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Equivalent Modeling Method for Regional
Decentralized Photovoltaic Clusters Based on
Cluster Analysis

Hongbin Wu, Zhonggian Liu, Yu Chen, Bin Xu, and Xianjun Qi

Abstract—A large number of photovoltaic (PV) systems are
decentralized and connected to distribution networks, leading to
challenges in model simulation. This paper presents an equivalent
modeling method for regional decentralized PV clusters based on
cluster analysis. The proposed method is based on the grouping
principle that PV systems have similar dynamic response charac-
teristics, and grouping results are obtained using a fuzzy C-mean
(FCM) clustering algorithm. Based on the clustering evaluation
index, the optimal grouping number can then be determined and
PV systems in the same group are combined into an equivalent
PV system. The method to acquire equivalent parameters for PV
arrays, transformers, and lines is also presented. A multi-machine
equivalent model of regional decentralized PV clusters is estab-
lished, and the precision and efficiency of the proposed method is
demonstrated using an actual distribution network.

Index Terms—Distribution network, equivalent modeling, fuzzy
C-mean clustering, photovoltaic cluster, regional decentralization.

I. INTRODUCTION

OLAR energy is a clean, renewable energy that has un-
dergone rapid development and large-scale application,
with photovoltaic (PV) grid-connected systems being the
most important solar energy application [1]-[3]. In China,
with the implementation of PV power generation poverty re-
duction policies, many PV power stations are decentralized
and connected to distribution networks, forming regional de-
centralized PV clusters [4]. This increases the complexity of
the distribution network model and leads to challenges such
as long simulation times, huge memory usages, and difficulty
updating models. Therefore, it is necessary to establish a simpli-
fied equivalent model of regional decentralized PV clusters.
In recent years, equivalent modeling of PV system research
has concentrated primarily on regional centralized PV systems
or large-scale PV power stations. In [5], the authors propose an
online clustering modeling method for large-scale PV power
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plants, using the control parameters of inverter as the clustering
index. In [6], two equivalent modeling methods for PV system
are proposed for partially shielded and unshielded PV cells.
To study the transient characteristics of large-scale PV power
stations and avoid constructing detailed models for every type
of inverter, Mukherjee et al. [7] analyzed the effectiveness of
the model reference adaptive control (MRAC) approach for
modeling a grid connected inverter system. In [8], the equiva-
lent dynamic model of an actual PV power station with virtual
synchronous characteristics was studied, and a method was pro-
posed to obtain the dynamic equivalent model of a group of PV
converters based on the synchronous power controller.

The study of equivalent modeling of regional decentralized
PV system is in its infancy. In the coherent-based equivalent
method of large-scale power grids, the coherent generator group
is equivalent to corresponding aggregates, and only key trans-
mission lines and nodes are retained. Therefore, the power sys-
tem scale can be reduced and the main dynamic characteristics
can be preserved [9]-[11]. However, the PV power generation
is different from conventional power generation, so the criteri-
on for PV system coherency must be defined to benefit from a
coherency-based equivalent method. PV systems with similar
dynamic responses under the same disturbance are considered
coherent, and they should be combined into an equivalent PV
system to ensure the dynamic characteristics of the original sys-
tem remain unchanged.

This paper proposes an equivalent modeling method for
regional decentralized PV clusters. The clustering index is
selected from the response curves of PV systems during a dis-
turbance. Then, a fuzzy C-mean (FCM) clustering algorithm is
used to obtain dynamic grouping results, and PV systems in the
same group are combined into an equivalent PV system, estab-
lishing a multi-machine equivalent model of regional decentral-
ized PV clusters. Finally, simulation analysis is performed using
an actual distribution network in Anhui province.

II. CLUSTERING INDEX

A. Model of Regional Decentralized PV Cluster

A PV cluster is a collection of PV systems that are near each
other with only small differences in solar radiation, and the
same point of interconnection (PCC). Taking the city of Jinzhai,
Anhui province as an example, a total of 295 small village PV
systems have been built and connected to a distribution net-
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Fig. 1. Regional decentralized PV clusters.
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Fig. 2. The structure of a single PV system.
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Fig. 3. Sketch of active power disturbance curve extraction.

work, forming several regional decentralized PV clusters. A
typical PV cluster under a 35 kV substation is shown in Fig. 1,
there are 10 PV systems in all, which is called the detailed model.
The common model of a single PV system is shown in Fig. 2,
which contains a PV array, a grid-connected inverter, a filter,
and other devices. The specific characteristic equation can be
referred to in [12], but is not described in detail in this article.

