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ABSTRACT: This paper proposes an equivalent modeling method for photovoltaic (PV) power stations via a particle
swarm optimization (PSO) K-means clustering (KMC) algorithm with passive filter parameter clustering to address
the complexities, simulation time cost and convergence problems of detailed PV power station models. First, the
amplitude-frequency curves of different filter parameters are analyzed. Based on the results, a grouping parameter set
for characterizing the external filter characteristics is established. These parameters are further defined as clustering
parameters. A single PV inverter model is then established as a prerequisite foundation. The proposed equivalent
method combines the global search capability of PSO with the rapid convergence of KMC, effectively overcoming
the tendency of KMC to become trapped in local optima. This approach enhances both clustering accuracy and
numerical stability when determining equivalence for PV inverter units. Using the proposed clustering method, both
a detailed PV power station model and an equivalent model are developed and compared. Simulation and hardware-
in-loop (HIL) results based on the equivalent model verify that the equivalent method accurately represents the
dynamic characteristics of PV power stations and adapts well to different operating conditions. The proposed equivalent
modeling method provides an effective analysis tool for future renewable energy integration research.

KEYWORDS: Photovoltaic power station; multi-machine equivalent modeling; particle swarm optimization; K-means
clustering algorithm

1 Introduction

Climate change and global energy demands are motivating the establishment of a series of green,
ecological, sustainable, carbon emission-reduced and reliable energy sources [1-4]. The development of
photovoltaic (PV) power generation is currently in a rapid growth period [5]. With increasing global
demand for clean energy, the worldwide installed capacity of PV power generation continues to rise,
with an annual installed global capacity of approximately 375 GW. However, with the expanded scales of
PV power stations, the challenges in their grid integration have become increasingly prominent. Highly
complex, detailed PV power station modeling has led to problems in grid integration analysis systems,
such as long simulation times and difficulties in achieving convergence. Therefore, an equivalent modeling
method is particularly important since it can reduce the modeling dimensions of PV generation systems.
It will provide an effective tool for grid analysis, optimize grid operation strategies, and improve the
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stability and reliability of the future grid with high proportions of renewable energy [6,7]. Benefiting from
equivalent modeling techniques, several studies indicate that collaborative design of equivalent modeling and
scheduling algorithms can significantly improve the prediction accuracy and control efficiency in distributed
renewable energy integration applications [8,9].

The development of equivalent modeling research on PV power stations has gone through multiple
stages. The initial research focuses mainly on stand-alone equivalent models, which are suitable for small-
scale PV power stations because of their simplicity [10]. However, these clustering methods are limited by
high simulation errors and overlook variations across photovoltaic power stations and inverters. The multi-
machine equivalent model can reduce the error by using the clustering method to improve accuracy [11].
Earlier multi-machine equivalence studies in [12,13] mostly used meteorological parameters as core grouping
indicators. However, these multi-machine equivalent models cannot fully reflect the dynamic characteristics.
The output characteristics of PV generation depend to a large extent on inverter parameters and control.
Therefore, other studies like [14] have used inverter parameters and dynamic response characteristics as
grouping indicators. In [I5], the impulse-response feature distance of an inverter controller is utilized to
group PV units more scientifically. In [16,17], the inverter features determined by distances weighted by
parameter sensitivity are used as a central clustering index. In [18], the transfer function of a PV grid
integration inverter is combined with control parameters to construct an equivalent cluster characteristic.
In [19], an infinite busbar-based effective impedance clustering method is proposed for inverters; moreover,
an aggregate dynamic model is established for each cluster to retain the structure and order of the state space
model of each inverter. In [11], the dynamic interconnection point voltage and effective admittance matrix
are selected as the clustering indicators and weighted; an aggregate model of the distributed PV system based
on the interconnection point voltage and inverter type is proposed, and the equivalent power characteristics
before and after aggregation are achieved. However, differences in the dynamic behaviors among individual
PV units caused by the passive filter parameters of inverters are neglected. To fill this research gap, a set of
clustering indicators, including filter characteristics, is established in this paper.

Once the clustering index is determined, the objects with similar characteristics can be grouped into
one class via a clustering algorithm for the purpose of obtaining a simplified equivalent model that maintains
the key dynamic characteristics with reduced computational complexity and acceptable tolerance. Widely
used clustering algorithms include K-means clustering (KMC) [20], fuzzy clustering [21], and spectral
clustering [22]. These algorithms can effectively process multi-dimensional data and perform clustering by
measuring the feature distance between data points. However, traditional clustering algorithms are easily
affected by the data type, isolated data points, and edge data points, which lead to the clustering results con-
verging to local optima easily. To overcome the shortcomings of traditional clustering algorithms, researchers
have developed a variety of improved algorithms, such as improved fuzzy C-means (FCM) clustering [18]
and dynamic K-nearest neighbor clustering [23]. These algorithms are more efficient and accurate when
processing large-scale new energy power station data and can effectively avoid falling into a local optimum.
In Literature [24], a real-time distributed clustering algorithm is proposed that meets the energy capacity
requirements of a large virtual power station by automatically adjusting the clustering algorithm parameters.
The advantages, disadvantages and limitations of different clustering algorithms are summarized and listed
in Table 1. In [25], an aggregate dynamic clustered model is introduced by employing Hamilton’s coherency
algorithm to group solar PV power stations with similar dynamic features, followed by parameter aggregation
for each group of solar PV power stations. Reference [26] proposes a stable-membership-based auto-tuning
multi-peak clustering algorithm (SMMP) based on stable membership degrees, which achieves non-iterative
complex shape clustering through boundary connection measures and automatically determines the optimal
number of clusters. However, its density-driven subcluster generation mechanism is difficult to map to filter
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physical parameters, and the prototype centers lack circuit characteristic interpretability, making it difficult
to apply in photovoltaic power station modelling.

Table 1: The advantages, disadvantages and limitations of different clustering algorithms

References Clustering algorithm Key contributions and Limitations
notable features
[20] K-means algorithm « Simple algorithm « Sensitive to the choice of
structure with fast initial cluster centers.

computation speed.
« Mature technology, easy
to implement.

