
Citation: Tang, Y.; Sun, S.; Zhao, B.;

Ni, C.; Che, L.; Li, J. Distributed

Photovoltaic Generation Aggregation

Approach Considering Distribution

Network Topology. Energies 2024, 17,

2990. https://doi.org/10.3390/

en17122990

Academic Editor: Javier Contreras

Received: 15 May 2024

Revised: 6 June 2024

Accepted: 14 June 2024

Published: 18 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Distributed Photovoltaic Generation Aggregation Approach
Considering Distribution Network Topology
Yajie Tang 1, Sikai Sun 2, Bo Zhao 1,*, Chouwei Ni 1, Liang Che 2 and Junhao Li 2

1 State Grid Zhejiang Electric Power Research Institute, Hangzhou 310014, China; tyj_11@163.com (Y.T.);
12345ncw@163.com (C.N.)

2 College of Electrical and Information Engineering, Hunan University, Changsha 410082, China;
sikai@hnu.edu.cn (S.S.); cheliang@hnu.edu.cn (L.C.); ljh17wo@hnu.edu.cn (J.L.)

* Correspondence: zhaobozju@163.com

Abstract: Distributed photovoltaics (DPVs) are widely distributed and the output is random, which
brings challenges to the safe operation of the distribution network, so the construction of photovoltaic
aggregations can effectively participate in the flexible regulation of the power system. At present,
the extraction of DPV clustering features is not sufficient, only considering the output characteristics
of PVs. Certain PVs under some nodes may have a more pronounced regulation effect, but they
may be ignored in the clustering process. To address the above problems, this paper proposes a
DPV aggregation approach considering the distribution network topology. It combines the voltage
sensitivity and the power curve and regards them as clustering features to form the DPV aggregation
with the highest average voltage sensitivity participating in voltage regulation. The simulation on
the IEEE 33-node system verifies that the proposed aggregation approach can select DPV aggregation
more suitable for voltage regulation, and make full use of the aggregation to realize the optimal
voltage regulation effect.

Keywords: distribution network; distributed photovoltaic generation; voltage regulation; aggregation

1. Introduction

Renewable energy generation is an important direction for the development of the
current power system [1]. Among renewable energy sources, distributed photovoltaics
(DPVs) have the advantages of flexible installation and a short construction period, which
has attracted much attention. However, the output of DPVs is random due to a variety
of factors such as installation location and weather [2–4]. With the increasing penetration
rate of DPVs, problems such as power backward transmission and voltage overruns
have occurred in some areas, bringing challenges to the safe operation of the distribution
network [5].

The current means of regulating the voltage of the distribution network mainly rely
on traditional voltage-regulating devices such as static synchronous compensators and
shunt capacitors. In fact, with the increasing penetration of DPVs in the distribution
network, a DPV inverter is an efficient voltage-regulating resource that does not require
any additional investment [6]. However, DPVs are large in number, small in capacity, and
widely distributed [7]. The participation of each PV in the regulation of the power system
individually would bring problems such as solving difficulty, long calculation times, and
many decision variables [8]. Comparatively speaking, it is more feasible to participate in
the flexible regulation of the power system using cluster response.

For the study of PV aggregations, the key lies in the extraction of clustering features
and the selection of clustering methods. Currently, on the extraction of clustering features,
reference [9] proposes a DPV system aggregation model based on interconnection point
voltages and inverter types; this model can obtain a similar power output. Reference [10]
proposes a weighted dynamic aggregation model for grid-following inverters and their
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controllers in applications such as photovoltaic farms or any renewable distributed gen-
eration integrated microgrids. Reference [11] presents an aggregation method involving
wind power and photovoltaic correlation to accurately reflect the characteristics of original
wind–photovoltaic output power, and maintain the correlation between wind–photovoltaic
output power. Reference [12] proposes a methodology based on Voronoi decomposition to
spatially aggregate small-scale solar generation.

In the selection of clustering methods, reference [13] proposes a real-time distributed
clustering algorithm for the aggregation of distributed energy storage systems into hetero-
geneous virtual power plants. Reference [14] proposes a new time aggregation method.
Each representative period constructed by the proposed method can include more than one
representative day. Reference [15] improves the piecewise aggregation approximation algo-
rithm to achieve effective dimension reduction of oscillation data. Reference [16] proposes
a wind and photovoltaic power time-series data aggregation method based on an ensemble
clustering and Markov chain. The wind and photovoltaic power time-series data were
divided into scenarios, and ensemble clustering was used to cluster the divided scenarios.

