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Energy efficiency in photovoltaic systems is especially important when batteries are part of the system. Per-
formance optimization includes the selection of the best efficiency point for each stage of the system, and the
inclusion of devices that reduce energy losses when some elements of the system are not operating. This paper
proposes improving battery-based photovoltaic pumping systems by using high-voltage lithium batteries, com-
bined with the inclusion of IoT switches and the operation of the pumping system at its most efficient operating
point. Experimental results of a system working with different irradiance profiles are included for an analysis of
the main working parameters. These parameters demonstrate how the inclusion of IoT switches improves system
efficiency and provides extra energy that can be used to pump additional water or for other purposes. A com-
parison of the results obtained with the estimates made for direct pumping shows that the battery-based solution
yields an average increase of 10.85 % on a sunny day (with 5.29 PSH) and 16.37 % on a cloudy day (with 2.88
PSH). Some water is pumped on days with less than 2 PSH, while direct pumping is unable to pump on those very

cloudy days.

1. Introduction

The sustainable management of water supply based on renewable
resources is essential, especially in developing countries or areas with
water scarcity [1]. It also contributes to achieving the Sustainable
Development Goals set by the United Nations [2]. Water demand de-
pends on the population supplied, usage and type of service, local
weather, and seasonal variations, etc. [3]. Both water and energy de-
mand usually increase when availability increases [4]. The World
Health Organization recommends a typical water consumption per
person of between 50 and 100 L/d [5], although in humanitarian
emergencies this can decrease to 20 L/d or less, as reported in [6]. A
minimum of 7.5 L per capita per day is recommended to meet the re-
quirements of most people under most conditions [7]. Pumping systems
are used for the extraction and supply of water. The technological so-
lutions available for water pumping infrastructure are analyzed in [8,9].
Grid-connected, fuel-based, or battery-based water pumping systems
(WPSs) can operate at rated conditions, while solar pumping
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progressively pumps the required water volume during daylight hours.
Due to the different modes of operation of direct photovoltaic water
pumping systems (DPVWPS) (only at nominal conditions for a short
period at midday on sunny days), the time needed to pump a fixed
volume of water is longer. Since the daily operating time in DPVWPS is
limited by sunshine hours, the pumps chosen require more power than
those used in pumping systems based on energy sources without vari-
ability or time limitations. The direct use of PV power without an energy
storage solution, as proposed in [10-13], is unusual when DPVWPS is
located in rural isolated areas or in humanitarian aid contexts, in which
the installation has more purposes than mere irrigation. In these cases,
the use of some type of energy buffer, such as an elevated tank for water
storage or the inclusion of batteries in the system, is common since it
becomes necessary, as evidenced in [1,14-16]. In some cases, solar
tracking systems are used to improve the operation of solar self-
consuming grid-connected installations, as they avoid investments in
storage systems and provide more stable operation with fewer fluctua-
tions in the variable speed drive (VSD) [17]. The low level of mainte-
nance required by DPVWPS results in low operating costs when
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Nomenclature

AC Alternate current

AV Average (subscript)

BMS Battery management system

cha Charge of the battery (subscript)

d Day

DB Database

DC Direct current

dis Discharge of the battery (subscript)

DOD Depth of discharge

DOY Day of year

DPVWPS Direct photovoltaic water pumping system
Exx Energy in **

EB Energy balance

EPS Emergency power supply

est Estimation (subscript)

EV Electric vehicle

fvsp Frequency of the three-phase voltages in the VSD output
g Acceleration of gravity (9.81 m/s%)

GI Global irradiance (in W/m?)

h Hydraulic (subscript)

hyb Hybrid (subscript related to the hybrid inverter)

L Current in device ** or current in conditions **

LIB Lithium-ion battery

max Maximum (subscript)

min Minimum (subscript)

min Minute

MPPT Maximum power point tracking

mp Motor-pump (subscript)

P Power in device ** or power in conditions **

PCU Power converter unit (use for the combination of hybrid

inverter plus VSD)

PF Power factor

PF, Power factor of the motor installed in the motor-pump
group

pk Peak (subscript)

PR+ Performance ratio in device ** (quotient of energies)

PSH Peak sun hours (1 PSH = 1 kWh/m?)

PV Photovoltaic

PVWPS Photovoltaic water pumping system

PVWPS + LIB Photovoltaic water pumping system with storage in a
lithium-ion battery

PVWPS + LIB(HV) Photovoltaic water pumping system with storage
in a high-voltage lithium-ion battery

Q Flow rate

r Coefficient of determination
SBEP Solar best efficiency point

SD Standard deviation

SDG Sustainable development goal
SL-LIB  Second-life lithium-ion batteries

soc State of charge
SOH State of health
TDH Total dynamic head

thre Threshold (subscript)

te Recording interval

V4 Total volume of water pumped in a day

Vg Corrected total volume of water pumped in a day
Vs Voltage in device ** or voltage in conditions **

VSD Variable speed drive

WPS Water pumping system

e Efficiency in device ** (quotient of powers)
p Density of water (1000 kg/m®)

compared to fuel-based solutions [18]. A study presented in [19]
compared three PVWPS schemes for irrigation with the same 44.4 kWi,
PV field (DPVWPS, with and without an elevated water tank, and a
battery-based PVWPS), and concluded that the battery-based solution
was more cost-effective than the scheme with water storage. From the
simulations performed in HOMER, it was found that a large battery
capacity of 144 kWh presented a variation of the battery state of charge
(SOC) of between 40 % and 100 % in July (the month with the maximum
water requirements). It was concluded in [9] that battery-based PVWPS
were more economical than fuel-based water pumping systems due to
the continuous increase in fuel costs.

The main problem found in [20,21] with the rated operation of the
WPS was the performance ratio (PR) decrease relative to the solar best
efficiency point (SBEP) of the DPVWPS as defined in [22]. This reduc-
tion in efficiency was unimportant in fuel-powered WPSs because the
auxiliary generator was usually oversized with respect to the power
requirements of the WPS [4]. However, in battery-based WPSs the
operation at the SBEP represents an electrical energy saving that could
be used for increasing the pumping time, or for other appliances and
purposes. Improved battery performance, expected price reductions,
and research on the optimization of battery-based solar pumping sys-
tems will soon enable the replacement of auxiliary generators with these
hybrid solar systems in humanitarian emergencies (following the
guidelines given in [2]).

The use of DPVWPS has become popular in developing regions
without an available power grid. The high cost of fossil fuels has led to
the conversion of conventional pumping systems into solar pumping
systems, both for the supply of drinking water to people and animals and
for irrigation, although often a hybrid WPS, including a diesel auxiliary
generator, could be installed to ensure the supply and reduce the water

shortage probability [23]. The importance of the topic is evidenced in
the periodic reviews published on solar pumping in the last decade
[24-34]. Problems when implanting DPVWPS in isolated communities
were identified in [4,8], and [23], including a lack of dissemination of
DPVWPS, the false perception of its high price, and the misconception
that it is a complex technology. The use of PV-based WPS is one of the
solutions for reducing long-term operational costs and the environ-
mental impact of ensuring water supply for off-grid communities and
refugees [35].

Although the use of second-life lithium-ion batteries (SL-LIB) in
WPSs for irrigation in poor and depressed regions in India and
Bangladesh was proposed in 2014 [36], very few experimental works
are related to battery-based WPS. The electric vehicle (EV) market is
quickly growing and so a major increase is expected in lithium-ion
batteries (LIB) packs that cannot provide satisfactory performance to
power EVs. The end of LIB automotive life is usually determined by a
state-of-health (SOH) below 80 %, although this value is under study due
to technological advances in LIB production and chemistries [37].
Although recycling and recovery are recommended and necessary op-
tions, the use of these SL-LIB packs in less-demanding applications is an
interesting and promising alternative (with environmental benefits) that
extend their use after reaching their end-of-life for EVs. Following this
line of research, the economic and technological viability of SL-LIB ap-
plications was analyzed in [38]. An example of the use of SL-LIBs in an
off-grid application was described in [39]. The hybrid mini-grid system
used an AC coupling bus in which were connected two SMA Sunny Boy
5.0 PV inverters to manage the energy produced by the PV field of 10.58
kWpi and a bidirectional inverter (SMA Sunny Island 8.0H) that
managed the AC bus and the charging and discharging of the 44 V and
85 kWh SL-LIB.
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Fig. 1. Block diagram of a PV pumping system with the battery directly connected to the DC bus [32].

