off power without
sufficient warning to avoid wildfire risks, affecting millions of users and exposing equipment aging
and chaotic emergency management. The cause of the 2020 Queensland substation fire in Australia
was the aging of insulation due to long-term lack of maintenance of equipment, and the failure of
maintenance personnel to replace it in a timely manner, ultimately leading to the fire and causing
regional power supply interruption. The cause of the 2021 Texas power grid misoperation incident
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was due to insufficient equipment maintenance and operational coordination errors by the Texas
Power Grid Operator (ERCOT) during the disaster, resulting in overloaded operation of the power
grid and ultimately causing widespread power outages throughout the state, affecting millions of
people and causing economic losses exceeding billions of dollars [24-28]. From this, it can be seen
that it is important to quickly restore the operation of the power grid under the influence of human
operation errors. Therefore, it is of great significance to effectively utilize distributed power sources
to connect to the grid for power supply after human operation errors, in order to ensure the normal
power supply of important loads [29-39].

At present, some scholars have conducted research on how distributed power sources can
quickly restore power supply after a fault occurs in the distribution network. Reference [40] proposes
a particle swarm optimization algorithm for “breaking the loop” to achieve a coordinated
optimization scheme of new energy access carrying capacity and line loss during the fault self-healing
process. Reference [41] established an optimization configuration model for distributed power
generation with the objective functions of minimizing the total investment and operation cost of
distributed power generation, minimizing the total active power loss of the distribution network, and
minimizing the node voltage deviation. The particle swarm optimization algorithm with adaptive
weight update strategy was applied to the established multi-objective optimization model for
solution analysis. Reference [42] proposes a fault recovery strategy for distribution networks based
on the quantum firefly algorithm to address the issues of low efficiency and susceptibility to local
convergence when dealing with high penetration distributed photovoltaic grid connections.
Reference [43] proposes a fault recovery method for distribution networks based on an improved
particle swarm algorithm to address the challenges posed by the uncertainty of distributed power
sources and changes in load demand. Reference [44] proposes an active fault recovery method for
distribution networks based on hybrid reinforcement learning to address the problem of fault
recovery in the cases with high proportion new energy. Reference [45] proposes a fault recovery and
reconstruction strategy for distribution networks that takes into account the results of island
partitioning based on niche genetic algorithm. Reference [46] proposes a dual layer fault recovery
strategy for distribution networks, aimed at addressing the coordination between islanding and
reconstruction in fault recovery. The goal is to maximize the total power of important loads and
minimize power losses. Reference [47] proposes a restoration and reconstruction method for
distribution networks based on an improved quantum particle swarm algorithm to address the issue
of the inability of existing restoration and reconstruction methods for complex and large-scale
distribution networks due to the extensive integration of distributed power sources. Reference [48]
proposed a coordinated optimization strategy for emergency recovery and repair of distribution
network faults containing distributed power sources, and constructed a fault repair model with the
comprehensive objective function of minimizing repair time and social and economic losses.
Reference [49] proposed a fault location and self-healing strategy for distribution networks based on
improved genetic algorithms, which can accurately identify fault locations in distribution networks
with multiple distributed power sources. By establishing a fault recovery model, heuristic rules, and
a candidate solution set for fault recovery, the goal of fault recovery has been achieved.

In response to the above issues, this paper proposes a self-healing control method for human
operation errors in distribution networks based on an improved particle swarm algorithm. After
human operation errors cause faults in the distribution system, considering the output randomness
of distributed power sources, energy storage system constraints, and network topology
requirements, a multi-objective optimization model is constructed with the objectives of maximizing
load recovery rate, minimizing switch action times, and minimizing power losses, and an improved
particle swarm algorithm is introduced for solution. Dynamically adjusting the particle concentration
and velocity update strategy enhances the search and solving capabilities of the improved algorithm,
effectively avoiding local optima problems. The simulation results based on IEEE-33 distribution
system show that the proposed method can quickly restore power supply to important loads after
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faults, reduce the number of switch operations and power losses, and significantly improve the self-
healing performance of the distribution network.

