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ABSTRACT

The N-1 criterion is a critical factor for ensuring the reliable and resilient operation of electric power distribution
networks. However, the increasing complexity of distribution networks and the associated growth in data size
have created a significant challenge for distribution network planners. To address this issue, we propose a fast
N-1 verification procedure for urban distribution networks that combines CIM file data analysis with MILP-
based mathematical modeling. Our proposed method leverages the principles of CIM file analysis for distribution
network N-1 analysis. We develop a mathematical model of distribution networks based on CIM data and transfer it
into MILP. We also take into account the characteristics of medium voltage distribution networks after a line failure
and select the feeder section at the exit of each substation with a high load rate to improve the efficiency of N-1
analysis. We validate our approach through a series of case studies and demonstrate its scalability and superiority
over traditional N-1 analysis and heuristic optimization algorithms. By enabling online N-1 analysis, our approach
significantly improves the work efficiency of distribution network planners. In summary, our proposed method
provides a valuable tool for distribution network planners to enhance the accuracy and efficiency of their N-
1 analyses. By leveraging the advantages of CIM file data analysis and MILP-based mathematical modeling, our
approach contributes to the development of more resilient and reliable electric power distribution networks.
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1 Introduction

1.1 Background

The structure of distribution networks constitutes a crucial aspect of urban distribution network
planning and renovation. A refined evaluation of transfer capability can accurately reflect the margin
and resilience of the grid structure [1,2]. However, urban medium voltage distribution networks are
characterized by diverse network structures, numerous connection modes, and complex topologies,
especially with the growth of loads, massive new topologies, and data that will emerge in the future
[3,4]. Therefore, there is an urgent need for a fast N-1 analysis method that can adapt to various
complex topologies to assist planners in carrying out refined planning.
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1.2 Motivation

Urban medium voltage distribution networks typically have various connection modes, such as
a single ring network, two supply and one backup, and N segmentation and M contact modes. In
the event of a line fault, it is necessary to determine whether the line can be resupplied by the feeder
from the same substation or by feeders from different substations. However, as the number of lines
in distribution networks increases, N-1-based analysis becomes more complex, and the calculation
time required for such analysis is longer. Therefore, it is crucial to develop efficient algorithms for
parsing distribution network data, developing algorithm interfaces, and calling distribution network
N-1 analysis modules to enable fast distribution network analysis.

Existing N-1 verification has been extensively studied in academic research and typical cases.
However, there is still limited research on conducting N-1 verification by integrating CIM files
exported from the digitalized distribution network system. It is an urgent requirement in practical
engineering to abstractly model the CIM files exported from the GIS system and interface them with
N-1 verification models for efficient computation.

1.3 Literature Review

In the field of practical distribution network planning engineering, the existing N-1 analysis
requires identifying and extracting typical connection modes (two supply and one backup, single ring
network, N-section M contact, etc.) from complex topologies [5]. Then, whether the feeder can be
transferred after the failure of the mainline, outgoing section is analyzed to determine the transfer
capability of the feeder. Manual analysis for N-1 is reliable but time-consuming. Clearly, manual
analysis is difficult to be applied in large-scale complex networks, especially when the network topology
is involved with the coordination of main grid and distribution networks [6]. For complex distribution
networks, it is necessary to search in multiple data systems, which leads to a decrease in planning
efficiency. In the academic research field, numerous studies have been conducted to construct a detailed
N-1 analysis model for distribution networks [7], whose mathematical model is a challenging NP-hard
mixed integer programming (MIP) [&].

The solution algorithms for these kinds of problems can be divided into heuristic optimization
methods and mathematical planning methods. Heuristic optimization algorithms are easy to apply,
but the optimality of their solutions is difficult to guarantee [9,10]. On the other hand, traditional
mathematical programming methods such as Branch and Bound, Branch and Cut, Cutting plane
method can guarantee the optimality of the model solutions. However, as the problem size increases,
the solution time increases exponentially [1 1-14].

