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Abstract: The starting point of the operation and maintenance tasks in photovoltaic plants is the
continuous monitoring and supervision of its components. The great amount of registered data
requires a major improvement in the ways this information is processed and analyzed to rapidly
detect any potential fault, without incurring additional costs. In this paper, a procedure to perform
a detailed graphical supported analysis of the operation of photovoltaic installations, based on
inverter data, and using a self-developed application, is presented. The program carries out the
automated processing of the registered data, providing their access and visualization by means of
color maps. These graphs allow a large volume of data set to be simultaneously represented in a
readable way, enabling operation and maintenance operators to quickly detect patterns that would
require any type of intervention. As a case study, the operation of a grid-connected photovoltaic plant
located in southern Spain was studied during a period of three years. The average daily efficiency
values of the PV modules and inverters were in the range of 7.6-14.6%, and 73.5-94% respectively.
Moreover, the presence of shadings, as well as the hours and days mainly affected by this issue,
was easily detected.

Keywords: photovoltaic plants; software development; performance analysis; loss analysis;
graphical malfunction detection

1. Introduction

According to Solar Power Europe’s report entitled Global Market Outlook for Solar Power
2017-2021 [1], in 2016, there was a record of solar growth as 76.6 GW of solar plants was installed
and connected to the grid. That is the largest amount of solar power installed in a year so far,
which supposed a 50% year-on-year growth over the 51.2 GW added in 2015. In just a decade,
the world’s cumulative solar capacity increased by over 4500%, from 6.6 GW in 2006. The 306.5 GW
of total grid-connected PV capacity installed at the end of 2016 generated around 2% of the world’s
electricity demand. From today’s perspective, it is expected that the total global installed PV capacity
will exceed 400 GW in 2018, 500 GW in 2019, 600 GW in 2020 and 700 GW in 2021 [1].

Although all these solar growth numbers may sound very impressive, solar energy still has
a long way to go before it can achieve its full potential, having many obstacles and technical
challenges to overcome in order to improve its profitability and to be fully integrated as a dispatchable
energy resource in the electricity market [2—6]. The 1.5 °C Paris goal will require gigantic efforts,
and, among others, it will need to direct much more money into renewable resources, and new business
opportunities may be open in this sector in the near future [1].

Energies 2017, 10, 1964; doi:10.3390/en10121964 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-6129-2962
https://orcid.org/0000-0001-6832-4640
https://orcid.org/0000-0003-2703-6532
http://dx.doi.org/10.3390/en10121964
http://www.mdpi.com/journal/energies

Energies 2017, 10, 1964 2 of 26

Improving the profitability of photovoltaic (PV) installations requires optimizing their production,
thus reducing their costs and increasing the plant’s useful life [5,7,8]. To achieve this while still using the
currently available technology, a correct design of the installations and an adequate intervention of the
services of operation and maintenance (O&M) are crucial [9]. These services are playing an increasing
role, and are being recognized for their determining function in ensuring long-term revenues, which is
very important when taking into account the current tendency to install, mainly in emergent markets,
megawatt-scale PV parks [1,2,7,9]. O&M has even charted its own course to become a standalone
business segment and a critical component of the solar energy value chain [1]. Although O&M markets
will continue their consolidation in Europe, in emerging markets, ambitious national solar programs
are being carried out with few experienced O&M service providers, thus improving these services is
one of the challenges for the next few years.

For an adequate intervention of all these O&M activities, the starting point is the continuous
monitoring and supervision of both the PV power plant conditions and the performance of all its
components [10,11]. An important requirement in this sector is to improve the ways of effectively
processing and analyzing the large amount of data registered. In this way, they can be converted into
useful information, for faster identification of behavior changes that might compromise the systems’
performance and for faster intervention at the plant if necessary [7,12]. In addition to technical activities,
the financial aspects of these tasks are crucial in order to identify and accomplish the appropriate
actions in an optimal mode, based on a cost-benefit analysis, with the objective of these services
being profitable for both the companies carrying O&M services out and for the owners of the PV
installations [12]. Optimal operations must strike a balance between maximizing production and
minimizing cost [7].

In this context, the main objective of this paper was to implement a procedure to perform a
detailed graphical supported analysis of the operation of PV installations, using a self-developed
application named S-lar2. This software enables us to carry out a detailed performance study of
all PV plant’s components in a fully automated way. To do this, it calculates the behavior indexes
and loss rates of the PV system components [13-17] using data recorded by the inverters, having
previously provided all technical specifications of the plant. All parameters analyzed were graphically
represented in the form of color maps, boosting the application of advanced data visualization (ADV)
techniques [18-23] and improved interfaces and decision support (IIDS) tools [24] in the analysis and
management of energy production in PV plants. With this type of data visualization, very easy and
intuitive information about the behavior of panels and inverters, as well as possible deviations from
normal operation or anomalous situations, can be obtained at a glance. The instants of time at which
such events take place can be quickly detected. Using this procedure, the operation of a grid-connected
PV plant located in southern Spain was analyzed in detail during a period of three years.

The diagnosis of the operating mode and fault detection in PV plants is increasingly attracting
the interest of researchers [25-31], and numerous papers have been published in the last few
years dedicated to analyzing the operation and performance of the components of working
PV plants [4,32-53]. Compared to most previous publications, where usually only the daily and/or
monthly values of yield and loss indexes are represented, layering the data on a color map allows
simultaneously displaying all instantaneous data registered throughout the monitoring period, even
if it comprises several years, easing the comprehension and interpretation of large amounts of data.
Large-scale visualizations would enable O&M operators to quickly detect patterns in data that would
otherwise go unnoticed, helping to close the gap between information and insights, and facilitating
diagnostics or alarm management with a minimal effort. This would allow decision-makers to act as
quick as possible. Moreover, this procedure does not include additional economic costs since data
recorded by the inverters themselves are used.

The structure of the paper is organized as follows. Section 2 describes the magnitudes to
be analyzed and the procedure carried out by the developed software. Section 3 describes the
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characteristics of the grid-connected PV plant analyzed as a case study. Section 4 presents and
discusses the results, and, finally, the conclusions obtained in this paper are exposed in Section 5.

2. Functionalities Included in the Software S-lar2

In this section, the parameters involved in the study are described, as well as the most important
characteristics of the software used and the procedure carried out to process and visualize all data.

2.1. Description of Monitored Data and Calculated Parameters

Data monitored by the inverters of a PV plant connected to the grid are shown in Table 1.
The values of the irradiance in the plane of the PV panels, G, the ambient temperature, T;, and the
temperature measured on the back surface of the PV modules, T}, were also recorded.

Table 1. Analyzed parameters measured by inverters.

Parameters Notation
DC current from PV modules Ipc
Inverter input DC voltage from PV modules Ve
Inverter output AC power Pac
Inverter output total energy Eac
AC current injected into the grid Iac
Grid current Leig
Grid AC phase voltage Vac
Grid frequency ferid
Inverter operating status Status
Inverter error code Error

With these measured data, while also using technical information of the plant, a series of
standardized behavior magnitudes and rates must be calculated in order to analyze the performance
and losses of each of the installation components [13-17,54].