In the current study, the selection of typical clustering characteristics is not sufficient,
focusing on the power curve of the PV and failing to fully consider external factors such as
the location of the PV and voltage tier. Due to the coupling between the power injected into
the distribution network and the node voltage, some PVs under certain nodes may have a
more obvious voltage regulation effect. However, considering the PV aggregations formed
by the characteristics of the power curve to participate in distribution network voltage
regulation may ignore these PVs, resulting in unreasonable clustering.

To address the above issue, this paper proposes a DPV cluster aggregation strategy
considering the distribution network topology. Firstly, the PV power curve characteristics
and the voltage sensitivity of the nodes are extracted, and the high-dimensional data
features calculated are processed by using a dimensionality reduction technique; the
PV is clustered by the K-means clustering algorithm; finally, a DPV aggregation voltage
regulation model in the distribution network is established by taking the security of
the distribution network as a constraint. Finally, the simulation is built in MATLAB to
verify the reasonableness of the strategy for dividing aggregations and participating in
voltage regulation.

The contributions of the paper include:

(1) This paper proposes a DPV cluster aggregation method that fully considers the
distribution network topology and the voltage sensitivity of DPVs, which can establish
DPV aggregations with the best voltage regulation effect in the distribution network.

(2) Based on the proposed aggregation method, a DPV-aggregation-based voltage regula-
tion model for the distribution network is constructed, which achieves accurate and
efficient voltage regulation by using the DPV aggregations.

The paper is organized as follows: Section 2 introduces voltage sensitivity, data dimen-
sionality reduction, and the proposed DPV aggregation method; Section 3 establishes the
DPV aggregation voltage regulation model; Section 4 provides a simulation that compares
the proposed aggregation strategy with the traditional aggregation method. Section 5
concludes the paper.

2. DPV Aggregation Considering Distribution Network Topology

Considering the limitations of the existing DPV aggregation methods discussed above,
this paper proposes a DPV aggregation method that considers distribution network topol-
ogy and the nodal voltage sensitivity feature of DPVs.

2.1. Studied System

This paper focuses on low-voltage radial distribution networks below 10 kV with
DPVs. On the one hand, when DPVs inject power into the grid, it may pose the problem
of overvoltage in key nodes in the distribution network or even in the upstream grid. On
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the other hand, DPVs’ inverters have voltage-regulating capability, so proper regulation of
DPVs can effectively relieve the overvoltage problem in the distribution network.

To realize the mitigation of overvoltage caused by high injected power, the key problem
is how to screen out proper DPVs. So, this paper will form DPV aggregation with voltage-
sensitive DPVs based on extracted DPV power curves and distribution network topology
features, data dimensionality reduction, clustering, and other methods. Finally, the formed
DPV aggregations are used to realize efficient voltage regulation in the distribution network.

2.2. DPV Feature Extraction Considering Distribution Network Topology
2.2.1. Extraction of Power Curve Features of DPVs

The PV power curve is a curve that describes the output power of PV modules under
different light conditions. Peak, average, and threshold time percentages are commonly
used indicators to characterize different PV power curves [17–19].

Assuming that the PV in a certain area samples a total of T points per day, the sequence
PDPV,i = (P1

DPV,i, P2
DPV,i, · · · , PT

DPV,i) is obtained, where PT
DPV,i denotes the active power of

the ith PV station at the Tth point. The above three reference indicators are defined
as follows:

(1) Peak value:

a1 = max{P1
DPV,i, P2

DPV,i, · · · , PT
DPV,i} (1)

(2) Average value:

a2 =
1
T

T

∑
t=1

Pt
DPV,i (2)

(3) Threshold time percentage:

a3 =
Oi
24

(3)

where Oi represents the number of hours in a day when the output of the ith PV reaches
the threshold value, and 0.6Pmax,i is set as the threshold value.

The selection of features based on curve characteristics only considers the annual
output characteristics of the PV itself, but in the actual power system, the installation
location of the PV as well as the topology of the grid will also affect the output of the PV.
Therefore, the aggregation of PVs should not only consider the time series of their power
curves but also pay attention to the indicators that can reflect the topology of the grid.

2.2.2. Nodal Voltage Sensitivity of DPVs

When DPVs are connected to the grid, the PV output power changes, and the voltage
of each node changes, i.e., the power change in a node causes a change in the bus voltage,
which is the sensitivity relationship between the PV output power and the voltage and can
be referred to as the voltage sensitivity [20].

