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DISTRIBUTION NETWORK PLANNING METHOD CONSIDERING THE COUPLING OF
TRANSPORTATION NETWORK AND DISTRIBUTION NETWORK

ZHUORAN SONG * JIANFENG LIf TAO JIANG! AND SICHEN LU$

Abstract. This paper introduces a novel distribution network planning method that addresses the limitations of conventional
approaches. The existing methods primarily focus on optimizing component objectives using reliability analysis, which results in
inadequate operational power control performance due to neglecting the coupling degree analysis of distribution network subprojects.
To overcome this limitation, the proposed method incorporates the coupling of the traffic and distribution networks into the planning
process. The method involves modeling the transportation network and analyzing the coupling characteristics of the planning items.
Specifically, the energy efficiency coupling degree is calculated to assess the degree of coupling. Based on this analysis, the planning
nodes are strategically deployed, and a comprehensive planning model is constructed. The model is then subjected to constraints
and solved to obtain an optimal distribution network planning scheme. To evaluate the effectiveness of the proposed method,
experiments are conducted to assess its operational power control capability. The experimental results demonstrate that when
the proposed method is employed for distribution network planning, it reduces operating power and achieves a more desirable
planning outcome. The novelty of this work lies in integrating the coupling analysis of the traffic network and the distribution
network into the planning process. Considering the interdependencies between these networks, the proposed method enables a more
comprehensive and efficient distribution network planning scheme. This approach enhances operational power control performance
and improves the overall effectiveness of distribution network planning.

Key words: transportation networks; distribution network coupling; planning methods; linear programming.

1. Introduction. The main considerations for distribution network planning are planning demand, re-
gional traffic conditions, and local construction levels. The traffic situation in the area will affect the con-
figuration of the distribution network nodes, while the local construction level will have a limiting effect on
the effectiveness of the distribution network planning. In general, the planning demand is based on economic
efficiency. Different objective functions can be constructed by setting indicators such as planning cost economy,
expected production economy and energy efficiency. The volume of traffic in the regional traffic situation and
the route’s load capacity also impact the planned route. To facilitate the study, the mathematical planning of
the distribution network generally defaults to a level of construction that meets the planning needs. Currently,
distribution network route planning can be carried out mainly by relying on models or expert commentary
methods.

Model construction means that parameters such as the distribution network’s energy efficiency or construc-
tion costs are used as objective functions, which are constructed and solved to obtain the optimal planning
solution under this result. The evaluation analysis method combines principle component analysis or grey
correlation method to analyze the feasibility of the distribution network planning results. By calculating the
distribution network benefits or planning costs under different planning results, the best planning results can
be obtained. Both of these methods are commonly used in distribution network planning projects and can
produce optimal planning solutions for different planning needs, which is a goal-oriented planning method.

However, there are some limitations to these two planning methods. Firstly, the model construction method
can only be used for a single planning objective. In contrast, in planning large distribution networks, there are
often multiple benefits to be considered, including economic, social, and production benefits [17]. Many large
distribution networks are planned to ensure the lowest possible construction costs while requiring the highest
possible operational efficiency. Model-building methods cannot meet the multiple planning needs of large
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Table 2.1: Traffic Network Influencing Factors

Elements of influence Specific explanations
Terrain

Natural factors Geological conditions
River flow

Urban distribution
Economic conditions
Technological level

Level of road construction

Social factors

Technological factors

distribution network projects. The expert commentary method, based on the collection of expert questionnaires
and the analysis of expert opinions, is highly subjective, cannot accurately and objectively analyze the actual
benefits of different planning projects, and is not comprehensive enough to meet the planning needs in terms of
reliability. In addition to their limitations, the two planning methods also share a common limitation, namely
the excessive coupling of sub-projects [10]. The degree of sub-project coupling refers to the overlap of energy
and output benefits between different sub-projects in the planning results. Both conventional planning methods
do not consider the collar of sub-projects, resulting in an overlap of energy efficiency between sub-projects in
the planning results. Therefore, to avoid the limitations of the above planning method, the coupling between
the sub-projects needs to be analyzed, and by identifying the deeper coupling between the sub-projects and
dealing with the duplication, each sub-project can achieve its energy efficiency, thus ensuring that the energy
efficiency of the overall project is maximized.

