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Abstract: The development of photovoltaic (PV) technology is now a reality. The inclusion of
lithium-ion batteries in grid-connected PV systems is growing, and the sharp drop in prices for
these batteries will enable their use in applications such as PV water pumping schemes (PVWPS).
A technical solution for the monitoring and tracking of PV systems is shown in this work, and a
novel quasi-real-time monitoring system for a PVWPS with a Li-ion battery is proposed in which
open-source Internet of Things (IoT) tools are used. The purpose of the monitoring system is to provide
a useful tool for the operation, management, and development of these facilities. The experimental
facility used to test the monitoring system includes a 2.4 kWpk photovoltaic field, a 3.6 kVA hybrid
inverter, a 3.3 kWh/3 kW lithium-ion battery, a 2.2 kVA variable speed driver, and a 1.5 kW submersible
pump. To address this study, data acquisition is performed using commercial hardware solutions
that communicate using a Modbus-RTU protocol over an RS485 bus and open software. A Raspberry
Pi is used in the data gateway stage, including a PM2 free open-source process manager to increase
the robustness and reliability of the monitoring system. Data storage is performed in a server using
InfluxDB for open-source database storage and Grafana as open-source data visualization software.
Data processing is complemented with a configurable data exporter program that enables users to
select and copy the data stored in InfluxDB. Excel or .csv files can be created that include the desired
variables with a defined time interval and with the desired data granularity. Finally, the initial results
of the monitoring system are presented, and the possible uses of the acquired data and potential users
of the system are identified and described.

Keywords: quasi-real-time monitoring system; IoT technologies; free open-source software; on-line
monitoring; solar water pumping systems

1. Introduction

Concern about climate change is growing, and a transformation in the current energy model is
needed to achieve a sustainable and efficient energy mix [1]. Renewable energies (REs) and energy
storage systems (ESSs) can reduce greenhouse gas emissions as well as dependence on fossil and
nuclear energy [2,3]. Wind and photovoltaic (PV) technologies are experiencing worldwide growth
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due to the low cost of the energy they generate, and they are currently leading the fight against climate
change [4,5]. ESSs are expected to develop considerably in the coming years since both wind and PV
are intermittent sources [6], and battery storage [7] and pumped hydro energy are emerging as the
most implemented solutions for adjusting the profiles of energy generation and energy demand [8].
New trends in grid-connected PV systems include the use of ESSs, such as lithium-ion batteries
(LIBs) [9], to increase the share of self-consumed energy in domestic and industrial sectors [10] and
to solve problems related to the integration of distributed generation (DG) systems based on REs
with conventional electricity grids (these problems include frequency control, active power control,
reactive power control, dynamic grid support [11]).

Water needs for human consumption in some regions of developing countries are often covered
by auxiliary generators that require a continuous supply of fossil fuel, and this approach encounters
various problems—including high fuel prices, difficulty of supply, high maintenance costs, short life
expectancy, fuel leakage, noise, and environmental pollution [12].

Photovoltaic water pumping systems (PVWPSs) are an alternative to fossil fuel pumping facilities
because, among other reasons, their costs have decreased to levels where PV solutions are cheaper
than buying energy from the local power network distributors [13]. Although battery-coupled PVWPS
solutions are described in [14], to the authors’ knowledge there are few studies in the literature on this
topic. Some references can be found in [13] (2 cases in 108 references), in [15] (1 case in 49 references),
and in [16] (3 cases in 97 references). A significant advantage of using batteries in a PVWPS is that they
ensure the availability of water at certain times, such as at night, during periods of low solar radiation,
and on cloudy days in places where water storage tanks are unavailable [14]. LIB prices are expected to
fall sharply due to high demand in emerging applications and economies of scale [10]. This means that
PVWPSs and LIBs will soon become an economic solution for meeting water demand. As an example,
a comparative cost analysis between a stand-alone direct pumping PV system for irrigation networks
and the corresponding system including battery storage was performed in [17]. Additional benefits can
be achieved if the excess energy stored in the LIB is used to meet the energy demand of other electrical
loads, such as small appliance battery charging or lighting [16,18]. The challenge of combining new
energy technologies opens opportunities for the long-term sustainability of humanitarian actions
while improving conditions in immigrant, refugee, and displaced people camps, as well as remote
populations in developing countries.

The monitoring of PV systems is crucial for supervising, evaluating, maintaining, and improving
PV plants. Sizing approaches and models of PVWPSs are refined using the data acquired with the
monitoring systems included in these facilities. The monitoring of PV systems has been an important
topic in the last decade, as demonstrated by the many works published in the field [19–25]. These works
show that PV monitoring is mainly intended for the following activities:

• Monitoring, evaluating, and guaranteeing the performance of PV plants [19–21];
• Facilitating the communication, control, and automation of PV plants [20];
• Enhancing system performance through effective operation and maintenance of systems and early

failure detection for greater reliability [22,24];
• Establishing references for expected performances in a given region [22];
• Using energy efficiently, taking into account the seasonal, meteorological, and environmental

variations to determine whether there is a failure in the facility, or whether it is working
correctly [23,25];

• Establishing PV behavior and obtaining derating ratios across the plant [23];
• Facilitating other important features such as R&D projects, reporting, system configuration

updates, data analysis, and training activities [23].

On this basis, the key research articles on which monitoring systems have been developed are
outlined below with their main characteristics and features. PV monitoring systems have evolved
with advances in electronic systems, the digitization of the energy systems, and the growth of
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installed photovoltaic power worldwide. IEC Standard 61724:1998 [26] established guidelines for the
measurement, data exchange, and analysis of photovoltaic system performance monitoring. Its revised
version, Standard 61724:2017 [27], includes new trends in DG systems in which storage units and other
RE sources can be combined with PV modules. Recent works dealing with PV monitoring systems are
presented in [19,24,28]. Figure 1 shows a block diagram of a generic PVWPS representing the point at
which the following magnitudes can be acquired:

• Environment: irradiance on the PV plane (GI) and ambient temperature (Tamb)
• PV field: cell temperature (Tcell), voltage (VPV), current (IPV), power (PPV), and energy (EPV)
• Power converter unit: output voltage (VPCU_out), output current (IPCU_out), output power (PPCU_out),

and output energy (EPCU_out), with the input variables corresponding to the values defined in the
PV field

• Hydraulic circuit: flow rate (Q); water temperature (Tw); and pressure, measured as meter of
water column (mwc) and denoted as TDH or total dynamic head
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Figure 1. Block diagram of a photovoltaic water pumping system (PVWPS) and the main magnitudes
measured by the monitoring system.