[21] Fuzzy C-Means « Suitable for situations « High computational
algorithm where data boundaries are complexity.
unclear. « Not suitable for
large-scale datasets.
[22] Spectral Clustering o Effective for + Relies on similarity
algorithm high-dimensional data. matrix, which can be
« Strong global computationally expensive.
optimization capability.
[23] Improved FCM « Dynamically adjusts + Narrow applicability.
algorithm cluster centers.
« Improve clustering
stability.
[24] Dynamic K-Nearest o Adapts well to clusters of o Not effective and heavier
Neighbor Clustering varying densities. computation cost for
algorithm o Effective treatment for high-dimensional data.
outliers.
Methods Improved « Combines the advantages « Increasing algorithmic
studied PSO-K-Means of K-means methods with complexity compared to
in this algorithm superior global search traditional K-means method.
paper capability of PSO.

« Not sensitive to the initial
cluster centers, higher
robustness

A PV inverter is usually composed of a voltage source inverter circuit and a passive filter. The
passive filter is usually structured as a single L, LCL, or LLCL configuration. These circuits have their own
advantages. Currently, the LCL structure is commonly used in industry [27]. However, previous multi-
machine equivalent studies have paid less attention to the effect of passive filters in a PV inverter on the
equivalent model. Therefore, the modeling results are inaccurate. The design method of an LCL filter is
complicated and the parameters can be different. If the LCL filter parameters are included in the clustering
algorithm during the modeling process, the determination of cluster centers could be inaccurate, thus the
modeling accuracy could be affected. To solve this problem, the clustering algorithm needs to be improved.
When optimizing clustering methods, the advantages of the PSO algorithm can be embedded into the
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K-means clustering process to overcome the initial point selection issue. The particle swarm optimization
(PSO) algorithm was first proposed by James Kennedy and Russell Eberhart [28,29]. It is believed to be
one evolutionary computation technology that treats the habitat as the possible solution locations in the
problem space. Through cooperation and information sharing among the particles, the historical optimal
locations of both individual particles and the group influence the movement of the particles, which is helpful
for finding the optimization in a complex solution space. The authors Ahmadyfard and Modares are the
first two researchers to propose a PSO- and KMC-based clustering algorithm [30]. In the initial stage of the
optimization process, the PSO algorithm is used for global search, and the KMC algorithm is used to converge
to the optimal solution faster when approaching the global optimum. In [31], an improved clustering
algorithm that combines PSO with KMC is proposed, which dynamically adjusts weights through global
search and local optimization to avoid premature convergence, eliminate dependence on the initial center,
and achieve a globally optimal clustering result. Reference [32] proposes a hybrid PSO-KMC algorithm,
which uses the Gaussian distribution estimation method to assist PSO in updating population information
and uses Lévy flight to escape the local optimum. For another aspect, accurate data processing is also critical
for power management and metering of photovoltaic systems.

To address issues such as local optima and slow convergence within the clustering process of equivalent
modeling, this paper modifies the K-means algorithm via particle swarm optimization to construct an
equivalent model for PV power stations. Moreover, during the modeling process, the characteristics of
the passive filters embedded in the PV inverters are thoroughly considered for the first time to make
the clustering results more accurate than those of the traditional algorithm. In the proposed method, the
parameter set used to characterize the external characteristics of the filters is defined and included in the
equivalent grouping index, and PSO and KMC are combined to reduce the number of iterations, accelerate
the convergence speed, and process larger-scale data more efficiently. The main contributions of this paper are
listed as below: (1). A PV power station equivalent modeling method based on the PSO-K-Means algorithm is
proposed, which improves the clustering accuracy and robustness. (2) In equivalent modeling, inverter filter
parameters are introduced as clustering indicators to make clustering more scientific in order to improve the
accuracy and reliability of the equivalent model. (3) Through executing detailed modeling and simulation
analysis, the applicability of the proposed method under different working conditions is demonstrated
and verified.

The main contribution of this paper is to establish an accurate multi-machine equivalent model for
PV stations. The model construction is based on the PSO-K-Means clustering algorithm and equivalent
calculation definitions depicted in Section 4. The rest of this paper is organized as follows. In Section 2,
the basic architecture of the PV power station is introduced. In Section 3, the principle and control of
the grid-tied PV inverter circuit are introduced. In Section 4, the clustering indicators and equivalent
modeling method are constructed. In Section 5, a calculation example is given, and a simulation validation
is performed. Section 6 finally presents the conclusions of this paper.

2 Structural Description of the PV Station

The basic architecture and electrical collection system of the PV power station studied in this paper are
shown in Fig. 1, which is composed of 40 groups of PV generation units. Taking the #01 PV generation unit
as an example, this unit has a rated capacity of 500 kW and is composed of a PV array and a PV inverter.
The PV array is composed of several PV cells connected in series and parallel to increase the output power.
After DC-AC conversion through the inverter, the electric energy generated by the PV array is connected
to the low voltage side (380 V) of the transformer, whose rated capacity is 500 kVA and then connected to
a 35 kV collector line. The collector lines are of different lengths and have different impedances. To ensure
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the accuracy of analysis results, the impedance of the collector line cannot be ignored in this study and is
equivalent to a resistance-inductance circuit. Each collector line is connected with eight PV generation units
and the power station has five collector lines with the same structure. The voltage is stepped up at the point
of common coupling (PCC) by the main transformer of power station. Meanwhile, the current is injected
into the upper-level 110 kV grid. In addition, there are a small number of station electrical loads and reactive
power compensation devices in the PV the power station.

AC BUS (35kV/3P3W)

Main Transformer

Grid (110KV)
DC w-
L e

MW . y = &N, — & )
#20~#23 ...... #36~#39 ..., -
DC 3. - DC 7.
%%@ﬁ ;=T i %%@ﬁ B w@ﬁ

Figure 1: Fundamental topology and configuration of the PV station

3 Basic Component Modeling of the PV Station
3.1 PV Array Modeling

The mechanistic model of PV cells involves semiconductor physics theories and can accurately describe
the relationships of photo-generated current, dark current, and diode current with light intensity, tempera-
ture and other factors. However, the mechanism model is too complicated to be solved. Therefore, this paper
uses an engineering practical model [33] to describe the volt—current characteristics. On the other hand, a
single PV cell usually has a small capacity. In order to achieve high power ratings, several PV cells need to
be connected in series and parallel to form a PV array. After an appropriate scale-up, the PV cell model can
be used to characterize the output feature of the PV array.