By analyzing the coupling characteristics of the distribution network sub-projects, the cost of construction
resources can be effectively allocated when input planning, thus reducing planning expenditure and providing
higher economic efficiency. In response, this paper proposes a new distribution network planning method
that incorporates transport network and distribution network coupling factors into the planning scheme, and
improves the economic planning efficiency of the distribution network by calculating the coupling degree of
sub-projects and constraining the planning results so that sub-projects with duplicated energy benefits can be
processed [9)].

Ultimately, the motivation behind this research is to contribute to advancing distribution network planning
methods, provide more accurate and efficient planning schemes, and support the development of sustainable
and optimized distribution networks. By addressing the limitations of existing methods, the research aims to
offer practical solutions to enhance the operational performance of distribution networks and meet the evolving
demands of modern power systems.

2. Traffic network model construction and planning project benefit coupling degree calcula-
tion. To carry out rational planning of the distribution network, this paper first models the traffic network and
analyses the coupling situation of the planned projects based on which the grid planning nodes are deployed.
Considering that the traffic flow has a large degree of influence on the project site planning, the traffic network
around the distribution network is firstly modeled [1]. The traffic network mainly consists of passing road
sections and traffic line hub nodes, and one passing road section will exist in every two traffic hub nodes. Each
traffic section corresponds to its own traffic flow and load capacity, determining the maximum travel time of
different traffic sections. In addition, there are combinations of traffic demand nodes in the area around the
distribution network, each of which includes a start node and an end node for the realization of different sections
of traffic demand [4]. Depending on the traffic demand, the node combinations can generate different traffic
routes, for example, a start node can match multiple end nodes, and the routes can be found efficiently by
using the depth search algorithm. The main influencing elements of the traffic network are shown in Table 2.1.

Table 2.1 shows that transportation networks are affected by three main factors: natural, social, and
technological. Since the issue discussed in this paper is distribution network planning, this paper focuses on
social factors to analyze it, i.e., economic conditions and traffic demand factors [3]. In this regard, the traffic
flow on each driving route will be accumulated on different traffic routes, and the traffic flow accumulation
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formula is shown below.

Ta =YY [{6,Yw,Vk € T{¥ ,Va € Ty (2.1)

w ok

where x, represents the accumulated traffic flow of road section a in a certain statistical period, w represents
a traffic demand node combination, k represents the driving route corresponding to the node combination; f}’
represents the traffic low under the driving route corresponding to the traffic demand node combination; &
represents the accumulated times, T}" represents the set of all driving routes under the traffic demand node
combination, T4 represents the set of passing road sections [20]. At the same time, the traffic volume under
each combination of traffic demand nodes should meet the route demand, so the following expression can be
obtained.

Z f;;) = Qqu (2'2)

keTw

where, ¢, represents the traffic flow demand under the route for a certain combination of traffic demand nodes
in a certain statistical period. In this paper, the road section travel time is chosen as the main indicator to
measure the traffic capacity of a traffic section, and the specific calculation formula is shown below.

140.15 (52“)21 (2.3)

where t, represents the passage time of the road section a, ¢, represents the maximum traffic flow under the
passage section, t represents the free passage time under the passage section [11]. Through the above formula
can be seen that when the traffic flow of section a is lower than the maximum traffic flow, the team is in a free
flow state; when the traffic flow of area a exceeds the maximum traffic flow, at this moment, can be seen as a
traffic congestion situation, the passage time will be affected by the actual traffic flow [11].

After completing the above analysis for the traffic network, the distribution network benefit coupling needs
to be analyzed. In the distribution network planning, there is benefit coupling between different planning sub-
projects [19]. In other words, the functions of two sub-projects in a distribution network planning project may
be duplicated, thus resulting in a less efficient operation of the distribution network as a whole [5]. A reasonable
analysis of the coupling of distribution network benefits can effectively ensure that the sub-projects do not have
overlapping parts in terms of functions and benefits, and ensure the maximum efficiency of the distribution
network project. Firstly, assuming that the distribution network planning projects are x; , I represents the
total number of expected planning projects, and assuming that the planning timing expectation is (; , the
timing benefit function of distribution network benefit coupling can be constructed, and the specific function
expression is shown below [6].

ty =12

Gi *Gmin ,Ci €+
G ax — G in
) =4 Cam=G (2.4)

Gmax - Gmin’ !