A block diagram of the parts included in a monitoring system is presented in Figure 2. An extended
version and some explanations about the devices used in each block can be found in [20]. A description
of the most common sensors used in PV monitoring systems—including information about other parts
needed in such a system (data acquisition, data transmission, data storage, and data processing)—is
presented in [19].
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The monitoring system that was described in [29] for a PVWPS used a microprocessor and an
analog-to-digital converter (ADC). This monitoring system, developed in 1997, was applied in a
PVWPS in Algeria with a PV power equal to 7.5 kWpk. The signals from the sensors (Tamb, VPV, IPV,
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horizontal and inclined surface GI, sunshine duration, Q, TDH, and tank level) are sequentially sent
to the analog-to-digital converter (ADC) via an analog multiplexer. The data are transferred to a
personal computer (PC) by means of an RS232 interface. The data are then treated and converted in a
PC (data processing stage in Figure 2) that can receive information from several microsystems installed
in various PVWPS facilities.

The analog interface circuits that were used to adapt signals from sensors to the data acquisition
card were presented in a computer-based monitoring system proposed in 2001 [30]. The PC ran a
LabVIEW program to process, display, and store the acquired data. The system was used to monitor a
grid-connected system (with 300 Wpk in the PV array and a grid inverter) and a stand-alone hybrid
system (with 450 Wpk in the PV array, a 2 kW wind generator, and a 24 V/225 Ah battery, with an
inverter to generate the AC voltage demanded by the loads). Measurements were acquired and stored
every minute. In addition to the main electrical magnitudes (PV voltages and currents, battery voltage,
and current, as well as wind generator voltage and current at the DC output of the three-phase rectifier),
the system also included five atmospheric sensors and three soil sensors.

An Internet-based monitoring system for a PVWPS was designed in 2008 using Java programming
language [31]. The Internet connection was made through a PC operating as a web server. The serial
port of the PC was used to run or stop the inverter used in the PVWPS. A microcontroller was used
to manage the signal provided by the analog circuits in the system. Only DC current and voltage
were presented in the work; the study did not provide a list or ratings of the devices used in its
experimental part.

A low-cost monitoring system with several analog conditioning circuits that adapt signals from
the PVWPS sensors (VPV, IPV, GI, Q, and Tamb) to the ADC of a microcontroller was presented in [32].
An external EEPROM memory was used before sending the data to a computer by means of a GSM
module, using the short text message service (SMS). The monitoring system was applied in 2010 in
two PVWPSs in Tunisia with PV power approximately equal to 3 kWpk and 11.9 kWpk. A graphical
user interface (GUI) was implemented for the visualization of the data in a PC.

Another low-cost PV monitoring system based on free hardware and software was presented
in [33]. It enabled other parties to develop systems of their own design and use. The portable data
logger used an Arduino open-source electronic platform, and it was designed in 2014 to be used in
grid-connected and stand-alone PV systems. The microcontroller included in the Arduino board
used several data protocols to manage other boards needed to meet all the IEC61724 requirements:
These included temperature sensors, current sensors, 18-bit ADC, memory expansion, a real-time
clock, and PC communication. The data logger did not need a PC for data acquisition, although the
visualization of the data must be made in a PC as no display was included in the system. Data readings
were made by the PC using the USB port.

Built in 2016, the monitoring system presented in [34] was oriented to fault detection (short-circuit
currents, open-circuit voltage, and partial-shading) during PV plant operation. The experimental
test was performed in a 1 kWpk grid-connected PV system that included two strings. A commercial
acquisition card connected to a PC through a GPIB bus was used for the data acquisition of VPV and IPV.
The fault algorithm also used the data provided by the inverter and a reference solar cell to measure
irradiance. Another monitoring system that was also developed in 2016 used Lab-VIEW software
for displaying, storing, and processing several parameters in a small stand-alone PV system [35].
The system used a National Instruments data acquisition card and electronic circuits to acquire the
following signals: VPV, IPV, and PV power (PPV). The value of GI was calculated from the short circuit
current of the PV module used in the installation. The GUI developed in LabVIEW can also present the
I–V curve and P–V curve of the PV system under test, which only included a PV module with 26.7 Wpk.

The monitoring system presented in [36] used a Raspberry Pi as microcontroller to collect data for
three parameters (VPV, IPV, and Tamb) from a small stand-alone PV system. The system, developed
in 2017, used a monocrystalline Si module with 175 Wpk, a pulse width modulated (PWM) charge
regulator, a battery, and DC loads, all assembled in a lab in which the sun was simulated by controlled
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lamps. As in previous monitoring systems, proprietary analog conditioning circuits were used before
the ADC sent the data to the Raspberry Pi via an SPI bus protocol. The collected data were displayed
graphically on a PC using a GUI-created in Node.js software. Node.js is an open-source cross-platform
software that is useful for data-intensive real-time applications that run across distributed devices,
permitting access by the monitoring system to any device with an Internet connection if localhost data
is known.

Internet of things (IoT) technology was applied in 2017 to the monitoring of a PV plant in [37].
Data acquisition was performed by a TMS320F28335 digital signal processor (DSP) that processed the
following signals: VPV, IPV, GI, and Tcell. A ZigBee module was connected to the SCI port of the DSP
to transmit the PV data to the data gateway. The data gateway was implemented using a Raspberry
Pi 3, where several devices were connected, namely a GPS module (for the geographical location of
the PV plant), a ZigBee module, and a USB camera. The Raspberry Pi 3 used the WiFi network to
upload the information from the PV monitoring center (PVMC) website. The PVMC was designed
using Laravel, a free open-source web framework written in PHP language. The PV data are stored
using the open-source MySQL database management platform. An updated version of the monitoring
system [21] includes a fault diagnosis algorithm to detect open-circuit, short-circuit, or partially-shaded
conditions of the PV array.

A low-cost flexible monitoring system based on open-source cards was applied in 2018 to two
grid-connected systems [38]. Flexibility was given by a distributed architecture in which the data
acquisition nodes were implemented using an Arduino UNO, including wireless communication.
Variables acquired by the Arduino UNO assembled in the PV field node include VPV, IPV, GI, Tcell,
Tamb, humidity, and wind speed. Another Arduino UNO was assembled in the grid node to acquire
voltage and current in the AC grid (VPCU_out and IPCU_out). Electrical and environmental data were
acquired every 30 s. The data gateway used a Raspberry Pi as a server for the wireless communication
between the Arduino-based nodes, a PC, and to the Internet. The web-server interface, based on an
open-source web app (Emoncms), processed and visualized the data collected from the nodes and
enabled the connection of external clients. Experimental results obtained with the proposed low-cost
flexible monitoring system presented errors lower than 2% when compared with a different monitoring
system developed in LabVIEW. The data obtained with the proposed monitoring system installed in
remote PV plants were communicated in [39] to the network server using long range technology.