B. Clustering Index of PV System

The basic idea of a regional decentralized PV cluster is to
combine PV systems that have similar dynamic responses into
an equivalent PV system. However, dynamic features of PV
systems are influenced by many factors, including inverter
controller parameters, the location and capacity of PV systems,
and other parameters. Therefore, it is difficult to propose a rea-
sonable clustering index from inherent parameters of a system
model [13]. In this paper, the feature points extracted from the
response curve of a PV system are taken as the clustering index.
The active power response curve of a PV system under typical
disturbance is shown in Fig. 3.

In Fig. 3, P, is the first peak and ¢, is the time from the start

of the dynamic process to the first peak. For the reactive power
response curve, extraction of feature points is the same as for
active power, with the two feature points being recorded as O,
and 7, , respectively.

Considering that under a three-phase short-circuit distur-
bance, the dynamic response of a PV system is generally the
most obvious, when a three-phase short-circuit fault occurs at
the PCC point, the vector [P, t,, Oy, t,0] of each PV system
is taken as the clustering index. Note that parameters must be
normalized due to differences in dimensions and orders of mag-
nitude of parameters.

III. MuLTI-MACHINE EQUIVALENCE OF REGIONAL
DECENTRALIZED PV CLUSTERS

A. Clustering Method of PV Systems Based on the FCM Al-
gorithm

The clustering algorithm is an iterative optimization process,
where the similarity between the clustering index which are in
the same group is greater, and the similarity between clustering
index of different groups is smaller[14]-[18]. On the basis of
general clustering, the concept of fuzzy clustering is proposed.
Through the FCM algorithm, 7 clustering indexes x;(j = 1,2,...,1)
that corresponding to n PV systems are divided into ¢ groups,
it is determined which group each clustering index belongs to
by the membership between [0,1], and the clustering centers of
each group are calculated v, (7 = 1,2,...,c) to get the minimal
value of the objective function. The objective function is as fol-
lows:

5U.=3Y " v -1, | (1)

i=1 j=I

where [[vx||, is the Euclidean distance between the i" cluster
center v, and the clustering index of the / PV system x;, m is the
weighting exponent, m e [1,00), usually m is 2, ¢ |2, \/; 1, u;is
the membership value that the / PV system belongs to the i

cluster center, which satisfies normalization:

D uy =1, 1<j<n
i1

sty €[01], 1<j<n, 1<i<c 2
n>z,uij>0, 1<i<c

In order for (1) to achieve the minimum value, the following
functions are constructed:

JuU,c,2)=J, (U, c)+i/1j (iu” -1 3)
j=l =l

where /, is the Lagrange multiplier of (2). By taking the deriva-
tive of all input parameters, we can get the necessary condition
for (1) to get the minimum value, which is as follows:
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Thus, the output of the FCM algorithm includes two parts:
the first part is ¢ clustering centers, and each clustering center
represents the average characteristics of the clustering index of
the PV systems, the second part is a ¢ xn -order membership
matrix, which represents the membership that each PV system
belongs to each group. Generally, the rule of maximum mem-
bership determines which group the PV systems belong to.

To evaluate the clustering effect and determine the optimal
grouping number, two evaluation indices, the partition coef-

ficient(PC) and the classification entropy(CE), are defined as
follows:

My =

PC= %ii%)z (©)

i=1 j=1

CE=-=3 3w loe(u,) ™

i=1 j=I

where PC is used to evaluate the degree of separation of different
PV groups, the larger the better, and CE is used to evaluate the de-
gree of fuzziness of different PV groups, the smaller the better.

B. Multi-Machine Equivalent Model

Using the FCM algorithm to group PV systems in Fig. 1, the
detailed steps are shown as follows:

Stepl: The clustering index [Py, t,, Oy, t,0] are constructed
for all PV systems.

Step2: A membership matrix is generated randomly, which
satisfy (2).

Step3: Updating the clustering centers through the member-
ship matrix according to (4).

Step 4: Updating the membership matrix through the cluster-
ing centers according to (5).

StepS: Repeating steps 3 and 4 until the change of the value
of the objective function calculated by (1) is less than the per-
missible value.