Fig. 2 depicts a typical voltage—current characteristic curve of PV array. Under constant illumination,
the output voltage Upy of the PV array decreases with increasing output current Ipy. Under rated operating
point, the array’s output voltage when the load is open-circuit is denoted as U,, and the array output current
when the load is short-circuited is denoted as I;.. Regardless of whether the load is open or short-circuit, the
output power of the array is equal to zero. Therefore, there must be a maximum power point (MPP). Under
the rated operating point, the specific expression of the voltage—current characteristics of the PV array with
N; in series and N, in parallel (N; and N, refer to the number of PV cell units connected in series and in
parallel in the PV array, respectively) is as follows:

Upv /N
Ipy =N,I,.{1-C — ] -1 1
e o e 2285) ] 0
where the expressions for the coeflicients C; and G, are:
In\ —vm U Ia\1"
C1=(1——m)eczll]’ac, sz( =z —1)[1n(1——”“)] (2)
ISC UOC ISC

where I,, represents the MPP current and U,, represents the MPP voltage. When illumination intensity
and temperature change, I,,,, U,, and U, also change, thus forming multiple sets of curves with similar
shapes but different values from the rated curve. Therefore, the parameters need to be adjusted according to
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environmental conditions, such as illumination and temperature. The corresponding calculation formulas
are as follows:

{1;6 =I.S/S, x[1+a(T' - T,)]

U = U, [1-c(T' - T)]In[e + b (S’ - $,)] 3)

where coefficients a, b and ¢ are the corresponding correction factors for the PV array, and S, and T,
represent the light intensity and temperature corresponding to the rated working conditions of the PV
array, respectively.
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PV Arrays Terminal Voltage U,
Figure 2: Typical output characteristics of PV arrays under-rated circumstances

3.2 Control Loop and Average Modeling of the Grid-Tied PV Inverter

The PV inverter serves as a critical component within photovoltaic power generation systems. It
facilitates the transformation of DC electricity generated by photovoltaic modules into AC power that
complies with grid code requirements for grid-connected operation. Also, it is the implementation carrier
of the MPPT algorithm, and its control determines the output power quality and operational stability of the
PV generation system. In this study, the main circuit of the PV inverter mainly includes a three-phase two-
level voltage source converter (VSC) and an LCL filter. The former is responsible for realizing the DC-AC
conversion of electric energy, and the latter is responsible for filtering out the switching frequency harmonics
generated by the converter circuit. The PV inverter control strategy adopts dual closed-loop DC control
based on the voltage outer loop and the current inner loop. The voltage Uy, * calculated by the MPP tracking
(MPPT) control strategy in the outer voltage loop is used as the DC-side voltage reference value. The DC bus
voltage is sampled in real time, and the negative feedback control is realized through a proportional-integral
regulator. The current inner loop is implemented in the dq rotating coordinate system. The output of the
voltage outer loop regulator is used as the d-axis current reference value. The reactive power is regulated by
the g-axis current, which is usually set to zero to ensure operation with a unit power factor. When a voltage
sag occurs, the low-voltage ride-through (LVRT) module takes effect so that the angle 0 required for the
rotational transformation is obtained from a typical three-phase digital phase-locked loop. Since the d-axis
is oriented in the direction of the grid voltage vector, u,, can be considered to be precisely equal to zero. In
summary, the overall circuit and control block diagram of a grid-tied PV inverter are shown in Fig. 3.



Energy Eng. 2026;123(1) 7

In the diagram, the proportional-integral regulators of the voltage loop and the current loop are the
control cores. The transfer function and output of the voltage loop PI regulator can be expressed as

{Gpil (S) = kpl + kil/S

i = Gpi () x (Ug = Upy) @

Similarly, the transfer function expressions for the current loop PI regulator and the output dg-axis
voltage of control strategy are as follows:

Gpi—d (S) = Gpi—q (S) = kp2 + kiz/S

ug =Gpi_g (s) x (l:;
*
q

g = Gpi_g (s) x (i} —iy) + wLig

—ig4) +ugq — wLiy

(5)
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Figure 3: Block diagram of the grid-tied PV inverter

ko1, ki1, k2, and k;; represent the proportional and integral coeflicients of the corresponding regulators;
they have a great influence on the external characteristics of the PV generation system and are considered
in the clustering process in this study. On the other hand, the implementation of a comprehensive switching
model that accounts for the transient behavior of semiconductor devices in computational modeling
and simulation methodologies may result in a substantial escalation of computational demands, thereby
rendering the simulation execution speed insufficient to adhere to the specified performance benchmarks.
Therefore, a grid-tied PV inverter is often simplified to an average model. To achieve this goal, the output
of the VSC can be equivalent to three controlled voltage sources, and the terminal voltages of the controlled
voltage sources (i.e., u,, tp, and u, in Fig. 4) are controlled by the control strategy described in Fig. 3.
Evidently, the grid side power P, is equal to

P, =ugis +upip + ucic

(6)
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Then, the DC side power P, is equal to the AC side P,. by neglecting losses. For the DC side of the PV
inverter, the capacitor Cy is directly connected to the PV array, and its voltage is equal to U,,, allowing the
controlled current source current I, to be equal to the following equation:

Py ugig +upipy +uci;

Upy Upy

Idc

Based on Eq. (7), the connection between the AC side and the DC side can be established by connecting
the PV array and the controlled current source in parallel to C4.. The average model used in this paper is
shown in Fig. 4. This average model can describe the static/dynamic characteristics for a single PV inverter
below the Nyquist frequency by ignoring only the higher-order harmonics introduced by PWM modulation.
This simplification can greatly improve its simulation speed.

{ DC Part AC Part |

Figure 4: Average model of a single PV inverter

3.3 Passive Filter Characteristics Analysis

The circuit structure and filtering principles for the passive filter used in the PV inverter are shown
in Fig. 5. This filter is a typical third-order filter. Each phase is composed of two inductors and one capacitor.
The inductor can block the higher-order harmonics generated by power semiconductor switches in the VSC.
Moreover, the capacitor can act as a bypass so that the high-frequency current ripples can flow through the
low impedance branch back to the neutral point and cancel each other out. On the other hand, to prevent
abnormal amplification or even the instability of harmonics caused by the series resonance between the
inductor and capacitor, a damping resistor is usually inserted in the capacitor branch. Although the damping
resistor can suppress the resonance, it could also cause extra loss. Therefore, the value of the damping resistor
is generally low to ensure the efficiency of the whole system.