On the one hand, the so-called reference, Y,, temperature corrected, Y, array, Y 4, and final yields,
Yr, were determined. The reference yield is defined as

Yy =Ec/Gsrc 1)

where Eg is the tilted irradiation, determined by multiplying the value of the in-plane irradiance,
G (W/m?), by the monitoring time interval expressed in hours, t (h). Gsrc = 1000 W/ m? is the
irradiance in STC standard conditions (AM1.5, 1TkW/ m2, 25°C). The reference yield represents the
time that radiation should be received by the PV array with a value of Gsrc = 1000 W/m? in order
to generate Eg [13,17,33,54]. Its value depends on the location, orientation and inclination of the PV
system as well as on the climate and weather conditions.

The reference yield corrected by the effect of temperature is determined by means of the expression

Yr=Yr[1 - cr(Te — Tsro)l (2)

where T, is the PV cell temperature (°C); Tstc is the temperature at STC, 25°C; and cr is the temperature
coefficient of the PV modules (%-°C~1), given by the manufacturer in its specifications. This expression
reflects the decrease of the production due to the modules’ PV cells work with a temperature above
25 °C. The values of T, were determined using the expression

Te =T, + (G/800)-(TinocT — 800) 3)

This is the most frequently used NOTC model to determine the value of T, [4,29,37,47,53-59],
but, in this case, the parameter Tjyocr is used instead of the normally used Tyocr. This latter value is
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defined as the Normal Operating Cell Temperature (NOCT) and represents the mean PV cell junction
temperature in the so-called Nominal Terrestrial Environment (NTE) conditions (ambient temperature
T, nTE =20 °C, wind speed vn7E = 1 m/s on the front and back sides of the PV module and irradiance
GnrE = 800 W/m?) in an open-rack mounted, open-circuit module tilted perpendicular to the solar
noon. The Tyocr should characterize the module’s temperature dependence and should allow the
estimation of the module’s performance and energy yield over time [60]. The value of Tnocr is
provided for standard conditions by the module manufacturer in its specifications, while the parameter
Tinocr is defined taking into account the particular shape in which the panels have been mounted
and oriented, which may not be the same used by the manufacturer for Tyoct measurements in the
laboratory. The parameter Tiyoct depends on the value of Tyocr and the configuration used in the
installation to mount the PV panels [61]. For the case of open-rack mounting, which is the case of the
installation analyzed in this work, TiyocT is given by the expression [62,63]

Tnoct = Tinoct — 3 (°C) 4)

Greater differences between both temperatures are found in the case of panels integrated directly
in facades or building roofs, where the variation between both can be up to 18 °C [62-64].
The array yield is defined as
Ya =Epc/Psrc @)

where Epc is the DC energy from the PV modules, determined from the DC current and voltage from
PV panels multiplied by the recording time interval expressed in hours, ¢, and Pgrc is the PV nominal
power under standard conditions measured in W. This quantity represents the time in which the PV
generator must be operating with nominal power Psrc to generate Epc energy [13].

The final yield is determined by

Yr=Eac/Psrc (6)

where E 4c is the AC energy from inverter, determined from the monitored inverter output AC power,
P4c, and the recording time interval expressed in hours, ¢ (h). This quantity represents the time in
which PV generator plus the inverter must be operating with nominal power Psrc to generate E ¢
energy [13]. It depends on the location and type of installation, so it enables one to compare the
production of similar PV installations with different sizes but located in a specific geographic region.
Calculating the differences between the previous parameters, the losses of the different
components may be determined. The array capture losses may be calculated as the difference between

the reference and the array yields as
Le=Y,—Yy (7)

Capture losses are given by the sum of thermal losses, L., and miscellaneous losses, L.
The thermal capture losses are determined by the difference between the reference yield and the
temperature corrected reference yield

Le=Y, — Y7 8

and represent the losses due to PV modules that are operating above 25 °C [62]. The miscellaneous
capture losses are determined by means of the difference between the temperature corrected reference
yield and the array yield, and it is given by

Lcm = YT - YA (9)

It represents the rest of the losses in the PV system, which may be associated with multiple causes
such as the Joule effect in the wiring, diodes losses, shading effects, inhomogeneous or low irradiance,
snow, contamination or dirt accumulation, mismatch, maximum power tracking error, etc. An incorrect
operation of a PV grid-connected installation leads to a significant increase in L., value, being this
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magnitude an indicator of the existence of problems in the system. Finally, the difference between the
array and the final yields is given by
Li=Ys — Yy (10)

which corresponds to the losses produced in the inverter.
The performance ratio, expressed by the ratio of the final and reference yield

PR=Y{/Y, (11)

is a dimensionless index mainly used to characterize the performance of PV installations,
which measures the degree of utilization of an entire PV system [65,66]. It is the ratio of useful
generated energy versus the energy that should be generated by a lossless ideal PV plant at 25 °C
and receiving the same irradiation. This parameter was defined in the recently revoked standard
IEC 61724:1998 [16], and it is considered with more detail in the recently published standard IEC
61724-1:2017 [17]. It takes into account all the effects that involve the PV system performance and
indicates the overall effect of losses on the PV system’s rated output due to array temperature,
incomplete utilization of the irradiation and system component inefficiencies or failures [16,33,65].

For determining the global value of PR for a PV installation, Yy must be determined using the
E4c values measured at the PCC by the meter installed by the electric company [65]. However, in this
work, the objective is to be able to compare the operation of the three inverters available in the PV
installation. The PR value of the ensemble formed by each inverter of the installation, together with
the PV array connected to it, was determined, and, for this, the value of E4¢ registered by the inverters
was taken into account for determining the value of Yy for each inverter. In this case, the losses that
would take place between the inverter and the meter were not considered in this work.

The temperature-corrected performance ratio, PRy, was defined by the IEC 61724-1:2017 [17].
In this case, instead of using the value of the final yield previously defined, the value of a corrected
temperature final yield, TC_Yf, defined as follows, will be used

TC_Ys=Eac/(Psrc'[1 — cr(Tm — Tsrc)l) (12)

Instead of using a constant value of Psyc, the reference power is calculated at each recording
interval to compensate for the differences between the actual module temperature (T);) and the
STC reference temperature of 25 °C. The standard IEC 61724-1:2017 [17] indicates that, in this case,
the measured module temperature T}, may be used.

