<@ sustainability

Article

A Novel Operating State Evaluation Method for Photovoltaic
Strings Based on TOPSIS and Its Application

Xiaofei Li !, Zhao Wang !, Yinnan Liu !, Haifeng Wang 2, Liusheng Pei 2, An Wu 2, Shuang Sun 3, Yongjun Lian 3

and Honglu Zhu 3*

check for
updates

Citation: Li, X.,; Wang, Z.; Liu, Y,;
Wang, H.; Pei, L.; Wu, A.; Sun, S.;
Lian, Y.; Zhu, H. A Novel Operating
State Evaluation Method for
Photovoltaic Strings Based on
TOPSIS and Its Application.
Sustainability 2023, 15, 7268.
https://doi.org/10.3390/
su15097268

Academic Editor: Luis

Hernandez-Callejo

Received: 1 March 2023
Revised: 12 April 2023
Accepted: 25 April 2023
Published: 27 April 2023

Copyright: © 2023 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/).

China Datang Technological and Economic Research Institute Co., Ltd., Beijing 100040, China
Xi’an Xianlin Energy Technology Co., Ltd., Xi’an 710076, China

School of New Energy, North China Electric Power University, Beijing 102206, China

*  Correspondence: hongluzhu@ncepu.edu.cn

w N =

Abstract: PV strings are essential for energy conversion in large-scale photovoltaic (PV) power plants.
The operating state of PV strings directly affects the power generation efficiency and economic
benefits of PV power plants. In the process of evaluating PV arrays, a reference array needs to
be identified. By comparing PV arrays with the reference array, the operational status of the PV
arrays can be evaluated. However, in the actual operation of PV power stations, it is difficult to
directly determine the reference state of a PV array due to random fluctuations in the PV power
output. In order to solve the problems mentioned above, this paper proposes a method to select the
reference state and perform a grading evaluation of PV strings. Additionally, the proposed method
is based on the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) algorithm,
which is used to rank the performance of PV arrays to determine their status. In order to solve
the problem of random fluctuations in PV power generation, a probability distribution model of
the PV string conversion efficiency was built by using the kernel density estimation method. Then,
the characteristic indicator of the PV string’s operating state was described by the output power
of the PV string and its probability distribution model. Then, based on the operating characteristic
indicator, the reference state of the PV string was determined using the TOPSIS method, and the
grading evaluation of the operating state of the PV string was realized. Finally, the effectiveness of
the proposed method was verified using the actual data of a PV power station.

Keywords: photovoltaic string; reference-state selection; state grading evaluation; TOPSIS method

1. Introduction

China’s photovoltaic power generation is developing rapidly. Data from the National
Energy Administration of China show that, in 2021, the country’s newly installed capacity
for PV power generation reached 54.880 million kWh, and the cumulative installed capacity
reached 305.987 million kWh [1]. The increasing proportion of PV power generation in the
energy structure has put forward new requirements in terms of operating state evaluation,
fault diagnosis and intelligent operation. As core components of PV power plants, PV
strings undertake the critical task of energy conversion, and their operating state will
directly affect the overall power generation and economic benefits of PV power plants [2].
Therefore, it is very important to evaluate the operating state of PV strings.