Step 6: Calculating the clustering evaluation indices and ac-
cording to (6) and (7).

Step 7: Changing the number of groups ¢, and come back
to step 2 to group the PV systems again. The best number of
groups is determined by comparing the values of PC and CE
under different number of groups, and the final grouping results of
PV system are determined by the membership matrix at this time.

The n PV systems are divided into ¢ groups through the
above steps, then PV systems that are in the same group are
merged into an equivalent PV system, all equivalent PV sys-
tems are then connected to the PCC. The equivalent model is
shown in Fig. 4.
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Fig. 4. Equivalent model of regional decentralized PV cluster.

The equivalent model of regional decentralized PV clusters
is required to have the same external characteristics as the de-
tailed model. That is to say, the two models should have similar
dynamic response curves at the PCC point, including power,
frequency, current, voltage, and so on.

IV. EQUIVALENT PARAMETERS CALCULATION

In Fig. 4, taking the x” ( 1 <x < ¢ ) equivalent PV system as
an example, and supposing that the x” equivalent PV system is
merged by M PV systems, the calculation method of the equiv-
alent parameters is as follows.

A. Equivalence of PV Array

In the actual operation, it is difficult to ensure the power gen-
eration of PV systems due to partial shading and passing clouds,
at this point, we can adopt parameter identification method to
get the equivalent number of PV modules under ideal condition
according to reference [19], thus the actual power generation of
each PV array can be obtained, denoted as P, (k = 1,2....,M). The
power generation of the x” equivalent PV array is as follows:

M
Py =2 R @)

B. Equivalence of Line Parameters

Before equivalence, the voltage difference between the M PV
systems and the PCC can be obtained by the power flow cal-
culation, which is denoted as AU (k = 1,2,....M). Then we can
calculate the weighted average voltage difference of the M PV
systems (the power of a PV system is used for weighting) as:

_ M M
AU, =3 (AUP)/ Y P, ©)

k=1 k=1

After equivalence, according to Fig. 4, the voltage difference
between the x” equivalent PV system and the PCC is calculated
as follows:

_ zZ, P

eq_x"eq_x

AU, ,=—F—— 1
- \/gUPCC (10

where Up is the voltage of at the PCC point .
Solving the equation AT = AU, ., the impedance of the

equivalent line is as follows:
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The above is the equivalent method of line impedance. Be-
cause the length of the line is short and the voltage is low, the
influence of line capacitance can be ignored.

(11)

eq _x

C. Equivalence of Transformer Parameters

According to Fig. 2, the equivalent impedance circuit of a
single PV system can be simplified as shown in Fig. 5. where
Z, , is the impedance of the k" PV transformer. Therefore,
before equivalence, the total loss of the M transformers can be
calculated by:

M
Sx = Zlkzztrik (12)

After equivalence, the loss of the transformer in the x” equiv-
alent PV system is:
2
Seqix :[eqix Ztrieqix (13)
At the same voltage level, it is thought that / o< P. There-
fore, by solving the equation S,= S, ., the impedance of the x”

eq x o

equivalent transformer can be obtained:

o 2
Z(Bc Ztrik)
Ztr_eq_x == (14)

Due to the low voltage level, the loss of the transformer exci-
tation branch is small and can be ignored.

D. Equivalence of Inverter Parameters

The equivalent PI controller parameter of grid-connected
inverters can be calculated using the capacity weighted method
[20] as follows:

M M
Xeqix ZZ(X/(PI{)/ZB{ X:kpu’kiu’kpi’kii (15)
k=1

k=1
where k,, and k;, are the proportional and integral coefficients
of the voltage outer loop, respectively, and &, and k; are the
proportional and integral coefficients of the current inner loop,
respectively.

To ensure the filtering effect of equivalent inverters, and that
reactive power consumption remains unchanged before and
after the equivalence, the equivalent filter inductance can be ac-
quired by:

M
Ly =2 L /M? (16)

k=1

erﬁk 1 k
w}—@—i:)—»

Fig. 5. Equivalent impedance circuit of a single PV system.

E. Error Analysis of Equivalent Model

In order to analyze the error of equivalent model proposed
in this paper, the simulation results of the detailed model of PV
cluster are taken as the reference, the error evaluation index of
equivalent model is calculated as follows:

o

where ¢, and ¢, are the start time and end time of simulation,
respectively, Y, and Y, are the electrical quantity of the detailed
model and the equivalent model at PCC, respectively, the elec-
trical quantity here can be active power, reactive power, fre-
quency and so on.