The efficiencies with which the components of the installation are working were also determined.
The efficiencies of the PV modules were calculated by means of the expression

e = (Epc/E;) x 100 (13)

where E, is the reference energy calculated by the product of the tilted irradiation, Eg, by the PV
module area associated to each inverter, A [54]:

E, =Eg-A (14)

This reference energy represents the available irradiation on the total PV module surface.
The efficiency of the inverter was determined by the ratio of the AC energy from inverter versus
the DC energy from PV modules:

Nino = (Eac/Epc) x 100 (15)

It depends on the input voltage to the inverter (some inverters operate more efficiently in the
upper area of the MPP voltage window, while other manufacturers prefer the lower, and even some
choose the intermediate zone). This should be taken into account when choosing the number of
modules in the series associated to each inverter [67].
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Finally, the system efficiency, given by the product of the inverter efficiency and the efficiency of
the PV modules associated with it,

11s = (16 Yinv) /100 (16)

provides the efficiency of the system composed by both of them. In the case of installations with more
than one inverter, these magnitudes can be determined for the systems comprised by each inverter
and its associated PV modules and/or for the complete installation, adding or multiplying the results
for each inverter, as appropriate.

2.2. Description of Data Processing and Visualizing Procedure

The management and processing of the monitored data were carried out using our self-developed
software S-lar2. This software was specifically designed for the automatic reading, management,
treatment and storage of data measured in PV installations. A previous version of this software was
the objective of the study in a previously published work [54], where it was described in detail. In the
new version, this software was modernized to a web application, more flexible to be installed on the
customer's equipment, and with shorter processing and consulting times. It was developed using
Python [68], HTML [69], CSS [70] and Typescript [71].

Figure 1 shows a schematic diagram where the steps that are carried out in the developed
program for processing and visualizing the information are reflected. The monitored data of the PV
installation, as provided by the company which are the owner of the plant, are distributed in one
file per day and organized in directories by months and years. S-lar2 enables monitoring data to be
automatically entered into different tables in a Relational Database Management System (RDBMS),
specifically designed to contain all of this information. The application has a graphical user interface
(GUI) that facilitates data migration and all their processing. Once all recorded data have been stored,
the software allows for performing a series of mathematical operations on the monitored parameters
for the calculation of Equations (1)—(16) for each inverter. Therefore, each of the previously shown
standard magnitudes and performance rates of each individual component of the PV installations can
be calculated and stored.

S-lar2
Graphical user interface (GUI)

/Autnmated

Monitored ) data Selecting
i data migration Name of the PV
1 file per day l installation and
inverters
Stomge of Data ,ml
dataina visualization |€
RMBMS tool Parameter
l T name
Technical —
information of Automated  Type of data
PV plant T calculation of (lnSt’anf‘}"‘etO)U: or
components performance, aggregated)
efficiency and

\IUSH indexes J

[ 1 1

[Tables ] [ Graphs ] [Data in .CS\']

Figure 1. Esquematic diagram of the procedure used by S-lar2 for the automated processing of
monitored data in PV installations.

Moreover, the application determines both the “instantaneous values” of all parameters and
calculated magnitudes, which will have the same temporal frequency as the recording parameters,
and all of their average and/or accumulated or aggregated values, which are also automatically
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calculated. These last values must be calculated to produce an hourly scale (the sum or average
of the instantaneous values recorded or calculated for each hour), a daily scale (sum or average
of the 24-hourly values for each day), and a monthly scale (sum or average of the daily values for
each month).

Once data are calculated, the S-lar2’s graphical user interface (GUI) also enables the user to
easily access and select all data stored in the databases, by means of a series of queries via its data
visualization tool. A screenshot of this data visualization tool can be observed in Figure 2a. By means
of a series of buttons and menus, selected data can be directly visualized either graphically (Figure 2b)
or numerically, in tabular form, or even being exported as .csv files with the aim of using them with
other third-party software for its analysis.

PV Installation 1

| Height: 133 Total Power (W): 17820 City: Cérdoba Since: 2010-03-02
Inverters
Parameters Inverters )
Min Date 2011-01-17 Cell T° [°C] - 413 - 2000412530 [l
E AC (Inverters) [W-h] 414 - 2000412549
\C ( 415 - 2000412800
Max Date: | 2011-01-23 —
Visualization: 1 v
Title: E DC (V) W-h

Stz Hourly data :] Monthly data | Instantaneus Matrix Data
ERCVy Wi Exporttocsv RO
Homeé Tables Graphs PV Installation 1 « Type Visualization:

EDC(-V)W-h =
500
450
400
350
300
=
= 250
=
200
150 I '
100 | 1.
| ’ [N’\
50 / f / "\
[ [ | f A\
0 L | | \ i \
17.Jan 12:00 18. Jan 12:00 19. Jan 12:00 20. Jan 12:00 21. Jan 12:00 22. Jan 12:00 23. Jan 12:00 24.Jan
- 413 - 2000412530 - 414 - 2000412549 = 415 - 2000412800

(b)

Figure 2. S-Iar2’s graphical user interface (GUI): (a) selection of data; and (b) graphical visualization of
selected parameter (Epc) for the three inverters.
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The PV installation was analyzed as a case study during a period of three years (from 1 January
2011 to 31 December 2013), for which the monitored data of the installation were available.
The 1096 files, which contain the parameters recorded by the three inverters as well as the irradiance
and temperature data, were provided by the company that owns the facility. These files were then
uploaded using the software and subsequently calculating all the yield and loss indexes. By using the
developed application, the same parameters for the three inverters were queried.

For the analysis, all the instantaneous data of each parameter were represented in the form of color
maps. With this type of data visualization, a large volume data set can be represented in a readable
way, easing its interpretation, and with the aim of assisting in the decision-making process of PV plant
maintenance tasks. To do this type of representation, in S-lar2, the option has been added to request for
any of the parameter’s data in a matrix form. The application will supply us data in an array that will
have as many columns as the requested days corresponding to the monitoring period, and as many
rows as records have been made throughout each day. The days in which, due to technical problems,
there are no monitoring data, the program provides the columns corresponding to those days with null
or empty values, according to interest. Since the PV installation has been analyzed in this work during
a period of three years, there were 1096 columns in total in these matrices, but obviously the matrix’s
number of columns can be adjusted to the number of days in which this analysis of the PV installation
is desired to be done. On the other hand, for a recording interval of 5 min, as is the case of the PV
installation analyzed in this work, there are 288 data recorded per day for each parameter, so this will
be the number of rows that the matrix will have: the first data or row being the one corresponding
to the registration at 00:00, and the last one corresponding to the registration at 23:55. Then, the data
of these matrices will be represented by color diagrams. In the Y-axis, the 288 registers or rows are
represented, while the X-axis shows the monitored days, or the different columns that the matrix have,
which is the same. The magnitude of the values will be given in such graphical representations by a
color scale.

Graphs with daily data, which will correspond to the sum or average of the values of each of
the matrix’s columns, will be presented after the color maps, such that the union of both graphs will
provide complete information of each parameter analyzed.

Although S-lar2 carries out the graphical representations of the data, in this work the .csv files
provided by the software was exported and loaded into MATLAB (version 2013, MathWorks, Natick,
MA, USA), with the aim to provide high-quality figures in the paper. By means of a routine,
instantaneous data matrices and daily data vectors were uploaded, and all figures were represented in
an automated way.