As described in [3], it is common to find a water pumping system in
stand-alone PV installations with an existing battery bank that supplies
energy to all the household electrical loads. In this situation, a water
pumping system for irrigation and charging of portable devices could be
considered as secondary applications (or diversion loads) that minimize
the energy wastage in off-grid PV applications by 19 % to 45 % in
accordance with [40]. The approach presented in [20,21] differed from
the latter because the initial goal was to store and use surplus electrical
energy lost by the DPVWPS during normal operation. Energy losses in
DPVWPS, estimated in [23] at 28 % of the energy that can be produced
by the PV field, were related to: threshold irradiance levels at sunrise
(Glthre_start) and sunset (Gliyre seop) [41]; power curtailment in the central
hours of sunny days due to the PV power exceeding the electric motor
rated power [41]; improper tuning of the PID control of the VSD on days
with variable irradiance [42]; start/stop cycles in days with variable
sunshine; reduction in water demand; or cloudy days with little sunshine
[21]. Oversizing the PV generator is a common way to ensure the water
demand profile in remote areas, resulting in water storage tanks that are
completely full at certain times of the day and the corresponding loss of
PV power [18]. The surplus electrical energy that can be provided by the
PV field could be used in other appliances to improve the long-term
standard of living of the population settled around the DPVWPS loca-
tion, such as in internally displaced people and Tier O refugee camps
(regions without access to energy, according to [43]), as well as local
communities living in off-grid areas, especially in developing countries
[44]. This goal of harnessing surplus energy from photovoltaic pumping
for use in domestic and community applications other than irrigation
was already detailed in [36]. In this setting, photovoltaic water pumping
systems including lithium-ion batteries (PVWPS + LIB facilities) can
provide a basic level of electrification for remote off-grid areas while
maintaining and guaranteeing water supply to the population, based on
sustainable energies, as stated in the SDGs [2]. Some of the uses given to
PV electricity were described in [45,46]. The level of access to electrical
energy provided is between Tier 1 (solar lighting kits, with daily con-
sumption per household greater than 12 Wh) and Tier 2 (standalone or
home solar systems, with daily consumption per household greater than
200 Wh) as classified in [47]. This approach could offer humanitarian
organizations sustainable and efficient solutions for covering basic en-
ergy needs in displacement settings with little investment, in a stage
before the deployment of mini-grids, as analyzed in [4].

Experimental results presented in [36] were focused on the LIB
behavior of a PVWPS + LIB facility with the following main character-
istics: centrifugal pump suitable only for surface water lifting with a
maximum suction head of 6.5 m; DC motor with 746 W and a maximum
operating voltage of 60 V; LIB with a rated voltage of 51.8 V and 5.2 kWh
at 80 % depth of discharge (DOD). The test had a duration of 3 h and 10
min, with a consumption of only 1.37 kWh (26.3 % of the total capacity).
The LIB presented a very stable range of operation for the current and
voltage that was better than expected for a lead-acid battery. The ad-
vantages of LIBs with respect to lead-acid batteries in renewable energy
systems was pointed out since the previous decade [48-50]. A 5.2 kWp
solar pumping system was simulated and compared with two identical
electro-hydraulic systems with and without energy storage respectively
[41]. The obtained results confirmed that the amount of water pumped
increased by 33 % in case system equipped with energy storage. A solar

water pumping system including a 12 V and 131Ah lead-acid battery
backup was described in [51]. In this study, the 21 Wy PV module
provided all the energy needed for an automated system (approx. 60
Wh/day) that limited the diffusion of pollutants into a water stream. As
will be seen in the next section, there is currently a trend towards higher
voltage batteries to reduce the flow currents in the system, and this in-
volves improvements in semiconductor components, cable cross-
sections, etc.

In this contribution, the authors analyze a high-voltage lithium-ion
battery-based PV pumping system (PVWPS + LIB(HV)) that includes IoT
devices to optimize the energy use in the facility. By using the best
operating point of the water pumping system, various efficiencies and
performance ratios (PR) are obtained from the powers and energies in
the different parts of the system. Operation of the battery-based solution
is analyzed for different day profiles, and these results are compared
with the estimations for the direct solution under the same irradiance
profile. Changes in the monitoring system are described and the main
problems found with the energy balance in the battery are detailed.

This study is within the frame of the project “Greening humanitarian
responses through enhanced solar energy harvesting”, supported by the
International Organization of Migration (IOM), with founding from the
Bureau for Humanitarian Assistance — USAID, and the European Com-
mission Humanitarian Aid & Civil Protection. The objectives of the
project cover, in a first stage, the development of a multipurpose pro-
totype of PVWPS + LIB(HV). A pilot pumping facility has been installed
at the laboratory, being analyzed and characterized in the present paper
with the intention of optimizing its operation. In a second stage of the
project, the prototype will be implemented in some rural isolated
communities with a view to water supply to population and facilitate
utilization of surplus electrical energy.

These actions offer an innovative approach to support the shift to
cleaner and more efficient energy solutions in the provision of water and
electrical energy to vulnerable populations in humanitarian aid con-
texts, contributing therefore with SDGs attainment in developing
countries. Specifically, the present study contributes to the achievement
of Goal 6 (Ensure availability and sustainable management of water and
sanitation for all), Goal 7 (Ensure access to affordable, reliable, sus-
tainable and modern energy for all), Goal 11 (Make cities and human
settlements inclusive, safe, resilient and sustainable), Goal 12 (Ensure
sustainable consumption and production patterns), and Goal 17
(Strengthen the means of implementation and revitalize the Global
Partnership for Sustainable Development).

The remainder of the article is organized as follows. Section 2 re-
views the literature on the various alternatives for high-voltage battery-
based water pumping. Section 3 summarizes the main features of the
pumping facility used. Section 4 details the experimental tests per-
formed and presents the key values for its optimum operating point
(efficiencies and performance ratios), as well as the main issues related
with SOC management. Section 5 presents the experimental results
achieved for several days with various irradiance profiles, and considers
the daily energy balance in the lithium-ion battery. Section 6 details the
results obtained in the facility for the selected days and the averaged
values for 20 days of operation. A comparison between the pumped
volume obtained with the battery-based solution and estimations for
direct pumping mode are also included. Section 7 summarizes the main
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Fig. 2. Block diagram of a battery-based PV pumping system with a DC/DC bidirectional converter.

contributions of this work.

2. High-voltage battery-based water pumping facility:
Alternative solutions

The electrical compatibility of the different components that make
up a battery-based PV pumping system that uses a three-phase AC drive
for the motor-pump group can be solved with two approaches to con-
necting the battery to the DC-bus of the PV water pumping system: the
direct connection (Fig. 1) or by means of a DC/DC bidirectional con-
verter to manage the charging/discharging processes (Fig. 2). The use of
a battery controller between the PV array, the battery, and the inverter,
as proposed in [9], is less common because of the technical requirements
needed for the charge controller and it can be considered a specific case
of the use of a DC/DC bidirectional converter.

The direct connection of a battery in a PVWPS was simulated in [52],
including a 3.7 kW three-phase motor (with 225 V and 15 A), a 5.48
kW PV field, and a battery that used 26 packs of 12 V and 150 Ah (a
nominal voltage of 312 V and 46.8 kWh). The battery was connected in
parallel with the DC bus of the three-phase VSD, including a switch that
controlled the connection of the DC stage (PV field, MPPT power con-
verter, and battery) to the DC-bus of the VSD. The system simulated in
[53] used a 360 V and 567 kWh lead-acid battery and the motor-pump
group was connected to the output of a PV inverter by means of an on/
off motor controller. The direct connection of the 11 kW electrical motor
to the AC three-phase system provided by the inverter is not recom-
mended due to surge currents that flow during the switching to on-state
(until 326 A vs 29.6 A in steady-state conditions) and the water hammer
that could appear during the sudden switching to off-state (without a
smooth decrease in motor speed).