LA a7

d

V. NUMERICAL EXAMPLES

A. Example of the System

The simulation system is the same as shown in Fig. 1. A
typical double-loop controller is used as the inverter controller
model, which contains a power outer loop and a current inner
loop. The reference value of reactive power is set to zero, mak-
ing the power factor unity. The main parameters of the system
are shown in TABLE I and TABLE II. The line model is LGJ-35.

B. Clustering Result Analysis

The FCM algorithm is used to group the above regional de-
centralized PV cluster, when the grouping number is different,
the evaluation indices of PC and CE are shown in Fig. 6.

As can be seen in Fig. 6, when the regional decentralized PV
cluster is divided into two groups, the evaluation index PC is
at a maximum and CE is at a minimum. Therefore, the optimal
grouping number is ¢ =2 . Results are shown in TABLE III.

The equivalent model of the regional decentralized PV clus-
ter was calculated based on the method presented in Section III
and is given in TABLE III.

C. Equivalence Effect Verification

In order to verify the effect of the equivalent model, the fol-
lowing four cases are simulated:

1) Three-Phase Short Circuit Fault

This simulation will compare the proposed equivalent meth-
od with the traditional single-machine equivalent method to ver-
ify the method in this paper. A three-phase short circuit fault oc-
curs at the PCC point at 0.3 s and the fault clears at 0.38 s. The
response curves of the detailed model, the proposed equivalent
model, and the traditional single-machine equivalent model at
PCC are shown in Fig. 7, the error calculation results are shown
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TABLE I
LINE PARAMETERS

TABLE III
BEesT GROUPING RESULTS

Line Length (m) Line Length (m) PV System Node Number
1-2 1839 10-11 435 Group 1 3,7,11,12,13,19
2-3 1266 4-12 241 Group 2 10, 15, 16, 18
34 1679 12-13 1180
4-5 583 5-14 146
5-6 115 6-15 1610 l —Detailede model
7 380 i s I B
7-8 1298 16-17 985 ‘
8-9 90 17-18 708
9-10 172 9-19 2319
TABLE II
PV NobE PARAMETERS
Node  Power Inverter Parameters Transformer
Number (kW) ky, ki ky; k; L (mH) Type
3 21 051 086 150 10  0.125 S11-100/10
7 36 0.80 2.55 100 5 0.125 S11-125/10
10 60 0.62 1.23 400 1 0.125  S11-M-200/10
11 30 045 3.24 200 8 0.125  S11-M-200/10 4r-=----- I -~ — [~ Detailed model
12 24075 105 300 2 0125  SI1-160/10 | ~ Proposed equivalent model
Traditional equivalent model
13 21 0.50 1.56 350 6 0.125 S11-100/10 | /
15 45 042 0.65 250 1 0.125 S9-100/10
16 39 035 220 100 10  0.125 S11-M-100/10
18 45 0.62 1.64 400 0.125 S9-100/10
19 30 080 2.76 150 5 0.125  S11-M-100/10

evaluation index

2 3 4
grouping number

Fig. 6. Evaluation index of the clustering effect.

in TABLE 1V, the actual time spent in the simulation process of
the three models are shown in TABLE V.

As shown in Fig. 7 and TABLE 1V, the equivalent model in
this paper has higher precision than the traditional single-ma-
chine model. TABLE V shows that the simulation time of the
equivalent model in this paper is much lower than that of the
detailed model, and is close to that of the traditional single-ma-
chine equivalent model. Therefore, the proposed equivalent
model in this paper balances precision and simplification. How-
ever, this method also has some limitations, when the structure
of distribution network or the capacity of PV systems changes,

50.1 1 -
| — Detailed model
| —Proposed equivalent model
: — Traditional equivalent model
50.0
N
jan
S
49.9
49.8
49.7

(c) Frequency response curve.