2. Probability of Human Error in Operation Failure
2.1. Classification of Human Operation Errors

In the operation of the distribution network, human operational errors can be divided into three
categories: skill errors, rule-based errors, and knowledge-based reasoning errors.

Skill errors refer to errors caused by operational habits or interface design flaws, and their
probability is expressed as follows:

M
B =a-L+p.C
ko P M

where F; represents the probability of skill errors, N represents the number of erroneous
operations, Ny represents the total number of operations, C represents interface complexity, «
and [ represent weight coefficients, and it is defined a=0.7, f=0.3.

Rule errors refer to errors caused by misjudgments in process logic or deviations in signal
interpretation. The probability of regular errors can be expressed as:

P, = ;/(1 —eh )+ S DD )

max

where F; represents the probability of regular errors; T, represents the training duration of

operators; D represents the comprehensive evaluation index of the number of process steps and

branch logic; D represents the maximum possible value of process complexity; y, 4, &

max

represent fitting parameters, and are defined hereas y=0.3, §=0.2,and 1=0.05.

Errors refer to errors caused by insufficient technical knowldge or self-healing logical
understanding deviations, and their probability is expressed as follows:

R =fi- e o

max

K
where "Bt represents the probability of knowledge errors, S represents the test score of the

operator’s professional knowledge, Stmax represents the full score of the professional knowledge test,
I' represents the complexity index of the strategy logic, such as the number of conditional branches,

T

nested layers, etc. and K represent weight parameters, defined here as 7 = 0.4 ang ¥=0.2

2.2. Comprehensive Probability Model

The comprehensive probability model for human operation errors needs to combine the
probabilities of three types of errors (skill based, rule-based, and knowledge-based), and the total
probability of misoperation is represented by the following formula:

P=1-(-p J1-~. J1-P,) )

3. The Indicators for Evaluating Self Healing Control of Human Errors
3.1. Core Evaluation Indicators
3.1.1. Self-Healing Recovery Rate
The load repair rate represents the ability to restore power to the load after a fault occurs. The

higher the load repair rate, the greater the ability to restore detached loads. The load repair rate is
expressed using the formula in reference [50] as:
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T
z (BB + BBy, + BBy )AL
=1

Hyge = x100% (5)

T
Z (ﬁlDl,l + ﬂzDz,z + ﬂ3D3,t )At

=1
where T represents the duration of the fault, Ar is the time interval, which is related to the
accuracy of the power data; [, represents the weighting coefficient factor for different categories of
loads; P, represents the load recovered during the self-healing process; D, represents the load

power after the fault occurs.

3.1.2. Self-Healing Speed

The self-healing speed includes four parts, including fault reporting, localization, isolation, and
repair. The self-healing speed is defined as the time between a fault report and power restoration in
anon fault area:

Hyp =T+, +T; + 7T, (6)

where 7, represents the time for fault repair; 7, represents the fault location time, which depends
on the automation level of the distribution network; 7; and T, represent the isolation time of the

fault and the recovery time of the non fault area, which are related to the self-healing strategy adopted.

3.1.3. The Complexity of Self-Healing Operations

It is important to ensure that the system maintains radial operation after power restoration is
completed when designing self-healing strategies. In addition, during the self-healing process, it is
necessary to consider the sequential connection of loads and distributed power sources. Frequent
switching operations reduce the service life of switchgear and lower the quality of electrical energy
due to the impact on the power grid. Therefore, in order to achieve better self-healing performance,
it is necessary to minimize switching operations as much as possible. The occurrence of switch
operations is used to measure the complexity of self-healing. This complexity can be represented by
the following equation:

Hiy =35 )+ 3O 50+ T %) )

seS =1 el t=1 geG t=1
where § isaswitch set of distribution network; [ isasetofloads; G is asetof distributed power
sources; f, isthe duration of the fault; X, represents the state of switch s attime ¢, with 1 when
the switch is closed and 0 when itis open; x;, represents the operational status of load i attime ¢;

x,, represents the operational status of distributed power sources g attime ¢.

