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Existing feeder block division methods fail to consider the complementary
characteristics and uncertainty between power sources and loads, which
result in excessive feeder blocks, low inter-block balance, and significant
disparity in net load peak-valley difference. To address these issues, a medium-
voltage feeder block division method that considers the uncertainty and
complementary characteristics of sources and loads is proposed. Firstly, based
on the probability density characteristics of sources and loads, an uncertainty
model of DG output and load demand is established. Secondly, considering the
constraints of block maximum load rate and feeder non-crossing, a feeder block
division model is established. Additionally, a set of center circles is defined, and
based on this, an improved K-means clustering algorithm is proposed. The initial
clustering centers based on the center circles is set, and the clustering centers
based on the arcs of the center circles corrected. And the weighted distances
between power sources and clustering centers are calculated. An algorithm flow
for improved K-means clustering feeder block division is designed accordingly.
Finally, the case studies show that the result of block division is improved.

feeder block division, source-load complementarity, uncertainty, improved K-means
clustering, medium-voltage distribution network

1 Introduction

In recent years, with the shifting towards clean and low-carbon energy
consumption (Baoan et al., 2022), the large-scale integration of distributed generations
(DGs) into distribution networks has significantly impacted on the network planning (Jun
et al, 20205 Li et al., 2020). In practical engineering applications, distribution network
planning involves various stages, such as feeder block division, trunk feeder planning,
branch line planning, and tie switch allocation. As the primary stage of network planning,
feeder block division refers to dividing service areas of substations into multiple feeder
blocks. And the network planning will be influenced by feeder block division.

Various feeder block division methods have been proposed. In reference (Zhang et al,, 2019),
based on candidate corridors of trunk feeder, a global optimization model for distribution
network and its corresponding heuristic method are proposed for medium-voltage network
planning. As a result, power system planners are able to obtain consistent feeder block division
schemes. However, the applicability of this model is limited by the prerequisite of feeders’
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candidate corridors. Based on spatial clustering algorithms, a
mathematical model for grid optimization division is proposed in
reference (Chen et al, 2017). Nevertheless, the decision variables of
this model are coordinates of clustering center and distribution
transformers within the grid. Based on optimized grid division, a
medium-voltage distribution network planning approach is proposed
in reference (Xu et al,, 2018). To achieve optimal grid division on a global
scope, a clustering method for selecting nearby backup substations is
proposed. However, this method relies excessively on generic technical
principles and the expertise of planner, leading to high variability in
results and difficulty in meeting technical and economic rationality. In
reference (Shaoyun et al, 2020), considering the complementary
characteristics of load time-series, a feeder block division method is
proposed. And the evaluation criteria for block division schemes is set.
The fundamental idea of the model is to cluster loads that would
improve block time-series characteristics. However, the effects of load
demand uncertainty and DG integration are not considered. Moreover,
rotational centerline distance-weighted alternate positioning algorithm is
proposed, and N centerlines are radiated from substations and the
weighted distances of all loads to these centerlines are computed. Based
on the principle of proximity, loads are clustered. Finally, an optimal
feeder block division scheme is obtained. However, the method still has
shortcoming. Due to using lines as block clustering centers, the
centerlines are set too dense near substations. The marginal effect of
weighted factors is poor when computing the weighted distance of loads
near substations, thereby reducing the optimization space for feeder
block division schemes.

Based on the above analysis, there are still two aspects remain to be
further improved. On the one hand, the complementary characteristics
of sources and loads can be considered in the division model. When
sources and loads with complementary time-series characteristics are
allocated to the same feeder block, the result of feeder block division can
be improved. On the other hand, the existing research on feeder block
division algorithms that use lines as clustering centers. The loads cannot
be divided efficiently near substations.

To address these issues, a medium-voltage feeder block division
proposed  that
complementary characteristics of sources and loads. The main

method is considers the uncertainty and

contributions are as follows.

1) The uncertainty model of distributed generation and loads is
established. And a feeder block division model is established with
the objectives of block equilibrium rate and peak-valley difference
rate. The maximum load rate of feeder blocks is set as a chance
constraint, and the feeder non-crossing is set as a rigid constraint.