3. Specifications of the PV Plant Analyzed for the Case Study

In this paper, a grid-connected PV system currently operating in Andalusia, Spain, was analyzed.
This installation belongs to the company Solar del Valle SL, which provided both the installation’s
technical specifications and the data obtained from monitoring [72]. This facility is located in the city
of Cérdoba (Cordova), with a nominal power of 17.8 kW. It comprises three inverters, each one with
36 modules connected to it (three parallel strings with 12 modules in series each one). The parameters
of its modules, mounted in an open rack on a rooftop (tilt: 30°, azimuth: 18°), are shown in Table 2,
whereas inverter specifications are listed in Table 3. The three inverters of the PV installation has been
named inverter 413, inverter 414 and inverter 415, which are labels used by the owners of the plant.

Monitoring was carried out in the PV installation with the following equipment. In-plane
irradiance and temperatures were recorded by using a device called Sunny SensorBox, from the SMA
company [73], whose sensors and specifications are reflected in Table 4. The other measurement
sensors and the data acquisition system were located in the inverters. The Sensor Box and inverters
were connected via R5485 to a Sunny WebBox, also from SMA. This multifunctional device, with a
low-consumption data logger, is responsible for collecting data continuously from inverters and the
SensorBox. Measurement data are transmitted through a GSM modem from remote locations where
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a telephone or ADSL connection is available. In the installation, monitoring data, recorded at 5-min

intervals in the WebBox, were extracted via an SD card.

Table 2. PV module technical specifications.

PV Module Specifications
Model BP-3165
Type Polycrystalline Silicon
Number of cells 72 (6 x 12)
Nominal power (Pstc) 165 W
Power tolerance +3%
Module efficiency 13.1%
Maximum power current (I,m) 4.7 A
Maximum power voltage (Vipp) 352V
Short circuit current (Ig) 51A
Open circuit voltage (Vi) 442V
NOTC 47 +2°C
Module area 1593 x 790 x 50 mm
Weight 15.4 kg
Top side Tempered glass
Encapsulating material EVA
Back side White polyester
Table 3. Inverter specifications.
Inverter Specifications
Model SMA SMC-5000 [73]
Input
Recommended Maximum DC power 6.35 kWp
Maximum DC voltage 600 V
Maximum DC current 26 A
Nominal DC voltage 270V
Output
Nominal AC power 5kW
Maximum output current 26 A
THD of grid current <4%
Number of phases 1
Maximum efficiency 96.0%
Euro-eta 95.1%
Weight 63 kg

Table 4. Irradiance and temperature sensors.

Sensor Measurement Accuracy Resolution Magnitude Measured
Range
In-plane total irradiance on the PV
Calibrated ASI 2 o 2 modules (it is located close to one
amorphous PV cell [0,1500] W/m +8% 1W/m of them, with the same inclination
and orientation)
PT-100M [—20,+110] °C +0.5°C 0.1°C Module temperature
PT-100M-NR [—20,+110] °C +0.7 °C 0.1°C Ambient temperature
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4. Results

4.1. Irradiance, Ambient and Module Temperature

Firstly, the external parameters of irradiance and temperature to which the PV modules were
subjected to are shown in order to have them as a reference to the dependence of the production
indices and losses with these parameters. In Figure 3a the tilted irradiance registered during the
monitored period of three years is represented. The first day corresponds to 1 January 2011, whereas
the 1096th day corresponds to 31 December 2013. Firstly, it is notable that the set of 315,648 records
over the three years (288 records per day for 1096 days) is represented on the same graph, and the set of
all data is easily interpretable at a glance. The Y-axis shows the hours of the day in which the registers
take place, from 00:00 to 23:55, which correspond to the first and last data measured each day. It is
possible to observe the seasonality of the irradiance values for the geographic location as well as for
the inclination and orientation of the PV panels of the studied installation. In dark blue color, the null
values and the instants of time in which there is no record of irradiance, either because it corresponds
to night hours or because of the absence of data for some type of technical problem, can be seen.
The dark red color corresponds to the maximum values of irradiance. The maximum recorded value
was 1141.6 W/m?, which took place on 14 April 2012 at 13:50. It is observed in the graph that the
months of January and December are the period of the year in which days have the lowest number
of hours with non-zero values of irradiance. The hour daily range with solar radiation increases
progressively until the summer months, where the number of hours with sun and therefore electricity
production is the highest. It can also be observed that the greatest irradiance records take place during
the central hours of the day, between 12:00 and 15:00. The two time changes that take place throughout
each year in Spain, in the passage from winter to spring (around the end of March), in which there is
an advance of 1 h (from Greenwich Mean Time (GMT)+1 to GMT+2), and the transition from summer
to autumn (at the end of October), where there is a delay of 1 h (From GMT+2 to GMT+1), are also
reflected in the image.

It is observed in Figure 3a, as well as in many others of the work, the range of days, between
14 November 2012 and 1 January 2013 (Days 684-731), in which there was no data in the PV plant’s
monitoring system due to technical problems, as well as 26-28 July 2011 (Days 207-209), in which
there was also fault in the data.

Instantaneous Tilted Irradiance (W/mz) on PV panels Wim’ )
1200 x10" Global daily tilted irradiance (W/m?) on PV panels
10 T T T T T T T T T
9
1000
: |
e ,
800 2
>
T 2
o T 6
© k=]
= 8
5 E
© 600 E
o =
3 >
o =4
T 3
400 F]
E 3
[}
2
200
1
0 1 d . . 1 . . . 1 .
: 0 [¢] 100 200 300 400 500 600 700 800 900 1000
0 200 400 o 600 800 1000 Days
ays
@) (b)

Figure 3. Tilted irradiance registered from 1 January 2011 to 31 December 2013: (a) instantaneous
values, during 24 h a day; and (b) total daily values.

In Figure 3a, it is possible to observe the difference between the irradiance profiles that occur on
clear cloudless days, in which the variation experienced by irradiance values throughout the day is
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exclusively due to variations in the solar path, with respect to the days with clouds passing, in which,
from some registers to others, there were great variations in the values of the irradiance. It can also be
observed in those covered days that the values of irradiance were very low throughout the day.

The correspondence between the data of Figure 3a and those reflected in Figure 3b, where the
total daily values of irradiance are represented, can be observed. In Figure 3b it is shown, in addition
to the annual periodicity that takes place due to the seasonality, already reflected in Figure 3a, the great
variation that can take place from day to day in the total daily values of irradiance, present in general
throughout all the seasons, although this variation is inferior in summer due to a greater predominance
of clear days. This fact results in a great variability and randomness in the production of energy in this
type of renewable installations, and therefore in their difficulty to be considered as manageable energy
generation sources in the electricity markets. The higher daily total values, above 80 kW/m? per day,
were concentrated between the months of April and July. The highest total daily value corresponded
to 29 May 2013, with a total of 86.89 kW / mZ2. In contrast, in the months from January to December,
the total daily irradiance values were generally the lowest. In these months, the highest total irradiance
did not exceed 55 kW/m? per day. Although, as can be observed, it was possible in summer to find
days with a total irradiance collected by the panels of less than 55 kW /m?, this may be less than
10 kW/m? in winter days.