Meanwhile, the academic research field usually lacks considering the logical relationship between
the N-1 analysis model and the CIM data derived from digital system [15,16], which makes it difficult
to apply the methods proposed by academic research to the practical distribution network planning
engineering field and establish a close data connection with the actual distribution network planning
system.

The issues of existing literature can be summarized as follows:

(1) Modeling: Difficulty in manual analysis for large-scale complex networks and challenges of
the N-1 analysis model for distribution networks.

(2) Algorithm: Limitations of heuristic optimization and traditional mathematical optimization
algorithms.
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(3) Application: Lack of consideration for the logical relationship between the N-1 analysis model
and CIM data.

1.4 Contribution

To overcome the above problems, this paper proposes an N-1 fast analytical calculation method
applicable to urban medium voltage distribution networks by combining expert knowledge from actual
planning engineering and distribution network analytical transfer model. The main contributions of
this paper are summarized as follows:

(1) Key lines and main transformers are selected by N-1 criterion, which greatly improves the
calculation efficiency of N-1 criterion in distribution networks and applies to large-scale, complex
distribution network topologies that contain multiple wiring patterns and contact relationships.

(2) Based on CIM files, the MILP model is proposed, which can be solved with open-source
optimization solver. Therefore, the developed model can be applied directly to a practical planning
system.

1.5 Organization

The remainder of the paper is organized as follows: Section 2 presents the analysis of N-1
criterion of distribution network combined with CIM file. Section 3 describes power transfer model
of distribution network. Knowledge-based efficient N-1 analysis calculation process for distribution
network is provided in Section 4. Illustrative cases are provided in Section 5. Finally, Conclusion is
drawn in Section 6.

2 Analysis of N-1 Criterion of Distribution Network Combined with CIM File

2.1 The Relationship between CIM File Parsing and Distribution Network N-1 Criterion Analysis

The Common Information Model (CIM) is a vital part of the IEC61970 series of standards that
provides a standard logical view of the power system [1 5]. To enable efficient data exchange and “plug-
and-play” applications, all power enterprise applications must follow CIM and describe power system
objects in a unified standard.

The CIM topology package defines how to connect each device in the distribution network, and
the device connection relationship is expressed through the association relationship of “Conducting
Equipment-Terminal-Connectivity Node”. Detailed components type and their index in CIM file
are listed in Appendix A. The terminal is the endpoint of the device, and a device can have multiple
terminals. The linkage point connects the related terminals impedance-free according to the network
operation status. With the network hierarchy model library as the middle layer, the CIM model is
parsed into the middle layer database, and a real-time synchronized calculation library is generated to
achieve automatic modeling of the full physical model of the power grid. Based on the secondary
development and packaging of the API interface, an interface layer is established to realize the
automatic cycle operation of N-1 criterion analysis of the distribution network, as shown in Fig. 1.

In real-world distribution network engineering applications, two data files, namely, SVG and
XML, can be exported from the distribution network data system for each feeder. The SVG file
contains the vectorized image information of the feeder, while the XML file contains information
about the equipment, line, and equipment contact relationships of the feeder. By parsing the XML
file, CIM element objects can be generated to extract key objects such as busbars, conductors, and
distribution substations in distribution network analysis. These objects can then be encapsulated and
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processed to be saved in a database. Furthermore, they can be combined with the N-1 criterion analysis
algorithm of an urban distribution network for simulation and calculation purposes. This facilitates
the linkage analysis of distribution network data and algorithms, as depicted in Fig. 2.
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Figure 1: Overall system structure diagram
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Figure 2: CIM file parsing process

2.2 CIM File Parsing Principles for N-1 Checksum Analysis of Distribution Networks

Different algorithm modules have different data requirements for CIM file parsing, and the
relevant principles need to be proposed according to the algorithm model to ensure the stable
operation of the algorithm. For distribution network N-1 criterion analysis, the following principles
are summarized:

(1) To make the parsed topology match with the input data of the N-1 criterion algorithm for the
urban medium voltage distribution network, the nodes need to be numbered in integers starting from
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the subscript index 0 when numbering, instead of directly introducing a string of unordered codes
(such as taking the corresponding GIS code directly from the CIM file, etc.).