The voltage sensitivity of each node in the system can be obtained from the inverse of
the Jacobi matrix in the following calculation:[

∆P
∆Q

]
= J·

[
∆θ
∆V
V

]
= J·

[
∆θ
∆V

]
(4)

The matrix inverse of Equation (4) is then performed:[
∆θ
∆V

]
=

[
∂θ
∂P

∂θ
∂Q

∂V
∂P

∂V
∂Q

]
·
[

∆P
∆Q

]
(5)
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where θ and V denote the phase angle and voltage of the node, respectively; P and Q
denote the active and reactive power injected into the node; ∆θ, ∆V, ∆P, and ∆Q denote
the variations, respectively; J denotes the Jacobi matrix; the sensitivity factors, ∂V/∂P
and ∂V/∂Q, denote the node voltage variations resulting from the changes in active and
reactive power on the node, respectively.

When the active and reactive power transmission on a single node or some nodes in
the distribution network changes, the amount of voltage change at each node in the system
can then be expressed as

∆V1
∆V2

...
∆VN

 =


SP

11 SP
12

SP
21 SP

22

. . . SP
1N

. . . SP
2N

...
...

SP
N1 SP

N2

SP
ij

...
. . . SP

NN

·


∆P1
∆P2

...
∆PN

+


SQ

11 SQ
12

SQ
21 SQ

22

. . . SQ
1N

. . . SQ
2N

...
...

SQ
N1 SQ

N2

SQ
ij

...

. . . SQ
NN

·


∆Q1
∆Q2

...
∆QN

 (6)

where SP
ij = ∂Vi/∂Pj and SQ

ij = ∂Vi/∂Qj denote the effect of active and reactive power changes
at node j on node i, respectively; N is the number of nodes of the distribution network.

Define node i as the disturbed node and node j as the interfering node, then the voltage
variation at the disturbed node is

∆Vi =
N

∑
j=1

(
∂Vi
∂Pj

·∆Pj +
∂Vi
∂Qj

·∆Qj

)
(7)

From Equation (7), it can be seen that the higher the voltage sensitivity, the greater the
power change in the interfering node causing the voltage change in the disturbed node.

According to the voltage sensitivity, the electrical distance matrix eP
ij , eQ

ij , reflecting the
degree of coupling between nodes, can be defined, and its calculation formula is

eP
ij = SP

ii + SP
jj − SP

ij − SP
ji (8)

eQ
ij = SQ

ii + SQ
jj − SQ

ij − SQ
ji (9)

where eP
ij , eQ

ij represent the electrical distances between nodes i and j, and the smaller their
electrical distance is, the closer the voltage connection between the two points is.

In the distribution network, since the influence of both reactive and active power
variations on the voltage of the node in the distribution network is not negligible, the
integrated electrical distance can be defined as

Eij = τeP
ij + (1 − τ)eQ

ij (10)

where τ is the weight value, representing the degree of contribution of active power to
the integrated electrical distance E. Although the effect of active power on voltage is not
negligible in the distribution network, in the ideal case, it is still desired to control the
voltage through reactive power, so τ is generally set to 0.2–0.3.

2.2.3. Data Dimensionality Reduction for Clustering Features

Each column of the integrated electrical distance matrix reflects the impact of a specific
interfering node on all the disturbed nodes, if the influence of each disturbed node is taken
as the coordinate axis, the interference of a single interfering node j can be described as a
high-dimensional point D, the coordinates of which are D(E1j, E2j, · · · , ENj). Clustering the
high-dimensional points increases the arithmetic burden, so data dimensionality reduction
should be used to alleviate the arithmetic pressure.

Principal component analysis (PCA) is a data dimensionality reduction technique that
transforms the original multiple variables into several comprehensive indicators [21]. The
idea is to utilize the interrelationships between the original variables to obtain uncorrelated
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principal components through linear combinations. This replaces the original larger number
of variables. In this way, the information reflected by the original variables is retained as
much as possible, simplifying the process of the problem.

The process of the principal component analysis method is as follows, and Figure 1
illustrates this process.
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(1) Arrangement of raw data

In the comprehensive electrical distance matrix E proposed above, the column of
nodes containing PVs is extracted, and assuming that there are M nodes equipped with PV,
the new sample matrix X is an N × M matrix.

X =


x11 x12
x21 x22

. . . x1M

. . . x2M
...

...
xN1 xN2

xim
...

. . . xNM

 (11)

where xim denotes the impact of the mth PV on the voltage of the ith node, i.e., xim = Eim.