The ambient, the measured at the back of the modules, as well as the estimated PV cell
temperatures are reflected in Figure 4a. The color maps allow an intuitive visualization of the
temperature distribution over the three-year period. The average daily values of these three
temperatures are shown in Figure 4b. These figures show the seasonality of these three magnitudes,
with values being very high in summer, greater between 12:00 and 18:00, and lower in winter,
mainly in the months of January and December. The highest registered ambient temperature value,
48.23 °C, took place on 10 August 2012 at 15:15, while the lowest value, —1.17 °C, was recorded on
5 February 2012 at 8:05. The highest values of module and cell temperatures obtained, 73.15 °C and
75.38 °C, respectively, also took place on 10 August 2012 at 15:05, while the lowest values, —5.25 °C
and —5.23 °C, respectively, were recorded on 12 February 2012 at 8:15.
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Figure 4. Registered ambient and module temperature, and calculated cell temperature registered
from 1 January 2011 to 31 December 2013: (a) instantaneous values, during 24 h a day; and (b) average
daily values.

The high temperature of the PV modules, being an average of 4.44 °C above the ambient
temperature is worth noting. The maximum increase of the module temperature compared to the
registered ambient temperature was of 35.96 °C, which was registered on 11 April 2012 at 13:40,
while the maximum variation in which the temperature of the module was lower than ambient,
6.6 °C, took place on 13 June 2012 at 7:35. The mean difference found between T, and Ty, is
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0.57 °C, although the maximum temperature difference obtained between the both values was 3.43 °C,
also recorded on 11 April 2012 at 13:40. The average ambient temperature values range from 5 °C
to 36 °C, between 6 and 43 °C for the module temperature and between 6.5 °C and 43.7 °C for the
cell temperature.

4.2. DC Energy Produced by PV Panels

Once the conditions to which the components of the PV system were exposed to have been shown,
in Figure 5a the instantaneous DC energy generated in the PV arrays connected to the three inverters
of the installation is represented. The total daily values of this energy are shown in Figure 5b. It can be
noticed how the values of this parameter are directly related to the irradiance values received by the
panels previously shown in Figure 3a. The seasonality in production over the three years, the highest
values of production in the mid hours, the highest number of hours of production in spring and
summer, and the differences of the daily DC production profiles on clear days, with small transitions,
compared to that of the days with the passage of clouds, with a greater number of transitions, can be
observed, all aspects previously commented on when analyzing the color map of irradiance values.

Since the nominal power of panels associated with each inverter is the same, the energy produced
in all three should be practically the same. However, if one observes Figure 5a, it can be clearly seen
that, in the winter months, during the period from September to March, the electricity output in the
arrays connected to inverter 415 is lower than that of the other two inverters. This fact is also shown
in Figure 5b, where it is observed that the daily output of the panels corresponding to inverter 415 is
lower during these months. The maximum difference occurred on 2 February 2013, in which the
daily output of inverter 415 panels was lower by 7.56 Wh than that occurring in inverter 414 panels,
which means a daily production that is 24.37% lower. However, the color map allows us to discern,
throughout the year, the hours of the day when the production of the third inverter is lower, an aspect
that obviously is not evident if only the daily total data are represented.
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Figure 5. Instantaneous DC energy generated in the PV arrays connected to inverters registered
from 1 January 2011 to 31 December 2013: (a) instantaneous values, during 24 h a day; and (b) total
daily values.

Figure 5a also shows, during the period from 2 to 12 April 2012 (Days 458-468), a stop in the
production of the three inverters, as well as a series of stops that took place only in inverter 413,
and that corresponded to 26 June 2011 (Day 238), from 3 to 6 August 2012 (Days 581-584), 17 April
2013 (Day 838) and from 3 to 5 August 2013 (Days 946-948). These stops are also reflected in both
Figure 5b and in the enlargement shown in Figure 6. This last figure represents the daily DC energy
generated from 23 June 2012 (Day 540) to 15 September 2012 (Day 624). The stop in the production of
panels can be clearly seen, which corresponds to inverter 413 from 3 to 6 August 2012 (Days 581-584).
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It can also be seen that the total daily output of inverter 413’s panels is slightly lower than that of the
inverter with the highest production, which is 414, and this difference remains practically constant
over the three monitored years. These smaller differences are more difficult to visualize in the color
maps, so it is recommended that these maps be accompanied by graphical representations of the daily
values in order to complement the information of the first ones. In total, the production of panels
associated with inverters 413, 414 and 415, during the three monitoring years, was 28.2, 28.9 and
26.4 MWh, respectively. The output of the 415 inverter was 2.5 MWh lower than that of inverter 414,
which is 8.6% lower. This means an average difference between both inverters of 0.83 MWh/year.
The difference between inverters 413 and 414 is smaller, 0.7 MWh, which is 2.5% lower. This implies
an average difference of 0.24 MWh/year. These differences in the production of the PV panels were
reflected in a smaller injection of energy into the grid (0.78 and 0.22 MWh/year respectively for 415
and 413 compared to inverter 414). Considering the remuneration tariff for this type of installations
(Type L.1) in 2011 [74], this meant a loss of 245 and 70€ per year respectively for inverters 415 and 413,
which despite variations in tariffs, over the plant service life may lead to a considerable decrease in
revenues. In the case of inverter 415, this deviation is mainly due to the presence of shading effects.

4.3. Maximum AC Energy Produced by Inverters

In this study, the behavior pattern of the instantaneous and total daily energy E ¢ measured in
the inverters” outputs are really similar to those of the Epc represented in Figure 5a,b respectively.
Thus, instead, in Figure 7 there is a representation in which, for each instant of time, the inverter
with the maximum E4¢ energy production is indicated. A code is used, such as 0 (dark blue) means
there is no electricity production; 1 (intermediate blue) represents that inverter 413 is producing the
maximum value of E4c in that instant of time; 10 (light blue) represents that inverter 414 is producing
the maximum value of E4c; and 20 (yellow) represents that inverter 415 is producing, in this case,
the maximum value of E4c. The values 15 (green), 25 (orange) and 30 (dark red) would represent
the instants of time in which two of the three inverters (413414, 413-415 and414-415, respectively)
are simultaneously producing the maximum amount of E4¢, although these situations are infrequent
during these three years. The situation in which the three inverters are producing the same quantity
of E4c, which would correspond to number 35, according to the code used, does not occur during
the entire monitoring period. It can be seen that the inverter that is more often producing more
energy than the others is inverter 414, which results in the fact that its daily production, as already
seen above, is superior to that of the other two inverters in the greater part of the monitoring period.
However, it can be observed that the behavior reflected in the figure presents an annual periodicity.
The 414 inverter has maximum production during the central hours of the day in the spring and
summer months. Inverter 413 produces the most during the first hours of the day, especially during the
summer months, and during the last hours of the day, especially during the months corresponding to
autumn and winter. In addition, throughout autumn and winter, the maximum production oscillates
between inverters 413 and 414. Inverter 415, in a smaller number of occasions, presents the maximum
production. However, this occurs during the first and mainly during the last daily production records,
but this situation is much less frequent during the central hours of the day.