(2) To make the parsed topology match with the input data of the N-1 analysis algorithm of the
urban medium voltage distribution network, it is also necessary to number the branches with index 0,
instead of directly introducing a string of unordered codes.

(3) In the actual parsing, CIM file parsing is object-oriented programming, so when parsing, the
model of each component is obtained first, and the component model is the branch model in the
algorithm.

(4) Since the N-1 criterion analysis module of the distribution network needs to distinguish
between feeder segments exported from substations, lines containing controllable switches, and lines
without controllable switches, these three types of lines need to be marked out separately when parsing
the CIM file.

(5) Since the CIM file parsing process resolves the line type parameters, area parameters,
and length parameters, but does not involve the impedance parameters required for tidal current
calculations. To solve this problem, this paper investigates the existence of various types of lines in the
current grid. Based on the regression analysis of numerous real data, the following empirical formulas
for the unit length resistance r, reactance x, and line section area S are listed:

r = 3041 x §% (1)
x = —0.0341n (S) + 0.5001 ©)

The parameter have been tested in oceans of power flow calculation scenarios to verify the
rationality of the parameters. Based on the above formula, the resistance r and reactance x per unit
length can be obtained. Combined with the length of lines, the actual impedance of different lines can
be calculated. With these data, N-1 analysis module of the urban medium voltage distribution network
can be carried out in the simulation module.

3 Distribution Network Power Transfer Model

The urban medium voltage distribution network has the topological feature of “open-loop
operation and closed-loop design”, i.e., each feeder operates independently during normal operation,
and each feeder is contacted by a contact switch/contact line in the planning stage. When a fault occurs
in the line, the feeders contacting each other can transfer the load through the operation of a contact
switch to improve the reliability of the distribution network. The reliability of the power supply in the
distribution network is improved.

Compared with the transmission network N-1 analysis, the distribution network N-1 analysis
requires a power transfer analysis, which transforms the simple constrained verification calculation
into a mixed integer programming (MIP) problem with line and node operation variables. In this
section, the mathematical model of the urban medium-voltage distribution network power transfer
model, including decision variables, objective functions, and constraints, is presented in detail in
conjunction with the abstract distribution network topology obtained from the above analysis [17].

3.1 Decision Variables
In the distribution network transfer model, binary variables and continuous variables are included.
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The binary variables: the load node on-off variable p”, the substation node on-off variable «?, the
line on-off variable ué, and the line direction variable g;, are shown below:

Xp = [IO,'D7 uf’ u,'jL') i/'] (3)

Continuous variables: nodal active power output P¢, line active power P;, and reactive power Q,,
square of nodal voltage U..

xC:[PlGaptjanp []1] (4)

3.2 Objective Function

In the event of a line fault, the primary objective of the distribution network transfer calculation
is to restore the load in the distribution network to the maximum extent possible through controlled
line access, with the following objective function:

max Z pl PP (%)

3.3 Binding Conditions

When controlling the controlled line pass-through, the tidal balance equation constraint, line
voltage drop constraint, line power constraint, node voltage constraint, radial operation constraint,
and main transformer power constraint after switching to supply operation need to be satisfied.

(1) Power Flow Balance

For any node i in the set of substation nodes 2%, the line power P; flowing into node i and the
power P¢ injected into node i by the generator, and the line power P; flowing out of node i and the
active load demand P?” connected to node i after the transfer operation need to satisfy the power
balance. Similarly, the reactive power balance equation can be expressed.

P+ P} =P, + p/P’,Vie Q) (6)
0= Q;+p’ 07, Vi e Qy\Q23 )

For any node i in the set €2,/\ 25 without substation nodes, the line power P; flowing into node i,
and the line power P; flowing out of node i and the active load demand P?” connected to node i after
the transfer operation need to satisfy the power balance.