(2) Subtract the mean value from each data point:

xim = xim − 1
M

M

∑
m=1

xim (12)

(3) Find the covariance matrix C:

Before calculating the covariance matrix, the covariance of the two datasets is

cov(xa, xb) =
1
M

M

∑
m=1

(xam − µa)·(xbm − µb) (13)

where xa and xb are the ath and bth rows, respectively; µa = µb = 0 are the means of xa
and xb which are determined in step 2.

Therefore, the covariance matrix has the following calculation procedure:
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C =
1
M

XXT =



1
M

M
∑

m=1
x2

1m
1
M

M
∑

m=1
x1mx2m . . .

1
M

M
∑

m=1
x1mxNm

1
M

M
∑

m=1
x2mx1m

1
M

M
∑

m=1
x2

2m . . .
1
M

M
∑

m=1
x2mxNm

...
...

. . .
...

1
M

M
∑

m=1
xNmx1m

1
M

M
∑

m=1
xNmx2m · · · 1

M

M
∑

m=1
x2

Nm


=


cov(x1, x1) cov(x1, x2) . . . cov(x1, xN)
cov(x2, x1) cov(x2, x2) . . . cov(x2, xN)

...
...

. . .
...

cov(xN , x1) cov(xN , x2) · · · cov(xN , xN)

 (14)

When the covariance is 0, it means that row a is linearly uncorrelated with row
b. Therefore, to realize the reduction of an N-dimensional vector to K dimensions, it is
necessary to choose K unit orthogonal bases, so that after transforming the original data to
this set of bases, the covariance of each variable is 0.

(4) Find the eigenvalues and corresponding eigenvectors of the covariance matrix

Cu = λu (15)

where u is the eigenvector of C, and λ is the eigenvalue of u.
Use elementary transformations to reduce all elements except the diagonal to 0. Since

C is a real symmetric array, the eigenvectors corresponding to different eigenvalues are
orthogonal, so one has

QTCQ = Λ =


λ1 0 · · · 0
0 λ2 · · · 0
...

...
. . . 0

0 0 · · · λN

 (16)

where Q = (u1, u2, · · · , uN) consists of eigenvectors.

(5) The eigenvectors are arranged in rows according to the value of the corresponding
eigenvalues from top to bottom, and the first k rows form a K × M matrix P.

Qsort =
(
u′

1, u′
2, · · · , u′

N
)T (17)

Qcut =
(
u′

1, u′
2, · · · , u′

K
)T (18)

P = Qcut (19)

where Qsort is the sorted eigenvector matrix; Qcut is the first k rows of Qsort; and P is the
reduced dimension transformation matrix.

(6) Matrix Y is the data after reduction to k dimensions:

Y = PX (20)

2.3. Formation of DPV Aggregation

The features of DPVs (peak, mean, threshold time percentage, and voltage sensitivity)
were obtained above through calculation and data dimensionality reduction. To reduce
the complexity of analyzing and processing DPV output data, this paper proposes to
cluster DPVs according to similar clustering characteristics through the K-means clustering
algorithm. Figure 2 illustrates this algorithm.

Before the K-means algorithm clustering, it is necessary to set the number of clusters k.
Setting the value of k empirically or randomly will lead to unstable clustering results, and
the elbow method is usually utilized to determine the k value.

SSE =
k

∑
i=1

∑
p∈Ci

∥p − mi∥2 (21)
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where Ci is the ith cluster after completion of clustering, p is the sample point in Ci; and mi
is the mean distances of all sample data points in Ci, i.e., the clustering center.

The process of the basic K-means algorithm is as follows: first, initialize the dataset
and determine the number of clusters k; randomly select the initial clustering center, using
the Euclidean distance as a measure to allocate other sample points; after the formation of
clusters, calculate the mean to obtain a new clustering center. The above process iterates
until the clustering center is no longer updated to complete the clustering process.
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3. DPV-Aggregation-Based Voltage Regulation Model for Distribution Networks

After the formation of DPV aggregations in the previous section, the voltage regulation
model is established based on DPV aggregations in this section. The minimum slack
variables of node voltages and branch currents are used as the objective function to calculate
and solve the distribution network voltage based on the PV output.

3.1. Objective Function

The objective is to minimize the deviation of nodal voltage and branch current in
terms of their upper and lower limits.

min F =
N

∑
i=1

T

∑
t=1

(εUt
i
+ ηUt

i
) + ∑

(i,j)∈B

T

∑
t=1

(εitij
+ ηitij

) (22)

where B is the set representing all branches of the distribution network. ε and η are slack
variables denoting the respective deviations.