There are several recent works including the bidirectional DC/DC
converter shown in Fig. 2. The system simulated in [54] used a DC bus
voltage of 230 V, a 3.3 kW three-phase motor, a 3.6 kW PV field, and a
Ni-MH battery with 200 V and 6.5 Ah. Simulated and experimental re-
sults were presented in [55] using a DC bus voltage of 400 V, a 2.2 kW
three-phase motor, a 2.55 kWpy PV field, and a battery with 200 V and 7
A; while in [56], the system used a DC bus voltage of 600 V, a 3.7 kW
three-phase motor, a 4 kW PV field, and a battery with 480 V and 42
Ah. The grid-tied solar PVWPS with energy storage presented in [57]
also included the DC/DC bidirectional converter to manage battery
operation. Grid connection was used either to provide power when the
other sources were unavailable, or to feed the energy produced by the
PV field back to the grid when the WPS was not in operation and the
battery was fully charged. Simulated and experimental results were
included using a simulated PV field of 875 Wy, a 160 V and 50 Hz grid, a
750 W switched reluctance motor, and a battery with 240 V and 28 Ah
(6.72 kWh).

The use of a bidirectional DC/DC battery power converter is frequent
in modern on-grid/off-grid hybrid inverters which include LIBs that can
operate in a wide range of battery voltages and capacities, with an AC
apparent power in the single-phase models ranging from 3 to 5 kVA [58]

and with three-phase models ranging from 5 to 15 kVA (depending on
the manufacturer) [59-61]. Because these systems can operate in off-
grid mode continuously, most permit the connection of an AC auxil-
iary generator in the grid-port to keep the system in operation on days
with low irradiation levels. All the loads supplied by these hybrid in-
verters are connected to the AC output port, as proposed in the model
simulated in [46].

3. System design and control

In previous studies by the authors of this paper a PVWPS + LIB was
first compared with its analogous DPVWPS while maintaining the same
PV field configuration and peak power [20]. Subsequently, the energy
efficiency of the PVWPS + LIB facility in relation to the selected VSD
frequency, was evaluated [21] to determine its optimal operating con-
ditions. Initial experimental results in the PVWPS + LIB facility,
described in more detail in [62], were obtained with a low-voltage LIB
(48 V) with 3.3 kWh of capacity connected to a 3.7 kW hybrid inverter.
Several problems were identified in the operation of the system, as
described in [20]. The main issues related to the functioning of the low-
voltage LIB hybrid inverter were as follows:

e Improper operation of the MPPT algorithm during the LIB charging
intervals, which reduced the PV energy generated and the total
pumped water. Increases in daily pumped volume in the range of 8 %
to 20 % could be expected with the proper operation of the MPPT
algorithm.

e Values provided by the hybrid inverter for Ppcy in and Ppcy ous, as
defined in [21]. The quantification of some power terms acquired by
the hybrid inverter were inaccurate, preventing the direct use of
these variables in the management of the system.

o The high stand-by consumption of the hybrid inverter (around 70 W)
represented a continuous loss of energy that discharged the battery,
with an SOC decrease of 25 % during nights, as described in [62].

To overcome these problems, a new hybrid inverter and LIB group
was installed in the PVWPS + LIB facility, including the following
devices:

e An X1-Hybrid-3.7-D-E grid-connected inverter from SOLAX, with a
rated apparent power of 3680 VA in the on-grid output and 4 kVA in
the EPS output (emergency power supply) and up to 6 kVA for 10 s in
the EPS output [58].

o A high-voltage (HV) lithium-ion battery from SOLAX, model T-BAT
SYS-HV (composed by a T-BAT H 5.8 and one battery pack
HV11550), with 11.5 kWh of total stored energy (equivalent to
50 Ah), 90 % of maximum DOD (10.35 kWh of usable energy), 3.5
kW of maximum power, a maximum charge/discharge current of 35
A, a recommended charge/discharge current of 25 A, and a rated
voltage of 230.4 V (the two units were connected in series) [63].
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Fig. 3. Block diagram of the devices connected with the RS485 bus in the new version of the PVWPS + LIB facility.

The hybrid inverter was selected considering that the PV field had to
be the same as that used in the direct solution and that the AC output had
to operate the VSD of the direct solution (approximately 2.2 kW) plus
additional loads included in the battery-based solution (energy man-
ager, monitoring systems, etc.). The capacity of the LIB was increased
from 3.3 kWh to 12 kWh to operate the water pumping system for longer
than one hour and store the average energy that a 2.4 kWpk PV field can
produce on an average day in Valencia with 5 PSH.

The monitoring system included in the PVWPS + LIB(HV) facility
uses free open-source software tools adapted for this new model of
hybrid inverter. The hardware part of the monitoring system is built
using the commercial devices described in [62], including an embedded
system (Raspberry Pi) and a database (DB) server, as depicted in Fig. 3.
Communication between data acquisition nodes is carried out through a
wired RS485 protocol. A commercial universal web platform, the UWP
3.0, operates as a communications gateway between all the devices
connected through a Modbus-RTU over RS485 and the data acquisition
system (using a Modbus with TCP/IP protocol), as shown in Fig. 3 with
green lines. The new hybrid inverter uses a CAN bus to communicate
with the LIB and an Ethernet connection with the DB server. Data pro-
vided by the hybrid inverter 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.).

Several tests of the PVWPS + LIB(HV) facility were carried out
following the optimization approach that uses the SBEP of the WPS
section, as described in [21]. The greater capacity of the new high-
voltage LIB (11.5 kWh vs the 3.3 kWh of the previous low-voltage
LIB) combined with the reduced power demand at fysp = 37 Hz (value
selected to operate at SEBP) resulted in an extension of the pumping
interval (11 h) for a day with 5.29 PSH, as can be seen in Fig. 4, with a
connection of the pumping system at the beginning of the day (at 8:13)

and disconnecting the WPS at night (19:10). Based on the monitor sys-
tem described in [62] and modified for this new PVWPS + LIB(HV) fa-
cility, values of photovoltaic power (Ppy, W) and global irradiance (GI,
W/m?) are depicted at the top, while flow rate (Q, L/s), total dynamic
head (TDH, m), and SOC (%) are plotted at the bottom of Fig. 4. The total
daily volume of water pumped was Vg = 62.12 m®/d, and the daily SOC
variation was ASOCgqy = 1 % (being SOC; = 54 %, and SOCs = 55 %).

It should be noted that the pumping interval with the PVWPS + LIB
facility equipped with low-voltage battery detailed in [62], working at
fvsp = 37 Hz on a day with PSH = 4.93 (DOY14, 2021), was 8 h:32 min
being V4 = 47.54 m>/d. This result is not intended to establish a rigorous
comparison since it was not the same installation, nor the same working
conditions. However, it can serve to verify the clear advantage of high-
voltage LIBs over low-voltage LIBs in installations with these
characteristics.

4. Experimental tests

A set of 20 days of operation of the PVWPS + LIB(HV) installation
with fysp = 37 Hz was analyzed by processing in Matlab the values
provided by the monitoring system, which were recorded every minute
(tx = 1 min). Days with differing GI profiles were selected to make a
comparison across days with differing energy availabilities:

e Sunny days, such as 02/02, 02/03 and 03/13, with PSHyz,02 = 5.48,
PSH02/03 = 5.29, and PSH03/13 = 5.15.

e Partly cloudy days, such as 02/04, with PSHyz,04 = 2.88.

e Very cloudy days (with rain), such as 02/19, with PSHy,79 = 0.98.