In accordance with this figure are the data represented in Figure 8. In it, for each of the registers
over the three years, the inverter that is having the maximum output has also been determined.
Considering that this should be the production expected for the other two inverters, the difference
between the output power in each inverter, P4c, and the maximum output found in the three are
calculated for each of them. This difference, in percent, with respect to the value of the nominal power
of PV panels associated to each inverter, Pstc, is represented. Figure 8b shows the same values, but on
25 February 2011, as an example of one day in which there are more differences in the production of
inverters (around 20%), and on 17 June 2011, as an example of a day in which the difference among
the output of the different inverters is the smallest recorded (around 2%). As shown in Figure 7,
inverter 414 had the highest production on a greater number of occasions (for that reason, the value
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corresponding to it in Figure 8b in the central hours of the day was zero), except in some instants
of time in the first and last hours of the day, in which the production of this inverter was inferior,
thus making inverter 413 the maximum producer in those instants of time.
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Figure 6. Total daily DC energy generated in the PV arrays connected to inverters, from 23 June 2012
to 15 September 2012.

The influence of some aspects that show a periodicity throughout the year is clearly manifest in
Figures 7 and 8, indicating, because the PV installation is located on the roof of a building, the presence
of shadows caused by the structure of the building and/or those surrounding it, which is affecting to a
greater or lesser extent the production of panels associated with each of these inverters throughout the
year. This reduction in production can be improved by rectifying, as far as possible, the design of the
PV plant or, at least, by taking this aspect into account in other future installations in which similar
circumstances may occur. If rectification is not possible, at least they are foreseeable variations that can
be considered in a possible management of the production of the analyzed PV plant.

Inverters with the highest production (EAC)
00:00 30 (nv414 +

Inv 415)

25 (Inv413 +
Inv 415)
06:00
= 20 (Inv415)
>
[
©
©
2
S 12:0 F 415 (nv413 +
© Inv 414)
2]
S
(=]
I
F 110 (inv414)
18:00

5 (Inv413)

00:00 0 (No product.

100 200 300 400 500 600 700 800 900 1000
Days

Figure 7. Inverters that are producing the maximum amount of energy Eac in each instant of time
from 1 January 2011 to 31 December 2013.
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Figure 8. Instantaneous differences, in percentage of nominal power, of the production of each inverter
with regard to that of the maximum production, in each instant of time: (a) from 1 January 2011 to
31 December 2013; and (b) on 25 February 2011 and on 17 June 2011.

On the other hand, the presence of faults, for example, in inverter 413, is clearly shown in Figure 8a
with differences in the output, which may be even greater than 80% of the nominal power of the
array. There are numerous authors who model the production of the PV plant and compare the
actual production with that obtained by the model in order to verify the presence of faults in the
installation [25-31]. Another option is, as presented in this work, to compare the production of arrays
that are located together and exposed to the same conditions. The deviation in the production of one
of them with respect to the others is a sign of the presence of some type of disturbance that is affecting
the production. Obviously, this method does not allow for detecting deviations that are simultaneously
affecting the output of all inverters, but it avoids having to use a model of both the array and the
inverter, whose results will also present errors with respect to the actual production, which is higher
the more simplified the model used is. Once the behavior of each inverter has been characterized,
alarms can be set for deviations higher than those normally detected for each time of the year in order
to control possible anomalous deviations.

4.4. Performance Ratio

In Figure 9a, the PR value corresponding to the output in each of the three inverters is represented
during the entire monitoring period. In Figure 9b an enlargement corresponding to values of inverter
413 is represented. In agreement with the aspects previously seen, it is observed that inverter
415 presents a smaller value of this parameter, and more significantly during the months of autumn
and winter. From November to January, the value of PR in this inverter is lower than that of the
other two throughout the day, while, during the months of September, October, February and March,
these lower values are only concentrated in the first hours of the day. This behavior is repeated during
the three years in which this installation is analyzed, which is showing, as already seen, the presence
of shadows in the panels corresponding to this inverter during these months of the year, which do not
affect the panels of the two remaining inverters or do so at very specific times of the day. This behavior
is easily revealed thanks to the visualization of this parameter using color maps. On the other hand,
the daily profiles corresponding to PR values are subject to irradiance and temperature conditions.
When days are clear, without clouds, the daily profiles of this parameter, especially in inverters 413
and 414, present a behavior that is being repeated throughout the year. In the mornings, after the grid
connection, when the inverter starts to generate electricity, the value of PR goes from a null value to a
value close to 1 in a time of about one hour or even less. In the central hours of the day, the value of
PR decreases, with a value between 0.8 and 0.9, depending on the time of year. This decrease could
be due to the higher temperature losses that take place during this time and more significantly in the
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summer months. Subsequently, a new increase in the value of PR occurs, reaching from 18:00 the
highest values of the day, even higher than 1 (red color in the figure), and then decreasing its value in
the last moments of production. The shape of this curve is also observed by other authors, who call it
a “bath tube” [12]. These authors indicate that the high temperature in the central hours of the day
contributes to the reduction of the PR value.

In theory, the value of PR can be effectively higher than 1 because the panel nominal power is
measured at STC, so it can be higher than 1 under more favorable conditions, such as higher irradiation
or lower temperature than STC [12]. During the hours in which the PR values above 1 were obtained in
this work, the irradiance did not present values superior to 1000 W/m? (Figure 3a). At these instants of
time in the winter, the temperature of the module decreased below 25 °C. In summer, at these instants
of time, the temperatures had already begun to fall, but they were still high, above 25 °C, and the PR
peak with values greater than 1 occurred even with more incidence. This apparent increase in PR value
could be influenced by a lack of synchronization in the data record, by a sub-estimation of the nominal
power of the plant used for normalization, Psrc, or by an overestimation of the E 4¢ values recorded
by a calibration error, although all these reasons would have the same effect during all the hours of the
day and would not have a greater incidence at specific hours of the day. One might think this is due to
an underestimation of the measured reference energy values, E;, due to the presence of shading in the
irradiance sensor, which did not affect the PV panels in the same way. There may also be affecting
a different response of the PV panels, which are of polycrystalline silicon, compared to those of the
reference cells used to record the irradiance, which is of amorphous silicon, since both materials have a
different response to the spectrum of solar radiation [75].
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Figure 9. (a) Instantaneous values of performance ratio of the three inverters, during 24 h a day,
from 1 January 2011 to 31 December 2013; and (b) enlargement of performance ratio values of
inverter 413.