&t

3.2. Comprehensive Evaluation Indicators

Considering the above three indicators, the entropy weight method [51] can be introduced to
comprehensively evaluate the self-healing performance. Due to inconsistent data units,
normalization is required. Assuming that the data matrix G isa mXxn matrix, and its element g;

serves as a self-healing performance indicator, it can be represented by the following equation:

g' _ g:j_mln(gljaagmj) ®)
/ max(g;‘ja'"agmj)_min(gija"':gmj)

By calculation, the weight of the ith datain the jth indicator can be determined:
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.y
gy ="

y m ; (9)

The entropy value of each indicator can be determined using the following equation:
h ——Li ;i Ing; (10)
J Inm p gl_] gl_]

The weight of each indicator can be calculated using information entropy:

__1-k

T =—
J n
=3, (11)
j=l1

By calculation, the comprehensive self-healing performance of the system can be determined:

Hy =1 Hype +7,Hgp +73Hyy (12)

4. Power Model of Distributed Sources
4.1. Probability Model for Photovoltaic Power Generation
The probability model of the output power of photovoltaic power generation system shows that

the illumination intensity approximately follows a Beta distribution, which can be represented by the
equation in reference [52]:

F(Ot+,3) '(L)a—l (I_L)/M L (13)

r(a) : F(ﬂ) rmax rmax rmax

where r represents the light intensity within a given time period; 7,

Jovd)=

« Tepresents the maximum
light intensity within a given time period; 7°(-) represents the gamma function; & and J
represent Beta distribution shape parameters; Py represents the active power of the photovoltaic

power generation system.
Active power P,y of a photovoltaic power generation system can be represented by the

following equation:
Boyg =4-1-r (14)

where A represents the area of the solar panel, and 77 represents the conversion efficiency.

4.2. Probability Model for Wind Power Generation

The output power of wind turbines conforms to the characteristics of Weibull distribution,
which can be represented by the following equation:

(e} ] ]

where &, and C, represent Weibull parameters.

The functional relationship between the output power AA of a wind turbine and the wind speed
is formulated:
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0,0<v<v By 2 v,
N
Pyrg = PwrGiv_Cl’ Vei <V<V; (16)

r ci
|

Pyrg v, <v<vy

where P - is the rated power of the wind turbine unit; v; is the cutting-in wind speed; v, is the

rated wind speed; v, is the cutting-out wind speed.

4.3. State of Charge Function of Battery

The state of charge of a battery is a mathematical or physical tool used to describe and simulate
the operating characteristics of a battery in a distribution network, typically covering parameters such
as energy storage capacity, charging and discharging efficiency, cycle life, dynamic response, and
cost. Combining batteries with the operational needs of the power grid, optimizing control strategies
to achieve time shifted storage and release of electrical energy, thereby improving grid stability,
promoting the consumption of new energy, reducing peak valley differences, and supporting
auxiliary services such as voltage regulation and backup power supply, battery is a key component
of intelligent distribution network planning and operation analysis. The state of charge function of a
battery can be expressed as follows:

SOC(t) = SOC(t — 1)+ L A

N (17)
SOC(f) = SOC(t - 1) + %

P/

5. Island Partitioning Method
5.1. The Objective Function for Island Partitioning

The islanding division is aimed at simulating the ability of distributed power sources in the
distribution network to maintain power balance under islanding operation, including real-time
matching of load power and generation power, fault isolation and restoration of grid connection, etc.,

to ensure the reliability of power supply for critical loads. To achieve this, the following function can
be constructed with the goal of restoring power supply to important loads:

f=max(Zx,»liLi) (18)
ieT;
where i represents the ith switch; j represents the jth island; T, represents the set of

switch for isolated island j ; x; represents the status of the ith switch; A, represents the priority

of the ith switch connected to the load; L; represents the load connected to the ith switch.

5.2. The Constraints

1) Constraint Conditions for Node Voltage
The node voltage cannot exceed its maximum allowable value or be less than its minimum
allowable value:

0.95<V,<1.05 (19)

2) Constraint Conditions for Branch Current
The branch current cannot exceed its maximum allowable value or be less than its minimum
allowable value:

I in <1; <1, (20)

i,min — i,max
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where [, ... and [, . is the minimum and maximum currents allowed for branch currents,

respectively.
3) Constraints on Island Capacity

DL <Ly (21)

where L; represents the total load power of the jth island; Lpg represents the total installed
capacity of distributed power sources in the jth island.