The 2018 updated version of a commercial monitoring system that communicates with all the
devices installed in several grid-connected PV plants was described in [40]. A data logger installed in
the PV arrays transmitted the data by means of an RS485 protocol, although Modbus and SCADA
protocols were also available. The monitoring system also collected variables from the low-voltage and
high-voltage sides of the transformers used in large utility-scale PV plants, as well as from the sensors
used in the security system and grid analyzers. Data were stored every three seconds, and various
options for displaying the information were offered. Detailed data were provided to service technicians
for operations and maintenance (O&M) activities, while users such as owners, investors, and bankers
can access more compact information. The monitoring system was implemented using dynamic link
libraries (DLL), and thus different hardware and operating systems can be used.

Several monitoring systems with different technical solutions were published in 2019 [5,23,41–43].
The monitoring systems for a small-scale microgrid that combined four RE installations (including PV
systems and wind generators) were presented in [5]. All the devices mounted in the installation
(inverters, energy meters, etc.) communicated through Modbus-TCP/IP protocol to an OPC server.
The software was developed in the LabVIEW environment, and the connection with the databases
was established using the ODBC driver for Windows. Data storage was made possible in the MySQL
platform using an ODBC driver for Windows for the connection with LabVIEW.

The monitoring system in [23] used artificial neural networks, and it was oriented to the real-time
control of the PV module performance. The systems identified whether one PV module in the PV
plant exhibits a loss of performance due to a fault condition by comparing its output power with a PV
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reference model implemented with an artificial neural network that considers the set of environmental
conditions in each instant and the main characteristics of the PV module used in the installation.
The data logger stage acquired the values of VPV and IPV for all the PV modules under test by means of
a current sensor and a voltage probe mounted in each PV module. A pyranometer and a temperature
sensor were used to acquire the environmental variables (GI and Tcell). The monitoring system was
implemented using an ATmega2560 microcontroller kit. The signals of VPV and IPV of each of the PV
modules were connected to several analog multiplexers before being acquired by the ATmega2560.
A wireless communication was used to transmit the data acquired by the ATmega2560 to the central
database stored in a PC. A faulty module alarm was sent if the estimated PV output power and the
real PV module output power differ by more than 10%. One microcontroller can monitor up to 96 PV
modules, although several microcontroller units can be connected to the system.

A prototype of a monitoring system for stand-alone PV systems using IoT techniques was
proposed in [41]. The system was tested in an installation that included a PV field with 363 Wpk, a 12 V
battery, a maximum power point tracking (MPPT) charge regulator, and several DC loads. An Arduino
Mega2560 board was used to acquire the following variables: VPV, IPV, GI, Tamb, and load voltage and
current (VPCU_out and IPCU_out). Although an LCD display showed the monitored data in real time
and the system status, a WiFi module was used to transmit the data to the Internet, where a website
developed in JavaScript stores and displays the acquired data and the state of the system.

Two grid-connected PV plants were monitored using the data recorded by PV inverters,
i.e., 32 microinverters from Enphase and 6 string inverters from SMA [42]. Data from the microinverters
were obtained from the webpage of the manufacturer by means of a Python language script.
Another script in Python was executed in the Selenium open-source tool to access the web server
that was included in each SMA inverter. For the two installations, a custom communication interface
made in Node.js established communication between the PostgreSQL database stored in a local
server and Amazon Web Services, where all the data were finally stored and displayed through
open-source software.

To conclude this report, a 5 kWpk grid-connected PV system was used to verify the operation of an
industrial-based electronic monitoring system based on a National Instruments CompactRIO real-time
embedded industrial controller [43]. VPV, IPV, VPCU_out, and IPCU_out were stored every second and
were used to calculate other variables, i.e., instantaneous, active, reactive, apparent power, and inverter
efficiency. A weather station acquired GI, Tamb, Tcell, air humidity, as well as wind speed and direction.
The power inverter communicated its internal acquired variables with the CompactRIO through an
RS485 bus: VPV and IPV for both stings, and AC output power, current, and power. Data can be
displayed in a supervisory screen (with information about the system) and a history screen (past data
of the PV plant). The LabVIEW Web Publishing Tool was used to publish both screens on the web.
More recently, in 2020, a CompactRIO controller was used in the monitoring system developed to
estimate operating parameters and detect faults in a 5 kWpk grid-connected PV system [25].

A low-cost monitoring system that uses IoT devices and cloud computing was used for the
supervision of a 555 Wpk domestic grid-connected PV system [44]. The recorded parameters,
with sampling and recording intervals of 1 and 60 min, were used to estimate the performance
of the PV plant, providing information about the PV plant behavior to the final users. An Arduino
Mega 2560 data acquisition card was used to acquire the following variables: VPV, IPV, GI, Tamb,
and the AC output variables (VPCU_out and IPCU_out). The data storage was done using ThingSpeak,
an open-access IoT platform that permits the analysis and visualization of the data through MATLAB.

In this paper, a quasi-real-time monitoring system for a PVWPS with Li-ion battery energy storage
(PVWPS+LIB) is presented. The work shows a technical solution for the monitoring and tracking of PV
systems. The project concept started with a request from the Global Solar and Water Initiative at the IOM
(International Organization for Migration) and is aligned with the Sustainable Development Goals set
out by the United Nations 2030 Agenda. Data acquisition and transmission parts are implemented using
commercial devices. The data storage and processing parts of the proposed system are based on the use
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of free open-source software and IoT technologies. A free open-source process manager launches the
execution of the PV monitoring application and automatically restarts the application in case of program
malfunction, thereby increasing the robustness and reliability of the monitoring system. An important
feature of the proposed system is the variable acquisition frequency, which enables recording a large
number of variable signals in intervals in the range of seconds. This high-speed acquisition enables
using the proposed monitoring system in the development and improvement of power converters
in RE systems. The developed system can communicate with other commercial monitoring systems
that use a Modbus-RTU protocol on an RS485 bus. Results obtained in the first months of operation
demonstrate how the monitoring system is useful to R&D engineers, service technicians for O&M
activities, and economic decision makers (such as owners, investors, and bankers).

The article is organized as follows. Section 2 details the main features of the PVWPS+LIB facility.
Section 3 details the monitoring system assembled in the PVWPS+LIB facility. Section 4 presents the
results obtained with the proposed monitoring system. Finally, the findings on the main contributions
of this work are presented.

2. Description of the PVWPS+LIB Facility

To monitor and carry out data acquisition that enables LIBs to be used as support in PVWPS,
a small PVWPS+LIB prototype was built and monitored at the Universitat Politècnica de València
(latitude 39.483, longitude −0.345).

2.1. System Installed on the Building Rooftop

The PVWPS+LIB facility has eight polycrystalline PV modules of 305 Wpk and is located on
the west roof of the building, tilted 30º and facing south, in conditions that optimize annual energy
production (Figure 3a). The eight modules are connected in series and provide the values shown in
Table 1 under standard test conditions (STC).