The average daily values of PR are shown in Figure 10a. In this case, the PR values have been
determined by only taking into account the instants of the monitoring period in which each inverter
was available and producing electricity, not counting the instants in which there have been stops in the
PV production. With the data of this figure, several conclusions can be obtained. First, the seasonality
in the annual variation of these daily average values can be seen, mainly in the case of inverter 415.
The months in which the PR values are higher correspond generally to the months of April and
May. During these months, the values of irradiance have high values, but the higher temperatures
that occur later during the summer months, which increase the losses in the capture system due
to the temperatures, are not yet recorded. This is the reason the PR highest values do not take
place in the summer. The highest PR values are those corresponding to inverter 414, being slightly
lower, although with the same behavior throughout the year, those corresponding to inverter 413.
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The lower values correspond to inverter 415. The maximum values of the daily PR values found
during the monitoring period were 0.92 (22 March 2012), 0.93 (22 March 2012) and 0.86 (27April 2011),
corresponding to inverters 413, 414 and 415, respectively, being the minimum values 0.40%, 0.42% and
0.39%, all registered on 19 December 2013.

The values of the temperature-corrected performance ratio, TC_PR (Figure 10b), are higher than
those of PR because the effects of temperature losses are removed. The maximum values were 0.98,
1.02 and 0.97 for inverters 413, 414 and 415, respectively, whereas the minimum values were 0.37,
0.39 and 0.37, respectively. It can be observed that the seasonal variation is not eliminated at all due
to the presence of other factors that are causing seasonal variations, with a high impact in this PV
installation, such as seasonally dependent shading and/or spectral effects.

To compare these results with those of other authors, it should be noted that the PR value has
been determined with tilted irradiance instead of horizontal values. Moreover, it must be considered
that, on an annual basis, crystalline silicon sensors measure less irradiation than pyranometers,
although the difference between the two types of sensors depends very much on the sensor and the
location (in Germany, the difference is around 2-4%). Therefore, the annual PR of a PV plant that is
calculated on the basis of crystalline silicon sensors may be higher than PR based on pyranometer
measurements [12,65,66]. In that regard, no information was found in the case of amorphous silicon
sensors, which was the sensor used in this work.
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Figure 10. (a) Average daily performance ratio; and (b) average daily corrected temperature
performance ratio of the production of the three inverters, from 1 January 2011 to 31 December 2013

4.5. PV Panel Efficiency

In Figure 11a, the instantaneous values of the efficiency of the PV panels during the whole
monitoring period are depicted. It is observed that the behavior presented by this parameter during
the day was very similar to the one that has the PR of the production associated to each one of the
inverters during the whole period of monitoring (Figure 9a). The values of the modules’ efficiency
were slightly higher in the first and last hours of the day, with values higher than 15% and even
20% (which is a value above the 13.1% given by the manufacturer), while the value was lower in the
central hours of the day, around 12-13% (depending on the time of year). The upper values in the
first and last hours of the day also presented a certain periodicity such that these values were also
slightly higher in the spring and summer months. If Figure 11b is observed, in which the average
daily values of the efficiency of the panels are represented, the same behavior as that of the daily
mean values of PR can be noticed. The lowest values are presented by inverter 415, mainly during the
months from September to March. The maximum values of the average daily module efficiency were
14.36% (19 and 22 April 2012), 14.66% (22 March 2012) and 13.50% (27 April 2011 and 2 May 2012),
respectively, for modules connected to inverters 413, 414 and 415, in the same range of values found by
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other authors for a near geographical location [76], being the minimum values 7.76%, 8.14% and 7.65%
(19 December 2013).
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Figure 11. PV panels’ efficiency from 1 January 2011 to 31 December 2013: (a) instantaneous values,
during 24 h a day; and (b) total daily values.

4.6. Inverter Efficiency

Figure 12a shows the instantaneous values of the efficiency of the three inverters, observing that,
in this case, the profiles throughout the day were different from those presented by the efficiency of the
panels. Although the efficiency was lower in the first and last hours of production, it rapidly increased
to reach, during almost all the hours of production, values higher than 90%, which remained practically
constant. In this case, the profiles and values found were very similar for the three inverters, as is also
shown in Figure 12b, where it is observed that the average daily values of the inverters’ efficiency
were practically the same in all three. The effect of the seasonality, although present, was lower in this
parameter. These average values were above 90%, being slightly lower in the winter months and with
greater variations from one day to another, between 75% and 92%. The highest values found were
94.00% (25 August 2011, Day 237), 93.37% (1 September 2012, Day 610) and 93.21% (6 October 2011,
Day 279), respectively, for inverters 413, 414 and 415, being the minimum values equal to 75.02%,
73.57% and 73.92%, which took place on 19 December 2013 (Day 1084).
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Figure 12. Inverters’ efficiency from 1 January 2011 to 31 December 2013: (a) instantaneous values,
during 24 h a day; and (b) total daily values.
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4.7. Capture Losses

Figure 13a shows at a glance the distribution of losses occurring in the capture systems connected
to the three inverters throughout the whole monitored period. One the one hand, the losses occurring
in the central hours of the day can be distinguished. They are mainly caused by temperature losses
(which present the same daily profile and the same seasonality as the temperature values reflected in
Figure 4a,b), which occurred with greater incidence in summer months and equally affect the panels
of the three inverters. The wiring losses will be proportional to the production, so they will also be
higher in the central hours of the day. On the other hand, the presence of losses that occur in the first
and last hours of the day can be observed, which present a seasonal behavior, affecting to a greater
extent the PV panels corresponding to inverter 415. These losses had a higher incidence in the months
of autumn and winter, being higher the time interval in which inverter 415 is affected.

The losses by dirt and dust accumulated on the solar module surface, blocking some of the
sunlight and reducing the output production, also affected the reference cell used to measure the
radiation received by the panels [12]. Although dirt and dust are cleaned off during every rain event,
it is necessary to clean them during dry periods. This type of intervention was not carried out in
the installation, so this type of loss could not be evaluated. To do this, it is necessary to compare the
performance, in situations where only the sensor is cleaned, with those in which both sensors and PV
modules were cleaned [77].

Figure 13a also shows losses that occurred due to the presence of stops in production, already
noticed in Figure 5a,b and Figure 6. On one occasion, this shutdown affected the three inverters,
while it only affected inverter 413 on four other occasions.

In accordance with these results are those reflected in Figure 13b, in which the total daily values
of capture losses are represented. For a typical day of July, total daily losses have been quantified
at 0.72, 0.60 and 0.75 h/day for the arrays corresponding to the panels of inverters 413, 414 and
415, respectively, whereas, for a clear day in January, these losses may be 0.65, 0.60 and 1.63 h/day.
It becomes clear that, although the temperature losses are higher in summer, they are more affected
by shading losses in winter, influencing inverter 415 to a greater extent. The lowest losses were
recorded in the months of April and May, the same ones in which the PR values were improved.
This information can be taken into account when making stops at the facility for maintenance issues in
order to carry them out in the periods of lower electricity production. It would be recommended that
these two graphs be updated daily and monitored by O&M operators to quickly detect any deviations
in production or abnormal operation.
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Figure 13. Capture losses from 1 January 2011 to 31 December 2013: (a) instantaneous values,
during 24 h a day; and (b) total daily values.
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4.8. Inverter Losses

With respect to inverter losses, their instantaneous and daily total values are reflected in
Figure 14a,b, respectively. As shown in Figure 14a, these losses were higher in the central hours
of the day in which the production was higher. Since inverter 415 has a lower production in the
autumn-winter months, it also has fewer losses during those months than the other two inverters,
which is a fact that can be observed in both figures.