2) A feeder block division algorithm based on improvement
K-means clustering is proposed. Combined with the setting
of the center circle, the division of loads and DGs near the
substation is more reasonable by using this method.

2 The uncertainty model of DG output
and load demand

2.1 The uncertainty model of DG output

Due to the variability of natural conditions, the output of DG is
uncertain. It is difficult to analyze their output characteristics directly.
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Hence, it is necessary to establish a model to describe the uncertainty
in DG output. Statistical analysis of extensive historical data reveals
that the output follows a Gaussian distribution (Wang et al., 2018; Lu
et al, 2020). The probability density of the output of DG can be
expressed as Equation 1.

1 _1(Pogeng )’
f(PDG)=m€ ( DG ) (1)

In the equation, Ppg represents the output of the DG. pp
denotes the mean output of the DG. opg stands for the standard
deviation of the DG output.

2.2 The uncertainty model of load demand

The electrical load demand in the distribution network is
influenced by time, weather, and user behaviour, exhibiting
strong randomness and fluctuations. The probability density
characteristics of load demand is represented by Gaussian
distribution. The probability density of load demand is as

Equation 2.
2
Pp-
1 () @)

In the equation, Py, represents the load demand value. 4, represents
the mean of the load demand. o7, represents the standard deviation.

3 Feeder block division model
3.1 Objective function

In general, each feeder block is independently powered by a
feeder. Since the feeders are of the same type and capacity, it is
desired that the maximum net load power between blocks is close.
Additionally, to alleviate the pressure during high-load supply
moments, it is also desired that the peak-valley difference of the
net load within feeder blocks is small (Wang and Ting, 2012; Zhang
et al, 2020). Therefore, the objective function of this model is
represented as Eq. 3:

ngrid ngrid

Ffeeder =a Z Aav +ﬂ z Afg (3)

= =

In the equation, a and S represent the weights of the two indices.
Agy and A, represent the indices of block balance rate and block
peak-valley difference rate, as described in Eqs 4, 5:

ol

((Pos () - Pu)’)
P

av

Aav (]) =1- (4)

Prnas () = Poin (/)

5
P (J) ®

Afg (=1~

In the equation, P,y (j) and Py, (j) represent the maximum

and minimum net load power of feeder block j, respectively. P,,

represents the average of the maximum net load power of all feeder
blocks, as described in Eq. 6.
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TABLE 1 Results of substations block division index under strategy one and strategy two.

Substation

Strategy number Number of feeder blocks

TABLE 2 Comparison of block division effects under different confidence levels.

Substation

Number of feeder blocks

0.97 41 7.21

0.99 48 6.31

7.20

1.64 6.29

TABLE 3 Results of substations block division index under the two algorithms.

Feeder block

Division algorithm

0.95 The algorithm of improved K-means 7.97 2.08 8.00 2.09 7.96 2.02
0.95 The algorithm in reference (Shaoyun et al,, 2020) 7.85 2.05 7.92 2.04 7.88 1.93
"idp () constraints, chance constraints allow for the possibility of
a ™ ] violation, but the probability of the constraint being satisfied
Py = Mgrid (6) should not be less than the given confidence level (Shaoyun et al.,

In the equation, #1gq represents the number of feeder blocks. As
the formula indicates, if the maximum power of each block is more
balanced, A,, will be larger. Similarly, if the temporal peak-valley
difference within each block j is smaller, the value of Agg will
be larger.

The objective function of feeder block division model is obtained
by summing up the two indicators with certain weights.  and f3
represent the weights of the two indicators, and the sum of the
weights is 1. The specific values of the weights are determined based
on the importance of different indicators in different power
grid regions.

3.2 Constraints

3.2.1 Maximum load rate chance constraint

The N-1 security constraint requires that the maximum load
rate of each feeder (corresponding to a feeder block) in the
distribution network be less than the upper limit of the load
rate. However, due to the uncertainty of DG outputs, the
maximum load rate constraint is no longer a deterministic
constraint. Therefore, the maximum load rate of feeder blocks

is selected as an chance constraint. Unlike conventional
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2011; Han et al., 2017).