Pji:Pif+piDPiDaVi€ Qv \ 2y @
0= Qy+p Q7. Vi € 23\ 2y ¥

(2) Line voltage drop
For an arbitrary line, the voltage drop constraint needs to be satisfied.

—M(1—u)) <U—=U—=2(ryPy+x,0)) <M (1 —u),Vije 2, (10)
where ;; indicates whether the line is put into operation after the transfer of power supply. If after the
transfer operation, line i is put into operation, then u; = 1, when it is necessary to meet the voltage
drop constraint U, — U, — 2 (r,P; + x,0;) = 0; If line jj is disconnected after the transfer operation,

uf = 0. This constraint is relaxed due to the large M, which means that the voltage between node i
and node j need not satisfy the voltage drop constraint.
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(3) Line power constraint

For any line, the active power constraint and the reactive power constraint of the corresponding
line type need to be satisfied.

—ulPT™ < Py <ulP™.Vije Q, (11

i

QT < 0, < d O Vi e @ (12)

— i

If after the transfer operation, line ij is put into operation, then u; = 1, when line ij needs to
meet the active power constraint and reactive power constraint; if line ij is not put into operation, then
u; = 0, when line ij has no power flowing through, that is, P; = 0, Q; = 0.

(4) Substation node power constraint

For any power node (or substation node) in the distribution network, if the substation is put into
operation, #7 = 1, and the active and reactive power produced by the substation node is required to be
bounded; when the substation is withdrawn from operation, #; = 0, and the active and reactive power
produced by the substation node equals to 0.

—uSP™ < P, <u’P™,Vie Q) (13)
—u Q" < 0, <ulOM™,Vi e @ (14)

(5) Node voltage constraints

To avoid nonlinear terms in the model and reduce the efficiency of the model solution, in this
paper, the square of the node voltage is written as U,, and the supply point voltage V, is the known
rated voltage. Then, the supply point voltage can be expressed as follows:

U =V,VieQy (15)
For any distribution network node, the square node voltage U, is required to satisfy the voltage

constraint.
U <U =<U,\VieQ, (16)

(6) Radial constraints

To overcome the difficulty of nodes in parsing the CIM file and number each node according to
the direction of the power flow, each commissioned line #; can be decomposed into two line vectors
B; and B;, i.e., virtual power variables, with g, indicating that the power flows from node i to node j
and B vice versa.

u; = By + B, Vij € (17)

Each node j has at most one parent node, or the power of each node j can only be injected due to
one line, as shown in the following equation:

Z,Bg/ <1,VjeQy (18)

In addition, it is necessary to satisfy that the power node does not have a parent node or that the
power node cannot inject power from other lines, as shown in the following equation:

B =0,Vi € Q;,Vk € Qy (19)
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As we can see from Eqs. (3)—(17), the above model is a mixed integer linear programming problem
(MILP) with integer variables, which can be solved quickly using a solver. To adapt to the stable
operation in the actual system, this project uses pyomo in Python 3.9 to establish the corresponding
mathematical model and adopt the open-source solver SCIP, which can support the integration into
the actual distribution network operation planning system.

4 Knowledge-Based Efficient N-1 Analysis Calculation Process for Urban Distribution Networks

On the one hand, directly invoking the urban distribution network transfer model for N-1 criterion
analysis results in low calculation efficiency. For a complex distribution network with N lines, N times
optimization model calculation is required, which has high calculation complexity. On the other hand,
urban medium voltage distribution networks have the topological feature of “open-loop operation and
closed-loop design,” meaning that each feeder operates independently during normal operation and
can be transferred through contact switches in the event of a line fault to improve network reliability.

After conducting a field investigation, it was found that the feeder section located at the exit of the
substation is typically in close proximity to the power source. In the event of a failure in this section,
it not only results in the loss of the power source associated with the feeder, but it also imposes a
significant burden on the neighboring feeders, which are required to bear the entire downstream load
of this feeder line. This represents the worst-case scenario for the distribution network.