4) Constraints on Island Connectivity

All nodes within each island (such as power sources, loads, etc.) must be interconnected through
electrical paths to form a connected sub network, ensuring the feasibility and stability of power
supply within the island, while strictly disconnecting direct connections with other islands.

5.3. Steps for Island Partitioning

The steps for the island partitioning is shown in Figure 1.

Determine the active power output of
DG and the load shedding priority
level after fault confirmation

v

Build islands starting from the
DG node using Breadth-First
Search (BFS)

Incorporate unrecovered critical
loads into islands using Depth-First
Search (DFS), traversing the nearest

electrical distance from existing

island.

Merge
overlapping
island:

Update island
configurations

. . erify if island
Shed non-critical loads -
. . constraints are
according to priority

satisfied

Output final island
partitioning results

Figure 1. The flowchart of the island partitioning.

The steps for island partitioning are given as follows:

1)Determine the active power output of the distributed power source and the load level of power
loss after the fault. After a fault occurs, the first step is to understand the available output power of
distributed power sources, which includes understanding the types, capacities, and current operating
status of each distributed power source. At the same time, according to the importance of the load,
the load that has lost power is classified into different levels to ensure that the first level load can be
prioritized for power restoration.
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2)Starting from the layout nodes of distributed power sources, the breadth first search algorithm
is used to search based on the active power output of distributed power sources during fault periods.
Starting from the nodes arranged in the distributed power generation, expand the search layer by
layer until reaching the limit of the output power of the distributed power generation. This method
can quickly determine which loads can be included in the same island. If there is a situation of island
crossing, island fusion should be carried out to avoid electrical interference between islands.

3)In the process of island partitioning, starting from important load nodes that have not been
restored, Deep Optimal Search Algorithm is used to traverse the surrounding areas and assign them
to the island with the closest electrical distance. Subsequently, it is necessary to verify the voltage and
frequency stability constraints of the partitioned islands. If the verification fails, the secondary loads
will be gradually reduced according to the load priority until the stability requirements for
independent operation of the island are met, and a feasible island division plan will be ultimately
determined. During this process, the island needs to maintain connectivity internally and be
completely separated from the external network to ensure the autonomous power supply capability
of the local area. This method can ensure that critical loads are prioritized for recovery while
optimizing the partitioning of islands.

6.”. Source-Storage” Resource Coordination Support Model
6.1. The Objective Function

An optimization model for self-healing control of human operational errors can be established
with the objectives of maximizing load recovery rate, minimizing switch frequency, and minimizing
power loss.

1) Maximizing Load Recovery Capacity

T
fi=max) (BB, + PP, + P, At (22)
t=1
where T is the duration of the fault; A¢ is the time interval, which is related to the accuracy of

power data; S, is the weighting coefficient factor for loads of different categories; P, is the load

recovered during the self-healing process.
2) Minimizing Switch Operation Number

N
fo= min(Z|xi - xi,0|) (23)
i=1

where x; and x;, represent the states before and after the action of the ith switch (0 is the open

state, 1 is the closed state); N represents the total number of switch
3) Minimizing Power Loss

P’ +0;

n
fi= min(z kR, ——=1) (24)
i=1 U;
where n represents the total number of feeders; k; represents the on/off status of line i; R,
represents the resistance of line i; P, represents the active power of line i; O, represents the
reactive power of line i; U, represents the terminal node voltage of line i.

Considering constraints such as current and capacity, a weighted summation method can be
used to construct the objective function. By using the second-order cone relaxation method, the
distribution network can be reconstructed and islanded, and a self-healing strategy has been
designed. The objective function of the self-healing strategy is formulated as follows:

min f =a(1- f)) + o, f, + & f; (25)

where @, ®,,and @, represent weight coefficients, o, + @, + @; =1.
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6.2. The Constraints

The constraints include the output power of distributed power sources, transmission power of
lines, power flow balance relationship, node voltage, branch current and network topology.