Meanwhile, whether the feeder block satisfies the load rate
constraint is directly determined by the net load value. It can be
obtained by calculating the difference between the total loads and
DGs output within the block. Since the probability density functions
of DG output and load demand are known, the probability
distribution function of the feeder block’s net load value can be
calculated as follows:

Y (e
_ 2 oW
FI(W]) = J ijme 1/ dw; (7)
ow, = [ (@) + Y (ohe)’ (8)
ieN; keM;
b, = D HL = D Hhe ©)
ieN; keM;

In the Equations 7-9, W; represents the net load demand of
block j. py, is the mean value of the net load demand. ow, is the
standard deviation. N; and M; represent the load belonging to
feeder block j and the numbered set of DG, respectively. y} and o}
represent the mean and variance of load demand i in the load set,
respectively. u%. and 0% represent the mean and variance of the
output of DGy in the DG set, respectively.

03 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1452011

Zheng et al.

/// \\\
7 ~N
- ~
7 —_——— N
Vs _ - ~o N
/ /// \\ \\
//\/\ /,—7\\ \\ \
7 N \
/ / 22 -5 \ \
t?,}. g \
/ / / & \ \ \
I | l \ \ |
l [ l Mean radius— |
Lo \ / [
\ \ \ / / /
\ \ \ ! / //
\ \ N /
\ \ S T / /
\ A\ Vi /
\ N // /
AN \\\ _ - //
\\ ~————— -
\\ //

FIGURE 1
Schematic diagram of the center circle set.

Assuming that the average value of the net load demand carried
by feeder block j in the ¢, period is the largest, the constraint of the
maximum load rate of the block should be based on the standard of
the ¢, period. And W jy is the net load value carried by feeder block j
in the ¢, period, then the constraint of the maximum load rate of the
block should meet:

Win
Pi———<yt=2¢
Liyax - COS @

In the equation, ¢ is the confidence level.  is the maximum load

(10)

rate. The maximum load rate is related to the connection mode.
Taking the single-tie-line mode as an example, the maximum load
rate of a single feeder is limited to 50%.

3.2.2 Constraint of feeder non-crossing
The service area of each feeder block cannot overlap.

4 Feeder block division algorithm
4.1 Improved K-means algorithm

The aim of substation service area determination is spatial
division centered around several points (substations), forming
regions that are approximately circular in shape (Li et al., 2015;
Xingquan et al., 2016). Feeder block division further divides the
service area of substations, forming regions centered around
feeders. Therefore, feeder blocks present a fan-shaped region,
which  better
engineering practice.

conforms to the requirements  of

Based on the analysis above, some researchers employ

traditional K-means clustering algorithm in block division.
Firstly, the traditional K-means algorithm performs clustering
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based on Euclidean distances. However, in practical scenarios,
the output of DG and load demand are different, which can lead
to unbalanced load distribution among blocks and inability to
achieve source-load complementarity. Secondly, the K-means
clustering algorithm is an iterative algorithm. And the optimal
clustering results are determined by continuously iterating the
positions of cluster centers. However, in practical engineering, it
is required that feeder blocks are fan-shaped regions centered
around substations. Without constraints on the iterative
positions of cluster centers, the final clustering results may not
practical requirements. to address the

issues

meet Therefore,

aforementioned engineering practical and achieve
source-load complementarity, several improvements of the
traditional K-means algorithm are proposed (Sadeghian et al,
2020). Firstly, the concept of center circle set is defined, aimed at
constraining the positions of cluster centers in each iteration. A
detailed description of the definition of the center circle set is
as follow.

Center Circle Set Q: The set of all center circles, where each
center circle is a ring centered on the substation. The positions of
all center circles are constrained within an annular-shaped
region. The width of the annular-shaped region is set as the
difference between the maximum supply radius Ry,., and the
minimum supply radius Rp,i,. And Ry, and Ry, represent the
farthest and nearest Euclidean distances from the loads to the
substation, respectively. A polar coordinate system is established
with the substation location as the origin. The radius of the center
circle ring in the annular-shaped region is the average polar
radius of all loads and DGs within the service area of substation.
The schematic diagram is shown as Figure 1.