This paper mainly applies to the field of distribution network planning and design. Inspired
by the idea of robust optimization and based on the above analysis, each feeder section at the exit
of the substation is extracted for N-1 verification. Post-fault power transfer analysis is carried out
separately for these lines. If the power transfer analysis passes, the distribution system satisfies the N-1
verification. To simplify the equivalent value of the distribution system during the transfer analysis,
the following specific steps are taken, as shown in Fig. 3.

R Initialization Pre-processing )
CIM File Transformation Model parameter + Feeder load ratio

knowledge integration
Feeder section with higher load factor

Model Solution
Solve MILP with SCIP

N

Output N N-1 Y Checkall
«— —>
Problem diagnosis results criterion ? lines?
! JY

Figure 3: Flow chart of power transfer analysis calculation

1) Inmitialization: Select the study distribution network area and import the CIM file of the
study area.
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2) Pre-processing: With the annual peak load of a feeder P, and maximum capacity of a feeder
P,..., the load ratio « of the feeder section at the exit of a substation can be calculated as follows:
Ppeak
a=— 20
Pmax ( )
3) Expert knowledge fusion: The feeder section at the exit of the substation with a higher load ratio
is selected as a priority, and the faults of the feeder section at the exit of the substation are set one by
one, and the preprocessed parameters are passed to the distribution network repowering model for
solving.

4) Model solving: if a fault occurs at the first end of the line, can it be transferred to the supply, if
so, the transfer strategy is given; if it is not possible to restore all loads, the N-1 criterion is not passed.

5) Logic judgment: there are two cases of whether the feeder can be transferred after a fault. If all
loads can be restored, the power transfer strategy is given, and go to step 3) to continue the verification.
If all loads cannot be restored, the N-1 criterion fails and goes to step 6).

6) Output: If all feeder sections at the exit of the substation pass, the verification N-1 criterion is
satisfied; if there is a situation where the supply cannot be transferred, N-1 criterion fails.

As there are many components and complex structures in the distribution network, the proposed
transfer analysis calculation method considers the grid structure to ensure that the distribution system
satisfies the N-1 criterion with higher calculation efficiency.

5 Example Analysis

To analyse the reasonableness of the method proposed in this paper, this paper is first tested on a
simple single ring network and two supply and one standby feeder groups, and then tested in an actual
distribution network of 40 nodes in a certain place, and compared with the heuristic optimization
algorithm and a traditional N-1 analysis method to verify the effectiveness of the method in this paper.
All the simulations are conducted in the Python 3.9 in a 64-bit Windows environment with SCIP solver,
on a PC with Core 17-8700 CPU @3.2 GHz processor and 8 GB RAM.

5.1 Comparative Analysis of Different Grid Sizes
(1) Example of calculation

A. Single ring network wiring pattern-6-node distribution system

The 6-node distribution system consists of 2 substation nodes and 4 load nodes. The topology
diagram of the 6-node distribution system during normal operation is shown in Fig. 4, where the green
circular node indicates the load node that receives power normally, the blue square node indicates the
substation node, and the red dashed line indicates the disconnected line. The load demands of the load
nodes from left to right are 0.8, 0.6, 1.2, and 1.5 MW, respectively, and the maximum power allowed
for the feeders is 3 MW.

46.7 % 90 %
= - |
1 2 3 4 5 6

Figure 4: 6-node distribution system during normal operation (single ring network wiring mode)

Based on the given information, the load ratios of the two feeders are 46.7% and 90%, respectively.
To ensure the reliability of the distribution network, priority is given to the N-1 criterion analysis of
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the heavily loaded feeder section, as shown in Fig. 5. When a fault occurs at the exit of the second
feeder substation, the transfer power model can be invoked to transfer some of the loads to the other
feeder. However, not all loads can be transferred, and the N-1 criterion of the distribution network
may still not pass. If this happens, at least 1.2 MW of the load (load node 4) will be lost. After the
transfer, the load ratio of the feeder will be 96.7%. Further analysis and planning may be required to
improve the reliability of the distribution network and prevent future power losses.