1) Output Power Constraints of Distributed Power Sources

A series of limiting conditions that distributed power sources must comply with during
operation to ensure the safe, stable, and efficient operation of the power grid. Firstly, the output
power of distributed power sources cannot exceed their maximum allowable value or be less than
their minimum allowable value

SpG, min <Sp6 <SpG, max (26)

where Spg, min and Spg, max represent the minimum and maximum allowable output power of
distributed power sources.

2) Constraints on Energy Storage Systems

Energy storage system is a device or system used in the power system to store electrical energy
and release it when needed. Energy storage systems play an important role in the power grid, which
can improve the reliability, stability, and flexibility of grid operation. In the operation and planning
of the power system, a series of constraints on the energy storage system need to be considered to
ensure its safe, efficient, and economical operation. The control coefficients AA and BB for the
discharge and charging of the energy storage system must meet the following conditions:

Hdis,t + Hchar,t < 1 (27)
where Hg, , represents the discharge state of the energy storage system at time ¢; Hg, ,
represents the charging status of the energy storage system at time ¢.
In addition, the energy storage system should also meet the constraints of the state of charge and
charging and discharging power, ensuring that the energy storage works in a normal state and
avoiding overcharging and overdischarging:

SOCt,min < SOCi,t < SOCt,max (28)
0<|p|<P (29)
where SOC, .., and SOC, .. represent the upper and lower limits of the state of charge of the

energy storage device; P represents the rated power of the energy storage system.

3) Power Flow Equilibrium Equation.

Assuming that the power flow from the starting node to the ending node is positive. The self-
healing strategy needs to meet the constraints on power flow:

zpji - zpm - rj[ljz'i = (RL —Fps—Fst) (30)
JjeD(i) ke,

ZQ,‘; - ZQik - x/'il/gi = (Qi,L - Qi,DG - Qi,SL) (31)
Jjed(i) ke¥;

P +0?

p=lith 32

T (32)

UP U7 =20B +x,0,) + (1 +3))1 =0 (33)

where @; and ¥, represent sets of parent and child nodes. P; and Q, represent the active

power and reactive power from node j to node i; r,

i and x; represent the resistance and

reactance of the line; F,; represents the load power at node i, P p; represents the active power

1 1

of the output power of the distributed power source, and F,g represents the removed load power.
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4) Transmission Power Constraint of The Line

When a node is disconnected from the power grid during a fault, the current and power in the
lines or branches associated with that node become zero. Under normal circumstances, to ensure that
the transmission power of the line does not exceed the allowable limit of the line, the following
constraints need to be met:

-B;M <P, < BM

-B;M <0, <M (34)
(P))’ +(0;)* <.,

max

where M is a sufficiently large constant, f; =1 indicates the presence of connections between
lines, and f; =0 indicates the absence of connections between lines.

5) Constraints on Node Voltage and Line Current
To improve computational efficiency, constant M can be used to simplify Equation (33). In
Equation (35), it always holds when ,[)’y =0 because P, Q,and I areall zero, which is equivalent

to the original equation. The node voltage and branch current must meet the following constraints:
U = U5 =200y 43,0 + (o + 31 +M (1= ;) 20

2 2 2, 2\g2
Ui =U; =21y By +x,05) + (17 +x)1; —M(l—ﬂij) <0

)

(35)

In the self-healing optimization problem model mentioned above, the existence of the constraint
functions and the objective function with quadratic characteristics makes the calculation challenging
and difficult to solve using traditional solving methods. Therefore, this paper adopts second-order
cone relaxation method to perform reduced order relaxation processing. At this point, the
relationship between active power, reactive power, voltage, and current can be represented by the

following equation, and I; and U; is replaced by Ij and Uy, respectively, resulting in the

following conversion equation:

2P,
20; <Ilj+Uy (36)
1 -Ujl,

6) Constraints on The Topology Structure of The Power Grid

The distribution network has unique characteristics, so its self-healing strategy needs to ensure
that its topology structure maintains radial topology characteristics under normal operating
conditions. This structural feature is crucial for ensuring the existence and uniqueness of power flow
solutions. With the continuous increase in the number of distributed generation units (DGs), the
complexity of power flow calculation has also correspondingly increased. This paper studies the
island partitioning and network reconstruction methods of distribution networks. It should be noted
that if the number of distributed power sources in the island partition is insufficient, it may result in
the solution not being successful. In order to ensure the smooth progress of the calculation, it is
necessary to eliminate fault states that do not match the power flow calculation model in the initial
stage. Maintaining the integrity of radial networks requires two sufficient conditions: 1) each
subgraph must remain connected; 2) The number of branches should be equal to the number of nodes
minus the number of subgraphs. Due to the fact that traditional radial constraints do not allow for
the existence of islands. In the second-order cone model, the radiation and connectivity constraints
of the distribution network can be achieved by introducing virtual networks.

D Fu= D F =W, jed 37)

sed(j) ieW())
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-MB,; < F; <MB; Vije k (38)
-MQ2-p)<F;<MQ2-B;) Vijex (39)
W,21,jed (40)
2.5 =] (41)

jiex
D Fu— D Fy=-ljed 42)

sed(j) ie¥(j)

where F; represents the power transmitted in the virtual network, W, represents the power

provided by the “source” node in the virtual network, k is a set of branches, and & is a set of
distributed power sources.

6.3. The Solving Method and Steps

All existing PSO improvement strategies are derived from the framework of classical particle
swarm optimization. The improvement method for PSO based on particle concentration gradient
mechanism proposed in this article innovatively addresses the local convergence deficiency of
classical algorithms. The core mechanism is that each particle acts as a mobile agent in the solution
space, regulating its search trajectory through velocity vectors, and synchronously referencing the
historical optimal position of the individual and the global optimal position of the group during the
iteration process to explore the solution space. To break through the bottleneck of traditional
algorithms easily falling into local optima, the improved algorithm in this paper introduces the
mechanism of particle concentration gradient to dynamically adjust the distribution density of the
population, and uses multi-dimensional collaborative update rules to achieve dynamic balance
between global and local search. The innovative implementation path of this algorithm includes key
technical links such as particle concentration evaluation, neighborhood information exchange, and
inertia weight adaptation. By utilizing this innovative mechanism, a population diversity
maintenance mechanism based on concentration feedback can be constructed.

The algorithm steps for maintaining population diversity based on concentration feedback are
given as follows:

1)Initialization: Set the lower limit L, and the upper limit U, of the search space, configure
learning factors ¢, and c¢,, the maximum number of iterations 7 or convergence accuracy & of

the algorithm, and the particle velocity range [Vi,,Vma]- Randomly initialize the position x; and

min >

its velocity v, of the search point, and set the current position as pj,, for each particle. Find the

global extremum from individual extremum, and label the particle with the best value as number g

and its position as g -

2)Calculate the fitness value f(x;) for each particle’s current position. If it is better than the

individual historical optimal value pj,, of the particle, update the individual extreme value to the

current position. Further compare all individual extreme values and select the current optimal
solution. If it is better than the global extremum, update the global optimal position and
corresponding particle number. This process provides directional guidance for subsequent searches
by dynamically tracking the optimal solutions of individuals and groups.

3)Particle velocity update

The velocity of each particle is updated according to the following formula:

t+1 t t t t t
Via =iy + i (pig = Xig) + oty (Pig = Xig) (43)
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This formula can be used to adjust the particle velocity and limit its value to ensure that the
particle velocity remains within this range: vj; € [Vyin 4> Vmax.a] - Based on the updated particle

velocity, the new particle position may be calculated to complete the evolution and update of the

t+1 t+1

particle state by using the formula x};' =x}, +vi; .

4)Introduce a concentration evaluation mechanism, calculate the spatial distribution density of
particle swarm, and label high aggregation areas in order of concentration. For high-density particle
swarm optimization, particle velocity vectors are redistributed based on concentration gradients,
triggering secondary updates: by adjusting the search direction of some particles, these particles are
forced to leave the local dense area, enhancing global exploration capability. This mechanism
effectively suppresses premature particle aggregation and avoids falling into local optima.