The performance evaluation and fault identification of PV strings are key to the state
analysis of PV strings. Currently, most PV system performance evaluation methods use
specific evaluation indicators. Tahir et al. analyzed the variation in the conversion effi-
ciency of photovoltaic modules of five technological routes under different environmental
conditions [3]. Al-Ghussain et al. analyzed the accuracy of four PV module operating
temperature calculation models considering wind speed based on the results of annual
power generation and analyzed the effect of the cleaning frequency on annual power
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generation and the Levelized Cost of Energy (LCOE) [4]. Chabachi et al. evaluated the
efficiency of PV power stations by using generated power, the performance ratio (PR), the
capacity factor and loss indexes [5]. Ahmad Mohd Khalid et al. summarized the calculation
method for the PR of PV power plants and its essential role in evaluating their power
generation efficiency and environmental benefits [6]. Tamoor et al. used the results of PR
calculations to determine the optimal installation inclination and spacing of PV arrays [7].
Tan et al. proposed a novel denoising convolutional-neural-network-based evaluation of
the dust accumulation status of PV panels, which avoids the calculation of the PV system’s
operating parameters and improves the efficiency of real-time monitoring [8]. Ramadan
et al. improved the gradient-based optimizer (GBO) algorithm used for the parameter
extraction of a PV module model [9]. Kun Ding et al. used deep belief networks for the
feature extraction of I-V characteristic curves; Hausdorff distances and logistic functions
were then used to construct health indicators for PV arrays. Finally, a triangular fuzzy
membership function was used to rank the operational status of PV arrays [10]. Aktas
et al. combined the “Analytic Hierarchy Process” and “Technique for Order Preference by
Similarity to Ideal Solution” to propose a hybrid hesitant fuzzy decision-making approach.
The test results show that the method can effectively evaluate the performance of PV arrays
and is applicable to the siting of PV plants [11]. Qu et al. proposed an hourly weather
status pattern recognition model based on unsupervised clustering and the multiclass
GBDT-LR classification process for the complex and variable weather status, which further
improves the timeliness and accuracy of the PV array status evaluation [12]. Karahiiseyin
et al. calculated the annual performance loss rate of PV plants for four-year outdoor ex-
posure [13]. The above methods can be used to accurately analyze the overall operating
state and efficiency of PV systems; however, there are few studies related to analyzing the
operating state of PV strings based on conversion efficiency.

In recent years, machine learning algorithms have been widely used in the field
of PV system state evaluation and fault identification and can mainly be classified as
regression algorithms, classification algorithms and clustering algorithms. Majumdar
et al. analyzed the electrical parameters of PV modules under different solar irradiance
conditions, obtained their regression coefficients and then studied the influence of the
atmospheric transparency index on the PV module’s PR [14]. Wang et al. realized the
online fault diagnosis of PV modules by using the multiclass support vector algorithm
of a multiclassification support vector machine [15]. Zhao et al. proposed a graph-based
semi-supervised learning model that can detect faults and further identify the possible
types of faults to speed up the recovery of the PV system [16]. Zhao et al. used the array
current to extract the error function of the fault characteristics of the PV array and realized
the fault diagnosis of the PV array using a probabilistic neural network (PNN); because
the method relies on actual data, it is easy to apply in PV power stations [17]. Chen et al.
improved the random forest algorithm and proposed an RF-based fault diagnosis model,
followed by a grid-search method to optimize the model parameters. Both simulation and
experimental results show that the method is effective for PV array fault diagnosis [18]. Cho
et al. proposed a fault diagnosis method based on support vector machine classification
to perform the fault diagnosis of PV generators using real operation data [19]. Adhya
et al. examined the effectiveness of categorical boosting, light gradient boosting and
extreme gradient boosting methods for PV array fault diagnosis. Compared with the
random forest algorithm, the results show that these algorithms have a high fault diagnosis
accuracy [20]. Wang et al. proposed a fault diagnosis model for PV arrays based on
a logistic regression approach. The model parameters are obtained by minimizing the
expected log-loss function under the worst-case probability distribution, which improves
the robustness of fault diagnosis in the case of labeling errors in the PV array training
data [21]. The accurate evaluation of the operational status of actual PV arrays is the basis
for the fault diagnosis of PV arrays.

Determining the reference operating state of a PV string is helpful in analyzing the
operating state of the PV string and evaluating its efficiency attenuation. In existing
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research, the theoretical model of a PV power plant provides a reference for the operating
state evaluation. Arora et al. calculated the annual average PR based on the annual
measurement data in 2018 and compared the calculated results with the simulation results
of PVsyst software to quantitatively describe the power generation performance of PV
power stations [22]. Manoharan Premkumar et al. used MATLAB/Simulink to analyze
the mismatch loss of PV arrays in different shading modes, and the results are helpful in
analyzing the operating state of PV systems [23]. Although there are many methods to
improve the model or optimize the model parameters, the calculation of the theoretical
model is complicated and cannot meet the needs of practical engineering applications. At
the same time, it is difficult to determine the reference state of the PV string operation due
to the randomness and volatility of the PV string’s output power and the uncertainty of
measurement results.