In addition, a more in-depth daily analysis of the operation of the
PVWPS + LIB(HV) facility was made on 03/13.
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Fig. 5. Block diagram of the PVWPS + LIB(HV) facility.
These experimental tests were also used to verify the usefulness of port. The two 10 A and 240 V relays included in the IoT board are used to

including an IoT board to manage the WPS operation and study the SBEP control the WPS operation as follows:

of the facility.
e 10T switch 1 (denoted as IoT1 in Fig. 5): this IoT relay is used to

control the operation of a 40 A and 240 V solid-state switch (SSR-40

4.1. Energy optimization by means of an IoT board DA-H [65]). The inclusion of the solid-state switch with a greater
rated current than the IoT switch enables reducing the effects of the

An IoT board to manage the WPS stage was added because of the surge currents that the rectifier in the input of the VSD may require
need to check its correct functioning and to start and stop the WPS at any during the charging process of the internal DC bus and so avoiding
time of the day and year (even on many occasions at a specific time of the large surge currents detailed in [53] (where a VSD was not used).
day when the facility cannot be accessed). The IoT board selected is an o IoT switch 2 (denoted as [oT2 in Fig. 5): this IoT relay is connected in

ESP12F Relay X2 [64], and its operation can be controlled via the uni- series with the ON/OFF switch connected in turn to one of the low-
versity’s Wi-Fi network. The IoT power supply is connected to the EPS
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Fig. 7. Main instantaneous values of powers and efficiencies in the PVWPS +
LIB(HV) facility obtained from the monitoring system at fysp = 37 Hz on 03/
13 (DOY72).

level control inputs of the VSD. For the remote activation of the WPS,
the ON/OFF switch must be ON.

In addition to the capability of activating and deactivating the WPS
remotely, the use of the 40 A solid-state switch controlled by the IoT
board also reduces current consumption in the EPS output (230 Vac
nominal value), changing from 20 mA for the IoT board to 810 mA when
the solid-state switch is ON and the VSD is in stand-by mode. The values
of these currents were obtained from the hybrid inverter monitoring
system and verified using a clamp current meter. The power demand of

the IoT board corresponds to less than 5 W, while in the second case
(VSD in stand-by mode) it is greater than 185 W, which optimizes the
use of the energy stored in the LIB. Values of currents and powers in the
hybrid inverter ports (PV, LIB, and EPS) recorded by the monitoring
system during a test to verify the energy saving achieved with the IoT
board inclusion are shown in Fig. 6. The EPS current when the VSD is in
stand-by mode is near to 1 A, while the current demanded by the IoT
board is neglectable when the VSD is disconnected. As happened with
the previous model of hybrid inverter used in [21] and [62], the values
of the EPS power provided by the new hybrid inverter (227 W with the
VSD in stand-by mode and 21 W only with the IoT board) correspond
more with the apparent power (S, in VA) than to the active power (P, in
W) calculated from the measured AC currents.

The reduction in the current consumption produces a reduced
discharge of the LIB during the intervals in which the WPS is not oper-
ating. The use of the IoT switches is as follows:

o WPS activation: IoT1 is switched on to provide power to the VSD and
IoT2 is then activated.

o WPS deactivation: IoT2 is switched off first, and IoT1 is switched off
15 s later. During the delay time between the deactivation of the two
switches, the VSD control stage applies a decreasing ramp to the VSD
output power and so avoids a water hammer in the hydraulic circuit.

The VSD also enables control actions based on signals from sensors in
the WPS, such as high- and low-level sensors in the water tank.

In the following section the main advantages and features of the
proposal when compared with the direct PVWPS scheme are detailed.
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Table 1
Instantaneous values obtained with the Fluke 435-SII power quality analyzer at
fusp = 37 Hz on 03/13 (DOY72).

Ppcu.in Ppcu_out = Pysp.in Pvsp ou Py

1092.19 W 990 W 855.07 W 204.08 W

ey = 90.64 % Hvsp = 86.37 % iy = 34.39 %

Vvsp.our = 155.06 V Iysp our = 4.08 A Q=1.55L/s TDH = 19.38 m

4.2. Solar best efficiency point for the battery-based water pumping
facility

Achieving the highest utilization of the energy produced by the PV
field is a challenge in humanitarian emergencies, where useable energy
is often scarce. While the operating point of a DPVWPS varies
throughout the day (mainly due to the variability of irradiance), in a
battery-based scheme it is possible to set a fixed operating point for the
water pumping system (VSD and motor-pump group) which should be
established at the SBEP. Previous studies in [21], evidence that the SBEP
of the WPS facility is found when the frequency of the AC three-phase
voltage VSD output is equal to 37 Hz (fysp = 37 Hz). Although the
motor-pump efficiency (17,,p) decreases for low values of the fysp, the
VSD efficiency (yvsp) decreases more at the rated frequency (fysp = 50
Hz). Instantaneous values provided by the monitoring systems for fysp =
37 Hz are shown in Fig. 7.

The value of the total dynamic head (TDH3sy g) is calculated in (1) in
meters by means of the values obtained from the pressure sensors
installed in the pumping outlet (Ppump,_outler) and in the bottom of the lab
tank (Ppump inler), including an offset of 0.55 m that considers the relative
distances between the sensors and the top and bottom levels of water in
the tank.

TDH371: = Ppumpyuier — Ppumpiy +0.55 = 19.8 =1 +0.55 = 19.35m (9]

With the water flow expressed in liters per second (Q = 1.5 L/s), the
hydraulic power (Py) can be calculated in W as follows:

Py, = 9.81-Qsrpr TDHypp, = 9.81-1.5:19.35 = 284.73 W @)

The output power in the VSD (Pysp i) Operating at fysp = 37 Hz is

Energy Conversion and Management: X 22 (2024) 100543

calculated in (3) considering the voltage and current of the VSD three-
phase output (Vysp,, = 155 V and Iysp,, = 4 A) and the power factor
of the motor (PF,, = 0.78):

Puspow_ 311 = V3 Vusp, s, -PF = V/3:155-4-0.78 = 837.6W 3

out out

The value of the input power in the VSD (Pygp in) referred to as a
percentage of its rated value is equal to 42.01 %. Considering that the
rated power of the VSD is 2.2 kW, the value Pygp i is calculated as
follows:

42.01

Pysp. in = ——2.2kW = 924.20W 4
VSD_ 100 ( )

The electrical operating values were verified with a Fluke 435-SII
power quality analyzer. The average values for the 10 min of opera-
tion with a recording time interval t, equal to 5 s are detailed in Table 1,
obtaining an average efficiency of the overall system (pywps. 1my))
equal to 26.92 %. As can be observed, all the values detailed in Fig. 7 and
Table 1 are quite similar.

Signals shown in Fig. 8 demonstrate the correct operation of the
MPPT algorithm included in the hybrid inverter [58] on sunny and
cloudy days, and the loss of energy related to the improper MPPT
operation reported in [21] is avoided. During the regular operation of
the installation, as in the days shown in Fig. 8, an attempt was made to
avoid reaching SOC values greater than 80 %, since from that value
onwards the power used in the LIB recharge is reduced with respect to
the maximum that can be generated by the PV field (concluding in a final
nil PV current, as can be seen in some of the graphs included in [66]
when SOC values of 100 % were reached). The WPS was connected at
the beginning of a sunny day (02/03), and the energy was taken from
both the PV field and the LIB. After 11:00 (approx.), with GI around 450
W/m?, the SOC trend varied and the PV power reached a level (Ppy =
1.3 kW) that enabled the WPS operation and the recharge of the LIB
(performed until 16:45, when GI was below 450 W/mz). The PVWPS +
LIB(HV) facility was pumping with fysp = 37 Hz from 8:14 to 19:10
(almost 11 h) and maintained the same operating conditions until
reaching the same SOC as at the end of the previous day’s pumping
interval (SOC = 55 %). A similar approach was used initially for a cloudy
day (02/04), and the pump was started at 8:37. However, the low GI
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Fig. 8. Main operating values in the facility during 02/03 and 02/04 (DOYs 34 and 35): powers and GI (at the top); Q, TDH, and SOC (at the bottom).
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Fig. 9. Main values in the PVWPS + LIB(HV) facility from 03/05 to 03/08 (DOY64 to DOY67, 2022): powers and GI (at the top); Q, TDH, and SOC (at the bottom).

profile forced pumping to stop and the final SOC was around 55 %. Thus,
a total of three pumping intervals can be observed on that day, with a
final short interval (10 min) to complete the adjustment of the SOC to
the desired value. The total pumping interval was about 6 h a day with
only 2.88 PSH, and in which direct solar pumping would have worked
only during the few intervals when GI exceeded Glyyre starr = 300 W/m?
(value of the threshold irradiance in the facility under test, as reported in
[20]) and if protection against start/stop cycles (which would have
disconnected the system for a long interval to protect the pump) was not
activated.