5)If the current iteration number reaches 7). or the global optimal solution changing value &

X
is less than the convergence accuracy, terminate the iteration and output g., as the final solution;
Otherwise, return to step two to continue optimizing. This decision strategy balances computational
efficiency and solution accuracy, ensuring that the algorithm obtains high-quality feasible solutions
within limited resources.

7. Simulation and Result Analysis

7.1. Data Sources and Parameter Settings

Taking IEEE-33 distribution network as an example, as shown in Figure 2. Assuming the backup
lines are 12-22, 8-21, 18-33, 9-15, 25-29, with a total load of 3715kW+j2300kvar. In the initial state, all
contact switches are in the open position, while other switches are in the closed position. The
distributed power sources are connected to nodes 10, 14, 24, and 31 respectively. Node 10 is connected
to the wind power generation system, while 24 after node 14 is connected to the battery. Node 31 is
connected to the photovoltaic power generation system. The connection scheme for distributed
power sources is shown in Table 1, and the output power of distributed power sources is shown in
Figure 3. The node load levels and weights are shown in Table 2, and the importance levels of node
loads are divided into three categories [52].

§19 s sn 835

TR TR
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! s34 :
525 :
s2 S26  S27  S28 29 S0 S3 SR $36 '

Figure 2. The topology diagram of IEEE-33 distribution system.

Table 1. The access scheme for distributed power sources.

DG DG type Node Output power during time  Output power during time
number number period 1/kW period 2/kW

DG1 WTG 10 710 500

DG2 battery 14 730 375

DG3 battery 24 730 375

DG4 PVG 31 430 120
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Table 2. The Level and weight of node load.
Load level Node number Load weight
Level 1 4. 10, 11. 13. 14. 20. 31, 32 100
Level 2 2. 5. 6~ 7. 12, 17, 18, 19. 28. 29. 30. 33 10
Level 3 1. 3. 8. 9. 15. 16. 21. 22, 23, 24. 25. 26. 27 1

24-hour fan output power distribution

power(kW)

e T P O R

time

Figure 3. Prediction diagram of wind power generation within 24 hours.

Using the light intensity, wind speed, and battery data from reference [53], and based on the
dynamic distribution model of distributed power sources, 24-hour output prediction data for
distributed power sources can be obtained. The prediction of 24-hour wind turbine power generation
is shown in Figure 3, the prediction of 24-hour photovoltaic power generation is shown in Figure 4,
the distribution of 24-hour charging and discharging power of the battery is shown in Figure 5, and
the change in the state of charge of the battery is shown in Figure 6.
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Figure 4. Prediction diagram of photovoltaic power generation within 24 hours.
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Figure 5. Distribution diagram of charging and discharging power of energy storage system within 24 hours.

ol Energy storage system state of charge (SOC) changes
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Figure 6. The change diagram of the state of charge of the energy storage system within 24 hours.

By using Monte Carlo simulation method, the failure rates of each line under human operation
errors can be obtained. The faulty lines is S7 and 522, as shown in Figure 7. Two time periods for the
occurrence of the above-mentioned faults is set, namely 12:00-13:00 (time period 1) and 18:00-19:00
(time period 2).

IEEE 334 nodL line human operator error fau]l pmbahlllw distribution

08
06+

8§ 9 10 11 1213 1415 16 17 18 19 20 21 2 B 89 30N R
Line number

Figure 7. The histogram of the probability of line failure.

7.2. The Case Analysis

To verify the restoration effect under human error in this paper, two schemes are set up:

Scheme 1: Adopt islanding partitioning and fault network reconstruction and load recovery
power supply strategy based on improved particle swarm optimization algorithm.

Scheme 2: Only use island partitioning for power restoration.

The comparison of the results of the two fault restoration methods for Scheme 1 and Scheme 2
is shown in Table 3. Using Scheme 1, the fault restoration results for two fault periods are shown in
Figure 8.

Table 3. Comparison of the results of two fault restoration methods for Scheme 1 and Scheme 2.