Fig. 7. Response curves for three-phase short circuit.

the power response curve under typical disturbance shown in
Fig. 3 will also change, which leads to the change of clustering
index, therefore we need to rebuild the clustering index for each
PV system, it will increase much calculation burden.
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TABLE IV
ERROR CALCULATION RESULTS

Proposed Traditional
equivalent model equivalent model
Active power error 0.0041 0.0115
Reactive power error 0.0095 0.0340
Frequency error 0.0018 0.0044
TABLE V
MoDEL SIMULATION TIME
Proposed Traditional

Detailed model equivalent model equivalent model

Time spent 25s 7s 5s
| | — Detailed model
| | — Equivalent model
R T B e
| | | |
| | |
4000F 4+ -4 1----- b -H-H-
> | | | |
S AL RAnEE
| | |
| | |
| [ |
-4000 i iy 10T
| |
| | | |
-8000 - -=-%----- = i

|
0.25 0.30 0.35 0.40 0.45 0.50
t/s

(a) Phase A voltage.
800 i i -
| | — Detailede model
.
e e T
I I | I
I I | I
WA‘L}‘\’ NW7
< 0 | | 1 |
= I I | I
I I | I
400
: : I :
I I | I
P L O S L S
I I | I
| | 1 |

t/s
(b) Phase A current.

Fig. 8. Voltage and current response curves for single-phase short circuit.

As a final note, the equivalent model in this paper is a
two-machine equivalent model based on TABLE III, but it does
not mean that this equivalent model has the highest precision. In
general, the more grouping number, the higher precision of the
established equivalent model, but the model will be more com-
plex correspondingly. In this paper, the best grouping number
is chosen by the calculation of PC and CE, so the established
equivalent model can best balance precision and simplification
in theory.

420

385

P/KW

350

315

| |
l l
| |
280 : :
045 050 055 060

| |
l l
. 1 | |
045 050 055 060 065 070 0.75
t/s
(b) Reactive power response curve.

Fig. 9. Response curves for voltage disturbance from power grid.

2) Single-Phase Short Circuit Fault

The clustering index of the PV system is constructed under
the condition of a three-phase short circuit fault as shown in
section II. To verify the application of the equivalent model to
another fault situation, a single-phase ground fault occurs at
PCC point at 0.3 s and the fault clears at 0.38 s. Voltage and
current curves of the detailed model and the equivalent model at
the PCC point are shown in Fig. 8.

Fig. 8 shows that the external characteristics of the equivalent
model are in agreement with that of the detailed model. There-
fore, the clustering index presented in this paper is reasonable,
and a PV system with similar dynamic characteristics can be
divided into the same group by the clustering algorithm.

3) Voltage Disturbance From Power Grid

Three-phase short circuit fault and single-phase short circuit
fault are both large disturbance, in order to verify the accuracy
of the equivalent model under small disturbance, small distur-
bance of power grid voltage is set in this simulation: the power
grid voltage change from 1.0 p.uto 0.9 p.uat 0.5 s, and the volt-
age is restored to 1.0 p.u at 0.6 s. The active and reactive power
curves of the detailed model and the equivalent model at PCC
are shown in Fig. 9.

As seen in Fig. 9, the response curve of equivalent model is
still agreement with the detailed mode under small voltage dis-
turbance from power grid, this comparison shows the effective-
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Fig. 10. Response curves for light intensity disturbance.

ness of the proposed clustering modeling method again.

4) Light Intensity Disturbance

In this section, a comparison is shown when the external
environment changes. In the simulation, the light intensity of
the system is shown in Fig. 10(a). The active power response
curves of the detailed model and the equivalent model at the
PCC point are shown in Fig. 10(b).

As seen in Fig. 10, the duration of interruption in light inten-
sity is long, and the system response is not severe. Therefore,
by using maximum power point tracking (MPPT), the active
power of the PV cluster can effectively track the change in light
intensity and the active power response curves of the two mod-
els are very similar.

VI. CoNcLUSION

This paper presents an equivalent modeling method for re-
gional decentralized PV clusters. By extracting feature points of
response curves, the clustering index of a PV system is given.
The PV systems are then divided into groups by a FCM clus-
tering algorithm. PV systems that are in the same group are
merged into an equivalent PV system by calculation of equiva-
lent parameters, establishing an equivalent model of the region-
al decentralized PV cluster.

Simulation results and error analysis shows the effectiveness

of the proposed method. The optimal grouping number is deter-
mined by the evaluation indices PC and CE, and the established
equivalent PV system has a similar response to disturbances
such as short-circuit faults, grid voltage fluctuation and exter-
nal environment changes as the detailed model. Whether this
method can be extended to other types of distributed generator
cluster is a topic for further research.
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