3.2. Constraints

The constraints of the model are divided into two categories: the active and reactive
output constraints of the PV itself, and the constraints on the power flow to maintain the
safe operation of the distribution network.
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3.2.1. PV Power Output Constraints

The output constraints of DPVs are shown in Figure 3. The active and reactive power
of the PV inverters are used as decision variables. Assuming that each node contains at
most one PV inverter unit, the power constraints are shown in Equations (23) and (24).

P2
G,i + Q2

G,i ≤ S2
G,i (23)

PG,i ≤ PG,i max (24)

where PG,i, QG,i, SG,i denote the active, reactive, and apparent power of the DPV inverter
at node i, respectively.
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3.2.2. Operational Security Constraints of Distribution Network

According to the characteristics of the distribution network, it is necessary to use AC
currents to simulate its operating situation and describe the constraint relationships of the
distribution network through the Distflow model [22].

(1) Node power balance constraints:

Pt
G,i − Pt

L,i = ∑
(i,j)∈B

Pt
ij − ∑

(k,i)∈B
(Pt

ij − rkilt
ki) (25)

Qt
G,i − Qt

L,i = ∑
(i,j)∈B

Qt
ij − ∑

(k,i)∈B
(Qt

ij − xkilt
ki) (26)

vt
i = (ut

i)
2 (27)

lt
ij = (it

ij)
2 (28)

where Pt
G,i, Qt

G,i, vt
i denote the injected active and reactive power and voltage magnitude

squared at node i at time t, respectively; Pt
L,i, Qt

L,i denote the active and reactive loads at
node i at time t, respectively; Pt

ij, Qt
ij, lt

ij denote the squares of the active and reactive powers
and the magnitude of the current from node i to j at time t, respectively; rij, xij denote the
resistance and reactance of the line ij, respectively; and B is the collection of the distribution
network branches.

(2) Node voltage equation:

vt
j = vt

i − 2(rijPt
ij + xijQt

ij) + (r2
ij + x2

ij)l
t
ij (29)

(3) Power constraints at the first end of the branch:
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lt
ij =

(Pt
ij)

2 + (Qt
ij)

2

vt
i

(30)

Due to the presence of the nonlinear equation constraint (30), the Distflow model is
nonconvex and it is difficult to find a globally optimal solution. In order to optimize the
model convexly, a slack of the above equation yields

lt
ij ≥

(Pt
ij)

2 + (Qt
ij)

2

vt
i

(31)

which is then rewritten in the form of a rotated second-order cone plan:∥∥∥∥∥∥∥
2Pt

ij
2Qt

ij
lt
ij − vt

i

∥∥∥∥∥∥∥
2

≤ lt
ij + vt

i (32)

(4) Node voltage and branch current range constraints:

ut
i min + (εUt

i
− ηUt

i
) ≤ ut

i ≤ ut
i max + (εUt

i
− ηUt

i
) (33)

lt
ij ≤ lt

ij max + (εitij
− ηitij

) (34)

The specific process of DPV aggregations participating in distribution network voltage
regulation is shown in Figure 4.

Energies 2024, 17, x FOR PEER REVIEW 9 of 15 
 

 

(2) Node voltage equation: 𝑣௝௧ = 𝑣௜௧ − 2൫𝑟௜௝𝑃௜௝௧ + 𝑥௜௝𝑄௜௝௧ ൯ + ൫𝑟௜௝ଶ + 𝑥௜௝ଶ ൯𝑙௜௝௧  (29) 

(3) Power constraints at the first end of the branch: 𝑙௜௝௧ = (𝑃௜௝௧ )ଶ + (𝑄௜௝௧ )ଶ𝑣௜௧  (30) 

Due to the presence of the nonlinear equation constraint (30), the Distflow model is 
nonconvex and it is difficult to find a globally optimal solution. In order to optimize the 
model convexly, a slack of the above equation yields 𝑙௜௝௧ ≥ (𝑃௜௝௧ )ଶ + (𝑄௜௝௧ )ଶ𝑣௜௧  (31) 

which is then rewritten in the form of a rotated second-order cone plan: 

ቱ 2𝑃௜௝௧2𝑄௜௝௧𝑙௜௝௧ − 𝑣௜௧ቱ
ଶ

≤ 𝑙௜௝௧ + 𝑣௜௧ (32) 

(4) Node voltage and branch current range constraints: 𝑢௜ ௠௜௡௧ + (𝜀௎೔೟ − 𝜂௎೔೟) ≤ 𝑢௜௧ ≤ 𝑢௜ ௠௔௫௧ + (𝜀௎೔೟ − 𝜂௎೔೟) (33) 

𝑙௜௝௧ ≤ 𝑙௜௝ ௠௔௫௧ + (𝜀௜೔ೕ೟ − 𝜂௜೔ೕ೟ ) (34) 

The specific process of DPV aggregations participating in distribution network volt-
age regulation is shown in Figure 4. 