The process of evaluating the PV string’s operating state can be abstracted as a multi-
index decision-making problem, and the Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) was first proposed by Hwang et al. [24]. The TOPSIS method firstly
constructs the positive ideal solution and the negative ideal solution of each indicator in
the problem, and the relative closeness of each scheme to the ideal scheme is calculated
as the basis for evaluating the advantages and disadvantages. To date, TOPSIS has been
widely used in PV power station site selection, PV-integrated building energy consumption
evaluation and the PV grid impact’s comprehensive evaluation. For example, Rediske et al.
used the GIS-AHP-TOPSIS comprehensive evaluation method to select the locations of
large-scale PV power stations [25]. M. A. Ben Taher et al. took non-renewable usage (NRU),
renewable usage (RU) and the loss of power supply probability (LPSP) as the optimization
indicators. The TOPSIS method was used to optimize the capacity of the PV system to meet
the load demand of public buildings and electric vehicles [26]. Amine Allouhi considered
the Levelized Cost of Energy (LCOE) and the Cumulative Environmental Benefit (CEB).
The genetic algorithm (GA) was used to identify the Pareto boundary, and the TOPSIS
method was used to select the optimal scheme of PV power plant capacity allocation [27].
The TOPSIS method, as a commonly used multi-indicator decision-making method, has no
strict restrictions on the data distribution. Therefore, this study used the TOPSIS method to
determine the comprehensive evaluation of the operating state of PV strings.

Based on the above analysis, this paper proposes a new method for selecting the
reference state and evaluating the operating state of PV strings. This method designs
indicators that combine the distribution characteristics of the PV string conversion efficiency
and the electrical characteristics of the string output to evaluate the operating state of PV
strings and avoids the volatility and uncertainty of a single evaluation indicator. The section
distribution in this paper is as follows: Section 2 introduces the method for establishing the
distribution characteristic model of conversion efficiency for PV strings; Section 3 describes
the principle of the TOPSIS method and describes in detail the steps of the reference-state
selection and operating state evaluation method for the PV string series” operation. In
Section 4, the effectiveness of the proposed method is verified by actual operation data
from a PV power station.

2. Distribution Characteristics of Conversion Efficiency

The conversion efficiency, 17py_string, can be defined as the ratio of the output power of
the PV string to the received solar irradiance, which can be used to evaluate the operating
state of the PV string, and it can be defined as [3]:

P,
Npv_siring = - g X 100% (1)

where Py is the output power of the PV string, kW; A is the nominal total area of the PV string,
m?; and G is the global solar irradiance intensity received by the PV string, kW /m?, which can
be measured with a solar radiation meter that has the same inclination as the PV array:.
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The actual operation data of a PV power station were used for analysis. The PV
plant contains 50 PV arrays, and each array is composed of two inverters connected in
parallel. Each inverter is connected to 12 combiner boxes, and 1 combiner box is connected
to 14-16 strings; each of the PV strings has an installed capacity of 5.4 kW.

According to the definition of conversion efficiency and the product manual provided
by PV module manufacturers, #7py_sting should generally be around 0.17. However, due
to uncertainty factors, such as the measurement error and fluctuation of solar irradiance,
1pv_string fluctuates sharply. As shown in Figure 1, during the morning time or evening
time, 17py_string fluctuates greatly, with an abnormally high value of 0.8. Therefore, more
than a single short-time conversion efficiency indicator is needed to accurately evaluate the
operating state of PV strings on the intra-day time scale.
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Figure 1. Comparison of conversion efficiency for PV strings. (a) 17py_sring for one day; (b) 7py_string
for six day.

Figure 2 shows the histogram distribution of #7py_sing for six PV strings in Array No.
1 from a PV power station from 31 March 2022 to 5 April 2022, and the time resolution is
10 min. As can be seen in the figure, the frequency corresponding to the highest point in
the histogram of different strings is different, and the value range of the corresponding
conversion efficiency is also different, which indicates that the distribution of #7py_sring
is significantly different. Therefore, statistical analysis can effectively distinguish the
operating states of different PV strings.

The kernel density estimation (KDE) method is a popular method for probability
distribution modeling, which requires a small amount of prior knowledge and can be used
when the probability density function is uncertain. Specifically, assuming that the sample of
the random variable is X = {x1, x,..., X }, the probability density function of the random
variable at any point can be expressed as [28]:

7= s ok (5 @

where } is the bandwidth, N is the number of samples, and K(-) is the kernel function.
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Considering the accessibility of the distribution function fitting process, the Gaussian
kernel function is generally used as the kernel function, so the probability density function
of Gaussian kernel density estimation is [28]:
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Figure 2. Histograms of 77py_sring- (a) S24; (b) S88; (c) S56; (d) S72; (e) S8; (f) S40.

