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Introduction:-

The growth in electricity generation through solar power plants stimulates the development of systems for
monitoring the technical condition of power plants, as well as ways to automate the search for faulty solar panels
and the facts of their abnormal functioning.

To monitor the technical condition, cloud resources are used [1 - 4], which allow collecting telemetry data when
equipping solar power plants with appropriate equipment. Cloud resources allow through a web interface to analyze
the main parameters of the power plant in general and specific panels in particular. As a rule, the values of voltage,
temperature, current strength of each panel and illumination for all panels of the power plant are stored in cloud
services. Detection of anomalies in the operation of specific solar panels and their classification depends on the
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attention of the qualifications of the user of the cloud resource, as well as on the availability of functions for the
resource to detect anomalies in operation and faulty solar panels.

To solve the problem of finding anomalies in the operation of solar panels using telemetry data, a number of studies
suggest modeling solar panels [5-7]. Other authors [8 - 14] use methods and algorithms for estimating the so-called
maximum power point (MPP - combinations of current and panel voltage at which energy removal is optimal) for
solar panels of a power plant under certain conditions. However, these methods either require the installation of
additional equipment with the extraction of additional data for the application of methods and algorithms, or do not
take into account the fact that solar panels are connected in series in chains and may not work in their optimal mode.

The above disadvantages of methods for modeling the performance of solar panels are eliminated by the authors [15
- 18]. The results of the digital twin operation make it possible to use the calculated MPP power and volt-ampere
characteristics for each panel to find anomalies in the operation of solar panels.

The purpose of this work is to develop a methodology and software for detecting anomalies in the operation of solar
panels based on the results of telemetry based on the MPP power obtained using a digital twin of a solar power
plant.

Experimental method

Power plant information: located in Nuremberg, Germany, named Stidstadt-Forum, used for data aggregation and
calculations in this article. The installation consists of three inverters (models SUN2000-20KTL, Sinvert PVM17
and Sinvert PVM20) with 16 strings (strings of solar panels) and 287 solar panels. All chains consist of 18
photovoltaic monocrystalline modules - M190 (STORM Energy GmbH, Germany).

Digital Twin: The Digital Twin platform provides an API [18, 19] that accepts monitoring data for a certain period
and returns the physical-mathematical model parameters for all solar panels.

The input data for the API includes the following parameters: voltage U, current I, temperature in the solar panel
case T, light level G, timestamp t. The interval for fixing the listed parameters is 2 minutes. The dataset was
collected using telemetry from June 2019 to November 2019 inclusive. In these calculations, only those data points
were used that satisfy the following conditions: solar radiation G > 300 W h / m2, current in the circuit | > 2 A,
module voltage U > 10 V.

The result of the digital twin (API) operation includes the following parameters, determined in simulated standard
test conditions (STC) for each solar panel of the power plant: output power at the maximum power point (MPP)
Pmpps Voltage Upy, and current Iy, at MPP; series and parallel electrical resistance; short circuit current and open
circuit voltage.

Node.JS was used to implement and test the proposed methods, along with async / await parallelization to speed up
calculations with a large number of solar panels.

Data preparation:
The original data points resulting from the DT calculation have the following features: MPP power in STC, module
ID, calendar month.

For data analysis, normalized power values in MPP Py for data analysis, normalized power values in MPP

P —P
Py = %-100,% (1)
m

where P, — is the global median power value. Calculated as the average of all row medians:
P = ZTP Br )
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where Ps — is the median power Py, for a single string of series-connected solar panels, n is the number of strings in
the power plant.
Data variance is calculated both for the chain level and for the panel level using the formula:

L(X-M)?

N-1 ©

s =

where S? — is the sample variance, X — is the value in points, M — is the mean value of the sample, N — is the number
of points.

To search for anomalies in the operation of solar panels, two methods were tested: search for static anomalies
(Criteria static analysis), search for dynamic anomalies (Criteria dynamic analysis). Both proposed methodologies
were applied at two levels of analysis: at the level of single solar panels and at the level of arrays of panels.

When searching for static anomalies, the normalized power values in MPP Py for solar panels (panel chains) were
compared with a given threshold value. When the Py threshold was exceeded for one month, the chain/panel was
marked as operating abnormally. The threshold values were 5 and 10%.

The technique for searching for dynamic anomalies includes the same two levels: chains of panels and single solar
panels. If the deviation of the normalized value at the point of maximum power Py of the chain (single panel) in the
previous month from the current month is greater than the threshold value, then an anomaly in their work was noted.
The threshold values were 5 and 10%.