Start

Get DPV Output Curve

Extraction Curve Characteristics

Obtain the topology of the grid 

Calculate Voltage Sensitivity

Calculate the integrated electrical 
distance matrix

Establish the voltage regulation model

Solve the output results and calculate 
the impact on the distribution network

EndStage 1. Feature Extraction

Stage 2. clustering

Stage 3. Voltage 
Regulation

Obtain PV clusters with 
similar features

Reduce the dimensionality of the data

 
Figure 4. DPV cluster participation in the distribution network regulation process. 

4. Simulations and Analysis 
4.1. Case Settings 

In this paper, the IEEE 33-node system is used for simulation. The system has 33 
nodes with 32 branches. As shown in Figure 5, the gray nodes in the figure are the nodes 
equipped with PVs and there are 20 DPVs. Each DPV has a capacity of 10 kVA. A power 

Figure 4. DPV cluster participation in the distribution network regulation process.

4. Simulations and Analysis
4.1. Case Settings

In this paper, the IEEE 33-node system is used for simulation. The system has 33 nodes
with 32 branches. As shown in Figure 5, the gray nodes in the figure are the nodes equipped
with PVs and there are 20 DPVs. Each DPV has a capacity of 10 kVA. A power reference
value of 10 MVA and a voltage reference value of 12.66 kV are taken, all of which are
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analyzed in the following based on the per unit case. The solar data are collected from
Belgium’s power network operator Elia Group. The paper applies data from different
regions to different DPVs. Samples are collected every 15 min.
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Figure 5. IEEE 33-node distribution network.

The simulation environment is as follows: 12th Gen Intel(R) Core(TM) i7-12700
2.10 GHz processor, 64 GB RAM, 64-bit OS computer. The models and algorithms are
implemented in MatlabR2023a. The following three scenarios are set up:

Scheme 1: Distribution network regulation without aggregation for DPV;
Scheme 2: Distribution network regulation using the traditional DPV clustering

method based on power curves;
Scheme 3: Distribution network regulation using the DPV clustering method proposed

in this paper.

4.2. Analysis of Aggregation Results

This section shows the aggregation results, which are verified by calculating the
average voltage sensitivity of the aggregations, and the DPV aggregations under the
scheme of this paper have better voltage regulation per PV on average.

4.2.1. Aggregation Based on Power Curve Features

Three indicators, peak, average, and threshold time percentage are used for feature
extraction of single-day PV power curves. Due to the large difference in the values of each
indicator, it is necessary to normalize each feature quantity.

Figure 6 shows the clustering results of power curve features of a PV in one year
(366 days), and it can be found that the 366 days of data are divided into three categories,
which are represented by red, blue, and green colors.
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The clustering operation of the power curves is performed for all 20 PVs. Since the
three clustering centers of each PV are 3-dimensional points, data compression is required



Energies 2024, 17, 2990 11 of 15

to compress the clustering centers with peak, average, and threshold time percentages as
axes to one dimension to obtain the curve features of the 20 PVs.

Figure 7 shows the SSE descent curve under the traditional curve feature clustering. It
can be seen that when k = 3, the slope of the descent curve changes the most, indicating that
the optimal clustering is achieved when the number of aggregations is selected as three.
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Figure 7. SSE curves under traditional curve feature clustering.

Shown in Table 1 are the clustering results based on the traditional power curve
characteristics when the optimal number of aggregations k = 3. The PVs within each cluster
are regarded as an aggregation, forming a total of three aggregations.

Table 1. Clustering results based on conventional power curve characteristics.

Cluster Number The DPV Contained in the Cluster
(Indicated by Node Number)

Cluster 1 5, 6, 9, 11, 28, 30
Cluster 2 7, 19, 22, 23, 32, 33
Cluster 3 5, 4, 13, 15, 17, 18, 25, 26

4.2.2. Aggregation Considering Distribution Network Topology

After extracting the features of single-day PV power curves above, the Jacobi matrix
and the integrated electrical distance matrix E are additionally calculated. The data com-
pression is performed to obtain the sensitivity features of 20 PVs. Finally, the features are
clustered by using the K-means algorithm.

Figure 8 shows the SSE descent curve under the consideration of distribution network
topology clustering, and it can be seen that the slope of the descent curve changes the most
when k = 3, indicating that the optimal clustering effect is achieved when the number of
aggregations is selected as three.

