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Abstract: The selection of the optimal 35 kV network structure is crucial for modern distribution
networks. To address the problem of balancing investment costs and reliability benefits, as well as
to establish the target network structure, firstly, the investment cost of the distribution network is
calculated based on the determined number of network structure units. Secondly, reliability benefits
are measured by combining the comprehensive function of user outage losses with the System
Average Interruption Duration Index (SAIDI). Then, a multi-objective planning model of the network
structure is established, and the weighted coefficient transformation method is used to convert
reliability benefits and investment costs into the total cost of power supply per unit load. Finally,
by using the influencing factors of the network structure as the initial population and setting the
minimum total cost of the unit load as the fitness function, the DE algorithm is employed to obtain
the optimal grid structure under continuous load density intervals. Case studies demonstrate that
different load densities correspond to different optimal network structures. For load densities ranging
from 0 to 30, the selected optimal network structures from low to high are as follows: overhead single
radial, overhead three-section with two ties, cable single ring network, and cable dual ring network.

Keywords: network structure; investment cost; differential evolution algorithm; network structure
planning; reliability benefit

1. Introduction

A distribution network is directly facing the users and is an important part of the
power system [1,2]. The 35 kV network structure selection is important work of distribution
network planning and transformation; on the one hand, it affects the investment and
development of power supply enterprises, and on the other hand, it affects the level and
quality of power supply to the users [3]. With the rapid development of the economy,
people’s living standards are improving, the demand for electricity is increasing, and the
rational planning of distribution networks has been paid attention to [4]. However, at
the current stage of China’s distribution network, there are still problems with backward
network framework and distribution network planning as well as unreasonable reliability
target setting, which seriously affect the safe operation of the distribution network. The
reliability index is an important criterion for the construction of distribution networks, and
if the reliability of distribution networks is neglected, the reliability of normal electricity
consumption will be seriously affected. Therefore, it is of great research value to construct
a distribution network that considers reliability and economy. For this reason, a multi-
objective planning method for distribution network framework design is proposed to
determine the optimal network structure.

In order to rationally plan and formulate the 35 kV network structure of the distribu-
tion network, scholars at home and abroad have carried out various research and achieved
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more fruitful results and practical applications. Reference [5] combined with the opera-
tional characteristics of radial distribution networks, considering uncertainty factors, to
establish the network frame interval planning model. Reference [6] establishes distribution
network risk indicators and quantifies the network risk to assess the network risk level.
References [7,8] consider the uncertainty of load and DG and adopt the fuzzy set method
to construct a new method of grid planning. References [9-11] take the safety and adapt-
ability of the network frame structure as the premise, propose a comprehensive assessment
system for the distribution network frame structure in terms of economy and reliability,
construct a theoretical analysis model, and evaluate various network frame structures.
References [12,13] propose a comprehensive evaluation system for typical distribution
network connection modes, focusing on aspects such as economy and reliability while
meeting conditions of safety and adaptability. The studies establish a theoretical analysis
model to evaluate various connection methods. References [14,15] consider the planning of
distribution network connection modes under specific conditions from both technical and
economic perspectives.

Considering the above problems, this paper firstly takes the typical 35 kV grid struc-
ture as the grid unit, calculates the number of grid units according to the power supply
capacity of the grid unit and the load of the power supply area, combines the simultaneous
coefficients, and determines the investment cost of the wiring unit; secondly, the reliability
objective is transformed into reliability benefits after the reliability is translated by using
the user’s integrated outage loss; and then, the Pareto theory is used to establish the multi-
objective function of the 35 kV wiring pattern. In order to find the optimal solution set,
the Differential Evolution (DE) algorithm is employed. Key influencing factors of the grid
structure, such as the number of sections, power supply radius, construction cost, and
operation and maintenance costs, are used as the initial population. The investment cost
and reliability of the grid structure are quantitatively calculated across the load density
variation range. The total cost of power supply per unit load is used as the individual
fitness function, and the Pareto optimal solution set under any load density condition is
obtained. This provides a theoretical basis and investment reference for selecting the 35 kV
medium-voltage wiring configuration in the distribution network. The rest of the paper
is organized as follows: Section 2 presents the overall scheme design. Section 3 explains
the investment cost and reliability benefits of the grid structure. Section 4 establishes a
multi-objective planning model for the grid structure based on the DE algorithm. Section 5
presents an arithmetic example study. Finally, Section 6 gives the conclusion.