According to the definition of the center circle set mentioned
above, the following three improvements to the traditional K-means
clustering algorithm is proposed.

4.1.1 Initialization of cluster centers based on the
center circle set

The initial cluster centers of each block are evenly distributed
along the center circle at intervals of A01. By sequentially rotating
clockwise around the center of the substation by an angle of A2,
different sets of initial cluster centers can be obtained. The schematic
diagram is shown as Figure 2.

4.1.2 Correction of cluster centers

The cluster centers need to be corrected along the tangent
direction of the center circle arc. The correction formula and
schematic diagram are shown as Figure 3.

0= [arctan<u> - arctan<u>]
Xi = Xo X; — Xo

In the Equation 11, xy and y, represent the substation

(11)

position coordinates. x; and y; represent the coordinates of
the cluster center before the correction. x; and y; represent
the geometric center of all source charges in the block after
clustering, and the position coordinate of the cluster center after
modification becomes the position of the initial cluster center
obtained by rotating Angle 6 in the clockwise direction along the
arc trajectory of the center.
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FIGURE 2
Initial cluster center setting based on center circle set.
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FIGURE 3
Schematic diagram of cluster center correction.

4.1.3 Calculation of weighted distance between
source/load and cluster center

In order to divide loads and DGs into feeder blocks, the
Euclidean distance in the traditional K-means algorithm is
improved to a weighted distance. The weighted distance is the
product of the actual Euclidean distance and two weight factors.
The first weight factor characterizes the influence of clustering
results on the overall block equilibrium rate. And the second
weight factor characterizes the influence of clustering results on

Frontiers in Energy Research
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e e e

Central circle

FIGURE 4
Schematic diagram of improved K-means feeder block
division algorithm.

the overall block peak-valley difference rate. The specific
expressions of loads and DGs weighted distance are shown in
Eqs 12-17:

lij = lijlwljwzij (12)

~ > Proax !
“ _<ZPmax_PmaX(j)> (13)

- L)q
i (zci,- g “

In the equation, /;; and [;;' respectively represent the weighted
distance and the actual Euclidean distance between the load and
the cluster center. w;j and w,;; represent the two weight factors of
load i. Pua.x(j) represents the peak net load of block j. g
represents the amplification factor. {;; represents the average
peak-valley difference of net load in block j after load i is added to
block j. If the net load of each block is more balanced and the
peak-valley difference within the block is smaller, the weighted
distance will be smaller.

L = L' ) jooiy (15)
— N\ 7
wllj:<zpmaipnf::ax(])> (16)
(S )q
vk = (zzkj ~ % 47

In the equation, I and [; respectively represent the weighted
distance and the actual Euclidean distance between DG k and the
cluster center. w'jand wj; represent the two weight factors of DGy.
();j represents the mean peak-valley difference of block j after DGy is
added to block j. If the net load of each block is more balanced, the
smaller the peak-valley difference within the block is, the smaller the
weighted distance is.
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FIGURE 5

Example geographic information map.

4.2 Algorithm flow

Based on the concepts defined in Section 4.1 and the proposed
algorithmic improvements, the specific steps of the algorithm are
designed as follows.

Step 1: Determine a set of initial cluster centers based on the
center circle sets, and set the initial values of weighting
factors wy;j, wyij, wij, and wyjto 1.

Step 2: Calculate the weighted distances from all loads and DGs to
the cluster centers using Eqs 12, 15. Perform clustering of
all loads and DGs based on the principle of proximity.
Proceed to Step 3.

Step 3: Utilize the centroid adjustment principle proposed to
modify the coordinates of cluster centers using Formula
11. Update the weighting factors of all loads and DGs
using Formulas, 13, 14, 16. Proceed to Step 4.

Step 4: Determine whether the displacement change of adjacent
cluster centers in all blocks satisfies Ad < d\,.;, where Ad
represents the displacement change of adjacent centers,
and dpo, represents the minimum critical displacement
value set in this paper. If the condition is satisfied, proceed
to Step 5. Otherwise, return to Step 2.