Shown in Table 2 are the clustering results for considering the distribution network
topology in this paper when the optimal number of aggregations k = 3. Also, three aggre-
gates are formed.

Table 2. Clustering results based on distribution network topology.

Cluster Number The DPVs Contained in the Cluster
(Indicated by Node Number)

Cluster 1 5, 6, 9, 11, 28, 30
Cluster 2 2, 4, 9, 22, 23, 25, 26
Cluster 3 7, 13, 15, 17, 18, 32, 33



Energies 2024, 17, 2990 12 of 15Energies 2024, 17, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 8. SSE curves under distribution network topology clustering. 

4.2.3. Comparison of Aggregation Results 
The average voltage sensitivity δ of DPV aggregations under various schemes is cal-

culated to reflect the degree of the regulation ability of the aggregation on the whole net-
work voltage: 

δ = ෍ ෍ 𝜏𝑆௜௝௉ + (1 − 𝜏)𝑆௜௝ொ௝∈ௐ
ே

௜ୀଵ 𝜆൘  (35) 

where 𝑊 is a set denoting all the nodes where PVs are installed. 𝑆௜௝௉ , 𝑆௜௝ொ denote the ac-
tive voltage sensitivity to node j and to node i, respectively, and 𝜏 denotes the weights. 𝜆 denotes the number of PVs contained in the aggregation. The larger the value of δ is, 
the better each PV in the aggregation regulates the voltage through outputting the power. 

The average voltage sensitivity for the three scenarios is shown in Table 3. Compared 
with no clustering, the traditional scheme forms three types of aggregations: A1, A2, and 
A3. The regulating effect is A3 > A1 > A2, so A3 can be used to participate in voltage reg-
ulation with the best regulating effect. However, such clustering ignores the location of 
the PVs, and the regulating effect of some PVs is more obvious but not fully utilized. The 
scheme proposed in this paper considers the distribution network topology for clustering 
and also forms three types of aggregations B1, B2, and B3; the regulating effect is B3 > B1 
> B2, and B3 > A3, indicating that the scheme in this paper finds the aggregation B3 which 
has the best regulating effect. It has the highest average voltage sensitivity. 

Table 3. Average voltage sensitivity in three schemes. 

Scheme Aggregation Number Number of PVs Contained Average Voltage Sensitivity  
of Each Aggregation 

Without aggregation - 20 2.2695 

Traditional scheme 
A1 6 2.4928 
A2 6 1.6365 
A3 8 2.5767 

Scheme proposed 
B1 6 2.4928 
B2 7 0.7271 
B3 7 3.6204 

4.3. Participation of PV Aggregations in Voltage Regulation of Distribution Network 
The DPV aggregation voltage regulation model in the distribution network is solved 

using MATLAB and GUROBI. The scheme without aggregation involves all PVs in voltage 

Figure 8. SSE curves under distribution network topology clustering.

4.2.3. Comparison of Aggregation Results

The average voltage sensitivity δ of DPV aggregations under various schemes is
calculated to reflect the degree of the regulation ability of the aggregation on the whole
network voltage:

δ =
N

∑
i=1

∑
j∈W

τSP
ij + (1 − τ)SQ

ij /λ (35)

where W is a set denoting all the nodes where PVs are installed. SP
ij , SQ

ij denote the active
voltage sensitivity to node j and to node i, respectively, and τ denotes the weights. λ
denotes the number of PVs contained in the aggregation. The larger the value of δ is, the
better each PV in the aggregation regulates the voltage through outputting the power.

The average voltage sensitivity for the three scenarios is shown in Table 3. Compared
with no clustering, the traditional scheme forms three types of aggregations: A1, A2, and A3.
The regulating effect is A3 > A1 > A2, so A3 can be used to participate in voltage regulation
with the best regulating effect. However, such clustering ignores the location of the PVs,
and the regulating effect of some PVs is more obvious but not fully utilized. The scheme
proposed in this paper considers the distribution network topology for clustering and also
forms three types of aggregations B1, B2, and B3; the regulating effect is B3 > B1 > B2, and
B3 > A3, indicating that the scheme in this paper finds the aggregation B3 which has the
best regulating effect. It has the highest average voltage sensitivity.

Table 3. Average voltage sensitivity in three schemes.