96.7 %
L —; —n
1 2 3 4 5 6

Figure 5: 6-node distribution system after a 5-6 fault in the feeder section (single ring network wiring
mode)

B. Two supply and one standby wiring pattern-9-node distribution network system

The 9-node distribution network system consists of three substation nodes and six load nodes.
The topology diagram of the 9-node distribution system during normal operation is shown in Fig. 6.

15%

22.5%
L
1

45%

Nee———— oo
N [e2) =)

I
3 4 5 6

Figure 6: 9-node distribution system during normal operation (two supply and one standby wiring
mode, line capacity of 2 MW)

Assuming a maximum power limit of 2 MW for the feeder, the load ratios for the three feeders are
22.5%, 45%, and 15%, respectively. After expanding the distribution network N-1 analysis as shown
in Fig. 7, all three feeders can transfer to supply all loads.

When the maximum power allowed by the feeder is reduced to 1 MW, the load ratios for the three
feeders change to 45%, 90%, and 30%, respectively. According to the method proposed in this paper,
priority is given to the higher load, and the analysis is carried out for the feeder with the highest load
ratio. This feeder cannot transfer power to all loads and will lose load point 4. As a result, the N-1
criterion of the distribution network will not be met, and at least 0.4 MW of load will be lost. The
topology of the feeder after the transfer is shown in Fig. &.

By using the proposed method, feeder segments with a greater impact on the system can be
quickly identified compared to performing a complete N-1 criterion analysis. This reduces unnecessary
computational analysis. The N-1 transfer analysis of the other feeders shows that they can meet the
N-1 criterion.
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Figure 7: 9-node distribution system at the feeder section N-1 criterion at the exit of the substation
(two supply and one standby wiring mode, line capacity of 2 MW)

=
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Figure 8: 9-node distribution network system when N-1 criterion of distribution network fails (two
supply and one standby wiring mode, line capacity of 1 MW)
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C. Complex actual distribution network topology-40-node distribution system

Considering the confidentiality of the CIM file data, the parsed and transformed data format will
be used in this paper, as shown in Fig. 9. 40-node distribution system consists of 4 substation nodes and
35 load nodes. The topology of the 40-node distribution system during normal operation, consisting
of 4 feeders. Detailed data of the lines and nodes are listed in the Appendix B and C.

11 25 36
\ Vs
\ / 34
10 N / 24 35
\ Vs
9 \ 7 23 0
8 7 15 21 22 33
6
20 2 31
5 4 1418 30
3 19
13 25,4 28
2 1 16 27
17
37 38 39 40

49.27%  26.57% 59.30%  45.33%

Figure 9: 40-node actual distribution system (complex distribution network topology)

The load ratios of the 40-node system feeders are 49.27%, 26.57%, 59.30%, and 45.33%, respec-
tively. N-1 criterion is carried out for the four feeders, and the results after their transfer are shown in

Fig. 10.
11

\ /

\\ //
10N ,

A4
7 15 21
4 u 18

13
1 12 16

¥

37 38 30 M40

Figure 10: 40-node actual distribution system (complex distribution network topology)

35

33
31

30

N W L N0 O

27

As can be seen from Fig. 10, there is four load point that cannot be transferred to the supply, N-1
verification does not pass, at least the loss of load: 0.331 MW, based on the fast verification method
proposed in this paper, only 3 times of verification is needed, and the calculation time is 0.08 s.

5.2 Comparative Analysis of Different Distribution Network N-1 Criterion Methods

To verify the advantages of the algorithm in this paper compared with the traditional transfer
supply model in terms of computational efficiency, the proposed method in this paper is compared
with the traditional computational method based on a 40-node distribution network system, and the
following calculation example is set.
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Case(1): N-1 criterion analysis based on Genetic Algorithms (GA) [10]
Case(2): N-1 criterion analysis based on Grey Wolf Optimization (GWO) [18]
Case(3): Traditional complete N-1 checksum analysis

Case(4): The fast N-1 checksum analysis proposed in this paper

The following conclusions can be drawn from Table 1.