2. Overall Program Design

The formulation of the network structure is key to the transformation and planning
of the distribution network. A reasonable formulation of the grid structure often needs to
meet both economic efficiency and reliability, involving multi-objective planning. Existing
theories mostly consider single factors or make comparisons under set conditions, and the
algorithms have certain limitations and specificity. To reasonably select the target network
structure, the overall program design is shown in Figure 1.

Firstly, based on the supply area and load density, the number of grid structure units is
determined using a typical grid structure as the unit. By analyzing the influencing factors of
the grid structure, an initial population is established. On one hand, the investment cost of
the distribution network is calculated, and on the other hand, a reliability assessment of the
grid structure is performed under the corresponding parameters. Using a comprehensive
model for user outage losses, the total cost of power supply per unit load is calculated
through the variable weight coefficient method. The DE algorithm is employed, with the
lowest total supply cost per unit as the individual fitness criterion. By comparing the grid
structures under different load density conditions, a Pareto curve of the grid structure
and load density is constructed, thereby determining the optimal grid structure within the
range of load density variations.
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Figure 1. Overall program design.

3. Investment Costs and Reliability Benefits of Network Structures
3.1. Investment Impact Factors

There are many factors affecting the investment in the network structure, in addition
to the supply area and load density, generally divided into the following categories:

(1) Equipment level categories: type of conductor, type of switch or circuit breaker, etc.;

(2) Network structure category: power supply radius, number of sections, number of
contacts, etc.;

(3)  Unit cost category: substation construction cost, cost per unit length of the line, cost
per unit capacity, etc.;

(4) Operation and maintenance category: line loss rate, operation and maintenance
costs, etc.;

(5) Investment category: examples are return on investment, payback period, etc.

Typically, factors such as equipment level, network structure, and unit cost directly
affect the initial investment in the wiring configuration, while the operation and mainte-
nance category influences the operation and maintenance costs. The return on investment
and payback period impact the annual value of the investment.

3.2. Annualized Investment Cost

First, collect data on the equipment level, conductor type, and unit cost for the regional
power grid structure. Then, calculate the initial investment cost for each network structure
unit as Z,,,;;. Based on the annual operation and maintenance cost U,;,;; for each grid
structure, the annualized investment cost for the grid structure unit can be calculated using
the following formula:

ro(14r0)"
(1+79)" —1

where 7y is the return on investment; # is the payback period.

Cunit = szit X [ ] + uunit (1)
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If the power supply area is A, the load density is p, and the power supply capacity
of the wiring unit is Syn;t; then, the required number of wiring units for the power supply

area is calculated as A
m= _2XP )

k x Sunit

where k is the simultaneous coefficient of each unit wiring; the value range is 0.8~0.95.
Therefore, the annual value of investment costs in the electricity supply area is

C= m(cunit + uunit) 3)

3.3. Reliability Benefit Translation

Power outages directly affect the power sector’s tariff revenue BE on the one hand,
which is partly the direct reliability benefit; on the other hand, they result in customer
outage losses due to power outages, which is partly the indirect reliability benefit, also
known as customer outage losses or lack of power costs. In order to measure the customer
outage losses due to the reliability of the wiring pattern, it is first necessary to establish a
comprehensive customer outage loss function foc(;), and then, using the power supply reli-
ability indicator—the System Average Interruption Duration Index (SAIDI)—to determine
the outage loss OC.