Scheme Aggregation Number Number of PVs Contained Average Voltage Sensitivity
of Each Aggregation

Without aggregation - 20 2.2695

Traditional scheme
A1 6 2.4928
A2 6 1.6365
A3 8 2.5767

Scheme proposed
B1 6 2.4928
B2 7 0.7271
B3 7 3.6204

4.3. Participation of PV Aggregations in Voltage Regulation of Distribution Network

The DPV aggregation voltage regulation model in the distribution network is solved
using MATLAB and GUROBI. The scheme without aggregation involves all PVs in voltage
regulation. The traditional scheme lets the aggregation A3 participate in voltage regulation,
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and the scheme in this paper lets the aggregation B3 participate in voltage regulation. The
DPV single-day output is shown in Table 4.

Table 4. DPV single-day output under three scenarios.

Scheme Single-Day Voltage at All
Nodes/kV·h

Single-Day Active Power of
Aggregation/MW·h

Single-Day Reactive Power
of Aggregation/MW·h

Before voltage regulation 10,177.5 2.542 −2.289
Without aggregation 10,257.9 5.457 2.980
Traditional scheme 10,196.0 3.796 1.021
Scheme proposed 10,192.8 3.309 0.486

Table 4 shows the voltages of all nodes before and after voltage regulation for the three
scenarios, as well as the single-day PV output. The effect of voltage regulation of DPVs is
reflected by calculating the change in voltage of all nodes on a single day and the change in
power of aggregation on a single day, and this voltage-to-power ratio is denoted as Γ:

Γ = [ω·
∆∑i∈PV ∑T

t=1 ut
i

∆∑i∈PV ∑T
t=1 Pt

G,i
+ (1 − ω)·

∆∑i∈PV ∑T
t=1 ut

i

∆∑i∈PV ∑T
t=1 Qt

G,i
]/λ (36)

where ω is the scaling factor. In order to reflect the greater impact of the reactive power
output of the DPV on the distribution network, ω is taken as 0.2. A larger value of Γ
indicates that the aggregation has a higher value of regulating the voltage of the whole
network after injecting units of active and reactive power for regulation.

The final regulation results are shown in Table 5; the lowest voltage-to-power ratio of
the non-aggregation scheme indicates that on average each PV has the worst regulation
effect if no aggregation is performed; the aggregation based on the characteristics of the
power curves does not consider the grid topology, and the selected aggregations have
a medium regulation effect; the selected aggregations of the scheme in this paper have
the highest voltage-to-power ratios, which indicates that compared with the aggregation
strategy based on the clustering of the power curves, this paper’s aggregation strategy,
which comprehensively takes into account the grid topology, is more effective at filtering
the PVs that have high regulation ability and has a more responsive regulation effect.

Table 5. Voltage-to-power ratio of DPVs to the distribution network for each scenario.

Scheme Number of PVs
Aggregated

Voltage
Variation/kV·h

Active Power
Variation/MW·h

Reactive Power
Variation/MW·h

Voltage-to-Power
Ratio for Each PV

Without aggregation 20 80.4 2.915 5.269 0.886
Traditional scheme 8 18.5 1.254 3.310 0.928
Scheme proposed 7 15.3 0.767 2.775 1.201

4.4. Discussion

The proposed aggregation strategy and the voltage regulation model built can be
applied to low-voltage distribution networks. In practice, if the PV output curve and the
topological information of the distribution network are known, the most sensitive DPVs in
terms of voltage regulation capability, i.e., a large voltage variation with a minimum power
variation, can be obtained by the proposed aggregation strategy.

The application of the proposed method does not require additional investment as
DPVs are used for voltage regulation. The proposed method can be deployed in the
platform in the control center of the distribution network. Moreover, this paper focuses
on DPV aggregation and screening the DPVs with optimal voltage regulation. So, the
influence of DPVs on other types of voltage regulation devices is not fully considered in
the paper, which will be left for future research.



Energies 2024, 17, 2990 14 of 15

5. Conclusions

This paper proposes a DPV cluster aggregation strategy considering the distribution
network topology to aggregate 20 PVs from the IEEE 33-node distribution network, and
the following conclusions are drawn from the validation of the arithmetic example:

(1) The clustering method proposed in this paper synthesizes peak, average, threshold
time percentage, and voltage sensitivity as clustering features, which can screen
the aggregations with the optimal voltage regulation capability compared with the
method based on the clustering of power curves.

(2) The DPV aggregation voltage regulation model in the distribution network is estab-
lished, and verified by the arithmetic example; compared with the curve clustering
method, the aggregation screened in this paper considering the distribution network
topology can regulate the voltage of the whole network more sensitively with less
output, and it can effectively solve the shortcomings of the traditional clustering
method in the voltage regulation scenario.

Future research will consider the cooperation of various types of resources in voltage
regulation, such as PVs, energy storage, and charging station clusters.
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