Figure 3 shows six PV strings’ probability density curves of 77py_syying selected from PV
Array No. 1; the higher the peak value of the curve, the more concentrated the distribution
of 7py_string- In the case of the same or a similar peak value, the larger the peak position,
the better the PV string’s operating state. There are apparent differences in the peak height
and position of each PV string. Therefore, the extraction and analysis of the characteristic
indicator of the probability density function (PDF) of 17py_sting can effectively capture the
operating state of the PV string from the aspects of efficiency and stability. Therefore, the
peak height and the corresponding position of the PDF curve of 17py_sting are taken as
indicators to select the reference string and evaluate the operating state. Figure 4 shows the
height and position indicators for the PDF curve of 77py_string-
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Figure 3. Comparison of probability density distributions of #7py _sring-
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Figure 4. Selection of height and location indicators of PDF curve.
3. Selection for Reference State of PV Strings

3.1. Proposed Method

The proposed process of the operation reference-state selection and state classification
evaluation method for PV strings is shown in Figure 5.

Stepl:Select Evaluation Actual data from the PV plant )
indicators

Probabilistic model of

conversion efficiency

Output Power of . . . .
put o Height Indicator Location Indicator|
PV strings
Electrical Statistical
Indicator indicators

Initial Decision

Matrix
Step2:Constuct weighted
decision matirx Standard Decision
Matrix
Vl'::':sl‘ﬁ; ! Indicator Conflict
Weight
Coefficient
Weighted
Decision Matrix
Step3:Selection for Positive Ideal Negative Ideal
operational reference state Solution Solution
of PV strings
Distance from PIS Distance from NIS

Relative
Closeness

Reference State
of PV strings

Step4:Grading evaluation
of the operational state
for PV strings

Determining the

arading thresholds Difference Data Set

a7

Y Y, Y.
( Excellent ) ( Good ) ( Medium ) ( Poor )

Figure 5. Flow chart of reference-state selection and state evaluation method for PV strings.
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The specific steps of the method are as follows:

Step 1. Select evaluation indicators.

Supposing there are m PV strings; according to the output characteristics of the PV
strings and statistical analysis for # PV_string, the method in this paper selects the output
power of the PV strings and the height and position indicators of the PDF curve for
11pV_string @s comprehensive evaluation indicators.

Step 2. Construct a weighted decision matrix.

a. Data preprocessing

The initial decision matrix is formed after the evaluation indicator is selected. Then,
the corresponding data of each evaluation indicator are standardized. Taking all the strings
from the PV station on 4 April 2022 as an example, the relationship between the height
indicator and the location indicator of the PDF curve of 77py_syying is shown in Figure 6:

60
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Height Indicaotr
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<
1

04—

T T ! T ' T ' ' i T ' T ' T !
-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Location Indicator

Figure 6. Scatter diagram for height indicator and location indicator.

According to the analysis results in Section 2, the larger the location indicator, the
larger the height indicator: that is, the closer the point to the upper right in Figure 6, the
better the operating state of the PV string. Therefore, the electrical indicator, location
indicator and height indicator are all beneficial indicators. According to Formula (4), the
indicator data are standardized to obtain the standard decision matrix.

b. Construction of the weighted decision matrix

The weights of the three indicators in the standard decision matrix are calculated
based on the CRITIC method. Firstly, the variability, namely, the standard deviation of
each indicator’s data, is calculated. Then, the conflict, namely, the correlation coefficient
between indicators, is calculated. Then, the weight of each indicator is calculated according
to Formula (13). Finally, the weighted decision matrix is obtained by calculating the
quantitative product between the weight coefficient and the standard decision matrix.

Step 3. Select the operational reference state of PV strings.