(@ Convergence speed of the GA performs poorly compared to other algorithms, has the longest
computation time compared to other algorithms, and eventually converges to a locally optimal
solution. The genetic algorithm can perform crossover, mutation, and inheritance, so the generated
solutions are diverse and global, but the required computation time is longer, in addition, the
computation results show that it is difficult to obtain the optimal solution in a shorter time.

®» GWO has some advantages in convergence performance, especially in convergence speed, and
the actual computation time is shorter. The metaheuristic optimization algorithm does not need to
adjust too many parameters compared with the traditional heuristic optimization algorithm, and the
algorithm is more applicable, however, it is also difficult to guarantee the optimality of the solution.

(» Traditional N-1 analysis and the fast N-1 analysis proposed in this paper have the same
calculation results, which verifies the correctness of the method proposed in this paper. However,
traditional N-1 analysis requires checking N lines, so the computation time is longer than the method
proposed in this paper.

Table 1: Comparison of different methods
Case(l) Case(2) Case(3) Case(4)

Distribution Network N-1 Analysis X X X X
Loss of load (MW) 0.448 0.396 0.331 0.331
Calculation time (s) 459.36 371.68 1.73 0.08

6 Conclusion

The present paper proposes novel calculation procedure for the fast N-1 criterion of urban
distribution networks by combining CIM file data. By integrating CIM file data, N-1 criterion
calculations and expert knowledge, this method can enable quick verification of the urban AC
distribution network. The conclusion of the paper can be drawn as follows:

(1) In the topology of the urban AC distribution network, the feeder section at the exit of a
substation with a high load ratio is given priority for verification. This approach can help discover the
distribution network transfer under the most extreme feeder section failure scenario, thereby allowing
for rapid completion of the urban AC distribution network N-1 verification analysis.

(2) The feasibility of the proposed method was verified in a 40-node distribution network system,
demonstrating millisecond-level computation time. As a result, the method can support N-1 analysis
of large-scale distribution networks.

(3) Compared with heuristic optimization algorithm and meta-heuristic algorithms, the proposed
transfer supply model can provide an accurate transfer supply strategy while ensuring solution
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optimality and significantly reducing the computation time. Moreover, compared with the complete
N-1 criterion, the proposed method can effectively reduce the number of criterion feeders.

Future research will focus on modeling the transfer supply for new distribution networks with
high penetration rates and AC-DC distribution networks, adapting to the development of novel power
distribution system.
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Appendix A
The components type and their index in CIM file
100: Power plant 110: Substation
140: Circuit breaker inside the substation 141: Load switch inside the substation

300: Distribution line 310: Distribution overhead line segment 311: Distribution cable section 312:
Distribution electrical connection line

330: Distribution Switchyard 331: Outdoor distribution switch box 332: Distribution cable
junction box 333: Distribution Station 334: Distribution box transformer 335: Distribution substation
337: Reactive power compensation on distribution pillars 338: Distribution physical tower 339:
Distribution column circuit breaker 340: Load switch on distribution column 342: Isolation switch
on distribution column 343: Distribution drop type fuse 344: Fault indicator on the distribution
column 346: Distribution cable intermediate joint 349: Lightning arrester on distribution column
352: Distribution column automation terminal 360: Distribution operation tower 370: High voltage
motor on the distribution column 398: Cable terminal in distribution station 399: Distribution cable
terminal head

400: Distribution busbar 411: Cable inside the distribution station 431: Distribution Transformer
433: Circuit Breakers in Distribution Stations 434: Load switch inside the distribution station 435:
Isolation switch inside the distribution station 436: Grounding isolation switch in the distribution
station 437: Fuse in the distribution station 439: Lightning arrester inside the distribution station 440:
Reactor in distribution station 441: Capacitors in distribution stations 442: Voltage transformer in
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distribution station 445: Fault indicator inside the distribution station 447: High voltage motors in the
distribution station 453: Automation terminal in distribution station

In N-1 verification model, substation nodes contain 100, 110, normal nodes contain 330-335,
branches contain 300, 310-312. After parsing and modelling these components into corresponding
nodes and branches, they can seamlessly connect with the model