Table 1. Characteristic PV field parameters under STC conditions (1000 W/m2, Tcell = 25 ◦C, AM 1.5).

Open circuit voltage (VOC) 363.2 V
Voltage at maximum power point (VMPP) 293.6 V

Short-circuit current (ISC) 8.8 A
Current at the maximum power point (IMPP) 8.3 A
Power at the maximum power point (PMPP) 2440 Wpk

Just behind the modules, an IP65 electrical enclosure was arranged with several devices necessary
for monitoring the system (Figure 3b). The balance of system (BOS) components are the following:

• DC protections: disconnector, fuses, and surge discharger
• AC power connection at 230 V and 50 Hz for the electronic circuits
• An anemometer (wind speed or ws, measured in km/h) and vane (wind direction, measured in

degrees), placed 2 m above the PV array and integrated into the Davis 7911 model. The 4−20 mA
outputs are connected to an ADAM 4017+ for transmission through a wired RS485 communication
protocol. Minimum accuracy in the current measurements is equal to ± 0.2% [45].

• An Eos Array PV monitoring system from Carlo Gavazzi [46] is used; the solution includes the
following:

# Measurement of voltage and current of the PV string (VPV and IPV) with a VMU-S unit.
Current range reaches up to 16 A (for 40 ◦C), with a maximum DC voltage of 1000 V.
For both variables, the accuracy is ± (0.5% RDG + 2 DGT). The PV power and energy are
calculated by the VMU-S unit with an accuracy equal to ± (1% RDG + 2 DGT) for the
power and ± (1% RDG) for the energy.
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# Cell temperature (model TEMPSOL1000) and ambient temperature (model IKE20001K) by
means of a Pt1000 RTD connected to a VMU-P unit (1000 Ω @ 0 ◦C). The tolerance ranges
from ±0.3 ◦C at 0 ◦C to ±0.8 ◦C at 100 ◦C according to EN60751.

# Irradiance sensor on the plane of the PV field, measured with a CELLSOL 200 connected to
the VMU-P unit. The sensor range is from 0 to 1500 W/m2, with an accuracy of ±5% as an
annual average. The sensor presents a linear variation in this range, with a scaling factor
of 79.6 mV for 1000 W/m2 provided by the manufacturer after the calibration of the sensor.

# A VMU-M unit that performs the local bus management of the measuring units (VMU-S and
VMU-P) operates as a data logger and communicates data in response to server polls via a
Modbus-RTU protocol over an RS485 bus.
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Figure 3. Photovoltaic (PV) installation on the roof terrace. (a) View of the PV field, with the electrical
enclosure behind the modules. (b) View of the components included in the electrical enclosure.

An irradiance sensor is mounted in the top side of the hole after the first group of two PV modules
in Figure 3a, and it is attached over the aluminum bars that support the modules, with the same
orientation and tilt as the PV modules. The cell temperature is measured on the second module shown
in Figure 3a, which is fixed to the back sheet of the PV module, in the center of a PV cell in the center of
the module (approx.). Ambient temperature is measured in the space between the first group of PV
modules and the electrical enclosure located behind them. All these sensors are located in this part,
near the electrical enclosure, due to the limited length of the wires included with these sensors.

2.2. System Installed in the Hydraulics Laboratory

The remaining components of the PVWPS+LIB system are arranged in the lab on the ground floor
of the building and were 186 m from the PV modules. Positive and negative cables of the PV field and an
RS485 communication cable cover this distance. The electrical panel in the lab (Figure 4(a2)) includes the
components needed for the correct and safe operation of the power converters and monitoring system
(as detailed in the following paragraphs). DC protections (disconnector, fuses, and surge discharger)
and AC protections (automatic circuit breaker and residual current device) are included in the lab
electrical panel together with other electrical devices (disconnectors, power terminals, and AC/DC
power supplies) as well as some parts of the monitoring system (energy meter, current sensors,
data logger, monitor gateway and controller, etc.). The electrical and electronic components assembled
in the lab include the following:

• An electrical panel that establishes the connection between the PV system arranged on the roof of
the building and the other system components, including a connection to the electrical power
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network (Figure 4(a2)). The electrical panel also includes a UWP 3.0 unit that monitors the devices
connected to the RS485 local bus via a Modbus-RTU protocol [47].

• A GW3648D-ES hybrid grid-connected inverter from Goodwe, with a rated apparent power of
3680 VA in the two AC outputs (on-grid output and backup output) and up to 5520 VA for 10 s in
the backup AC output (Figure 4(a1)) [48]. Data provided by the inverter through the Modbus
have the following resolutions: 0.1 V, 0.1 A, 1 W, 0.1 kWh, 0.01 Hz, 0.1 ◦C, 1% for all percentual
values (SOC, PF, etc.).

• A lithium-ion battery from LG, model RESU3.3 with 3.3 kWh of total stored energy, 3.3 kW of
peak power delivered for 3 s, and a rated voltage of 51.8 V (Figure 4(a4)) [49].

• A PVWPS controller, model ESP-2.2/230-IP20-F200, supplied by Atersa and which includes a Fuji
Electric variable speed driver (Frenic-ACE model FRN0008E2E-7GA), as well as the control and
protection circuits necessary to implement a PVWPS (Figure 4(a3)) [50]. This system supports two
different power sources: a DC input from a PV field, or a 230 V and 50 Hz single-phase AC input
from a conventional electrical grid or auxiliary group. Data provided by the variable speed drive
(VSD) through the Modbus have the following resolutions: 1 V, 0.01 A, 0.01 Hz, 1 ◦C, 0.01% for all
percentual values (load factor, input power respect to nominal motor output, etc.).

• A 1.5 kW SMI 8 submersible pump, supplied by Bombas Ideal [51]. The submersible pump is in
the water tank (Figure 4(b8)) behind the hydraulic sensors and the electrical panel (Figures 4(b6)
and 4(b7), respectively).

• An electrical panel (Figure 4(b7)) with the elements for the acquisition of the signals provided
by the sensors of the hydraulic system: flow rate (Figure 4(b5)), pressure (Figure 4(b6,b9)),
and temperature (in the water tank). All the sensors provide a 4–20 mA analog output signal
connected to the second ADAM 4017+, which is connected to the RS485 bus.
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2.3. Operating Modes of the PV Facility

Figure 5 shows the block diagram of the PV facility, including information about the flows
of energy between the different components of the installation. By means of the fused disconnect
switches included in the lab electrical panel, the following modes of operation of the PV facility can be
manually selected:

• Direct PVWPS (DPVWPS): The PV field is connected to the DC input of the variable speed drive
(VSD). The battery and the hybrid inverter are not used in this configuration.