Step 5: Check if all initial cluster centers in the center circle set
have been traversed. If yes, proceed to Step 6: otherwise,
return to Step 1.

Step 6: Calculate and compare the objective function of
division schemes under different initial cluster centers

Frontiers in Energy Research

using Eq 3 to obtain the optimal feeder block
division scheme.

The Figure 4 illustrates the schematic diagram of the
feeder block division algorithm with
clustering.

improved K-means

5 Case study
5.1 Case parameters

The case study consists of a power grid formed by three 2 x
63MVA substations, with single busbar connection mode.
The maximum load factor # for feeder blocks is set to 50%.
There is a total of 160, 156, and 150 loads and DGs in the three
substations, respectively. The loads include residential, commercial,
industrial, while the DGs are
photovoltaics. The geographical distribution of the sources and

and administrative types,

-

loads is shown in the Figure 5, where the asterisks represent
DGs, and the other symbols represent various types of loads.

5.2 The impact of source-load
complementarity

To analyse the impact of source-load complementarity on feeder
block division, two strategies are employed to division the planning
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FIGURE 8
The results of DG x division based on the algorithm in reference
(Shaoyun et al,, 2020).

area into blocks. Both strategies do not consider the uncertainty of
DGs output. The specific strategies are as follows:

Strategy 1: Source-load complementarity is not considered. Only
block balance rate is considered, while peak-valley difference rate is
not considered. This means that the weighted factor w;; is used in
the calculation of weighted distance, while w,;; is not used. The
improved K-means clustering algorithm is applied to achieve feeder
block division.

Strategy 2: Source-load complementarity is considered. Both
block balance and peak-valley difference rate are
comprehensively considered. This means that both weighted
factors w;; and wy;; are used in the calculation of weighted
distance. The improved K-means clustering algorithm is applied
to achieve feeder block division.

rate

The division results are compared based on three indicators: the
number of blocks, the average balance rate A,, of the blocks, and the
peak-valley difference rate A 4. The specific results are shown in the
Table 1.

Analysis of the data in the table reveals that, considering source-
load complementarity, the number of feeder blocks obtained from
the substation division is fewer. And the average balance rate and
peak-valley difference rate indicators of each substation block
are higher.

Therefore, the  strategy source-load
complementarity has several advantages. Firstly, it reduces the
number of feeder blocks obtained from division. Predictably, the
economic cost of planning is lower. Secondly, it results in higher
average balance rate A,, and peak-valley difference rate Ay,
indicators for each block, which is beneficial for improving the
utilization of feeders.

considering

Frontiers in Energy Research
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Sw—

FIGURE 9
The results of DG x division based on improved K-means feeder
block partitioning algorithm.

5.3 The impact of confidence level

To analyze the impact of confidence level on the feeder block
division scheme, the magnitude of the confidence level ¢ is set
different. The effects of confidence level on division schemes are
shown in the Table 2.

The data in the table above reveals that, as the confidence
level ¢ of the chance constraint increases, the number of feeder
blocks increases. However, the peak-valley difference and balance
rate indicators of each substation decrease. Firstly, according to
Eq. 10, the confidence level ¢ represents the probability that the
maximum load rate constraint condition in the chance constraint
holds true. An increase in the confidence level ¢ implies stricter
constraints on the maximum load rate. To satisfy the maximum
load rate constraint, more feeder blocks are obtained. Secondly,
as indicated by Eqs 4, 5, smaller peak-valley differences and
balance rates result in worse feeder block division results. And
the increasing number of feeder blocks leads to decrease in the
number of DGs and loads allocated to each individual feeder
block. The space for source-load matching is compressed and the
effectiveness of the final feeder block division scheme
is weakening.