The weighted decision matrix is used as the input of the TOPSIS algorithm; the
maximum value of each indicator is taken as the positive ideal solution, and the minimum
value is taken as the negative ideal solution. The Euclidean distances between the indicator
vectors corresponding to each PV string and the positive and negative ideal solutions are
calculated. Then, the relative closeness of each indicator vector is calculated according
to Formula (9), and the indicator vector corresponding to the PV string with the largest
relative closeness is taken as the reference state of the PV strings.
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Step 4. Operating state evaluation for PV strings.

For random variables with normal distributions, about 68.3% of the absolute deviation
falls within the range of plus or minus one standard deviation. About 90.1% falls within
1.65 times the standard deviation. About 95% falls within the range of two standard
deviations. Therefore, in this paper, the relative closeness of indicator vectors corresponding
to the PV strings calculated in step (3) is a subtraction from the relative closeness of the
reference-state string within the same segment and in the same array, and the difference
value Af; is taken as the basis for the operating state evaluation.

The difference Af; in relative closeness between the reference-state string and other
strings in the same array in one day is calculated. According to the above analysis, the

absolute value of the absolute deviation of Af;, { ’A fi — Af: } was calculated. After that,

threshold values of 1, 2 and 3 (1, 1.65 and 2 times the standard deviation of { ’A fi — Af; })

were calculated to determine the evaluation grades of excellent, good, medium and poor
operating states of PV strings.

After the threshold was calculated, the absolute deviation of each string ’A fi — Af:

was divided according to the determined threshold. The specific evaluation grade division
rules are as follows: o
Excellent state: ‘A fi — Afi

Good state: ’A fi — Af;
Medium state: ’A fi — Af;
Poor state: ‘A fi —Nf:

is less than threshold 1;

is greater than threshold 1 and less than threshold 2;

is greater than threshold 2 and less than threshold 3;

is greater than threshold 3.

3.2. Principle of TOPSIS

The principle of the comprehensive evaluation using the TOPSIS method is as
follows [29]:

1.  Establish the performance evaluation matrix.
2. Calculate the weighted decision matrix.

Firstly, the indicator data are normalized:

xl‘]‘ — min(xi]')

o Ji=12,...,mj=12..., 4
1] max(xij) —min(xij) ! e " ( )

Then, the weighted decision matrix is calculated according to the indicator weight:
vij:wj®nij,i:1,2,...,m,j:1,2,...,n (5)

3. Determine the positive ideal solution and the negative ideal solution.

At ={nt, .. T} = {(maxv,-j,j IS ]) (maxvi]-,j € ]/) },i =1,2,...,m
1 1

(6)

A = {U1_,...,1/n_} = {(minl/ij,j S ]) (mjnvij,j € ]/) },i =12,...,m

4.  Calculate the distance indicator.

The distance between the scheme to be evaluated and the positive ideal solution is:

1
n 2
dﬁZ{Z(vq—Vﬁ)z} A=12,...,m @)

=1
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The distance between the scheme to be evaluated and the negative ideal solution is:

df—{i‘(w/—w‘)z} i=12,...,m ®)

5.  Calculate the relative closeness.

_ o di
o dit+d;- !

6.  Sort the performance according to the relative closeness.

R; i=1,2,...,m )

R121—>A,‘:A+
Ri=0—2A=A" (10)

3.3. Method for Calculating the Weight of Indicators

The Criteria Importance Though Intercriteria Correlation (CRITIC) method is used to
objectively determine the weights of evaluation indicators, which are determined according
to the evaluation of the variability and conflict among the selected indicators in the decision
problem. In contrast to the subjective weighting method, the CRITIC weighting method
does not require the decision maker to make a subjective judgment, thus avoiding the
possibility of biased results. The steps for calculating indicator weights using the CRITIC
method are as follows [30]:

L. The indicator variability, namely, the standard deviation of each indicator’s data, is
calculated as follows:

1 n
Sj= | =122 (i — %) (11)

i=1
II. The indicator conflict is calculated and expressed as the correlation coefficient. The

calculation method is as follows:

p
Ri=) (1-ry) (12)
i=1
where r;; is the correlation coefficient between the ith and jth indicators.
III. The weights of indicators can be calculated by:

S]‘XR]‘

; (13)
L (8; < R))

4. Results Analysis and Discussion
4.1. Rationality Analysis of Reference-State Selection

The comprehensive evaluation method described in Section 3 was used to determine
the reference string. According to the analysis of the statistical characteristics of 17py_sting
in Section 2, the comprehensive indicator combining electrical and statistical indicators of
PV strings was selected as the evaluation indicator.