Different aspects to be evaluated, including SOC, in battery-based
systems in humanitarian aid contexts were described in [45]. As
shown in Fig. 8 and commented above, during the tests, an attempt was
made to maintain similar levels of SOC at the beginning and end of the
day to establish daily energy balances in the system, and so the total
volume of water pumped in a day (Vg) would correspond to the PV
energy generated during the day. The variation of the battery state of
charge in one day (ASOCgqy), defined as the difference between final and
initial daily SOC (SOCs — SOCy), shows that a significant amount of PV
energy was used to charge the battery (ASOCyq, > 0 %) instead of being
used to pump water, resulting in a decrease of the V; value, or that the
battery was in discharging mode (ASOCgqy, < 0 %) to keep WPS running,
which in turn leads to a greater V.

4.3. SOC uncontrolled variations

The values of the battery SOC provided by the Solax inverter showed,
for no apparent reason, sharp increases and decreases when there was no
load or power supply connected to the installation, indicating an
improper management of the energy available in the LIB. It appeared to

be a readjustment of the SOC after some internal process of the battery
management system (BMS). Several uncontrolled SOC variations can be
observed in Fig. 9 that show the most important magnitudes during four
cloudy days.

The energy generated by the PV field during the first hours of 03/05
(from 7:45 to 11:12) was used to complete the LIB charge and the PV
power was nil when the LIB was fully charged (SOC = 100 %), in
accordance with the behavior observed in some of the graphics included
in [66]. The WPS was connected (Q = 1.55 L/s at fysp = 37 Hz) from
17:05 to 22:00, with a quite lineal decrease of the SOC due to the small
PV power generated because of the cloudy weather (PSHyz,05 = 2.71).
Shortly after finishing the pumping (at 22:34), the SOC dropped from 47
% to 26 % in 33 min with no load connected to the system (denoted as
UF1 in Fig. 9), and it remained at 26 % until the sunrise of 03/06
(around 8:00). On this day, only low levels of irradiation were available
(PSHyps3,06 = 1.40) to charge the LIB, with the SOC varying from 26 % (at
9:30) to 48 % (at 18:45, at nightfall). After a short interval without SOC
variations, an uncontrolled SOC rise occurred (UR1), fluctuating from
45 % (at 19:15) to 88 % (at 19:45). Due to the high SOC values and the
risk of a PV power curtailment, the WPS was connected at 7:27 on 03/07
until SOC = 42 % was reached at 9:52. With PSHy3z,py = 0.72, the SOC
reached 54 % at 18:00 (at sunset). An uncontrolled SOC drop (UF2)
occurred from 20:40 to 21:30, with SOC falling from 54 % to 29 % in
around 40 min. In the following 12 h (approx.) the SOC showed a
smooth variation (LIB self-discharge), until sunrise on 03/08 (around
8:00). A short pumping interval was performed from 12:32 to 16:08,
coinciding with peak daytime irradiance. With PSHys,0s = 3.15, the
PVWPS + LIB(HV) pumped water for 3.5 h and the SOC varied from 25
% (at 08:00) to 49 % (at 19:00) and remaining constant after the sunset
until an uncontrolled SOC rise (UR2) from 49 % (at 22:04) to 90 % (at
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23:34).

Although efforts were made to set the same initial and final daily SOC
values in each experimental test, these uncontrolled SOC variations led
to the need to apply a compensation for the daily pumped volume based
on the SOC variation on days with uncontrolled variations or on the
daily energy balance in the battery. The test performed in the PVWPS +
LIB(HV) facility to obtain the relationship between the daily pumped
volume (AVg+ 1 soc in m®/d) and the daily SOC variation (ASOCgy) is
described in Appendix A, and resulted in the following expression:

AVd*_LlB_SOC = 028983‘AS0C[]“V (m%/d) (5)

As stated in [66], the SOC is a primary magnitude of LIBs that is
widely used in microgrid control, and is one of the main parameters for
the correct management of battery-based pumping systems, together
with system alerts and other system variables.

5. Daily analysis of the PVWPS + LIB-HV

Fig. 10 completes the information included in Fig. 8 and shows the
relationship between all the powers in the system and the SOC for three
consecutive days (02/02 to 02/04) with different GI profiles and with a
correct behavior of the SOC. SOC; on 02/03 and SOCy on 02/04 were
quite similar, and so the compensation due to ASOC variations for these
two days was negligible. The point of operation of the WPS is detailed in
Fig. 7. The variation of the SOC (ASOCq4qy = SOCy — SOC;) during the
tests on 02/03 and 02/04 was minimal, so no compensation of the
pumped volume due to the variation of the SOC in the LIB (AVg 3 = f
(ASOCQ)) was needed in the analysis for these two days (the last pumping

10

interval on 02/04 was used to reach a quite similar SOC value to the
initial value at the beginning of the test on the preceding day, 02/03).
Fig. 10 also includes the estimation of the pumped flow rate with the
equivalent DPVWPS solution. To this end, Model 1 of the four models
detailed in Appendix B, was used.

An estimation of the V; pumped by the DPVWPS solution
(Va ppvwes *+) using the four fitting models described in Appendix B was
carried out for the days analyzed. The estimation of Vg ppywes 02/03
ranged from 53.51 to 57.45 m>/d, being on average (56.04 + 1.76) m3/
d (mean =+ standard deviation), meanwhile Vj p2/03 = 62.12 m3/d (vol-
ume pumped with the PVWPS + LIB(HV) facility). Therefore, an incre-
ment of the total volume pumped between 8.1 % and 16.1 % (10.85 %
on average) was obtained on 02/03 (a sunny day) with the battery-based
solution. The total pumping time with the direct solution was estimated
at 7:36 (hh:mm), meanwhile the PVWPS + LIB(HV) was pumping during
10:57 in the SBEP. On 02/04, a cloudy day, Vqppywes 02/04 Was on
average (29.14 + 2.76) m3/d, ranging from 26.23 to 32.31 m3/d. If
these last estimated values are compared with V4 92/04 = 33.91 m3/d, it
follows that the battery-based solution pumps between 4.8 % and 29.3 %
of extra volume (16.37 % on average) with respect to the DPVWPS. The
pumping interval was extended from 5:10, estimated for the DPVWPS,
to 6:01 in the battery-based solution. During these two days, with
different GI profiles, the total volume pumped in the PVWPS + LIB(HV)
mode was slightly greater than the values obtained with the estimations
made for the DPVWPS mode.

Fig. 11 shows the most relevant magnitudes of the PVWPS + LIB(HV)
on 02/19, a very cloudy day with only 0.98 PSH. The GI did not reach
the threshold irradiance value to start pumping (Glire start = 301.30 W/
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Fig. 11. Values during 02/19 (DOY50): Ppy, Ppi5, and GI (at the top); Q for PVWPS + LIB(HV), Q estimated for DPVWPS, and SOC (at the bottom).

m?) so no pumped volume was available in DPVWPS mode during the
day, as is shown in this figure (represented as Q estimated for DPVWPS).
The battery was charged with the energy produced by the PV field while
GI > 0 W/m?, with a SOC variation of between 23 % and 36 %. The
pumped volume was Vg g2/19 = 3.99 m3/d, obtained during the 44 min
that the WPS was connected to reach a final SOC equal to that of sunrise.

A daily analysis of the operation of the PVWPS + LIB(HV) facility
was performed on 03/13. This day was selected because the variation of
the SOC during the day was minimal (ASOCgqy = +1 %, with SOC; = 53
% and SOCy = 54 %), and so only a very small correction of the pumped
volume was required considering (5):

AV _1s_soc_poyr2 = 0.28983-ASOC,y = 0.28983-1% ~ 0.29 m’ )

As can be seen in the Ppy profile shown in Fig. 12, the presence of
clouds during the day produced rapid variations in PV power, with GI
sometimes (as at 11:15) reaching levels smaller than 200 W/m?—avalue
that corresponds to the Gl siop in the DPVWPS mode. The WPS was
operating continuously with fysp = 37 Hz for 10.77 h (from 8:04 to
18:50). The charging of the LIB took place for Ppy > 1.1 kW (approx.)
from 10:00 to 16:30 (approx.) as is shown by the increase in SOC during
this interval.