Therefore, the reliability benefit is

RB = RB; + RB;,;; = BE+OC 4)
where RB; is the direct benefit of reliability; RB;,, is the indirect benefit of reliability.

4. Multi-Objective Planning of Network Structure Based on DE Algorithm
4.1. Establishment of Multi-Objective Functions

The selection of 35 kV network structures is a multi-objective planning problem,
which can be addressed using Pareto theory to establish objective functions. The Pareto
curve provides planners with multiple optimal solutions. For the selection problem of
medium-voltage wiring patterns, the Pareto optimal solution can be defined as

minF = [f(x), fo(x), -+, fu(x)]" (5)
h(x) =0
s.t{g K (6)

In the equation, x represents the solution vector; F is the vector of objective functions.
In the context of selecting medium-voltage wiring patterns, the elements of the vector
typically include investment cost indicators, reliability indicators, and so on. Equation (6)
represents the equality and inequality constraints, such as voltage, capacity, power, etc.

4.2. Basic Principles of the DE Algorithm

Multi-objective planning problems are often solved using algorithms such as genetic
algorithms and particle swarm optimization [16,17]. However, due to the many factors
affecting network structures and the high dimensionality, these algorithms tend to converge
slowly or may even struggle to converge. In contrast, the DE algorithm converges quickly
and with high precision. Additionally, the DE algorithm has fewer parameters to set, which
minimally impacts the results. Therefore, the DE algorithm is more suitable. The algorithm
steps are as follows [18,19]:

(1) Initialization of Population: Establish an initial population of size Ny, iterating for G —
1 times. The individual i in the G-th generation is represented as X; g (i = 1,2, - - -, Np),
and the populationis X; ¢ = [x1;6,X2iG," - »¥nic)- The initial population is gener-
ated randomly and can be represented as
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Xjio = lj+rand(0,1)(u; —1;),j € [1,n],i € [1, Np] (7)

In the equation, rand(0, 1) represents a random number between 0 and 1; # is the num-
ber of variables; and u; and /; are the upper and lower bounds of the variables, respectively.

(2) Mutation Operation: Perform mutation by randomly selecting three different target
individuals.

Vici1 = Xng +Fx (Xpc+ X)), n#En#Fr3£i (8)

In the equation, r1, 7, and r3 are three randomly generated distinct integers, with
values not exceeding Np. F is the scaling factor,and 0 < F < 1.

(3) Crossover Operation: A trial vector U; 41 = (U1.i.G+1, U2iG+1, " - » UniG+1) IS gen-
erated through crossover. To ensure the evolution of X; ;, at least one element of
the individual target contributes to U; g1 through random selection, while the other
elements undergo crossover according to Equation (9).

uoo o JiG, rand(j) < CRorj # rnb(i) ©)
jiG+1 X;iG, rand(j) > CR orj # rnb(i)

In the equation, rand(j) is a uniformly distributed random number; rnb(7) is a random
integer not greater than n; and CR is the crossover probability, with a range of [0, 1].

(4) Selection Operation

Uic+1, f(Uig+1) < Xig
X‘ — l.GJrl .G+ 1. 10
AGHl { Xic, f(Uig1) > Xic (10)

If the fitness function value of the trial individual meets the criteria, it replaces the
current individual and becomes the new one; otherwise, the current individual is retained
for the next generation.

4.3. Individual Fitness Function

To evaluate the Pareto optimal solution, the individual fitness function can be estab-
lished using the weighted coefficient transformation method. If the objectives for wiring
configuration in terms of economic efficiency and reliability are C; and Cp, with corre-
sponding weight coefficients w; and wy, then the linear weighting of the individual fitness
function is

F = w1Cy + wr G (11)

Typically, the weight coefficient w; for the reliability objective depends on the power
load within the supply area, while w, depends not only on the power load but also on the
comprehensive outage losses of the users, i.e., the shortage cost. The weight coefficients
can be set as

wy=1/(A xp)
12
{wlzK/(Axp) (12)
Thus, the formula is transformed into
G +E+OC
F= Axp =TC (13)

In the equation, TC represents the total cost of power supply per unit load, which is
numerically equal to the ratio of the total power supply cost of the medium-voltage wiring
configuration to the load it supplies.