From the analysis above, it is evident that a higher confidence
level signifies stricter maximum load rate constraints, resulting in a
more conservative feeder block division scheme with lower risk of
block overload. However, the increasing number of feeder blocks
results in higher planning costs. And the peak-valley characteristics
and balance of the feeder blocks are compromised. Therefore, in
practical applications, it is essential to set a reasonable confidence
level based on the specific requirements of the power grid region.
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5.4 The effectiveness analysis of improved
K-means clustering algorithm

To validate the effectiveness of the feeder block division algorithm
based on the improved K-means clustering proposed in this paper, we
compare its performance with the block division results obtained
using the algorithm proposed in reference (Shaoyun et al., 2020). Both
algorithms are applied to feeder blocks division in the same region,
with the same confidence level set for the chance constraints. The
division results are illustrated in the following figure.

The two figures above depict the feeder block division results
obtained using the algorithm proposed in reference (Shaoyun et al,
2020) and the algorithm proposed in this paper, respectively. In both
figures, loads and DGs belonging to the same feeder block are indicated
with the same color. Figure 6 reveals that the division results achieved
using the algorithm proposed in reference (Shaoyun et al., 2020) exhibit
a fan-shaped structure, which meets engineering requirements.
Moreover, adjacent feeder blocks are strictly separated by straight
line segments, indicating that the loads and DGs near the substation
are within the angular range of the fan-shaped structure. Figure 7 shows
that the division results obtained using our algorithm still present a fan-
shaped region. However, compared to Figure 6, the shapes of the blocks
in Figure 7 are more diverse, and the boundaries between adjacent
blocks can be separated by a curve.

To further demonstrate the superiority of the feeder block
division algorithm proposed in this paper, we will analyze the
division of a certain DG within the supply area of substation S2.
The division results are shown in Figure 8 using the rotating
centerline distance-weighted alternating positioning algorithm.
While the division results is shown in Figure 9 using the
improved K-means clustering algorithm for feeder block division.

The analysis focuses on four feeder blocks labeled A, B, C, and D.
In both figures, the dashed lines extending from the substations
represent the centerline rays proposed in reference (Shaoyun et al,
2020). The x labeled DG represents a distributed generation adjacent
to substation S2.

As shown in Figure 8, it is evident that the algorithm proposed in
reference (Shaoyun et al, 2020) divisions the blocks based on N
centerline rays emanating from the substations. The clustering is
obtained by computing the weighted distances from the loads to
each centerline. Since the centerlines originate from the substations
and the x labeled DG is adjacent to S2, it falls within the dense region
of centerline rays, with its trajectory almost overlapping with the
centerline of block C. In this scenario, when calculating the weighted
distance of this DG, the effect of the weighting factor is severely
diminished due to the close proximity to the centerlines.
Consequently, the DG is unreasonably assigned to block C,
which does not contribute to improving the overall performance
of the feeder blocks.

The feeder block division results of the proposed method are
shown in Figure 9. This algorithm uses the load clustering center as
the reference point and performs clustering based on the weighted
distances from the loads to the center. Since the iteration of the load
clustering center position is constrained by the center circle, there is
no dense clustering center area, addressing the issue of unreasonable
load division near the substation. Observing the x labeled DG in
Figure 9, it also overlaps with the trajectory of the centerline of block
A. But the DG is assigned to block B. This validates that our algorithm,
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aimed at improving block characteristics, offers more flexibility in
load division near the substations.

The results of various indicators for three substations under both
algorithms are listed in Table 3. To highlight the superiority and
rationality of the algorithm, the chance constraints for both
algorithms are set as the same confidence level.

As shown in the table, the block division algorithm based on improved
K-means clustering demonstrates better effectiveness compared to the
algorithm in reference (Shaoyun et al, 2020). The effectiveness and
progressiveness of the algorithm is proposed in this paper.

6 Conclusion

A medium-voltage feeder block division model considering the
complementary characteristics and uncertainty of DG and loads is
established. And a feeder block division algorithm based on improved
K-means clustering is proposed. Comparing with existing method, the
number of feeder block is reduced. And both block balance rate and
peak-valley difference rate are improved. Moreover, with different
confidence levels, the feeder block division is different. Higher
confidence levels represent stricter maximum load rate constraints,
resulting in more conservative block division schemes with lower risk
of block overload. With the use of center circle, the division of loads
and DGs near the substation is more reasonable.
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