To quantitatively analyze the filtering effect of the LCL filter, the transfer function I,(s)/ U(s) of the grid-
side current to the VSC’s output voltage is obtained using the Laplace transform, and its expression is as
follows:

L (s) R,Cs+1

Go (s) = - 8
() = T 5) T LG + Ry (I + L) O+ (L + o) s ®

Based on Eq. (8) and typical parameters of the filter, a frequency sweep by setting s = jw is performed
to obtain its Bode plot from I, (jw) to U(jw) as shown in Fig. 5, which confirms that the filter has a better
rejection ratio in the high-frequency band. Literature [34] introduces an engineering design method of LCL
filters, determining parameters such as cut-off frequency, damping, and harmonic attenuation based on grid
voltage quality requirements and inverter switching frequency. Assume that there are three different sets of
passive filter parameters as follows: (#1) L; = 100 pH; L, = 50 pH; C = 20 uF; (#2) L, = 75 uH; L, = 75 uH;
C=15pF; and (#3) L; =100 puH; L, = 30 uH; C = 100 puF. A comparison of the amplitude-frequency curves of
the grid-side current vs. the inverter-side voltage under two different sets of parameters (#1 and #3) reveals
that different filter parameters strongly influence the amplitude—frequency characteristics. However, similar
filtering characteristics can be obtained with different parameters. The #1 and #2 curves are compared as
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an example. Although the parameters are quite different, the filtering effects obtained by the two curves
are actually similar. In general, owing to the overlapping roles of the inductor and the capacitor, there is a
certain degree of freedom in the adjustment of parameters, and the design criteria are changeable. As a result,
there are large differences among PV inverters from different manufacturers. Therefore, in the subsequent
clustering algorithm, it is not advisable to group based only on parameters such as L;, L,, and C. It is better
to perform clustering based on the amplitude-frequency characteristics of the filters. To achieve this goal,
three typical values are selected to describe the filtering characteristics, and the selected frequencies are
100 Hz, 1 and 10 kHz. In addition, Eq. (8) shows that there is a pair of conjugate poles near the imaginary
axis in the transfer function Gy, which represent the inherent resonant nature of the LCL filter and generate
a resonant peak in the Bode plot. Apparently, the position of the resonant peak also affects the overall
filter characteristics. The resonant frequency of the LCL filter can be calculated according to the following
equation:

fres = 2_ (9)

_
Filter Parameters 1
& Filter Parameters #2

Magnitude Characteristic
Points x 3

| [ Filter Parameters #3

Frequency(kHz)

: J ] Low Impedance Routne o7 el

U( S‘) | I T Switching Frequency Ripples 4
Rd b itted I
Inverter-Side c” (can be omitted) 51 4 §j e |
]
]

NN
=~
I}
—

Figure 5: Filtering principle and bode diagram of passive filters equipped with PV inverters

3.4 Maximum Power Point Tracking Strategy

As mentioned in the previous section, the output of the PV array varies greatly under different output
voltages and currents, showing nonlinear characteristics, and the volt—-ampere characteristic curve is also
related to the illumination intensity and temperature. To improve the efficiency of solar energy conversion
and utilization, the MPPT control strategy needs to be introduced to keep the PV array operating at the
MPP [35]. In this study, MPPT control of a PV array is realized on the basis of an improved observation
method with variable step size disturbance. The basic principle is as follows: A small disturbance is applied
to the output voltage of the PV array, and the variation in the output power is observed. If the output power
at time t increases compared to the value at time ¢ — 1, the direction of the disturbance is correct, and
the disturbance continues to be applied in this direction with step size Uy. If the output power at time ¢
decreases compared to the value at time t — 1, then the direction of the disturbance should be changed.
Repeating this process continuously can make the output voltage of the PV array gradually approach the
voltage corresponding to the MPP. In this process, the disturbance step size can be reasonably corrected
based on the differences between the power and voltage at time ¢ and time ¢ — 1. When the current operating
point is far from the MPP, a large step size is used for fast approximation. When the current operating point
is close to the MPP, the disturbance step size is reduced to improve tracking accuracy and reduce chattering.
In summary, Fig. 6 shows the specific process of the MPPT algorithm:
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Where the dynamically adjustable disturbance step size U, can be obtained according to the following
equation:

PPV (t) —va(t—l)
Upy (t) = Upy (t-1)

Ust (t) = kmppr (10)
where kyppr represents an adjustable control coefficient to adjust the sensitivity of the algorithm. The DC
voltage reference U,,* calculated via the MPPT algorithm is subsequently sent to the input of the DC voltage
outer loop shown in Fig. 3. After dual closed-loop control, the actual output voltage of the PV array can be
kept equal to the MPP voltage, so as to achieve the maximum power output of the PV array.

rT T T T T T T T T T T T T T T T T T T T T T T T T T T T M.~ . 1
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Figure 6: Flowchart of maximum power point tracking strategy

3.5 Low-Voltage Ride-through Strategy with Reactive Power Adjustment

As the crucial power generation equipment in a PV power station, the PV inverter should keep
connecting to the grid when the grid voltage drops and generate reactive power to provide voltage support
for the power system. This function is implemented by the LVRT module shown in Fig. 7. Under normal
operation, the PV inverter adopts the dual closed-loop control strategy of the voltage outer loop and the
current inner loop. At this time, i;* is obtained from the output of the voltage loop, and i;* is usually set to
zero to ensure the unit power factor operation of the PV inverter. When a short circuit fault occurs on the
grid side, resulting in a large drop in the voltage at the PCC, the LVRT module could play a role and trigger
the event flag to force the PV inverter to switch into LVRT mode. To determine whether a voltage sag occurs,
the complex vector U, can be defined as

—

(11)

_ 2 2 - Z 2 2 2 _ _ _
= \/ugd +ug, = 3\/“ga Uy, + Uge — Ugallgh — Ugblge = Ugcliga
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According to the invariant inner product feature under different coordinate systems, the mathematical
relationships between the U, modulus and g, 1, and . can be further derived, and the modulus of this
complex vector can characterize the comprehensive sag of the three-phase voltage. Generally, the trigger
threshold can be set at 90% of the rated voltage. |U,| < 0.9 U, indicates the occurrence of an LVRT event.
At this moment, the PV inverter enters LVRT operating condition, and the given i,* is no longer zero.
Meanwhile, the given iz* is no longer sourced from the output of the voltage loop. The corresponding LVRT
control strategy is provided by the following equations:

ig_Lygr = Min [\/ I — a2 ypes i;—LVRT]
ig_pyrr = Min [kqlln X (0-9 - U, /Un) , quln]

where k;; and k;, are adjustable coefficients. In summary, as shown in Fig. 7, when a typical voltage sags
under this control strategy, the reactive current of the PV inverter follows the blue curve in Fig. 7 to assist

if |U,|<0.9U, (12)

the recovery of the grid voltage.