Therefore, the individual fitness function of the DE algorithm is transformed as follows:
under different load density conditions, the total cost of power supply per unit load for the
35 kV network structure is minimized.
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4.4. Methodology Section

To solve for the Pareto optimal solution set, first, set the initial value of load density py.
Based on the area of the power supply region, calculate the power load and determine the
number of grid structure units based on the analysis of maximum power supply capacity.

Then, select a specific grid structure and use the DE algorithm for optimization. The process
is illustrated in Figure 2.

A 4
Calculate the load of

power supply area

Determine the number
of grid structure units

y
Set generation counter
K=0

Initialize population with line
parameter values

Evaluate individual
Crossover .
fitness values
Mutation Calculate totafl supply cost per
unit load

Selection

o

Increase N . T
generation = Doesitmeetthe ——_

— e 5 =
counter K=K+1 - specified accuracy? _-

Figure 2. Flowchart for solving multi-objective planning of grid structure based on DE evolutionary
algorithm.

The steps of multi-objective planning for grid structure based on the DE evolutionary
algorithm are as follows:

Step 1: Calculate the load of the power supply area. This step involves determining
the total load requirement of the area that needs to be served by the grid structure.

Step 2: Determine the number of grid structure units. Based on the load calculation
and area size, identify how many grid units are necessary to ensure adequate coverage
and service.

Step 3: Set the generation counter K = 0. Initialize the algorithm by setting the iteration

counter to zero.

Step 4: Initialize the population with line parameter values. Randomly generate initial

candidate solutions (population) based on the grid structure’s line parameters.

Step 5: Evaluate individual fitness values. Assess each candidate solution’s effective-

ness by calculating the fitness values, where lower costs lead to better fitness scores.
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Step 6: Calculate the total cost of power supply per unit load. For each solution,
compute the total cost of power supply per unit load.

Step 7: Check if the solution meets the specified accuracy. Verify whether the obtained
solution has reached the desired level of precision or fitness. If yes, the algorithm ends. If
no, continue to the next step by increasing the generation counter.

Step 8: Check if the generation counter K is greater than the preset generation limit.
Determine whether the current generation count exceeds the predefined limit for the
number of iterations. If yes, the algorithm ends. If no, proceed to the selection, mutation,
and crossover, and return to step 5.

Establish the initial population based on factors such as the number of segments, power
supply radius, and unit construction cost. Use the total cost of power supply per unit load
as the fitness function to calculate the fitness of each individual in the population across
generations. Perform mutation and crossover operations to generate a new population. By
comparing the total cost of power supply per unit load for various wiring configurations,
the Pareto optimal solutions under the load density pg can be obtained.

Set the load density step size as Ap. Select a new load density and, following the
previously described steps, use the DE algorithm to analyze the total cost of power supply
per unit load for various wiring configurations. Through iterative comparison, find the
wiring configuration with the lowest total cost of power supply per unit load. Continue
increasing the load density step size until reaching the maximum load density, obtaining
the Pareto optimal solution set under each load density condition. This will determine
the Pareto optimal solution set for different wiring configurations within the load density
variation range.

5. Example Calculation
5.1. Case 1

The model is applied to a city in eastern China to facilitate the rational selection of
the 35 kV distribution network structure in that city. The central urban area of the city
covers a power supply area of 2397 km?, with an average load density of 1.59 MW /km? in
2024. The connection modes of overhead systems include single radial, overhead single
tie, multiple sections with multiple ties, and multiple sections with complex ties. The
connection modes of cable systems include a cable single radial and single ring network.
The basic parameters of the power grid are shown in Table 1 [20]. Table 1 is a table of
basic grid parameters for the city, including parameters such as the fault rate of 35 kV
overhead lines/cable lines, fault rate of 35 kV circuit breakers/switches, fault rate of
busbars, recovery time for a 35 kV line/switch faults, investment return rate/period,
grid loss rate, annual maintenance cost proportion, and unit price of a 35 kV circuit
breaker/integrated automation switchgear, along with their corresponding values. These
parameters reflect the operational characteristics of the power grid, equipment reliability,
and economic-related indicators from different aspects.