Global daily inverter losses (h/d)
0.4 T T T T T T T T

Instantaneous Inverter Losses on Inverter 413

T T
Inverter 413
Inverter 414

0.35 — Inverter 415 ||
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Figure 14. Inverter losses, from 1 January 2011 to 31 December 2013: (a) instantaneous values,
during 24 h a day; and (b) total daily values.

The daily total losses in the inverters were lower than those that take place in the PV modules,
in line with the greater efficiency with which the inverters worked. The maximum values determined
were 0.36, 0.36 and 0.35 h/day for inverters 413, 414 and 415, respectively, which took place on
16 April 2012 (Day 472). In general, although there were not any large variations in this type of losses
from one day to the other throughout the year, the periods in which the highest losses in inverters
were recorded were the months of April, May and June.

4.9. Inverter States

To analyze the behavior of inverters in Figure 15a their states have been represented during the
entire monitoring period, and are codified with a series of numbers. An enlargement corresponding to
inverter 413’s states is represented in Figure 15b.
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Figure 15. (a) instantaneous values of performance ratio of the three inverters, during 24 h a day,
from 1 January 2011 to 31 December 2013: and (b) enlargement of status values of inverter 413.
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When inverters are not working, the null value has been assigned (dark blue color). In the first and
last hours of production, in which the inverter is in the start-up and shut-down phases, the inverters
fundamentally monitored States 2 and 3 [13] (light blue color), which correspond, respectively, to a state
in which inverters are monitoring the grid (which takes place just before connecting and disconnecting
from the grid) and to a standby state, in which the requirements for the connection to the inverter to
the grid are not yet fulfilled and the injection of current is waiting. Code 1 was also usually registered
at start-up times, which is a state in which the inverter indicates an interruption after an error.

Once inverters are connected and in operation and are already injecting current into the grid,
in the first few hours of operation or also in the later hours of the afternoon, the state that may be
monitored was 6 (yellow color), in which the MPP (maximum power point) is being calculated. State 7
(orange color) is registered when the inverter is working in MPP. It was the most frequent state in
which the inverters can be found. In it, the inverters ensure that the modules are in their optimum
operating point for each external conditions, thus trying to extract the maximum power output of PV
systems [39,78,79]. It can be observed that, except in the initial and final hours of the day, inverters
were usually working in this state. Depending on the algorithm they use for the calculation, especially
in the presence of shading, they will be getting more or less power from the PV array [80,81]. State 10
(brown color), named MPP peak, corresponds to that in which the inverter is operating in MPP mode,
but above its rated capacity. This state occurred at the time of the year in which the higher values
of irradiance were recorded, which took place in the months of February to June for the geographic
location and the inclination and orientation of the PV panels, registering the highest values during the
month of April. On clear days, inverters worked in this mode in the central hours of the day, around
zenith. During these instants of time, inverters operated above their nominal power. The days of this
period of the year with the passage of clouds cause the inverters to alternate their operation mode
between MPP and MPP peak (compare Figures 15a and 3a). For these instants in which inverters were
worked in state 10 or MPP peak, the size of the PV array was overestimated, and the DC/AC inverter
load ratio was higher than 1. State 10 appeared less frequently in inverter 415 than in the other two,
since the output in the latter was lower. When inverters work above their nominal power, inverter
heating increases. If this takes place for longer periods, its lifetime may be affected, so the cost of
this type of degradation should be assessed against the initial savings that the underestimation of the
inverter may involve.

On the other hand, State 8 (red color) corresponds to instants of time in which the inverter is
recording information, but it is in a state of alert or warning, and it is not injecting electricity to the
grid during those instants of time as a result of some kind of failure. The presence of this state in the
graphs coincides with the instants in which there have been interruptions in the production, previously
seen in the representation of both the energy generated in the PV arrays and in the representation of
losses in the capture system. One or several daily supervisions of graphs such as the one presented
in Figure 15 allow the O&M operators to quickly detect, simply by observing the color variations,
deviations that would require an intervention in the plant.

5. Conclusions

The procedure proposed in this work has enabled us to effectively manage the large amount of
data recorded in PV plants. The developed software accomplishes an automated migration of the
registered data, the calculation of a series of performance and loss indexes of the components in the
installation, and its storage in a RDBMS. Furthermore, it allows an easy and orderly access to the data
the user is interested in. Specifically, the application provides the values of each parameter in the form
of matrices, which have been represented in the form of color maps for their further study.

Even with the great amount of data generated, color maps enable representing each of these
parameters during all the monitoring period in a readable way. This type of data visualization, with a
broader scope than the daily or monthly values, provides a visual tool with which much information
about the components’ behavior can be easily revealed in any instant of time. Its visual inspection
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enables one to detect the normal and abnormal modes of operation and to compare the behavior of
the different components, helping in decision making related to O&M tasks. The analysis of these
figures may serve to identify and interpret common design flows and operational problems or to
simply document the operational mode of the installations in real conditions.

As a case study the operation of a grid-connected PV plant located in a city in southern Spain
was studied using this type of graphs. All parameters were analyzed over a monitored period of three
years to carry out a detailed study. With the color maps, it was possible to simultaneously represent the
large volume data set obtained during the three years, and information about the behavior of panels
and inverters was obtained. The average daily module efficiency values were in the range of 7.6-14.6%,
whereas, for inverters, their average daily efficiency was in the range of 73.5-94%. It was possible to
emphasize the presence of shadings in PV panels, with a greater impact on inverter 415. The hours and
days of the year in which they take place were easily detected through this type of graphics. This has
meant that for this inverter the daily values of PR range between 0.6 and 0.8, lower than the values
of the other two inverters under normal operating conditions, between 0.7 and 0.9. The presence of
stops or failures in the production was also easily detected by the visualization of the color maps
corresponding to the loss indexes and to the inverter status.

Therefore, the developed application and this type of data visualization enable us to easily
analyze the performance of PV systems and provide an affordable tool that may facilitate the corrective,
preventive and predictive interventions of the O&M activities, generating information that can be
considered in the design of future PV plants.

In addition to being easy to interpret, their use does not require an additional economic cost, since
the data basically recorded by inverters were used. As it is indicated in the report of the International
Energy Agency (IEA) [12], the inverter integrated measurements are usually not sufficiently precise
and, in absolute terms, a more rigorous monitoring system would be necessary. Nevertheless, inverter
data may be useful enough to know the behavior of the components of the PV installation and for
identifying relative changes over time or deviations from their normal operation. However, it is
important to know the limitations of this type of measure to correctly interpret the results. The use
of an advanced monitoring system compared to the simple inverter monitoring depends very much
on the individual project, and only if its use provides economic benefits will its implementation
be justified.

The next objective is to apply the use of these graphs to the analysis of a megawatt PV park
to manage the information corresponding to the monitoring of its components and to facilitate its
maintenance, which will become the object of a future paper.
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