Nofmail LVRT 'I“riggere& | 'Normal T - " =
P | _|Normal Operation ‘Ug‘ |
lg-LVRT  / 7
! \
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/\ Re:uy \

\ LVRT Trigge
.\ i,

Figure 7: Criteria for voltage sag judgment and operating principle of PV inverters during low-voltage ride-through
events

4 Equivalent Modeling and Analysis of the PV Power Station
4.1 Analysis of Clustering Indicators

The selection methodology for characteristic parameters entails a comprehensive and meticulous
analysis of the operational characteristics of the PV power station. This aims to screen out the key parameters
that exert a substantial influence on the dynamic behavior of the power station. These parameters often
include, but are not limited to, PV inverter control parameters, PV array output characteristics, voltage
and current response characteristics and power fluctuation characteristics. Therefore, this paper selects the
DC side capacitance Cy,, the inverter side filter inductances L, and L, the proportional gain K, and the
integration coefficient K; of the voltage outer loop PI regulator as the key indicators for cluster analysis.
These parameters exert a significant impact on the dynamic behavior of the PV system. Firstly, the DC-side
capacitance Cg. directly affects the stability of the DC voltage and the overall dynamic response of the
inverter. It effectively characterizes the stability performance of the PV system when responding to external
power disturbances. Secondly, the inductance parameters L; and L, have a great impact on the current
response characteristics and harmonic suppression capability, and their inclusion in the cluster analysis
helps capture the power quality characteristics of the system. Furthermore, the power control strategy
implemented in PV systems significantly influences their operational characteristics, particularly with the
respect to the determination of control parameters for the voltage outer-loop PI controller. This parameter
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selection process should be systematically incorporated into clustering analysis parameters to ensure optimal
system configuration and performance. By combining these key parameters, cluster analysis can more
accurately reflect the dynamic behavior of the PV power station under different operating conditions, thereby
improving the accuracy and reliability of the equivalent model. The clustering set K, is defined by the
following equation:

Ko2{Cs L L, K, K} (13)

In addition, as established in Section 3.3, the amplitude-frequency curve of the grid side current vs.
the inverter side voltage is comprehensively affected by the filter parameters L;, L, and C. According to the
filter parameters, the attenuation ratio at different frequencies can be obtained. Combined with the resonant
frequency, this paper defines the set K; for characterizing the external characteristics of the filter, and Kj is
included as the grouping index.

Ky 2 {Go (jw) [w=2ne100  Go (jw) [w=27e1000  Go (j@) |w=27e10000  fres} (14)
In summary, the clustering indexes used in this paper can be defined as:

K=KyUK; = {Cdc L L, Kp Ki} U {Go (]w) |w=2m100 Go (]60) |w=27101000 Go (]a)) |w=271010000
fres} (15)

4.2 Principle of the PSO-Based KMC Algorithm

In the clustering process of equivalent modeling, the selection of a clustering algorithm has a great
impact on the accuracy and rationality of the model. The commonly used clustering methods include the
KMC and FCM algorithms. KMC is a distance relationship-based clustering method that assigns data points
to the nearest cluster center through iteration. KMC usually converges quickly. It is simple to implement
and is suitable for processing datasets with simple structures as reported in [36]. However, KMC is sensitive
to the initial center point and easily becomes trapped in a locally optimal solution. Therefore, repeated
executions or a combination of optimization methods are usually required to improve the stability. To address
this shortcoming, this paper uses the PSO-based KMC algorithm (PSO-K-means) to improve the clustering
result. Assuming that an existing one-dimensional n-point dataset S= {8y, S;, . . ., Sp }, the number of clusters
is k, the number of particles is m, the number of PSO iterations is denoted as ¢, and the clustering steps of
PSO-K-means can be expressed as follows:

(1) Initialize the particle parameters w, ¢; and ¢,; define the upper and lower limits Vy,,y and Vi, of the
initialized particle speed on the basis of the data difference; initialize the upper and lower limits X;,,x and
Xmin of the particle position according to the maximum and minimum values of the data.

(2) The n data points in S are randomly divided into k clusters, and the mean of each cluster is calculated
to generate particles; this process is looped m times to initialize m particles, and each particle contains k
cluster centers. The i-th particle is represented as X;(0) = [X;1(0), X;2(0), .. ., X;x(0)]. The speed and position
update rule is as follows:

Vi(t+1) =V (t) + i (Pi (t) = X; (1)) + car2 (G = X; (t)) (16)
Xi(t+1)=X;(t)+Vi(t+1)

(3) Fitness quantifies the internal coherence within a particle, where a lower fitness value indicates
superior clustering performance in the optimization process. The position of the initial fitness is the
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individual extremum of the particle, and the smallest fitness among the m particles corresponds to a global
extremum G. The fitness formula and the calculation formula of the fitness J(X;) are defined as follows:

k
J(Xi) =YY dist(s, Xij) (17)

j=1 seC;;

where C;; is the j-th cluster in the i-th particle.

(4) The speed and position of the particles are updated according to Eq. (4), with their upper and
lower limits.

(5) According to the nearest neighbor principle, the data are reclassified into clusters near X;, the new
mean is calculated, and the particles are updated.

(6) Repeat step 3) to update the fitness of the i-th particle according to the fitness formula. If the fitness
decreases, update X;(t + I) and G.

(7) Steps 4, 5, and 6 are repeated until the maximum PSO iterations are reached or the global extremum
no longer changes, and the loop stops.

(8) The G = (g1, £2, - - - » k) obtained at the end of the PSO iteration is used as the initial cluster center
of the KMC algorithm, and the data are distributed to k clusters through the nearest neighbor principle.

(9) Calculate the mean of each cluster, update the new cluster center, and then divide the data into
clusters according to the nearest neighbor principle.