Global horizontal irradiance (GHI) and the output power of PV strings were sampled.
Then, the actual output power of the strings was used to calculate 17py_stying every 10 min.
Then, the distribution of 17py_sing Was calculated by KDE, and its height and position
indicators were extracted. The height, position indicator and output power of the strings
were used as the input of the TOPSIS evaluation algorithm. Based on the output results,
the rationality of the reference-state selection and state evaluation method was analyzed.

Taking the operation data on 6 April 2022 from PV Array No. 1 as an example, the
indicator weights determined by the CRITIC weighting method are shown in Table 1.
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Table 1. Calculation results of indicator weights.

Electrical Indicator Height Indicator Location Indicator

0.1526 0.5956 0.2518

The calculation results of the relative closeness of each PV string are shown in Figure 7.

0.6

0.4 1

Relative Closeness

0.2 1

0 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

Number of PV string

Figure 7. Calculation results of relative closeness.

It can be seen in Figure 7 that the values of relative closeness are mainly within 0.2-0.8.
As mentioned in Section 3.2, the greater the relative closeness, the better the corresponding
operating state of the PV string. The PV string with the maximum value is the selected
reference-state string.

Therefore, S127 is the final selected reference-state array. The relative closeness, height
indicator and position indicator values of 5127 are shown in Table 2.

Table 2. Statistical indicators of the reference-state string.

String Number Relative Closeness Height Indicator Location Indicator

5127 0.9588 71.3103 0.1319

In order to verify the rationality of the selected reference-state PV string, the deviation
between the actual and theoretical daily output power of each string is calculated, and the
deviation of the reference-state string is compared and analyzed with those of other strings
in Array No. 1.

The theoretical output power for the PV string calculation method is as follows [31]:

Pin = pe- G (14)

where p, is the installed capacity of the PV string, kW.
The analysis results are shown in Table 3.

Table 3. Comparison of deviation between actual and theoretical output indicator values.

Indicator Value Reference-State String (5127) Average Value of Other

Strings in the Array
Maximum Relative Deviation (%) 17.33 21.18
Average Relative Deviation (%) 10.10 10.51

Relative Coefficient 0.999 0.998
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The output power curve of PV strings and the relative deviation curve between the
actual and theoretical output power for PV strings are shown in Figure 8.
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Figure 8. Output power of PV strings and relative deviation from theoretical output power.
(a) Output Power of PV string; (b) Relative deviation from theoretical output power.

Figure 8a shows the comparison of the output power of PV strings in Array No. 1 on
6 April 2022. The red dotted line is the selected reference-state string S127. The maximum
output power of each string is between 4000 and 5000 W, and the fluctuation of the output
power in each PV string is different throughout the day. The reference-state string 5127
has a large output power, and the power output is stable throughout the day without
drastic fluctuations. Figure 8b shows the comparison of the relative deviation between the
actual and theoretical output power of the PV strings. It can be seen in Figure 8b that the
absolute value of the relative deviation and volatility of the reference-state string S127 are
significantly smaller than those of other groups in the same array.

In terms of the quantitative description, as shown in Table 3, the maximum relative
deviation and average relative deviation of the actual and theoretical output power for the
reference-state string 5127 are significantly better than the average values for other strings,
and the similarity to the theoretical output power curve is the strongest. This indicates that
the actual output power of 5127 is the closest to its theoretical output power, and its operating
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state is significantly better than that of other strings. In conclusion, the reference-state PV
string selection method proposed in this paper is reasonable and effective.

A statistical analysis of the reference-state string selection results for 50 arrays in
the whole station was performed. By calculating the normalized root-mean-square error
(nRMSE) and cosine similarity between the reference PV string and the theoretical output
power, the performance of the proposed reference-state string selection method (CRITIC
+ TOPSIS) was compared with that of the maximum power generation method (Emax),
the maximum conversion efficiency mean method (17py_string_avg,max) and the equal-weight
TOPSIS method (eg.weight TOPSIS). The results are shown in Figure 9.
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Figure 9. nRMSE and cosine similarity results of different methods. (a) nRMSE; (b) Cosine Similarity.