Table 1. Case 1 basic parameters of the power grid.

Basic Parameters of the Power Grid Values
Fault rate of 35 kV overhead lines/cable lines (times/100 km-year) 7.31/0.151
Fault rate of 35 kV circuit breakers/switches (times/unit-year) 0.05/2.03
Fault rate of busbars (times/unit-year) 0.012
Recovery time for 35 kV line/switch faults (h) 5.61/2.98
Investment return rate/period (%) 12/18
Grid loss rate (%) 6.7
Annual maintenance cost proportion (%) 12%

Unit price of 35 kV circuit breaker/integrated automation switchgear (CNY 10,000) 10/240

The values in Table 1 have the following meanings. The fault rate of 35 kV overhead
lines/cable lines refers to the number of times that 35 kV overhead lines and cable lines



Energies 2024, 17, 5763

8 of 13

fail and are out of service per 100 km per year, with 7.31 times per 100 km per year for
overhead lines and 0.151 times per 100 km per year for cable lines. The fault rate of 35 kV
circuit breakers/switches indicates the number of times that 35 kV circuit breakers and
switches fail and are out of service per unit per year, with 0.05 times per unit per year for
circuit breakers and 2.03 times per unit per year for switches. The fault rate of busbars
represents the number of times that the busbar fails and is out of service per unit per year,
which is 0.012 times per unit per year. The recovery time for the 35 kV line/switch faults
refers to the time required to repair 35 kV lines and switches after a failure, with 5.61 h
for lines and 2.98 h for switches. The investment return rate/period shows an investment
return rate of 12% and an investment return period of 18 years. The grid loss rate is the
percentage of electrical energy loss in the power grid operation process to the total electrical
energy, which is 6.7%. The annual maintenance cost proportion is the percentage of annual
maintenance costs to the total investment or total cost, which is 12%. The 35 kV circuit
breaker/integrated automation switchgear unit price indicates that the unit price of 35 kV
circuit breakers is CNY 100,000 per unit and the unit price of the integrated automation
switchgear is CNY 2,400,000 per unit.
Let the comprehensive outage loss model for users in the city be as follows [21]:

y = —59.5x2 + 759.6x — 156.9 (14)

where y represents the total outage loss (in CNY), and x denotes the duration of the power
outage (in hours). This model was developed through a regression analysis based on
empirical data collected from past outages in the region.

5.2. Case 2

The method is applied to a city in central China to optimize the structure of the 35 kV
distribution network. In 2023, the load density in the central urban area of this city was
0.52 MW /km?. The available 35 kV wiring configurations included the following: overhead
single radial, overhead single tie, multiple sections with multiple ties, cable single radial,
and single ring network. The basic parameters of the distribution network are shown in
Table 2.

Table 2. Case 2 basic parameters of the power grid.

Basic Parameters of the Power Grid Values
Fault rate of 35 kV overhead lines/cable lines (times/100 km-year) 7.85/0.128
Fault rate of 35 kV circuit breakers/switches (times/unit-year) 0.1/2.24
Fault rate of busbars (times/unit-year) 0.02
Recovery time for 35 kV line/switch faults (h) 6.35/3.02
Investment return rate/period (%) 12/19
Grid loss rate (%) 6.1
Annual maintenance cost proportion (%) 11%

Unit price of 35 kV circuit breaker/integrated automation switchgear (CNY 10,000) 6/260

Through investigation, the comprehensive outage loss model for users in this city is

(15)