Appendix B
Node data of 39-node distribution system

No. Substation node Mag Degree MW Myvar

1 0 1 0 0.99 0.479457
2 0 1 0 2.01 0.973443
3 0 1 0 0.41 0.198563
4 0 1 0 0.36 0.174348
5 0 1 0 1.49 0.721607
6 0 1 0 1.57 0.760351
7 0 1 0 0.91 0.440713
8 0 1 0 1.45 0.702235
9 0 1 0 1.98 0.958914
10 0 1 0 243 1.176849
11 0 1 0 1.18 0.571474
12 0 1 0 1.46 0.707078
13 0 1 0 1.71 0.828153
14 0 1 0 2.06 0.997658
15 0 1 0 2.74 1.326982
16 0 1 0 1.78 0.862054
17 0 1 0 2.67 1.293081
18 0 1 0 2.3 1.11389
19 0 1 0 1.6 0.77488
20 0 1 0 0.2 0.09686
21 0 1 0 2.02 0.978286
22 0 1 0 0.41 0.198563
23 0 1 0 3.04 1.472272
24 0 1 0 2.08 1.007344
25 0 1 0 1.69 0.818467
26 0 1 0 1.92 0.929856
27 0 1 0 1.44 0.697392
28 0 1 0 0.18 0.087174
29 0 1 0 1.55 0.750665
30 0 1 0 2.06 0.997658
31 0 1 0 0.26 0.125918
32 0 1 0 1.65 0.799095
33 0 1 0 1.87 0.905641
34 0 1 0 2.32 1.123576

(Continued)
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(continued)
35 0 1 0 1.38 0.668334
36 0 1 0 0.89 0.431027
37 1 1 0 0.001 0.0004843
38 1 1 0 0.001 0.0004843
39 1 1 0 0.001 0.0004843
40 1 1 0 0.001 0.0004843
Appendix C
Line data of 39-node distribution system
No. Head bus  End bus R X Pmax Qmax
1 37 1 0.00858 0.02145 20 20
2 38 12 0.01118 0.02795 20 20
3 39 16 0.01443 0.036075 20 20
4 40 26 0.0117 0.02925 20 20
5 1 2 0.02678 0.06695 20 20
6 1 3 0.01885 0.047125 20 20
7 1 4 0.01612 0.0403 20 20
8 4 5 0.01053 0.026325 20 20
9 4 6 0.02015 0.050375 20 20
10 4 7 0.013 0.0325 20 20
11 7 8 0.01027 0.025675 20 20
12 7 9 0.0208 0.052 20 20
13 7 10 0.02496 0.0624 20 20
14 10 11 0.02093 0.052325 20 20
15 12 13 0.02704 0.0676 20 20
16 12 14 0.01768 0.0442 20 20
17 14 15 0.02457 0.061425 20 20
18 16 17 0.01196 0.0299 20 20
19 16 18 0.01846 0.04615 20 20
20 18 19 0.0195 0.04875 20 20
21 18 20 0.0221 0.05525 20 20
22 18 21 0.01729 0.043225 20 20
23 21 22 0.01391 0.034775 20 20
24 21 23 0.02353 0.058825 20 20
25 21 24 0.01703 0.042575 20 20
26 24 25 0.02925 0.073125 20 20
27 26 27 0.02873 0.071825 20 20
28 26 28 0.01183 0.029575 20 20
29 26 29 0.01677 0.041925 20 20

(Continued)
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(continued)

30 29 30 0.02379 0.059475 20 20
31 29 31 0.00884 0.0221 20 20
32 29 32 0.01274 0.03185 20 20
33 32 33 0.01248 0.0312 20 20
34 32 34 0.00754 0.01885 20 20
35 34 35 0.02405 0.060125 20 20
36 34 36 0.01066 0.02665 20 20
37 11 15 0.00754 0.01885 20 20
38 25 15 0.02405 0.060125 20 20

39 25 36 0.01066 0.02665 20 20
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