• Stand-alone PV system with lithium battery storage: The PV field is connected to the PV
input of the GW3648D-ES hybrid inverter. The inverter is configured to work in off-grid mode
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(isolated network installation), and the power of the PV field is used to power the AC loads
connected to the backup output and to recharge the battery. The inverter manages the operating
point of the PV field to balance energy consumption and generation. It may be the case that
the PV field does not generate energy if there are no loads connected and the battery is charged.
A PVWPS+LIB system is implemented when the AC input of the VSD is connected to the backup
output of the hybrid inverter.

• Grid-connected system for self-consumption with lithium battery storage: This system is very
similar to the previous one, but the AC-grid output of the hybrid inverter is connected to the AC
power network of the lab, and therefore the PV field will always work at the maximum power
point (MPP). The excess energy not used by the loads, or by the battery, is injected into the grid.
In this case, the VSD that controls the submersible pump is connected to the backup output of the
GW3648D-ES hybrid inverter, as well as other critical loads that may exist in the installation.
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To analyze the behavior of each system and compare the results obtained with the different
working configurations, several measuring devices are included in the lab:

• An EM21072 network analyzer [52]. The meter uses a Hall effect current sensor in the AC current
transformer (model CTD1X605A [53]) and is connected to measure the electrical parameters in
the AC supply (point of connection of the PV system with the grid): RMS voltage, active power,
reactive power, etc.

• An electromagnetic flowmeter FLOMAG-ICM DN32 (error < 0.5% for flow rate between 0.0804
and 8.042 L/s) [54], mounted in the output of the submersible pump (Figure 4(b5)).

• A temperature sensor Thermophant T TTR35 for measuring water temperature in pipes (total error
≤ 0.5 K) [55].

• A class 1 T-type thermocouple for measuring water temperature in the tank that contains the
submersible pump [56]. The thermocouple is connected to a temperature transmitter that generates
a 4–20 mA signal proportional to the temperature (accuracy ± 0.1 ◦C of temperature measurement
after calibrating) [57].

• Pressure transmitters: Several devices with different ranges are used. A CB3010 unit (Figure 4(b9)),
with a 0–250 mbar range, is used to measure the reference water level in the tank where the
submersible pump is located [58]. A ST18 unit (Figure 4(b7)), with a 0–6 bar range, is used to
measure the TDH at the pump outlet [59]. All pressure sensors have an accuracy ≤ 0.5% of the
measurement range.

The lab where the PVWPS+LIB system was mounted also offers the possibility of modifying the
hydraulic circuit to carry out different types of tests: pumps, TDH, pumping conditions, etc. The pump
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propels the water from the water tank placed in the lab through a pipe to a fiberglass water tank (2000 L
capacity) located on the roof terrace 15.1 m above the lab floor with an overflow that guarantees a
constant level of water of 1.5 m in the tank. The overflow water returns to the tank with the pump
located in the lab.

3. Monitoring System of the PVWPS+LIB Facility

The monitoring system presented in this article proposes the use of free open-source software
tools for the monitoring control part. The hardware part of the monitoring system was built using the
commercial devices described in the previous section plus an embedded system (Raspberry Pi) and
a database (DB) server, as depicted in Figure 6. Communication between data acquisition nodes is
carried out through a wired RS485 communication protocol. Several communication protocols are
used in the proposed monitoring system: Modbus-RTU, TCP/IP, and WiFi [28]. From the point of view
of data users, the monitoring system includes general information about the PVWPS+LIB system in an
open web portal with access only available for registered users who can download the acquired data,
or customize the GUI that produces plots and charts of the acquired signals.
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3.1. Hardware of the Monitoring System

A commercial universal web platform, the UWP 3.0, operates as a communications gateway
between all the devices connected through a Modbus-RTU over the RS485 and the data acquisition
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system (that uses a Modbus TCP/IP), as shown in Figure 6 with green lines. All the devices without
RS485 output are connected to an ADAM 4017+ unit, a 16-bit universal analog input module with
Modbus output [45]. The ADAM 4017+ has 8 input channels that can be configured in accordance
with the sensor characteristics: 4–20 mA, ±150 mV, etc.

Although the UWP3 can be used as a web server, including a GUI, it was decided to connect
its Ethernet port to an embedded system (Raspberry Pi), which connects to the university network
via a WiFi connection. The Raspberry PI operates over the Modbus TCP/IP protocol as a client of the
UWP3 and sends the data to a DB server with a sampling rate that can be adjusted depending on the
type of experiment to be performed, with the option of choosing sampling times from five seconds.
Data gathered by the Raspberry PI and transmitted via its WiFi port are received in the server via the
university Ethernet network. The block diagram of the monitoring system is shown in Figure 7.
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3.2. Monitoring System Programs

The main programs running in the server are the following:

1. Data acquisition and storage in the DB.
2. GUI management.
3. Data exporter.

The following subsections describes these programs.

3.2.1. Data Acquisition and Storage Modelling

The data acquisition and storage program in the DB polls the subsystems connected to the RS485
bus. Each subsystem has its own parameters, which include a Modbus ID address and data registers.
Figure 8 shows the flowchart of the program for the data acquisition and storage in DB. The data
acquisition program is executed in one second in the PV facility described in the previous section,
enabling the implementation of a quasi-real-time monitoring system.

A centralized nonrelational database is used to store the data acquired from each of the subsystems
because its processing efficiency is extremely high compared to relational databases. The data are stored
using InfluxDB as free open-source database storage. InfluxDB is designed to handle large amounts
of data while allowing for interaction with the data in real time [60]. Table 2 shows part of the data
model (variables to acquire) used in this program, and it details the subsystem to which they belong.
The ADAM 4017+ located in the lab provides data for the following variables: water temperature and
level in the lab tank, flow rate, and pump outlet pressure. Access to the LIB data is made through
communication with the hybrid inverter, and this enables it to read several variables: IBat, VBat, state of
charge (SOC), state of health (SOH), battery management system (BMS) parameters, etc.
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Table 2. Data model used in the program for data acquisition.

Eos Array Goodwe Inverter + LG Battery Fuji VSD EM21072 Network Analyzer

GI Voltages: VPV, VBat, Vgrid, Vload Input power Vgrid
Tamb Currents: IPV, IBat, Igrid, Iload DC bus voltage Igrid
Tcell Powers: PPV, PBat, Pgrid, Pload Output voltage Pgrid, Qgrid, Sgrid,
VPV Energies: EPV, EBat, Egrid, Eload Output current Egrid
IPV Frequencies: fgrid, fload Output frequency fgrid
PPV Battery: SOC, SOH, BMS pack temperature, etc. Heatsink temperature THD
EPV Status: meter, BMS Water level sensors PF

Power module status Error message, BMS error code

Unified modelling language (UML) methodology was used for modelling the software. The flow of
the control and data among some modules (Index, Modbusreader, Parser, ModbusUWP, and InfluxWriter)
is shown in Figure 9.
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All the programs were developed in the Node.js platform, using Visual Studio Code (VSC) as
the integrated development environment (IDE). A monitoring system intended for its application
in real PV plants must be robust and reliable. PM2, a free open-source process manager for Node.js
working in Linux on the Raspberry PI, launches the execution of the application at the start of the
operating system and monitors all processes launched in the monitoring program. PM2 restarts the
application automatically if the code is modified, or if there is a shutdown in the execution of the
program. PM2 keeps the application online 24/7, without making any changes to the program code
(cluster mode), and it enables recording execution errors in a file.