0< f(G) =1
where G; represents the efficacy parameter generated after the distribution network planning is completed;
f(¢;) represents the orderliness of the planning result, the value of which ranges from 0 to 1, and the closer
the value is to integer, the higher the orderliness of the planning result at this moment [18]. Guax and
Gmin represent the steady-state values of the planning items in the case of maximum and minimum planning
orderliness, respectively. According to the above equation, the timing function of the coupling benefits of the
distribution network can be obtained, and the above timing expectation values are weighted to obtain the
following expressions.

w1
w2

C: [C15C27“'7<I]' (25)
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Table 3.1: Correspondence between the main station of the distribution network and the regional scale

Regional scale Distribution network main station size
Large cities Large Main Station

Medium-sized cities | Medium Main Station

Small Cities Small main station

County Front extension main station

where represents the coupling weight value of the ith subproject for the jth subproject in the distribution network
project. The coupling benefit equation for the distribution network project planning can be constructed by
combining the above two formulas, and the specific expression is shown below [12].

I
0= s & 171 (2.6)
[Hi:1,2,...,1_1(<i + Git1) - (G + Cz‘—1)]

The value of O represents the benefit coupling degree, which ranges from 0 to 1. The closer the value is
to integer, the higher the efficacy overlap between the sub-projects in the planning result at this moment. The
above calculation of project effectiveness coupling degree can effectively correct the planning results [7].

3. Distribution network project planning node deployment. The planning of the distribution net-
work project needs to be reasonably matched with the regional construction scale and the total number of sites,
as shown in Table 3.1.

According to the above table, it can be seen that the corresponding site size varies for different size cities.
For larger cities, a large master station needs to be matched, while for smaller counties and other areas, the
distribution grid master station can be selected from the front extension master station [17]. In this paper,
we focus on large cities with corresponding large distribution network master stations for distribution network
planning analysis. In general, the reliability level of the distribution network master station in large cities is
higher, and the distribution equipment level is higher, and the power supply mode of composite power supply is
generally adopted so that the power can be restored faster for some power outages or blackouts, which also puts
more requirements on the distribution network planning of large cities. First of all, the distribution network
needs to be able to supply the required amount of power with minimum energy consumption. Therefore, when
planning the distribution network, it is necessary to take into account the demand for power in different areas
and the distance from the proposed planning center [15]. For areas with high demand, the distance between
the distribution network center and the area needs to be reduced in order to reduce transmission losses.

The conventional distribution network planning method is mainly through the analysis of the planning
demand, based on which the planning nodes are deployed in combination with the power supply efficiency of
each region, and then different nodes are connected between them, and the planning path can be determined.
The planning results obtained by this method have more planning routes, which can be reasonably selected
for different planning needs and the specific geological conditions of the study area. However, due to the lack
of consideration of the planning cost, the planning results under the traditional method have low planning
efficiency and the algorithm has low robustness and cannot complete the corresponding path search task within
the specified time. Therefore, in this paper, the conventional distribution network planning method is optimized,
and the optimal planning path is obtained by searching the planning paths under different nodes with the
planning efficiency as the objective function, so that the coupling efficiency of the planning paths can be
effectively avoided [8].

In this regard, firstly, the nodes of the planning project need to be reasonably deployed, and the specific
nodes need to be spiritually adjusted according to the power supply demand of the study area and the con-
struction level of electrical energy equipment. In this paper, six planning nodes are selected for the power
supply demand characteristics of the main station of large urban distribution network, and the construction
level of distribution network under each node can meet its corresponding power supply demand. The nodes
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Fig. 3.1: Initial planning results of distribution grid gridding

are barrier-free and can be connected flexibly. First of all, the planning paths connected by the distribution
network planning nodes need to have a single nature. Too many repetitive planning paths not only cause waste
of planning resources, but also create a large electric pressure on the operation of the main distribution network
in large cities. Therefore, it is necessary to search for the best planning paths under different nodes in order to
maximize the benefits of the planning results. In order to meet the planning requirements of the distribution
network master in large cities, the planning paths under each node need to be analyzed to avoid duplicate paths
as much as possible [2].

In order to improve the planning effect, this paper chooses the grid method to divide the planning nodes of
the project, for which, the gridization parameters need to be simulated. Combined with the algorithm, it can
be assumed that the initial set of ant colony size is V' , and the initial set of planning lines is £ . The initial
planning results can be obtained through the ant colony seeking control, as shown in Figure 3.1.

In the initial planning result of the above figure, assuming that the total length of the distribution grid
gridding search path is p;;, the grid connection matrix expression can be obtained as shown below.

A= Dij X €t (31)

where ef represents the search path parameter. Since each individual in the ant colony population has variability
in search performance, individual variability is also taken into consideration when grid planning is performed
for the distribution network, and the obtained grid node planning degree is calculated as shown below.