The approximate operating conditions of the system on 03/13 are
detailed in Fig. 7 and Table 1 (see Section 4.2), and some small variation
in the average values (shown below) can be explained by the differing
WPS operating conditions (e.g., ambient and water temperatures). The
average values of the main variables while pumping (Q > 0 L/s) are
detailed in Table 2, and npywps+1iB av = 27.23 % (as the product of the
three values provided in the third row).

The total volume pumped in a day (V) can be calculated summing
the pumped volume in each acquisition interval (V4 x) obtained using the
values of Q recorded by the monitoring system (Qx) multiplied by the
acquisition interval (t):

11

Vir = Oeti—>Vy = Zkvd,k = thka @)

An approximate value of the total volume pumped on this day is
Vdos/1s =~ 61.23 m3, as obtained using the average Q (Qqy) and the
pumping time (tyump):
1m?

_— ~ 61.23m°
h 1OOOLIO.77h 61.23m

L 3600s

Va_poyn = QAV'tpump =1.58—
S

(®

If the value calculated in (6) is added, the total volume pumped on
this day (including the SOC correction) could reach 61.52 m®. Fig. 13
shows the variations of GI and Ppy together with the values of Q obtained
with the PVWPS + LIB(HV) facility on 03/13, as well as Q estimated in
the DPVWPS for the same day using the second estimation approach
presented in Appendix B (equation B(2). When applying the four ap-
proaches for the estimation of Vgppyvwes3/13, the obtained values
ranged between 51.87 and 57.24 m>/d, with the average being (55.10

+ 2.43) m®/d, which resulted in an average increase in the total pumped

volume in the battery-based solution of between 6.9 % and 18 %, 11.1 %
(considering Vq p3/13 = 61.23 m®/d).

The above estimations were made assuming that the hybrid inverter
performed the SOC calculation correctly. Although the variation of the
SOC throughout 03/13 was positive (ASOCypz/13 = 1 %, with SOC; = 53
% and SOCy = 54 %) and represented an increase in the energy stored in
the LIB, the results obtained using the battery power (Pyp) disagree with
the above values and produce the following results:

e Energy charged in the LIB: +2.45 kWh.
e Energy discharged from the LIB: —3.61 kWh.
e Energy balance (EB) in the LIB: AE;g 03/13 = — 1.17 kWh

This result of — 1.17 kWh shows that the LIB discharge was greater
than the charge, and this should correspond to a negative variation of
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Fig. 12. Values of Ppy, Pr, and SOC (at the top), and Ppcy in, Pysp our and Py, (at the bottom) in the PVWPS + LIB(HV) facility during 03/13 (DOY72).

Table 2
Average values in the PVWPS + LIB(HV) system during pumping on 03/13
(DOY72).

Ppcyinav Ppcuoutav="Pvsp.inav  Pvsp.oucav Ppav

1099.93 W 928.26 W 857.7 W 299.64 W
Npcy_av = 84.39 % fysp_av = 92.39 % Nmp_av = 34.93 %
Vispouw=155.04V  Iysp oue = 4.09 A Q=158L/s TDH = 19.4m

the SOC in the range of — 10 %:

—1.17kWh

TL5KWh 100 ~ —10.2%

ASOC ggypoyn = )

This outcome disagrees with the value ASOCys,13 = 1 % provided by
the hybrid inverter. The manufacturer of the LIB and hybrid inverter is
working on a solution for this problem. This is not an isolated case and
occurs systematically — affecting calculations of the daily V4 and so
preventing a correct control of the system operation. Fig. 14 includes all
the energies and performance ratios (PR) in the PVWPS + LIB(HV) fa-
cility during the test carried out on 03/13. Although most of the values
appearing in Fig. 14 were directly provided by the monitoring system,
the power in the input of the VSD (Pysp i) while the WPS was in oper-
ation (Q > 0 L/s) was corrected using the value obtained with the Fluke
power analyzer (928.67 W, as detailed in Table 2).

The variation of pumped volume related to the total energy LIB

12

balance (—1.17 kWh), denoted as Vg g pa11, is calculated as follows:

AV _0 AEp 1 L3600s 1m® —1.17kWh
d*_LIB_Ball_DOYT2 — YAV U, — 1. lh 1000L 109kW
= —6.1m° (10$)

This value corresponds to a 10 % of reduction considering Vq 03/13 =
61.23 m>/d. The energy discharged from the LIB while the WPS was not
in operation (Q = 0 L/s between 0:00 to 08:03 and from 18:52 to 23:59)
was equal to —0.85 kWh (obtained by summing all the values provided
by the hybrid inverter). The value of —0.85 kWh corresponds to an
approximate demand of 65 W during the 13.16 h in which the system
was not pumping. This energy could be saved by:

e Reducing the stand-by consumption of the hybrid inverter operating
in the EPS mode (a problem that can only be addressed by the
inverter manufacturer).

e Disconnecting the LIB battery from the hybrid inverter (by adding a
manual or automatic circuit breaker).

This energy savings of 0.85 kWh can be converted into pumped
volume estimates with the values shown in Table 2:
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Fig. 13. Values on 03/13 (DOY72): Ppy, GI, Q for PVWPS + LIB(HV), and Q estimated for the DPVWPS mode calculated with Estimation 2 of Appendix B.
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Fig. 14. Block diagram of a PVWPS + LIB facility including energies and performance ratios in the system during 03/13 (DOY72).

EListand—
_ _ stand—by
AVa_1ip_stand—by_povr2 = Qav tuand-by = Qav*

Ppcy,,

L3600s 1m® 0.85kWh
=158 — 4.43m° 11
s 1h 1000L 1.09kW " an

This value is a 7.2 % increase on Vg 3,13. The difference between the
energy balance in the LIB (- 1.17 kWh) and the energy consumption in
the stand-by mode (-0.85 kWh) can be seen as if some of the LIB energy
were converted into additional volume pumped during this day. The
variation of pumped volume related to this energy balance (denoted as
AVg+ 118 Ba2) is calculated as follows:

13

E
AV _Lip_pan_povn = QAV‘%
PCU;,
L3600s 1m® (+1.17 — 0.85)kWh ,
—1.58 —1.67
s 1h 1000L 1.09kW "
12)