3.2.2. Programs for the Data Acquisition and Storage in DB

The data acquisition and storage program is composed of several files, each performing a different
task before being interconnected through an event connection. The configuration file ecosystem.config.js
manages the workflow of the application. The main files of the application are the following: Index.js,
ModbusReader.js, Parser.js, ModbusUWP.js, Slave.js, EM210.js, and InfluxWriter.js. The program has the
hierarchy of modules presented in Figure 10.
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The file Index.js includes all the libraries and files for reading and storing the data read from the
peripherals (slaves) by means of an endless loop called the loopState() method. Once the data is read,
it is parsed and stored in the Influx DB. The file ModbusReader.js includes the class to make the reading
cycles of the different slaves. Its structure consists of the Modbus server IP host, the Modbus server
port, and the time interval of data acquisition in milliseconds. The loopState() method reads all the
registers configured from all the slaves periodically. This method goes through each memory map to
read the different groups of registers in each slave connected to the RS485 bus. The interconnection
between the Index.js and ModbusReader.js modules is established through calls with the events method.
Three types of events are used in the program:

1. data: for parsing the data received from each of the subsystems
2. error: for any kind of error in the system, e.g., connection, format, etc.
3. loopstop: for finishing the loopState() method
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The file Parser.js performs the formatting of the information received from each of the slaves in the
RS485 bus from the memory map of each slave. The files ModbusUWP.js manages the UWP server in a
transparent way. The Modbus class has the following parameters: UWP Server IP host, TCP-port UWP
Server listening port, Modbus ID config ID for configuring the subsystem to be read, and Modbus IDdata
ID for reading subsystem data.

The file Slave.js reads the memory map of each device connected to the RS485 bus. The slaves of
the RS485 bus are the following: ADAM-roof (acquires the environmental variables on the rooftop),
Eos Array, EM210, Frenic-ACE VSD, a Goodwe hybrid inverter, and ADAM-lab (which acquires the
hydraulic variables on the lab). A diagram of the relationship of the data structure of the subsystems is
shown in Figure 11.Sustainability 2020, 12, x FOR PEER REVIEW 16 of 29 
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As an example, the file EOS-ARRAY.js uses a configuration for the device that consists of two parts:

1. Frame format: description + address + length + type + gain + parsing + Influx
2. Influx database: measurement + tags + tags_values + fields

The file influxWriter.js records the parsed data in an array with the following frame format:
“Description: value.Description, value: read, timestamp: localTimestamp, influx: value.influx || null”.

3.2.3. Graphical User Interface and Data Exporter

The data stored on the central computer can be viewed from any Internet browser if the IP is
known, as it includes a graphical user interface (GUI) developed in Grafana. Grafana is an open-source
data visualization software that enables the production of plots, tables, and other graphics in a large
variety of monitoring systems [60,61].

In addition to the programs that store the acquired data in the database and enable their
visualization through a GUI, the proposed monitoring system includes a data exporter. The data
exporter program enables authorized users to select and copy the data stored in InfluxDB, and it also
creates Excel or .csv files of the selected variables in a defined time interval and with the desired data
granularity. The following parameters are available to configure data export:

• Start and end date for export, divided in two fields: day/month/year; hour:minute
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• Name of the database chosen for data export from the different monitoring systems that store
data in InfluxDB

• Method of filling when data are unavailable: linear filling, fill with nulls, fill with zeros, none,
and previous

• Selection of the fields to include in the file
• Type of file to export: Excel or .csv

A list of all the variables recorded in the DB is provided, and they are selected by the user in the
order that they will appear in the Excel or .csv files. The variables are grouped according to the device
that provides the data, and which corresponds to the slaves of the RS485 bus. The following groups
appear in the proposed monitoring system: ADAM-roof, Eos Array, EM210, Frenic-ACE, a Goodwe
hybrid inverter, and ADAM-lab. After selecting the group, the variable to export can be chosen from
the list of all the variables recorded from that slave.

4. Discussion on the Experimental Results of the Monitoring System

The monitoring system developed in this work is being used for R&D projects and training
activities in different fields as mentioned above. The first results obtained for the various operating
modes are presented and discussed below. Furthermore, some weak points of the PV system are
described, and we also detail the solutions that are going to be implemented to solve these drawbacks.

As mentioned, the photovoltaic system described can work in three different modes:

1. Direct PVWPS (DPVWPS)
2. Stand-alone PV system with lithium battery storage
3. Grid-connected system for self-consumption with lithium battery storage

The PVWPS+LIB operation mode can be considered as a combination of the DPVWPS and the
stand-alone PV system. In the PVWPS+LIB mode, the VSD AC input is connected to the backup AC
output of the hybrid inverter. The control of the hybrid inverter decides the flow of energy between
the PV modules, LIB, and the VSD that controls the operation of the pump.

4.1. Results for the Grid-Connected Mode

The plots shown in Figure 12 represent the operation of the system working as a grid-connected
system without battery storage. The format of the dates in the Grafana legend is “mm/dd hh:mm”
(month/day; hour:minute). In this operating mode, the MPPT control of the inverter operates the system
to generate the maximum amount of power at any instant. The performance ratio (PR) obtained with
this scheme, excluding the effect of the ambient temperature that is a seasonal variation, represents the
maximum PR that can be obtained by the system and includes the minimum number of components.
The load (the power network) accepts all the energy fed into it. As can be seen, PV power generation
and grid active power profiles follow the GI profile, as is expected when the MPPT of the inverter
operates correctly and there are no problems in the grid. PV cell temperature also varies according to
GI variations, reducing the cell efficiency during midday due to the increase in the losses caused by
high cell temperatures.

From the information provided in the legends at the bottom of Figure 12 and the PV module
technical information, the correct operation of the system can be verified by calculating the value of
the expected power generated for the PV field. The expression of the PMPP for a value of GI and Tcell is
calculated as appears in Equation (1), where g is the temperature coefficient of PMPP.