(10) When the cluster centers no longer change or the maximum number of iterations is reached, the
final clustering result is obtained. In summary, the relevant process is summarized in Fig. 8.

Fig. 9 compares the clustering effects calculated via the K-means algorithm (in Fig. 9a) and the PSO-K-
means algorithm (in Fig. 9b) obtained from the public Iris dataset for an identical set of typical data. Fig. 9a
shows that the K-means algorithm divides the data into two clusters, but there is a certain degree of overlap at
the cluster boundary, which fails to reflect the real distribution of the data well. In contrast, the PSO-K-means
algorithm in Fig. 9b divides the data into three clusters by introducing the PSO algorithm, the distribution
of the clusters is more uniform while the boundary is clearer and the location of the cluster center is more
reasonable. This comparison fully confirms the superiority of the PSO-K-means algorithm in optimizing
cluster centers and processing complex data distributions and can significantly improve the clustering result
to avoid the former misleading results.
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ART

Initialize Kk cluster centers and particle
swarm parameters
Y
Data is randomly assigned and initial
particles are generated.

Calculate individual extreme values and
global extreme values.
1]
Generate the next generation of particle
swarms according to eqs.(15)

The data are re-clustered and the particle
positions are updated )
L]
Calculate individual extremum
and global extremum

The global extremum
is not changing?

Cluster data to the nearest cluster to the
global extreme of a particle swarm

The cluster center
does not change?

Yes

Figure 8: Flowchart of the PSO-K-means algorithm
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Figure 9: (a) Schematic diagram of the clustering results of the K-means algorithm; (b) Schematic diagram of the
clustering results of the PSO-K-means algorithm
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4.3 Equivalence Calculation Principle

(1) Equivalence of the PV array parameters: The general principle of equivalent modeling of a PV power
station is to keep the output voltage and total power of the equivalent model equal to those of the detailed
model. When A PV generation units are equalized, the output current of the PV array needs to be A times the
original value. That is, the number of parallel-connected cells of the equivalent PV array becomes A times the
original number, whereas the number of series cells remains the same. Ny, and N, are the numbers of cells
connected in series and parallel to the array in the equivalent model, respectively. N; and N, represent the
number of cells connected in series and parallel to each set of PV arrays in the detailed model, respectively.
The specific expressions are as follows:

{Nseq = N; (18)
Npeq = AN,

(2) Equivalence of the PV inverter parameters: To ensure that the dynamic characteristic of the PV
inverter remains identical, according to the control equation of the inverter, the parameters of the DC side
capacitor, the AC side filter parameters and the control parameters after the equivalence need to satisfy the
following expressions:

Cdceq = )‘Cdc

Log = L/A

Ceqg = AC

Kpreq = MKy (19)
Kileq = AKil

Kpreq = Kp2//\

Ki2eq = I<i2//1

where Cdceq represents the DC bus capacitance of PV generation unit after being equivalent; C;. represents
the DC bus capacitance of the PV generation unit as the cluster center; L., represents the filter inductance of
the PV generation unit after equivalence; L represents the filter inductance of the PV generation unit as the
cluster center; C,, represents the filter capacitance of the PV generation unit after equivalence; C represents
the filter capacitor of the PV generation unit as the cluster center; K, is the proportional coefficient e of the
outer voltage control loop after equivalence; K,; is the proportional coeflicient of the outer voltage loop of
the PV generation unit at the cluster center; Kjy., is the integral coefficient of the outer voltage control loop
after equivalence; Kj; is the integral coefficient of the outer control voltage loop of the PV generation unit
at the cluster center; Kj;,, is the proportional coefficient of the inner current control loop after equivalence;
K}, is the proportional coefficient of the inner current control loop of the PV generation unit in the cluster
center; Kjj,q is the integral coefficient of the inner current control loop after equivalence; Kj, is the integral
coefficient of the inner current control loop of the PV generation unit in the cluster center.

(3) Transformer parameter equivalence: based on the principle that the output power of the transformer
remains identical, the total power loss of the equivalent model must be equal to that of the detailed model,
thus deducing that the capacity of the equivalent transformer should be the sum of the capacities of all the
unit transformers. The capacity of the equivalent unit inverter is the sum of the capacities of all the unit
transformers. That is,

Steq = AST (20)
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where Sreq is the capacity of the equivalent unit transformer and Sr is the capacity of the single unit
transformer. In contrast, the conversion of transformer impedance is:

Zteq = Z1/) (21)

(4) Equivalence of the collector line: The basic structure of a PV power station can be divided into radial
and trunk line types. The structural characteristic of the radial PV grid-connected architecture manifests
in the exclusive interconnection of power generation units to grid integration nodes via dedicated collector
feeders. This topological configuration features a streamlined arrangement while permitting direct lumped
parameter equivalence analysis of system components. In the trunk line type topology, each PV generation
unit is connected to the right-side of the previous generation unit in turn through the line impedance. Since
the structure is relatively complicated, the topology structure needs to be transformed before the collector
line parameters are equated. Fig. 10 shows the overall process of the equivalent calculation.

Figure 10: Schematic diagram of the equivalent process of collector line impedance

To simplify various grid structures, the collector lines are usually converted to a simple and radial
topology in equivalent modeling. When multiple trunk lines cross, the grid structure must first be converted
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to a pure parallel structure, and then the equivalent impedance should be calculated based on the summation
principle of the loss of each branch. Under the premise of maintaining the same impedance loss before and
after equivalence, the equivalent impedance of the trunk line collector line is used to obtain the equivalent
impedance of the corresponding radial structure, as shown in Eq. (22):

. 2
((¢)
ZL_,' _ Z k=1

2 e I 22)
J=t Z P]?
k=1

where Z;_; represents the main impedance; Z;_; represents the radial impedance; Py represents the active
power flowing through impedance Z; ;. After all the trunk line impedances are converted to radial
impedances via Eq. (22), they are then equivalent using the power loss method. Using P ; to represent
the active power flowing through impedance Z; ;, the expression of the equivalent impedance Z; ., of the
collector line within the equivalent model is as follows:

A
> P Z,

i
i=1

2 2
&)
i=1

5 Numerical Example Validation and Result Analysis

ZLfeq = (23)

5.1 Validation of the Single-Machine Average Model

First, the single-unit average model shown in Fig. 4 is verified to ensure the consistency of the simplified
model with the detailed model of the PV inverter. Based on the main circuit and control parameters described
in Table 2, the detailed switching model for a single PV inverter is established and compared with the
corresponding average model.