This technique for assessing the presence of anomalies in the operation of a solar power plant helps to identify
additional dynamic changes that may be missed when using a static analysis technique. For example, some problems
may be found when cleaning the module regularly.

The results of the proposed methods are compared with the results of the verification process on the Sunsniffer web
portal [2], the average module analysis [20], fault detection and methods for observing and evaluating voltage and
current [21], and the static anomaly search technique in solar power plant telemetry data [22] .

The methodology for the analysis of observation and estimation of voltage and current is described in [21]. This
technique allows you to recognize the type of defect by special design parameters: Ry, and R,, - indicators of voltage
and current of the solar panel; Iy, and V), - output voltage and current at the point of maximum power of the solar
panel in fail-safe operation; Ryy and Ry - indicators of voltage and current of the solar panel in fail-safe mode; Rys
- voltage indicator in the presence of a short-circuited solar panel in one of the chains; Ro - indicator of the presence
of solar panels in the chain; open circuit failure; T,o — open circuit fault detection threshold is given by; Tys - short
circuit threshold, indicates the presence of one or more short-circuited solar panels in the chain; T, — partial shading
error threshold; Ryp and Ryp - indicators of voltage and current of partial circuits; € is the allowable bias factor when
a fault is detected, it affects the sensitivity of the calculation algorithm. These parameters are necessary for the
classification of defects. The result of using the technique makes it possible to group solar panels by types of
defects: open circuit, short circuit, partial shading, degradation failure, etc. The values of Pypp, Vmpee, Voc, Isc, K;of
solar panels obtained from the DT API digital twin [154] and telemetry data of specific points (G and T) were used
as initial data for calculating the listed parameters.

The parameters calculated in this way are necessary for the implementation of the defect classification algorithm. It
groups defects into several types: open circuit, short circuit, partial shadowing, etc. A description of the algorithm
and the application of parameters can be found in [21]. The technique uses a special coefficient: ¢ is the allowable
bias coefficient when a fault is detected.

In addition, all modules with detected anomalies were visually inspected and their total power output was evaluated.
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Results and Discussion:-

The results of the method of searching for static anomalies

The application of the technique for searching for static anomalies at the level of solar panel chains at a threshold
value of 10% does not allow detecting anomalies.

When using a threshold value of 5%, the technique shows the presence of an abnormal operation mode for a chain of
panels with the number String 1.1. This panel chain shows a deviation of minus 7.5% in August.

At the level of analysis of a particular solar panel, a threshold value of 10% was used, since the threshold value of
5% gives a large number of many abnormal solar panels that are healthy. The results of the 10% module threshold
are shown in Table 1.

Table 1:- Results of using the method of searching for static anomalies at the level of a specific solar panel using a
threshold value of 10%.

Anomaliescount Module Month Deviationvalue
7 modules / 16 anomalies | Module 1,1 2 August_2019 -10.8%
Module 1_4 1 June_2019 17.8%
July 2019 17.1%
August_2019 19.8%
September 2019 19.5%
November_2019 18.4%
Module 1 4 3 November 2019 -10.1%
Module 1,5 6 November_2019 -11.1%
Module 1,11 1 November_2019 -10.4%
Module 1,11_15 November_2019 -51.6%
Module 2,3_10 June_2019 -28.2%
July 2019 -25.5%
August_2019 -28.5%
September 2019 -28.1%
October 2019 -26.9%
November_2019 -21.0%

As a result of the analysis, seven solar panels and 16 cases of their abnormal operation were identified. In this case,
the following should be noted: eleven cases of anomalous operation occur in two solar panels with numbers Module
2,3 10 and Module 1_4 1; four cases of anomalous operation were recorded additionally in November for four
different modules (Table 1); one case was recorded in August at the solar panel with the number Module 1,1 2.

All detected anomalies were studied from telemetry information collected using the Sunsniffer web portal [2] by
comparing the voltage curves during the day on the solar panels under study.

Figure 1 shows the voltage and current curves of Module 1.4_3 panel versus a healthy Module 1.4_2 panel between
August 22 and August 28, 2019.
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Figure 1:- Curves of voltage and current of solar panels with numbers Module 1.4 2 and Module 1.4_3.