PMPP_GIx_Tcell = PMPP_25 ◦C

[
1 +

g%/◦C

100
·(Tcell − 25)

]
·

GIx

1000 W/m2
(1)
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Substituting in Equation (1) the maximum values of GI and Tcell from Figure 12 (GI = 997 W/m2

and Tcell = 53.87 ◦C), the theoretical maximum value of PV power is obtained in Equation (2). This value
only differs by 69 W with respect to the measured maximum value of 2186 W detailed in the bottom
legend of the PV power plot in Figure 12. This value of 69 W is between the range of uncertainty
(105 W) determined at these conditions for Equation (2).

PMPP_max_13_July = 2440 Wpk

[
1 +
−0.45 %/◦C

100
·(53.87− 25)

]
·

997 W/m2

1000 W/m2
= 2117 Wpk (2)

An inverter efficiency (ηinv) of 94.8% is obtained at maximum working power if the grid active
power is divided by the PV power:

ηinv =
Pgrid

PPV
=

2073 W
2186 W

= 0.948 (3)

Other merit factors representing the behavior of the PV system can be obtained from the data
recorded by the proposed monitoring system, e.g., peak sun hours, performance ratio of the installation,
energy generation, etc. This information is important for both O&M operators and facility owners. It is
important for owners because they want to obtain the best possible return on their investment and use
these factors to verify that energy production is optimized. O&M operators can verify that the system
is working properly, and plan tasks that will improve the values obtained when the measured values
deviate from the expected values, as can happen due to module defects, accumulated dirt, etc.

4.2. Direct PV Water Pumping System Mode

The data recorded on 2 and 3 October (i.e., 10/2 and 10/3) show the operation of the system in
the DPVWPS mode for two different day profiles, as seen in Figure 13. The 10/2 graphic corresponds
to the beginning and end of a cloudy day (low irradiance condition), with a significant amount of
cloudiness during the middle of the day, as can be seen by the profusion of irradiance peaks exceeding
700 W/m2. A vertical red line was added to the plots obtained in Grafana to show how there is a
30-min delay (approx.) between the irradiance exceeding the threshold level and the start of pumping.
This delay is caused by the VSD control. The irradiance threshold level is around 330 W/m2, as can be
seen in the results obtained during 10/3 (corresponding to a sunny day profile). It can be seen that
the PV power at solar noon on 10/3 is flat at 2150 W, while the irradiance curve is bell-shaped, with a
well-defined maximum value (around 930 W/m2). The flattening of the PV power occurred because
the nominal power value of the VSD has already been reached, and therefore the VSD controller
adjusts the working point of the PV field to achieve a balance between generated and consumed power.
During this interval, the PV field is no longer in the MPP, although it remains extremely close to that
point as the design of the PV field was made for this operating mode. If the PV field could have more
power installed, there would be excess energy that could be used for other purposes or stored in a
battery in a PVWPS+LIB scheme for later use, thereby avoiding energy losses.

4.3. PV Water Pumping System with Lithium-Ion Battery Mode

The energy not generated in the DPVWPS mode when GI is lower than the irradiance pumping
threshold, or when the PV power exceeds the VSD rating, could be stored in the LIB for use when the
accumulated energy enables water to be pumped for a certain time, or until the SOC drops to a value
that can be pre-set. The plots in Figure 14 show the results in the PVWPS+LIB operating mode.
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The comparison with the results presented for the DPVWPS mode in Figure 13 enables us to
identify the following benefits that the PVWPS+LIB mode can provide:

• There is no irradiance threshold, so all the energy produced by the PV field can be stored in the
battery or used for pumping water activating the VSD.

• The VSD operates at its rated conditions, where the electromechanical efficiency is the maximum.
The flow rate is constant during all the pumping intervals.

• The PV field can operate continuously in the MPP, generating the maximum available energy and
optimizing the use of the PV modules.

The plot of the SOC in the battery in Figure 14 provides information about the charging and
discharging process in the LIB. For low irradiance levels, such as during cloudy days or at sunrise or
sunset, the variation of the SOC is positive (charging the battery) with a low slope (low energy available
from the PV field). It can be observed that when pumping in PVWPS+LIB mode, the SOC decreases
rapidly when irradiance is low (e.g., 9/24), while for values of irradiance greater than 700 W/m2,
the power generated by the PV field is quite near the power demanded by the VSD, and so the SOC
decreases slowly due to the low level of power extracted from the battery (e.g., 9/25 from 13:00 to 16:00).

From the results obtained in the first month of operation, the following problems were identified:

• High standby consumption of the hybrid inverter occurs during nights in off-grid mode.
• Unclear SOC management is implemented in the hybrid inverter.
• Current in the battery provided in the Modbus-RTU protocol is given without sign.
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Although the datum of the standby self-consumption of the hybrid inverter in the datasheet is
smaller than 13 W [48], measurements made in the installations show that the real value is around
70 W. This situation was identified for the nights in which PV energy is unavailable and there are
no loads connected to the hybrid inverter. Figure 15 shows the results of an SOC test performed
during several days in which the PV field was connected to the hybrid inverter to recharge the battery
only during some intervals. The nightly battery current that is represented in the middle plot in
Figure 15 is fairly constant at around 1.33 A for a voltage in the battery in the range of 50 to 55 V.
This consumption produces a nightly discharge of the battery that reduces the SOC by around 25%
every night. SOC management in a LIB is a very important issue due to the direct effect of this
parameter on the lifespan of an LIB, along with the aim to avoid physical damage to the battery [62,63].
The SOC curve in Figure 15 shows the nightly discharge, and the tests developed show how the
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management of the battery is not carried out correctly as deep discharges were allowed, which should
have been limited to values of SOC = 20% by the inverter. A change in the slope of the SOC is seen
from values of 30%, reducing the speed of discharge as the current decreases from 1.33 to about 0.3 A,
although the discharge continues until reaching values of SOC = 0%.
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It seems that the SOC values could correspond to the available SOC in the LIB because a real SOC
of 0% should produce irreversible damage in the LIB. The BMS of the LIB should have disconnected
the battery after reaching a minimum safety level to ensure that the LIB will be in a good SOH after a
new recharging process, like that applied in the first hours of 9/11.

When the plot of the current and the SOC in the LIB were compared (start LIB discharge and
start LIB charge arrows included in Figure 15), it was observed that the LIB current data are unsigned.
This means that the battery performance analysis cannot be performed with the data provided by the
hybrid inverter and the LIB. For future studies about LIB performance, a current sensor with signed
data must be connected to the RS485 bus.