Table 2: Main parameters of the PV inverter (for single machine test)

Name of parameter Values/Units
Rated apparent power 500 kVA
Rated voltage 380 Vrms/3P3W
Line frequency 50 Hz
Voltage loop K, /K; 3/10
Current loop K,/K; 1.5/15
Grid side inductance 50 uH
Inverter side inductance 100 pH
Filter capacitor 60 uF
DC bus capacitance 1 mF

A steady-state test is carried out when the photovoltaic inverter operates at rated power, and the power
factor is set to 1.0. To achieve unit power factor operation, ig* is set to zero. The active power is equal to the
apparent power. The grid-side voltage and current waveform of the photovoltaic inverter under this condition
is shown as follows:
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From top-side to bottom-side, Fig. 11 shows the grid-side voltage, grid-side current and inverter-
waveforms obtained by the average model and the detailed switching model, respectively. A comparison of
the simulation results of the detailed model and the average model reveals that the results are consistent, and
the current is sinusoidal and maintains the same frequency and phase as the grid voltage. The average model
ignores only a small amount of ripple components generated by the switching process of the photovoltaic
inverter, and mainly exists in the inverter side current which impacts less on the grid current. Similarly, if
the power factor of the PV inverter is set to 0.8 whose apparent power is 500 kVA, the corresponding active
power and reactive power are 400 kW and 300 kVar, respectively. Therefore, i;* and i,* are set to 857 A and
643 A, respectively, and the waveform at this time is shown in Fig. 11b. It can be seen that the staggered phase
angle between the grid voltage and current is approximately 36°, which corresponds exactly to the power
factor 0.8, indicating that the closed-loop control strategy has achieved the expected effect. In conclusion,
the average model can correctly describe the current and output active/reactive power characteristics of the
photovoltaic inverter during steady-state conditions.
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Figure 11: Single-machine model verification—comparison of average model and detailed model (steady-state
waveform) (a) Steady-state waveform at rated power when PF = 1.0 (b) Steady-state waveform at rated power
when PF = 0.8
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On this basis, the consistency of the dynamic characteristics of the average model for the PV inverter
is also verified. Firstly, the MPPT control loop is disconnected to verify the effect of the voltage and current
loop control, and the solar radiation is kept at the rated value of 1000 W/m?. Up,* is manually set from 850
to 680 V step by step. The simulation results in Fig. 12a show that the DC voltage of the photovoltaic array
can follow the reference value correctly. The results of the detailed switching model are consistent with the
average model. Then MPPT control is enabled and the solar radiation is artificially changed between 400 and
1200 W/m?. It can be seen that the MPPT algorithm is always effective, and the practical photovoltaic panel
operating point can accurately follow the MPP point. At the same time, it should be pointed out that in the
Time Interval A and B, the solar radiation is different but the output power is equal because the output power
of the photovoltaic array has exceeded the upper power limit of the inverter, so the voltage loop saturation
takes effect, and the output current is limited. During the remainder of the time, the output power follows
the solar radiation.
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Figure 12: Dynamic characteristics and MPPT strategy verification (a) Dynamic response of PV inverter when MPPT
control loop is disabled (b) Dynamic response of PV inverter when MPPT control loop is enabled

5.2 Multi-Machine Clustering Computation for PV Power Stations

The topology of the PV station in this paper has been described in Section 2, and the main parameters
are shown in Table 3:

Based on the proposed clustering indicators, the PSO-K-means clustering algorithm is implemented on
the datasets of PV stations, and the clustering results are shown in Fig. 13:

The brief equivalence process is shown in Fig. 14. Compared with the conventional K-means algorithm,
the PSO-K-means clustering algorithm requires fewer iterations. For the PV power station dataset in this
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paper, the number of iterations of PSO-K-means is 28, whereas that of the traditional K-means algorithm is
87. The primary reason is that the K-means algorithm randomly selects the initial cluster center, which can
lead to more iterations or fall into local optima at all probabilities. PSO integration addresses the sensitivity
to initial cluster centers in three ways: reducing misclassification errors by optimizing centroid placement,
improving cluster compactness through swarm intelligence, and accelerating convergence via parallel search.
These enhancements collectively improve scalability for large datasets.

Table 3: Main parameters in the PV station

Photovoltaic inverter parameters/unit

Rated capacity/ MVA 0.5 Rated DC voltage/Vdc 800
Switching frequency/kHz 10 Dc bus capacitance/mF 0.5
Number of arrays in series 25 Number of parallel arrays 920

Photovoltaic power generation unit transformer parameters/unit

Rated capacity/kVA 500 Short-circuit voltage/% 6.55
Rated voltage on the low voltage side/kV  0.38 Rated voltage on the high voltage side/kV 37

Main transformer parameter/unit

Rated capacity/ MVA 20 Short-circuit voltage/% 10.51
Rated voltage on the low voltage side/kV 37  Rated voltage on the high voltage side/kV 115
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Figure 13: Relation between the fitness of the PSO-K-means clustering algorithm and the number of iterations and the
grouping results output by the clustering algorithm
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5.3 Simulation Results and Analysis of the Aggregate Equivalent Model

A change in solar radiation causes dynamic changes in the operating state of a PV generation system.
Therefore, an adaptation analysis under changing solar radiation is an important step in evaluating the
effectiveness of the equivalence method. First, the simulations of the equivalent model and the detailed model
are verified under different operating conditions, and the comparative analysis is carried out.

Four case studies involving solar radiation change are conducted to evaluate the effectiveness of the
proposed dynamic equivalent model (represented by “Pro.”) against a conventional single equivalent model
(represented by “Sin”) and the detailed model of the solar power plant (represented by Det.). The case studies
are listed as follows:

«  Case study I: The solar radiation starts dropping from 750 to 550 W/m? at 5 s, which lasts for 25 s and
recovers to the initial value (Fig. 15).

+  Case study 2: The solar radiation starts rising from 750 to 900 W/m? at 5 s, which lasts for 25 s and
recovers to the initial value (Fig. 16).

+  Case study 3: The solar radiation starts dropping from 450 to 250 W/m? at 5 s, which lasts for 25 s and
recovers to the initial value (Fig. 17).

« Case study 4: The solar radiation starts rising from 450 to 650 W/m? at 5 s, which lasts for 25 s and
recovers to the initial value (Fig. 18).