—0.0263x2 4+ 10.991x +497.27 x < 120 min
—0.0003t2 4 0.61¢ + 1367.1 x > 120 min

5.3. Existing Grid Structure Planning Methods

According to the Technical Guidelines for Distribution Network Planning and Design,
while it is possible to determine the network structure for a certain load density, such as
selecting an overhead multi-section structure with moderate interconnection or a single ring
network for Class C supply areas, it is difficult to quantitatively compare the advantages
and disadvantages of these two connection schemes. Using existing theories, several
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load density conditions are typically selected, and after assuming parameters such as the
number of sections, interconnections, and supply radius, the total unit power supply cost
for different connection schemes is compared, as shown in Figure 3. However, due to the
dynamic nature of load density, if the load density takes a value within a certain range,
such as 8 MW /km?, recalculations are required; otherwise, it is impossible to compare the
two connection schemes. Moreover, due to the many influencing factors, each grid structure
can have several configurations, such as the number of sections, conductor cross-section,
etc., making the selection of grid structures both unique and limited in scope.

2000
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..
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Figure 3. The comparison of the network structure under the condition of fixed load density.

5.4. DE Algorithm Solution

Based on the actual grid conditions in case 1, the initial load density is set to 0.1 MW /km?,
with a step size of 0.1 MW /km? and an upper limit of 30 MW /km?. The number of sections,
supply radius, number of interconnections, conductor cross-section, and operation and
maintenance costs are set as control variables to establish the initial population. The
maximum number of generations is set to 100, and the process is terminated if the optimal
solution set remains unchanged for three consecutive iterations. The scaling factor is set to
0.5, and the crossover probability is set to 0.1. The network structure modes are an overhead
single radial, a single tie, multiple sections with multiple ties, a cable single radial, and a
single ring network. Through calculation, the SAIDI-load density curve for the distribution
network structures in case 1 is shown in Figure 4.

4.51 —©— Overhead Single Radial
Overhead Single Tie
4t Overhead Three-Section with Two Ties

---------- Cable Single Ring Network
————— Dual Ring Network

SAIDI/(hours/household)

0 1 1 1 1 1 ]
0 5 10 15 20 25 30

Load Density (MW/km2 )

Figure 4. The curve of SAIDI versus load density for case 1.
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SAIDI/(hours/household)

Similarly, based on the actual conditions of the power grid in case 2, the initial load
density is set to 0.5 MW /km?, with a step size of 1 MW/km? and an upper load density
limit of 30 MW /km?. The network structure modes are an overhead single radial, a single
tie, multiple sections with multiple ties, a cable single radial, and a single ring network.
The number of segments, supply radius, and average number of users per segment per
line are set as control variables. An initial population of 30 is chosen, with the number of
iterations not exceeding 100. The process is terminated if the optimal solution set remains
unchanged for three consecutive iterations. The crossover and mutation probabilities are
set to 0.5 and 0.01, respectively. Through calculation, the SAIDI-load density curve for the
distribution network structures in case 2 is shown in Figure 5.

—©— Overhead Single Radial
Overhead Single Tie
Overhead Three-Section with Two Ties

---------- Cable Single Ring Network
1Q® e Dual Ring Network

Load Density (MW/kmz)

Figure 5. The curve of SAIDI versus load density for case 2.

Te(yuan/kW)

Based on the SAIDI and user comprehensive power outage loss model function, the
Pareto solution set for the network structure patterns is determined, and the Pareto optimal
curves for case 1 and case 2 are plotted, as shown in Figures 6 and 7, respectively.

240
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—
0 -
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Figure 6. The optimal network structure curve under the condition of the continuous load density

interval for case 1.
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Figure 7. The optimal network structure curve under the condition of the continuous load density
interval for case 2.