722/:1V><D

i

d; (3.2)
where D represents the diagonal element due to the distribution grid gridding, the value is mainly related to
the joint probability density, and r; represents the characteristic value of the difference in search performance
of different individuals under the ant colony population. Assuming that the distribution grid gridding chunking
matrix is, the total number of ant colony collections under the optimal planning route can be calculated
according to the above formula, which is shown below.

_ In(V x E)

U= (3.3)

uij
where, represents the probability of effective connection distribution, through the above steps can be completed
for the initialization of the grid results, the final results of the optimization of node deployment, as shown in
Figure 3.2.
The above figure shows that, compared with the initial grid planning results, the optimized node deployment
structure diagram in this paper has only one path between each node and it is the optimal path, so it can satisfy
the power supply efficiency while controlling the energy consumption to the minimum, thus improving the energy
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Fig. 3.2: Node deployment structure under optimal path planning

efficiency of distribution network planning [14]. The above steps can be completed for the effective deployment
of the planning nodes to ensure a single node planning path, which helps to provide comprehensive planning
benefits.

4. Distribution network planning model construction. After the construction of the traffic network
model and the calculation of the coupled benefit values, the distribution network planning model is constructed
by combining the grid diagram of the planning nodes deployed in this paper with the energy efficiency as the
objective function and the linear regression method. The control expression of energy efficiency of distribution
network is shown as follows [16].

max g(x) = mkixy + koo + ..., kn2y (4.1)

where g(x) represents the standardized control model of energy efficiency of the distribution network, k repre-
sents the efficiency parameter of the planning project, m represents the linear synchronization parameter, and
n represents the number of linear planning. Considering the energy cost and expected energy efficiency of the
distribution network construction, this paper takes the maximum energy efficiency constraint as the objective
function, and the obtained function expressions are shown below.

max Y " C(Peni) = Y Ci(Ppa.r) + Y Cu(Pp.u) (4.2)

where P, ; represents the maximum energy efficiency under the ith planning path under linear planning; Ppg,r.
represents the energy efficiency load under the standardized energy efficiency control model; Pp g represents
the optimal control objective under the source network load; Cj represents the energy load parameters of
the distribution network; C; represents the energy cost consumed by the distribution network construction,
C represents the total energy consumption of the planning path, B represents the energy efficiency control
objective; H represents the constraint parameters of the objective function. On the basis of the above objective
function, the constraints are applied to the planning model. First, the energy consumption brought by the
operating load of the distribution network under different planning results needs to be calculated as shown in
the following formula [13].

P}‘,r = PF,T + Boss,r (43)

where PJ’QT represents the total power consumption values of electrical equipment due to operating load in the
distribution network, Pp, represents the power consumption of individual electrical equipment in the normal
state, Pjoss,r represents the power consumption of the distribution network in a single path under the optimal
planning line, F' represents the energy load of the distribution network, r represents the storage load, and loss
represents the transmission path with the largest energy consumption. In general, the energy consumption
generated by the main station of the distribution network in a large city should run the load in the operation
process is generally within 10%, so this paper takes the historical operation data of a distribution network as
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Table 4.1: Constraints

Control items | Upper limit conditions | Lower limit conditions
Ppa,1 Ppg,p(max) < L Ppg,r(min) > H
PB7H PB,H(maX) S H PB7H(min) Z B

Pp, Pg (max) <r Pp,.(min) > L

the research object and constructs the constraints of the objective function, i.e., the upper and lower limits of
the operation energy consumption, by analyzing the operation energy consumption ratio in the historical data,
as shown in Table 4.1.

Based on the above constraints, the objective function is solved to achieve a reasonable planning for the
distribution network. The specific solution process is shown below.

Firstly, the optimal control boundary of the energy efficiency of the distribution network is calculated, and
the value is mainly obtained by summing the upper limit condition parameters and the lower limit condition
parameters of the control project. Then the energy efficiency control model is calculated for the specific model
parameters of the energy transmission power, and the actual increment is calculated according to the size of
the transmission power, and the specific calculation formula is shown below.