This value is a 2.7 % reduction on V{ p3/13. As a summary of the study
performed on 03/13 and considering that the hybrid inverter correctly
performed the SOC management, the operation of the PVWPS + LIB(HV)
presents the following advantages:
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Table 3
Summary of the results obtained on different days and average values (AV) and standard error (SD) considering a set of 20 days in PVWPS + LIB(HV) mode.
Month/day 02/02 02/03 02/04 02/19 03/13 (AV)20 days (SD)20 days
PSH (kWh/m?) 5.48 5.29 2.88 0.98 5.15 4.20 1.90
TDHpy (m) 19.42 19.43 19.31 18.53 19.34 19.29 0.23
Vg (m®/d) 42.65 62.12 33.91 3.99 61.23 41.09 19.61
Va+ 118 soc (m3/d) 42.69 62.12 33.91 3.99 61.23 42.74 19.95
Va* LiB Bal1 (m3/d) 54.11 55.33 27.23 3.15 55.32 42.19 22.31
Va* LiB Bal2 (m3/d) 59.56 59.97 32.49 7.94 59.65 46.49 21.94
Ep (kWh/d) 2.26 3.29 1.79 0.21 3.23 2.17 1.03
Epy (kWh/d) 12.06 11.76 6.58 2.24 11.67 9.39 4.15
AE; g (kWh/d) 2.29 —1.33 —1.28 —0.16 -1.15 0.24 1.81
EpiB cha (KWh/d) 3.65 3.04 2.39 1.48 2.45 3.26 1.18
Eyp ais (KWh/d) -1.37 —4.37 —3.67 ~1.64 ~3.60 -3.01 1.23
Epis gis2 kWh/d) -1.09 —0.91 -1.01 —0.89 —0.84 —0.83 0.17
SOC; (%) 0.26 0.54 0.55 0.23 0.53 0.42 0.18
SOCy (%) 0.55 0.55 0.54 0.24 0.54 0.52 0.14
Evsp in (kWh/d) 15.47 10.47 6.01 1.07 10.25 8.53 4.93
Epcy in (kWh/d) 9.77 13.09 7.86 2.40 12.82 9.12 3.56
Evsp our (kWh/d) 6.45 9.39 5.12 0.60 9.25 6.16 2.92
PRpy (%) 90.17 91.18 93.70 94.34 92.86 91.68 89.29
PRpcusvsp (%) 65.95 71.76 65.14 25.03 72.18 63.93 11.51
PRy (%) 35.03 35.03 34.98 34.92 34.91 35.08 0.36
PRpywes 1 (%) 18.72 27.98 27.23 9.35 27.68 23.61 6.92
PRyyeran (%) 2.65 4.01 4.01 1.39 4.04 3.45 1.06
npcus+vsp.av (%) 75.82 77.16 78.47 79.39 77.46 77.70 1.51
Nmp.av (%) 35.01 35.02 34.87 34.37 34.88 35.02 0.40
npy av (%) 14.19 14.35 14.66 14.51 14.56 14.49 0.34
npvav (%) if Q > 0 14.16 14.35 14.70 14.55 14.56 14.37 0.38
n+pywps+ av (%) 26.55 27.03 27.40 27.04 27.05 27.23 0.57
toump (min) 452 658 361 44 648 427 198
fvsp.av (Hz) 36.96 36.96 36.70 36.96 36.97 36.90 0.10
Table 4
Estimation of the pumped volume obtained with the DPVWPS under different conditions.
Month/day 02/02 02/03 02/04 02/19 03/13 (AV)20 days (SD)20 days
Va opvwps. est1 (m®/d) 58.98 56.95 30.47 0.00 56.67 41.37 17.70
Vi ppvwps esiz (m%/d) 59.46 57.45 32.31 0.00 57.24 42.71 21.66
Va ppvwes est3 (m3/d) 55.29 53.51 26.23 0.00 51.87 38.03 17.97
Va ppvwps.est4 (m®/d) 58.58 56.26 27.55 4.86 54.63 43.26 22.71
(mean + SD).4 modeis 58.08 + 1.89 56.04 + 1.76 29.14 + 2.76 . 55.10 + 2.43
90 100
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Fig. 15. Comparison between the daily pumped volume obtained with PVWPS Fig. 16. Comparison between the daily pumped volume obtained with PVWPS
+ LIB(HV) including the LIB energy balance correction and the volume calcu- + LIB(HV) and the calculated volume for the DPVWPS with Estimation 4,
lated for the DPVWPS with Estimation 4. including the LIB energy balance correction and avoiding losses in the PCU

when there is no pumping.

e A pumped volume of between 5.5 % and 12 % is greater than that
obtained with the corresponding DPVWPS scheme. seems) and the pumped volume is corrected from the energy balance in
¢ An extended pumping time is achieved with the battery-based so- the battery, then the pumped volume with the PVWPS + LIB(HV) is
lution (10.77 h with a fixed Q) versus the direct solution (around 8 h slightly lower than that obtained with the DPVWPS.
of pumping with a variable Q).

If the SOC values provided by the hybrid inverter are inaccurate (as it

14
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Table 5

PR variation after the correction of the volume and the compensation of the energy balance in the LIB.

Month/day 02/02 02/03 02/04 02/19 03/13 Average Standard deviation (SD)
AEpp (kWh/d) +2.29 -1.33 —1.28 —0.16 -1.15 +0.24 1.81
PRpywps-+LB (%) 18.72 27.98 27.23 9.35 27.68 23.61 6.92
1 1 1 1 1 1 1 1
PRpywps-Li+ (%) 23.76 24.92 21.86 7.39 25.00 24.25 6.45
PRyerait (%) 2.65 4.01 4.01 1.39 4.04 3.45 1.06
1 1 1 1 1 1 1 1
PRyyerair+ (%) 3.37 3.57 3.22 1.10 3.65 3.54 0.91
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Fig. 18. Relationship between the ratio AE;p/Epcy in and PRpywps. g+ (on the left) and PRyyerqn+ (on the right) in days with irradiation greater than 2 PSH.

6. Discussion

Table 3 presents a summary of the main values calculated for the
PVWPS + LIB(HV) facility operating under a constant fysp = 37 Hz. As
discussed for 03/13, the term Vg« 1B a1 is the total pumped volume
corrected with the total variation of LIB energy throughout the day
(AEs = ELB cha + EviB dis) and Vg= 1B a2 includes the surplus volume
obtained if the stand-by losses of the hybrid inverter while the WPS is
not pumping are ignored. Average values are calculated considering 20
days of operation for the battery-based solution.

As a comparison between low- and high-voltage battery-based WPS,
the average values for 15 days of operation described in [20], with fysp
= 50 Hz, PSHpy = 5.26, produced a pumping time of 3 h:35 min and
Vaav = 33.39 mg/d; while the results with the HV battery (average
values for 20 days), with fysp = 37 Hz, PSHay = 4.20, produced a
pumping time of 4 h:07 min and V4 oy = 41.09 m3/d. As can be verified,
the solution with the hybrid inverter using the high voltage battery
almost doubles the pumping time and increases the pumped volume by
23 % — despite a 20 % lower average PSH.

Using the approaches described in Appendix B, the estimated

15

pumped volumes obtained with the equivalent DPVWPS are shown in
Table 4 for the same specific days together with the average values for
the 20 days of the study.

The corrected pumped volumes considering the SOC show notable
daily differences with respect to the estimated volumes in DPVWPS
mode. This does not happen when the pumped volumes are corrected
using the energy balance approach. Therefore, the SOC-corrected vol-
ume will not be used for comparisons.

Comparison of the volume pumped by the PVWPS + LIB(HV) on
sunny days (03/13, 02/02, and 02/03) with the estimation for the
DPVWPS that seems to provide the greatest approximation to real Vy
(Va ppvwes est2) shows that in all cases the volume pumped with DPVWPS
is between Vg« 11 Ba11 (considering the total energy balance in the LIB)
and Vg« 118 pai2 (this estimation neglects the battery discharge produced
by the stand-by losses in the hybrid inverter).

The main advantage of the battery system is evident on days with
very low insolation, such as 02/19. On cloudy and rainy days, such as
02/19, there would be no water pumping in DPVWPS mode. However,
by using the PV energy stored throughout the day in the LIB it is possible
to pump up to 3.15 m3/d, which could be increased to 7.84 m3/d if the
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Fig. Al. Values acquired in the WPS from 09:15 to 14:45 on 03/09 (DOY68) during the battery discharge test with fysp = 37 Hz and the PV array disconnected. GI
and Ppy; Ppy, Peps and Pyy; Q, TDH, and SOC; I and Vip; (from top to bottom).

Table Al
Values obtained in the LIB discharging test and test conditions.
soC Vi I (A) P Peps
(%) v w) w)
Initial values (at 96 238 —4.45 —1054 924
10:10)
Final values (at 37 231 —4.5 —1054 924
13:20):
Pgrig=Ppy=0W Q = 1.5 L/s (constant during all the interval)
Inlet pressure: 1 m Outlet pressure: 19.85 m
Pysp.in = 42.01 % fvsp = 37 Hz Vvspou =155 Ivspou =4 A

A%

SOLAX control reduced the standby losses when there is no pumping (no
energy consumption at the output).

The average water volume pumped in the 20 days of operation with
the PVWPS + LIB(HV) system related to the total energy balance
(Vg 11B a1 = 42.19 m3/d in Table 3), is slightly smaller than the best
estimation for the DPVWPS model (42.71 m®/d in Table 4 with Esti-
mation 2, which considers only sunny days), although this is 9.86 %
more than that obtained with Estimation 3 (38.03 rn3/d, considering
days with variable radiation). If the SOLAX standby losses could be
avoided when there is no electrical load connected to the EPS-output (i.
e., considering only Epjp gis2), the water pumped in the 20 days of
operation with the PVWPS + LIB(HV) system could be increased by 10.2
% (from 42.19 m3/d to 46.49 m%/d, detailed as Vg« 1 paz in Table 3).