As shown in Figure 6, the load density-optimal network structure curve is not a
smooth curve, due to the reflection of various grid configurations” investment costs and
reliability benefits. Additionally, as the unit power supply cost of the network structure
varies with load density, the optimal grid structure and its key indicators also change
accordingly. When the load density is below 1.7, the optimal grid structure is an overhead
single radial configuration. When the load density is between 1.7 and 4.9, the optimal
grid structure shifts to the configuration of an overhead three-section with two ties. When
the load density ranges from 4.9 to 26.8, the optimal structure becomes a cable single ring
network, and for load densities between 26.8 and 30, the optimal structure is a cable dual
ring network.

The data presented in Figure 7 show that the total cost of power supply per unit
load of the network structure varies depending on different load densities. Therefore, the
optimal network structure and its key indicators should be adjusted accordingly. When
the load density is below 2.3, the optimal grid structure is an overhead single radial
configuration. When the load density is between 2.3 and 7, the optimal grid structure shifts
to the configuration of an overhead three-section with two ties. When the load density
ranges from 7 to 26, the optimal structure becomes a cable single ring network, and for
load densities between 26 and 30, the optimal structure is a cable dual ring network. The
optimal network structures and their main performance indicators for each load density
interval in case 2 are presented in Table 3.

Table 3. Main performance indicators of the optimal network structures for case 2.

Load Density
<2. 3~ ~ ~
J(MW/km2) <23 2.3~7 7~26 26~30
Optimal network overhead overhead three-section ~ cable single cable dual
structure single radial with two ties ring network  ring network
Supply radius/km 10 5 4 3

Therefore, within the range of load density variations, by employing the DE algorithm
and comparing the total cost of power supply per unit load of different connection schemes,
while comprehensively considering the factors affecting both reliability and economic
efficiency, the optimal solution set for multi-objective planning across any load density
interval can be obtained. This effectively overcomes the limitations and specificity of the
connection scheme comparison method under specified load density conditions and also
addresses the challenges posed by high-dimensionality and convergence difficulties due to
the numerous influencing factors.
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6. Conclusions

The selection of the target network structure for a 35 kV distribution network is
influenced by multiple factors, making it a multi-objective planning problem. To compre-
hensively consider both the reliability and economic efficiency of the network structure,
this paper establishes an objective function based on Pareto theory and uses the variable
weighting coefficient method to convert the reliability and economic objectives into the
total unit power supply cost. To mitigate the issues of high dimensionality and slow con-
vergence caused by multiple influencing factors, the DE algorithm is employed. An initial
population is generated based on the influencing factors, and the lowest total unit power
supply cost is set as the fitness objective. Through mutation, crossover, and selection, a
continuous optimal network structure curve within the load density range is eventually
drawn, providing theoretical support and reference for the rational selection of the 35 kV
distribution network grid structure.

The results of this study demonstrated the efficiency of the DE algorithm in converging
quickly and achieving high precision, even when faced with multiple influencing factors
such as the number of sections, power supply radius, and operation costs. The graphical
results and logical analysis, as presented in Figure 7 and Table 3, illustrate that the optimal
network structure evolves with changing load density, providing valuable insights for
practical grid planning. When the load density is below 2.3, the optimal grid structure is
an overhead single radial configuration. When the load density is between 2.3 and 7, the
optimal grid structure shifts to the configuration of an overhead three-section with two ties.
When the load density ranges from 7 to 26, the optimal structure becomes a cable single
ring network, and for load densities between 26 and 30, the optimal structure is a cable dual
ring network. Case studies demonstrate that different load densities correspond to different
optimal network structures. For load densities ranging from 0 to 30, the selected optimal
network structures from low to high are as follows: overhead single radial, overhead
three-section with two ties, cable single ring network, and cable dual ring network.

Moreover, this approach offers a significant improvement over traditional methods by
allowing for continuous adjustment of load density, thereby offering more flexibility and
accuracy in grid structure selection. The case study results confirm the effectiveness of the
method in reducing the total cost of power supply while ensuring a high level of reliability,
which is critical for establishing the target network structure.
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