Module voltage curve 1.4 3 shows the typical behavior of a failed or shaded solar panel. The voltage on the panel
drops below the minimum supply voltage of the sensor, the panel and the sensor are disconnected from the circuit
(due to the operation of the protective diode). As a consequence, a straight line with zero voltage values is observed
on the dependence of voltage on time during the disconnection of the sensor from the circuit. After the voltage is
restored, the sensor turns on and continues to send measurements. A similar situation occurs for other solar panels,
in which the method of searching for static anomalies with a threshold value of more than 10% indicated the
presence of an anomalous mode of their operation. In addition, a visual inspection of the solar panel with the
Module number 2,3 _10 shows that the protective glass has mechanical damage: it is broken.

Another method to check the results is to compare the energy actually produced by the solar panels. Figures 2 and 3
show such data for panel chains with numbers String 1_4 and String 2_3, respectively, for August 2019 according to
the SunSniffer portal.
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Figure 2:- Energy generated by the solar panels of the chain with the number String 1.4.

It can be seen that the solar panel with the Module number 1.4_3 generated noticeably less energy (11913 Wh)
compared to the other panels of the same chain. The average performance value for this chain in August 2019 is
21425 Wh. Thus, it is shown that the solar panel with the number Module 1.4_3 has a deviation from normal
operation, that is, an anomaly was detected in its operation.
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Figure 3:- Energy generated by the solar panels of the chain with the number String 2.3.

A similar analysis for string String 2.3 (see Figure 3) shows that the Module 2.3 _10 solar panel has an actual output
of 13829 Wh. The average performance value for this chain in August 2019 is 20505 Wh.
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Similarly, all solar panels with anomalies noted in Table 1 were tested. All anomalies detected using the technique
were thus confirmed.

It is shown that the method of searching for static anomalies provides anomaly detection in the operation of a solar
power plant (16 anomalous conditions were found for seven modules). The observed dispersion of data at the panel
chain level is 1.43%; dispersion at the panel level is 2.08%. The sensitivity of the method can be adjusted by
adjusting the threshold level in accordance with the specifics of the enterprise.

Results of the method of searching for dynamic anomalies

The technique is aimed at finding anomalies in the operation of the solar panel, which depend on time. This helps to
identify and investigate some processes that are not permanent in nature, and, in particular, allows you to evaluate
the quality of solar panel cleaning.

The chain-level analysis used two thresholds: 10% and 5%. A threshold of 10% does not give a detection result
(chains with anomalies were not detected). The threshold of 5% allowed us to detect two anomalies in the same
panel chain: July - August, the String 1.1 chain shows a performance drop of 8.4%; August - September, the String
1.1 chain shows a performance gain of 7.9%.

In the analysis at the solar panel level, thresholds of 5% and 10% were used. The results of applying the
methodology with a threshold value of 10% are presented in Table 2.

Table 2:- Results of applying the dynamic search for anomalies using a threshold value of 10% at the level of solar
panels.

Anomaliescount | Module MonthFrom MonthTo Deviation
15 modules / 16 | Module 1,1 2 July 2019 August_2019 -10,60%
anomalies Module 1,1 3 July 2019 August_2019 -10,40%
Module 1,1 4 July 2019 August_2019 -12,20%
August_2019 September_2019 10,80%
Module 1,1 13 July 2019 August_2019 -10,10%
Module 1,1 14 July 2019 August_2019 -10,10%
Module1 4 9 October 2019 November 2019 -12,50%
Module 1 4 13 October 2019 November 2019 -12,60%
Module 1 4 17 October 2019 November 2019 -13,60%
Module 1,5 6 October 2019 November 2019 -11,40%
Module 1,5 14 September_2019 | October 2019 -10,10%
Module 1,6 9 September_2019 | October 2019 -10,90%
Module 1,7 8 September_2019 | October 2019 -10,30%
Module 1,8 15 July 2019 August_2019 -10,40%
Module 1,10 7 July 2019 August_2019 -11,00%
Module 1,11 15 October_2019 November 2019 -47,70%

The use of the technique made it possible to identify sixteen anomalies in the operation of fifteen solar panels. The
solar panel with the Module number 2,3 10, detected using the static anomaly search technique, shows stable
behavior: it has insignificant changes in PN from month to month. It has been established that most of the registered
anomalies take place in the periods of July-August, September-October and October-November. This may indicate
partial shading of the solar panels.

Using a threshold of 5%, 125 anomalies were found, which is too many for direct analysis.

However, plotting the number of detected anomalies per solar panel (Fig. 4) revealed three solar panels (Module
1.6 10, Module 1.7_7 and Module 1.9 1), whose performance changed three or more times from month to month.
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It should be noted that these particular modules were not identified during dynamic or static analysis at the 10%
threshold. In general, for the analysis at the level of panel chains, the variance of the data obtained, calculated by
formula (3), is 1.43%, at the panel level - 2.08%.