AP = Ppo— Py (4.4)

where AP represents the actual incremental power output of the distribution network, Prg represents the
statistical output power value, and Pr represents the warning output power under the energy efficiency control
model. The above equation can control the actual incremental deviation of output power, and select a suitable
planning path according to the ideal deviation value, and then optimize the planning path to ensure the optimal
energy efficiency of the distribution network under the planning path and to meet the regional power supply
demand. Through the above steps, the distribution network planning model can be constructed, and the
control planning effect of the model is constrained by combining the constraints designed in this paper, and
the model is solved to obtain the best planning path and scheme. Combining the contents of this section
with the above-mentioned results of traffic network model construction and coupling benefit calculation, and
grid-based planning node deployment, the design of the distribution network planning method considering the
coupling of traffic network and distribution network is completed. The proposed method aims to control the
actual incremental deviation of output power in order to optimize the planning path and ensure the optimal
energy efficiency of the distribution network while meeting the regional power supply demand. By selecting a
suitable planning path based on the desired deviation value, the planning path is further optimized to achieve
the desired control effect. The construction of the distribution network planning model involves combining
the formulated constraints and utilizing the designed control measures outlined in this paper. By solving the
model, the best planning path and scheme can be obtained, ensuring efficient and reliable operation of the
distribution network. Furthermore, the completed design of the distribution network planning method takes
into account the coupling of the traffic network and the distribution network. This includes the construction of
the traffic network model, calculation of coupling benefits, and deployment of planning nodes based on the grid.
By integrating these components with the aforementioned steps, a comprehensive and effective distribution
network planning method is achieved

5. Experiment and analysis.

5.1. Experimental preparation. In order to prove that the distribution network planning method con-
sidering the coupling of traffic network and distribution network proposed in this paper is better than the
conventional distribution network planning method in terms of planning classification effect, after the design
of the theoretical part is completed, an experimental session is constructed to test the actual planning effect
of the method in this paper. In order to ensure the experimental effect, two conventional distribution network
planning methods are selected for comparison, namely the distribution network planning method based on
reliability analysis and the distribution network planning method based on temporal correlation.
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Distribution network
master node

Power supply
demand nodes

Fig. 5.1: Distribution network system node diagram

Table 5.1: Distribution network modeling parameters

Modelling parameters

Specific configuration

Power Plate Cap/MV

55

Lower Power Plate Limit/MV 60
O&M factor 28.63
Installation cost 30.1
Source supply climb rate/M 150
Source Network Supply Down Climb Rate | 165

The experimental object selected for this experiment is a 24-node distribution network system with a rated
voltage of 20 kV under the system, which contains a total of four main distribution stations and 10 power
supply demand nodes, the specific structure of which is shown in Figure 5.1.

In order to improve the accuracy of the experimental results, MATLAB software is used to model the above
distribution network system in this experiment. To facilitate the modeling, line parameters of the original
distribution network system and substation-related data are extracted in this paper to facilitate the subsequent
rational planning of the distribution network for energy efficiency, and the specific modeling parameters are
shown in Table 5.1.

The distribution network system was modeled according to the contents of Table 5.1, and the modeling

results were planned using three methods to compare the energy efficiency costs under different planning
methods.

5.2. Analysis of test results. The comparison criterion chosen for this experiment is the planning
performance of the planning method, and the specific measurement index is the optimal control power of the
distribution network under different planning methods, the lower the value represents the better planning effect
of the algorithm, and the specific experimental results are shown in Figure 5.2.

The above experimental results show that the optimal control power of the distribution network model
under different planning methods also varies at different control times. By observing the power change curves,
it can be seen that the control power of the distribution network under the two conventional planning methods
is higher, which indicates that the energy consumption of the distribution network is larger at this moment.
The model with the coupling of traffic network and distribution network proposed in this paper has lower
optimal control power, which proves that the planning method proposed in this paper has better planning

performance and can reasonably control the operating power of the distribution network while meeting the
planning requirements.
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Fig. 5.2: Algorithm recall comparison results

6. Conclusion. This research paper proposes a distribution network planning method that considers
the coupling of the traffic network and the distribution network. By incorporating the traffic network model
and analyzing the coupling degree of sub-projects, the distribution network planning model is constructed to
effectively control the operation of the power grid. This approach ensures the distribution network meets the
power supply demand in the area while minimizing power wastage, resulting in improved economic and energy
efficiency.

Future research should focus on investigating the distinct power characteristics of AC and DC systems
in greater detail. Understanding these differences will contribute to further enhancing the effectiveness and
applicability of the distribution network planning method. By exploring the unique requirements and challenges
posed by AC and DC systems, it will be possible to develop more tailored and optimized planning strategies
for both types of power networks. This will ultimately contribute to the advancement of energy-efficient and
sustainable distribution network planning practices.
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