The simulation results indicate that when the solar radiation is constant (before 5 s), the active power
outputs of the detailed model and the equivalent model are consistent. This shows that the proposed dynamic
equivalent model accurately reflects the power characteristics of the system in a steady state. During the
dynamic process, it can be seen that the power output error of the proposed dynamic equivalent model in
this paper is small after the change in solar radiation. This demonstrates that the proposed equivalent model
is effective not only in steady-state operation but also maintains its accuracy under dynamic solar radiation
conditions, which fully proves the reliability and adaptability of the equivalent modeling method.

In the case of the grid voltage drop, a crucial requirement for PV power stations is the ability to maintain
grid connection during the low-voltage period and quickly switch back to normal operation after voltage
recovery to achieve low-voltage ride-through.

Two case studies involving voltage sag are conducted to evaluate the effectiveness of the proposed
dynamic equivalent model (Pro.) in comparison with a conventional single equivalent model (Sin.) and the
detailed model of the solar power plant (Det.). The case studies are listed as follows:

o Case study 5: The voltage decreases by 50% in 5 s, increases after 1 s, and returns to steady state in 8 s
(Fig. 19).

« Case study 6: The voltage decreases approximately 75% in 5 s, increases after 1 s, and returns to steady
state in 8 s (Fig. 20).

The simulation results show that the proposed equivalent model accurately reflects the dynamic
response of the system when a voltage drop causes a drastic change in the power system. Furthermore, the
error of the simulation results between the equivalent model and the detailed model is small. During a voltage
drop, the equivalent model demonstrates a superior ability of low voltage ride through and can recover to
normal operation within a short time. This demonstrates that the equivalent modeling method is highly
adaptable and can effectively reflect the transient characteristics of PV power stations under the condition
of grid voltage drop.
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Figure 15: Equivalent model verification when light rises at high power
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Figure 16: Equivalent model verification when illumination drops at high power
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Figure 17: Equivalent model verification when light rises at low power
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Figure 18: Equivalent model verification when light drops at low power
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Figure 19: Equivalent model verification when the voltage drops by 50%
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Figure 20: Equivalent model verification when the voltage drops by approximately 75%

Finally, a comparative qualitative analysis is carried out by calculating the root mean square error for

the two equivalent methods under different conditions. Based on the results listed in Table 4, the proposed
equivalent model is proven to be more accurate in its steady-state, dynamic, and transient characteristics.
A mean-square error analysis of the active power curves from the detailed, single equivalent, and proposed
equivalent models shows that the proposed multi-machine equivalent model has smaller power output
errors, yielding higher accuracy and reliability across different operating conditions. Fig. 21 shows that a
bar chart with error bars has been added to illustrate the variability observed across multiple simulation
runs, further confirming the robustness of the proposed method. Furthermore, the consistently low errors
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observed in these tests indirectly verify the robustness of the clustering parameter settings. Since these
parameters are determined through a combination of engineering experience and PSO-based optimization,
their stability has been implicitly validated, a full-scale sensitivity analysis is therefore beyond the scope
of this work. Compared to the single-machine equivalent model, the proposed multi-machine equivalent
model can reflect the dynamic behavior of photovoltaic power stations more accurately, and is simpler and
less complex than the detailed model, which can meet the further modeling and calculation demands of
large-scale PV power stations in the future.

Table 4: Root mean square errors of the two equivalent methods

Mean square error (x100%)

Types of models
Steady state  Solar radiation change Voltage drop
Traditional single-machine equivalent model 0.82% 4.0% 2.1%
proposed multi-machine equivalent model 0.80% 3.0% 1.9%

Bl Det.
Il Sin.
12 3 Pro.

2 i

steady state Solar Radiation change  Voltage drop

Figure 21: Error bars of the two equivalent methods

5.4 Hardware-in-the-Loop (HIL) Simulation Results

Furthermore, a hardware-in-the-loop simulation based on RT-LAB is conducted to verify the cor-
rectness and feasibility of the multi-machine equivalent model obtained in Section 5.2. Fig. 22 shows the
steady-state results with a unit power factor. The voltage and current waveforms verify that the equivalent
model can operate correctly. The amplitude and phase angle are consistent with the theoretically calculated
values. Similarly, Fig. 23 shows the steady state results when the power factor equals 0.8, where the current
phase lags approximately 35° with reference to the voltage signals. In this case, the PV station generates
reactive power in this case, which verifies that the multi-machine model has a certain reactive power
regulation ability.

Then the dynamic response results of the multi-machine model are tested and recorded by an oscillo-
scope. Fig. 24 shows the corresponding waveforms when the illumination intensity changes. It can be seen
that the output current and active power of the multi-machine model change synchronously, reflecting the
characteristics of an actual PV system. The multi-machine model is also applicable to dynamic behavior
analysis. Fig. 25 shows the simulation results when a grid voltage drop occurs. It can be observed that the
multi-machine model can quickly respond to grid disturbances during the LVRT process. The reactive power
support capability is activated immediately when a voltage sag occurs which aims to improve the grid-side
voltage stability.
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Figure 22: Output voltage and current waveforms of the multi-machine model with unity power factor in steady state
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Figure 23: Output voltage and current waveforms of the multi-machine model with a power factor of 0.8 in steady
state
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6 Conclusion

This paper addresses the equivalent modeling problem for PV power stations and proposes a particle
swarm optimized k-means algorithm-based equivalent modeling method that considers passive filter param-
eter clustering for PV power stations. First, the effects of various inductance and capacitance parameters
on the external characteristics of the filter are analyzed and included in the clustering index. A detailed
mathematical model of the PV power station is subsequently constructed by applying the average modeling
method to PV arrays. On this basis, the clustering algorithm for PV power stations is optimized. By
introducing PSO, the clustering effect of the algorithm is better than that of the traditional K-means
algorithm, its iteration speed is faster, and it can better capture the dynamic characteristics of the PV
system. Finally, the accuracy and efficiency of the proposed equivalent method are verified by comparing the
simulation results of the single-machine and multi-machine equivalent models. Numerical examples show
that, under different working conditions, the mean squared error of the simulation results based on the PSO-
K-means multi-machine equivalent model is smaller than that of the detailed model. This confirms that the
proposed method can effectively improve the accuracy and reliability of the equivalent modeling of the PV
power station.
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