The dynamic anomaly detection technique is suitable for detecting time-related issues (for example, some modules
have slower performance during or after a certain month). Its detection ability is highly dependent on the selected
threshold value. In addition, it was found that the methods of static and dynamic searches for anomalies complement
each other and should be used together.

Comparison of methods

Comparison:

Average module analysis [20], General analysis with criteria [22], and methods for searching for static anomalies

Table 11 reflects the results of calculations at the level of chains of panels of methods "Average module analysis"
[20], "Criteria static analysis" [22] and methods for searching for static anomalies.

Table 11:- Comparison of the results of using panels of methods "Average module analysis" [20], "Criteria static
analysis" [22] and methods for searching for static anomalies at the chain level.

StringNo.

Method

June

July

August

September

October

November

String 1.1

[20]
[22]
MIICT

10,09%
10,8%

String 1.2

[20]
[22]
MIICT

10,67%

String 1.3

[20]
[22]
MIICT

13,44%

String 1.4

[20]
[22]
MIICT

18,87%
17,8%

16,51%
17,1%

18,80%
19,8%

20,11%
19,5%

12,79%

24,06%
18,4%

String 1.5

[20]
[22]

11,54%

11,1%
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MIICT

String 1.6 [20]
[22]
MIICT

11,15%

11,97% ---

String 1.7 [20]
[22]
MIICT

10,05%

10,25% ---

String 1.8 [20]
[22]
MIICT

11,42%

String 1.11 | [20]
[22]
MIICT

- 51,47%
- 51,6%

String 2.2 [20]
[22]
MIICT

15,18% - -~

- 12,33%

String 2.3 [20]
[22]
MIICT

31,84%
28,2%

27,15% 29,28% 27,90%
25,5% 28,5% 28,1%

27,50% 20,83%
26,9% 21.0%

In all cases, the reason for the abnormal behavior of the panel chain is a specific solar panel, the weak performance
of which leads to a decrease in the overall performance of the entire chain.

Table 12 shows solar panels with reduced power generation efficiency and their design power (according to API
DT) during the period of application of solar panel anomaly detection techniques.

Table 12:- List of solar panels with low Pmpp calculated using digital twin.

Causeoftheanomaly Month DT calculated Pnyp for the module, W | Deviationfrommedian, %
Module 1,2_17 October 167,32 W 5%
Module 1,3 13 November 167,7W 5%
Module 1,4 15 October 167,67 W 5%
Module 1,5 14 October 159,43 W 10%
Module 1,6 9 October 161,19 W 9%
Module 1,6 10 August 163,04 W 8%
Module 1,7 8 October 162,06 W 8%
Module 1,7 10 August 164,7 W 7%
Module 1,8 15 August 162,19 W 8%
Module 2,2 11 July 158,97 W 10%
Module 2,2 12 November 165,36 W 6%

Table 12 also displays the percentage deviation for the median of all solar panels, 176.26 W, from June 2019 to

November 2019.

Interestingly, all of these solar panels are within 5-10% of the global median, indicating that the mean modulus
analysis is more sensitive than the static analysis and static anomaly search technique.

Comparison: Static module analysis u Voltage and Current Observation and Evaluation technique

The use of the "Voltage and Current Observation and Evaluation" technique with a standard value of € = 2% does
not allow detecting any anomalies. The technique shows that there are no defects or anomalies in the solar panels of
the power plant. Setting the coefficient ¢ to a larger value increases the sensitivity of the algorithm. These results of
applying the technique with different values of € are presented in Table 13.

Table 13:- Results of the method "Voltage and Current Observation and Evaluation” by the number of anomalies
found with different values of the coefficient &

€

Faults

2%

0
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55% 0
5,8% 44

6 % 312
6,5 % 1147
7% 1387
10 % 1714

Further, the results were analyzed in more detail with a value of € = 5.8% (the minimum value at which the
technique gives the presence of abnormally operating solar panels). At the same time, the technique makes it
possible to detect 44 combinations with defects (36 solar panels with 44 anomalies).

All detected defects, according to [21], belong to the “Degradation fault” type (degradation of some electrical
parameter, the method offers a general classification of degradation). They are presented in table 14 grouped by

months.

Table 13:- Results of the "Voltage and Current Observation and Evaluation" method with &€ = 5.8%.