One of the advantages provided by the proposed monitoring system is the option of choosing the
presentation interval of the data acquired (from values of 5 s). PV monitoring systems in commercial
PV plants provide data with common granularities in the range of minutes (5, 10, 15, or 30 min)
or one hour. Data acquisitions with sampling times on the scale of seconds depend on the number
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of devices connected on the RS485 bus. The GUI implemented in Grafana and the data exporter
software available in the server calculate the average value of the recorded data depending on the
selected granularity. This characteristic is extremely important when carrying out R&D&I work in
the various fields associated with this PVWPS+LIB installation, e.g., efficiency and performance
of the components in the PVWPS+LIB system, studies of storage in LIB, pump tests, comparisons
between various pumping techniques, demand peak management, design and development of power
electronics converters, artificial intelligence applied in the management of PVWPS+LIB systems, etc.
As a demonstration of this feature, Figure 16 shows how the hybrid inverter manages the PV power
to charge the LIB when the available PV power is between 70 and 850 W. The power extracted from
the PV field for the irradiance values shown in the top plot must be a constant power proportional to
the irradiance values, as is shown in the middle plot from 8:20 to 8:52 or after 10:20. In the interval
between 8:52 to 10:20, the PV power varies between the correct value, the values at the top, and a base
power of 200 W (approx.). This behavior shows that the current regulator of the power converter that
manages the battery charge is not working well in the range of available PV powers between 70 and
850 W. Measurements performed with a current clamp show a variable value of the battery current
in these cases, and this should be considered during some O&M operations that may take place in a
commercial facility.
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Based on the results obtained with the monitoring system presented in the previous sections,
new experiments are proposed to improve the operation and efficiency of the PVWPS+LIB system:
These include tests for new versions of the hybrid inverter and other models from other manufacturers,
tests for the behavior of high-voltage LIB batteries, studies on the effect of oversizing the PV peak
power, and an analysis of sizing approaches for the selection of the LIB needed in an installation.
The main drawbacks of the PVWPS+LIB mode when compared with the DPVWPS are related to the
energy losses associated with the hybrid inverter and the LIB charging and discharging processes.
The main benefits of the PVWPS+LIB mode with respect to the DPVWPS are the following:

• The system demonstrates perfect tracking of the MPP of the PV field for all levels of irradiance,
without the irradiance threshold common in DPVWPS schemes.

• The system prevents pump stops due to the passage of clouds that cause sudden changes in
irradiance. The LIB is charged with excess energy due to increased irradiance caused by cloud
reflections, and this is discharged following the arrival of cloud shadows over the PV field.

• The pump operates at its nominal rated values, where efficiency in the electrical to mechanical
conversion is maximum.

The design of the photovoltaic field is made more flexible by allowing a greater number of
configurations of the photovoltaic field due to the extended input range of the hybrid inverter with
respect to that of the VSD. A greater oversizing of the PV field is applicable in the PVWPS+LIB scheme
if a greater LIB energy capacity is used. In this way, the total number of pumping hours at nominal
rated conditions in the pump is increased.

5. Conclusions

PV monitoring systems play an important role in the current development of PV systems.
Although monitoring systems are mainly used to monitor and evaluate the performance of PV plants,
they are also used to facilitate O&M works or analyze the performance of new developments built
during R&D projects. The monitoring system presented in this work is applied to a small-scale
prototype of an autonomous solar water pumping system intended for the constant supply of water
without use of fossil fuels. A LIB was used to store the surplus energy that is provided to the loads
when the sun is not shining. Results obtained with the different modes of operation of the facility
demonstrated the features of the proposed quasi-real-time PV monitoring system, where robustness,
reliability, and low sampling times represent the most important aspects.

Commercial devices were used in the data acquisition stage, connecting all the devices through a
Modbus-RTU protocol over an RS485 bus. A description of the main components of the PVWPS+LIB
facility was performed, including the variables acquired by the monitoring system and the sensors used.

In the data gateway stage, a Raspberry Pi was used as a low-cost server for wireless communication,
collecting data from all the slaves connected to the RS485 bus managed by the UWP3. The Raspberry
Pi sent the data to a DB server with a sampling rate that can be chosen for the implemented system in a
minimum of five seconds, although this value may vary if many slaves are connected on the RS485 bus.
A PM2 free open-source process manager was included in the Raspberry Pi to launch the execution of
the PV monitoring application.

The data processing stage used InfluxDB as open-source database storage and Grafana as
open-source data visualization software. A data exporter program enabled authorized users to select
and copy the data stored in InfluxDB, creating Excel or *.csv files with the variables selected by the
user, with a defined time interval and the desired data granularity.

Some experimental results were included for several of the modes that can be configured in the
PV facility, i.e., a grid-connected PV system, a direct PV water pumping system, and a PV water
pumping system with a LIB. A preliminary analysis of the recorded data enabled identifying some
of the drawbacks of this direct PV water pumping mode, such as energy losses due to the threshold
irradiance level for starting the water pump, or the clipping of the PV power when the nominal power



Sustainability 2020, 12, 10651 24 of 28

value of the VSD is reached. The main benefits of the PVWPS+LIB operating mode were detailed,
although some problems were identified after the analysis of the first experimental results.

Regarding other monitoring systems, the option to select the presentation interval of the acquired
data from values of five seconds enables using the proposed monitoring system in R&D projects in
fields such as renewable energies, battery energy storage, smart grid, power electronic converters,
and energy efficiency installations. The results presented in the article demonstrate how the monitoring
system is useful for R&D engineers, service technicians for O&M activities, and financial managers
(owners, investors, and bankers, etc.).
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Nomenclature

AC Alternate current
ADC Analog-to-digital converter
AM Air mass
AV Average
BMS Battery management system
DB Database
DC Direct current
DG Distributed generation
DGT Digit
DPVWPS Direct photovoltaic water pumping system
EPCU_out Output energy of the power converter unit
EPV PV energy
ESS Energy storage systems
g Temperature coefficient of PMPP (in%/K)
GI Global irradiance (in W/m2)
GUI Graphical user interface
IMPP Current at the maximum power point
IPCU_out Output current of the power converter unit
IPV PV current
ISC Short-circuit current
LIB Lithium-ion battery
MPP Maximum power point
MPPT Maximum power point tracking
NOCT Normal operating cell temperature
OV Overvoltage
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PC Personal computer
PF Power factor
PMPP Power at the maximum power point
PR Performance ratio
PPCU_out Output power of the power converter unit
PPV PV power
PV Photovoltaic
PVWPS Photovoltaic water pumping system
PVWPS+LIB Photovoltaic water pumping system with storage in a lithium-ion battery
Q Flow rate
RDG Reading
RE Renewable energies
RTem Terminal resistance for the RS485 bus
SOC State of charge
SOH State of health
STC Standard test conditions (AM 1.5, Tcell = 25 ºC, and 1000 W/m2)
Tamb Ambient temperature (ºC)
Tcell PV cell temperature (ºC)
TDH Total dynamic head
Tw Water temperature
VMPP Voltage at maximum power point
VOC Open circuit voltage
VPCU_out Output voltage of the power converter unit
VPV PV voltage
VSD Variable speed drive
WPS Water pumping system
ηinv Inverter efficiency
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