In Figure 9, the performance of the reference-state PV string selected by the proposed
method is significantly better than that of Emax and 17pv_string_avg,max and slightly better
than that of the eq.weight TOPSIS method: the nRMSE of the proposed method has a smaller
error fluctuation range and mean value, and the cosine similarity is greater. It can be proven
that the reference-state string proposed in this paper is reasonable and effective.

4.2. Evaluation of Operating State of PV Strings
4.2.1. Determining the Grading Threshold

The actual operation data of PV strings for the whole station on 6 April 2022 were taken
as an example for the analysis. Table 4 lists the analysis results of the grading thresholds.
The grading thresholds of six PV arrays are different, indicating that the characteristics of
different arrays are different, and different thresholds need to be set for them.

Table 4. Analysis results of the grading thresholds.

PV Array Num. thl th2 th3
Al 0.108 0.178 0.216
A2 0.129 0.213 0.258
A3 0.106 0.175 0.212
A4 0.092 0.152 0.185
A5 0.099 0.164 0.199
A6 0.099 0.163 0.198

4.2.2. Grading Evaluation of Operating State of PV Strings

In order to verify the rationality and effectiveness of the operating state evaluation
method for PV strings, the actual operation data from six PV arrays on 6 April 2022 were
taken as an example, and the proportion of strings graded with different state grades
was calculated; the results are shown in Figure 10. Figure 10 illustrates that the proposed
method can classify the operational status of PV strings.
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Figure 10. Comparison of the ratio of the number of strings for four grades in the arrays.

In order to better describe the operating state differences among the four grades,
the PV strings in Array No. 6 on 6 April 2022 were analyzed to compare the output
characteristics of the four grade strings. The comparison indicators include the conversion
efficiency 7py_string, Output power, daily utilization hours and output current of the PV
strings, and Figure 11 shows the comparison results. There are significant differences in
the output characteristic indicator performance of each grade. From an excellent grade to
a poor grade, the conversion efficiency, output power, daily utilization hours and output
current gradually deteriorate, and the fluctuation gradually increases.
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Figure 11. Comparison of different grading results. (a) Conversion Efficiency; (b) Output Power of
PV strings; (c) daily Utilization Hours; (d) Output Current of PV strings.
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To summarize, the operating state evaluation method proposed in this paper is rea-
sonable and effective. It can be used to evaluate the operating state of PV strings in terms
of their output and operating stability.

4.3. Discussion

The above analysis proves the effectiveness of the proposed method in selecting the
reference state of PV strings by comparing it with the Emax, 77pv_string_avg,max and eq.weight
TOPSIS methods. Through a multiple-indicator analysis, it is shown that the proposed
method can effectively classify a PV string’s operating state. Through the above analysis, it
is feasible to classify the operating states of PV stings using characteristic information of
the PV string’s output power and conversion efficiency.

5. Conclusions

In order to resolve the difficulty of state evaluation for PV strings, a PV string op-
erational reference-state selection method is proposed. Based on the objective weighted
TOPSIS method, this method takes the characteristics of the PDF curve of 1 PV_String of the
PV strings. The average daily output power of PV strings was also one of the evaluation
indicators. The proposed method can effectively select the reference PV string from the
perspective of the deviation and stability of the output power and then grade the operating
state of PV strings.

The main work in this paper includes:

I. The probability distribution model of the PV strings” conversion efficiency was
established by using the KDE method, and the comprehensive evaluation indicator was
established by using the model characteristic indicator and the output power of PV strings.

II. The TOPSIS method was used to select the reference-state PV string, and the
grading evaluation of the operating state of PV strings was realized based on the statistical
distribution of the differences in relative closeness.

III. The rationality and effectiveness of the proposed evaluation method were verified
by using the actual operation data of a grid-connected PV power station. In addition, the
method proposed in this paper is driven by the actual operation data of PV power stations
and is an online evaluation method, which reduces the overall loss of power generated by
the power station.

The limitations of this paper and future research include the following: data anomalies
have an impact on the proposed method, and anomalous data elimination should be used
to improve the performance of the method; the faults in the strings graded as poor should
be analyzed, and then the fault diagnosis of the PV array can be realized. In the future,
we will continue the above research and improve the performance of the method under
data-deficient conditions.
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