ModuleName August 2019 July 2019 October 2019 September 2019
Module 1,4 13 23 - _ _
Module 1,4 17 — - - 10
Module 1,4 3 — - 2 _
Module 1,10 1 — 5 — _
Module 1,10 15 — 16 - _
Module 1,10 18 — _ 6
Module 1,10 6 — - 2 1
Module 1,10 8 — - 2 10
Module 1,11 12 22 16 —

Module 1,11 15 22 - _ _
Module 1,12 _2 20 - _ _
Module 1,2_14 2 - — _
Module 1,3 14 — - - 10
Module 1,3 15 — - - 10
Module 1,3 7 21 — - 10
Module 1,5 10 - - 1 _
Module 1,5 12 - - 1 _
Module 1,5_13 21 - - _
Module 1,5_14 21 - - _
Module 1,5 15 - - 1 _
Module 1,5_2 21 - - _
Module 1,5_3 21 - - _
Module 1,5 7 - - - 12
Module 1,6_1 16 - - _
Module 1,6_18 15 - - _
Module 1,6_2 17 - - _
Module 1,6 3 4 - — _
Module 1,7 7 - 1 — _
Module 1,9 12 24 - 1 _
Module 1,9 13 6 - 2 _
Module 2,1 1 21 - - 10
Module 2,1 5 - - — 7
Module 2,2 13 - - 2 10
Module 2,2 2 - - 3 _
Module 2,4 14 35 - _ _
Module 2,4 9 - - 1 _

36 defective solar panels were found (of which eight have anomalies for more than one month). The following

should be noted:
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- the technique does not have a stable result: in one month the panel shows the presence of a degradation fault, and
in the other it does not. This circumstance complicates the interpretation of the results of the application of the
technique.

- solar panels, the anomalies in the operation of which were detected and confirmed by other methods (Table 1,
Figures 2 and 3), basically, were not included in the analysis results as defective. Only the solar panel with the
Module number 1.11 15, according to the results of the analysis in August, had anomalous work.

Table 14 provides a summary of the methods used in the study to search for anomalies in the operation of solar
panels based on telemetry data.

Table 14:- The result of a quantitative comparison of the detected anomalies using the considered methods.

Method Modules Anomalies
Criteriastaticanalysis (10 %) 7 16
Criteriadynamicanalysis (10 %) 15 16
General analysis with criteria (point data) [22] | 5 19
General analysis with criteria (line data) [22] 8 18
Averagemoduleanalysis [20] 11 24
Voltage and Current Observation and | 0 0
Evaluation technique (2 %) [21]

Voltage and Current Observation and | 36 44
Evaluation technique (5,8 %) [21]

The following criteria were chosen for comparison: the optimal ratio of solar panels to anomalies. It can vary from 1
to 6 (1 module and 6 months). 1 and 5-6 are extreme cases, 2-4 are considered optimal values. Borderline cases are
less accurate (for 1 - the technique detects mostly single anomalies, for 5-6 - the technique detects only stable
anomalies that are easy to find).

According to the data obtained for general cases, the best results are shown by the General analysis with criteria
(panel chain analysis level) and Criteria static analysis (10%) methods. Both of these methods demonstrate the
optimal ratio of solar panels to anomalies, ensuring the detection of the most important anomalies (on average, each
panel has a little more than 2 points, that is, anomalies that repeat in different months are detected).

For comparison, in the “General analysis with criteria (level of analysis of specific panels)” method, this ratio tends
to 5 points, for Criteria dynamic analysis (10%) it is close to 1 point per solar panel. In the first method, the average
value of criticality anomalies can be missed, and in the second one, there are too many false positives, which
complicates the analysis and detection of real anomalies. Both techniques can be used in extreme cases (when you
need to find only the most critical or episodic anomalies that do not regularly affect performance, but appear in
individual months).

Based on the research carried out, a software tool was developed. The algorithm of the software tool is shown in
Figure 5. The input data for the software tool are json objects from the digital twin API, and the output data is the
result of calculating the normalized power values in MPP for each solar panel, the deviation level of the solar panel
Py from the threshold value in percent, and list of numbers of solar panels in which anomalies were found and
criteria for found anomalies.
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=

i

Figure 5:- Block diagram of the software algorithm for finding anomalies in the operation of solar panels,
developed on the basis of the proposed methodology.

Conclusions:-

It has been established that, based on the normalized power values in MPP Py for all panels of a solar power plant, it
is possible to detect anomalous operation of individual panels using the Criteria static analysis and Criteria dynamic
analysis algorithms.

Among the methods considered in the work for finding anomalies in the operation of solar panels, the best is The
Average module analysis; its results are close to those of the Criteria static analysis (10%), except for anomalies that
are within less than 10% deviation (Table 11).
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