Number of switch

Fault period Strategy Restore load/kW . Power loss/kW
operation
Time period 1 ~ Scheme 1 1768.19 2 90.25
12:00-13:00 Scheme 2 1535.81 0 110.34
Time period 1 Scheme 1 1768.57 2 108.25
18:00-19:00 Scheme 2 995 0 127.12
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According to Table 3, from the comparison of fault restoration effects, although the total load
recovery in Scheme 1 is higher than that in Scheme 2 and the power loss is lower, combined with the
analysis of the periodic operation strategy in Figure 8, Scheme 1 has more advantages in dynamic
adaptability. In time period 1, due to the differences in output characteristics and load demand of
distributed power sources, the active output power of DG1 and DG4 is limited. Therefore, the s35
and s36 interconnection switches need to be closed to connect the loads of nodes 11-18, 32, and 33 to
the main grid for power supply. In time period 2, DG2 and DG4 have insufficient output, and
dynamic reconstruction of the island structure is used to form independent islands supported by
DG2 to support the load of nodes 14-18; Close switch s33 to restore power supply to nodes 8-13 on
the main grid, and rely on DG4 to construct an isolated network with loads on nodes 31-33. Then,
connect nodes 28-30 to the main grid through switch s37. Compared to Scheme 2, Scheme 1 utilizes
islanding partitioning and a distribution network reconstruction strategy based on improved particle
swarm optimization algorithm to optimize the network’s dynamic adjustment capability while
ensuring power supply reliability.
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Figure 8. Fault restoration results for two fault periods.

To further verify the self-healing effect of the fault, self-healing evaluation indicators were used
for comparison. The results of the comparison in time period 1 are shown in Table 4.

Table 4. Comparison of self-healing effects.

Strategy Self-healing recovery rate Self-healing speed/min  Self-healing omplexity
Scheme 1 92.43% 8.3 2
Scheme 2 85.23% 14.5 0

According to Table 4, the self-healing recovery rate in Scheme 1 is higher than that in Scheme 2,
and the self-healing speed is faster, further indicating that Scheme 2 has a better self-healing effect.

In order to verify the performance of the improved particle swarm algorithm, GA algorithm,
PSO algorithm, and improved PSO algorithm were used for fault restoration with unchanged
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parameter settings. The comparison of the iterative effects of different algorithms for fault recovery
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is shown in Figure 9.
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Figure 9. The comparison of the iterative effects of different algorithms for fault recovery.

According to the iterative process analysis in Figure 9, the improved particle swarm algorithm
exhibits significant advantages in convergence efficiency: its fitness value decreases much faster than
traditional particle swarm algorithm and genetic algorithm, and can approach the global optimal
solution in a shorter time. The simulation results show that the improved algorithm has outstanding
performance in two aspects: first, faster convergence speed, and second, better particle fitness values
in the final convergence state. Compared with traditional particle swarm optimization and genetic
algorithm, this improved strategy achieves synchronous improvement of convergence stability and
algorithm adaptability by optimizing the particle update mechanism, verifying its comprehensive
advantages in complex optimization problems.

8. Conclusions

This paper proposes a self-healing control method for human operation errors in distribution
networks based on an improved particle swarm optimization algorithm. This method adopts a
phased collaborative strategy in the process of fault restoration: during the island construction stage,
a hierarchical progressive algorithm that integrates breadth first search and depth first search is used
to quickly generate island partitions with distributed power sources as the core and priority coverage
of important loads, balancing the efficiency of topology search and power supply reliability. In the
network reconstruction stage, a mathematical model is established for multi-objective collaborative
optimization based on load recovery rate, switch action frequency, and power loss coefficient. Based
on an improved particle swarm optimization algorithm, dynamic weight adjustment and global
optimization are carried out to achieve a comprehensive balance between power supply capacity,
operational economy, and operational feasibility. This method, through a two-stage coupling
mechanism, not only ensures the rapid restoration of power demand for important loads, but also
achieves overall optimization of the recovery benefits of the entire network.

The simulation results show that this method can obtain the optimal solution for fault restoration
in the distribution network, not only achieving more recovery of lost loads, but also significantly
reducing operating costs. Compared with genetic algorithm and traditional PSO algorithm, the
improved PSO algorithm exhibits stronger global search capability, effectively avoids local optima
problems, and has faster convergence speed, fully verifying its superiority in optimization
performance.
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