The pumped volume obtained with the PVWPS + LIB(HV), corrected

16

with the volume due to the energy balance in the LIB, is compared in
Fig. 15 with the volume calculated for the DPVWPS for the same days
under Estimation 4. Both trend lines are quite similar except for very
cloudy days, although the estimated volume pumped in DPVWPS was
always slightly higher (on days with the highest and lowest PSH values).
The conditions applied in the fitting analysis do not correctly match with
what was observed on 02/19, when the PVWPS + LIB(HV) pumped a
small volume of water while DPVWPS would have pumped no water due
to the low GI levels during the day. As can be seen in Fig. 15, the trend
line of the DPWPS starts at 2 PSH, and at lower values, there will be no
pumping or the pumped volume will be very small (since the minimum
irradiance threshold value for the start of pumping is not reached and
start/stop cycles on cloudy days are limited). It should also be
mentioned that in different experimental tests (prior to those included in
this paper) with the installation working in direct mode, it was verified
that 60 % of the days in which the PSH value was less than 2 there was
no, or minimal, water pumped.

Fig. 16 shows the comparison between the pumped volume obtained
with the PVWPS + LIB(HV) when corrected by including the energy
balance in the LIB and considering only the losses in the hybrid inverter
when Q > 0 L/s (Epp dis2 instead of Epjp g4is). As can be observed by
comparing both lines, the PVWPS + LIB(HV) mode pumps more volume
for all the days, and this difference is slightly more appreciable on days
with low PSH values (corroborating the analysis made for 02/19). It
should also be noted that the intercept (independent term), which in the
linear adjustments represented in Fig. 15 and Fig. 16 is negative, and this
shows that the unavoidable and therefore minimal losses in the system
are lower when discarding the losses in the PCU when no water is
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pumped (Fig. 16).

The following figures show, for the days with irradiation greater than
2 PSH, the relationship between PRpywps. s (Fig. 17-left) and PRyyerqn
(Fig. 17-right) with respect to the ratio ;222 The fitting analysis yields

Epcu_in”

PRpywps+1iB = 24.576 % and PRyerqi = 3.566 % on days with AEp ;g = 0.
These values are greater than those provided in Table 3 (average of
23.61 % and 3.45 %, respectively in the 20 days of study), where the
days with irradiation below 2 PSH are also included.

The battery contributes decisively to pumping on cloudy days with
low and variable GI and provides the energy necessary to avoid stops due
to the passage of clouds [42], although the cost is low system efficiency.
This is observed on 02/19 (Table 3) when the system pumped at least
3.15 m3/d in PVWPS + LIB mode, while it would have pumped nothing
in DPWPS mode, showing values of PRpywps. s and PRyyerqn of 9.35 %
and 1.39 % respectively, much lower than the average values for all
days.

Just as the pumped volume is corrected to facilitate comparison
between days, it seems reasonable that the factors affected by the higher
or lower consumption of energy stored in the battery should also be
corrected, specifically PRpywps.: s and PRyyerqn- Hydraulic energy (Ep)
can be calculated as follows:

E,

" L E, = p-90-TDH,-V,
p~g~TDHAV_) n=pP8 av+Va

13)

V,=

where p is the water density (1000 kg/m®) and g is the acceleration of
gravity (9.81 m/s?). The corrected hydraulic energy (E+) is obtained as
follows:

Ep = p-g TDH gy Vs 14
Combining (13) and (14), Ex+ can be calculated as follows:
_p Ve

Ep =E; v, (15)

Following the definitions included in [67] and [68], the total daily
performance ratio of the PVWPS + LIB (PRpywps+1iB) is calculated in
(16) as the ratio of the hydraulic energy (output energy of the PVWPS +
LIB system) to the photovoltaic energy combined with the daily varia-
tion in the energy flow in the LIB (AEp):

E,

— (16)
EPV - AELIB

PRpywpsiLis =

Since correcting the volume with the daily energy balance in the
battery is equivalent to considering AE;p = 0, the corrected total daily
performance ratio of the PVWPS + LIB (PRpywps-1i8+) is calculated as
follows:

Var
7 V(I *

Ey hV,
= = PR 4
Epy — Ay Epy —0 PVWPS+LIB v,

PRpywpsLig = an

A similar approach can be applied to the performance ratio of the
system (PRyyerqil), calculated in (18) including the PV module efficiency,
for obtaining in (19) the corrected performance ratio of the system
(PR overall®)-

E,

PRoyyera =
" Hi-Apy — AEp

(18)

Vd*
PRyverair = PRoveran——

v, (19)

If the energy balance in the LIB is used to correct the pumped vol-
ume, some variations in PRpywps:ris and PRyyerqq Will take place, as
specified in Table 5.

As might be expected, PRpywps. LB and PRgyerq+, corrected for days
with radiation greater than 2 PSH, are much more uniform, as shown in
Fig. 18 (PRPVWPS+LIB* = 23.84 + 1.69 and PRoverall* =3.45 £+ 0.20,
expressed as Mean =+ SD).
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The practically horizontal trend in the relationship between these
parameters and AEpp/Epcyin confirms that corrections based on the
energy balance (Vg+, PRpywpsiLiB* and PRgyerqq+) are adequate. In
addition, it is considered necessary to make these corrections to be able
to compare the performance of the system between days and between
operating modes. On the cloudiest days (irradiation lower than 2 PSH),
the values of these parameters are considerably lower than those ob-
tained on other days.

7. Conclusions

This paper focusses on an analysis of the operation of a high-voltage
battery-based photovoltaic water pumping system, or PVWPS + LIB
(HV), and aims to improve the use of solar energy. In addition, the re-
sults obtained are compared with those estimated for the equivalent
direct pumping solution (DPVWPS). The facility under study constitutes
a pilot plant that will later be implemented in areas with isolated and
vulnerable populations. The PVWPS + LIB(HV) facility offers consider-
able advantages over DPWPS. The usual energy losses related to clipping
at noon, or threshold irradiance levels at sunrise and sunset, can be
prevented — and this energy can remain stored in the LIB and used when
necessary for pumping water (or other purposes). Moreover, the inclu-
sion of a battery avoids the disadvantages arising from quick variations
in irradiance due to passing clouds, which produce many start/stop
cycles that may adversely affect the motor-pump group in DPWPS. A
battery enables the WPS to operate at any moment at the best motor-
pump efficiency point. Efficiency is also improved if pumping co-
incides with sunny hours, as the system works with less energy flowing
in the battery. Additionally, the use of a hybrid inverter and battery
makes the selection of the VSD more flexible, since it can be chosen from
the range available for conventional pump control.

The inclusion of the IoT switches enables remote control of the
operation of the VSD and disconnection of the WPS if there is no
pumping, thereby reducing stand-by consumption. Part of the energy
provided by the LIB when the WPS is not operating can be saved if the
stand-by losses in the hybrid inverter are reduced when no current is
demanded in its output.

The main problem found in the PVWPS + LIB(HV) facility was
related to an incorrect operation of the algorithm included in the hybrid
inverter that manages the SOC in the battery. A low SOC value can cause
the disconnection of the system to prevent damaging the LIB. The
disconnection of the WPS prevents this occurrence, maintaining the SOC
value needed until the LIB can be recharged.

PVWPS + LIB facilities include more components than a DPVWPS,
such as the hybrid inverter and the LIB, and this involves energy losses.
Consequently, the PR of the system decreases and so a decrease in the
daily pumped volume should be expected. Nevertheless, an analysis of
the data acquired for various DPVWPS operating conditions enabled
identifying the best efficiency point at which the efficiency improve-
ment in the WPS (composed of the VSD and the motor pump unit) almost
compensates for the losses in the hybrid inverter and the LIB. As a result,
pumped volumes in the PVWPS + LIB facility were similar to those of the
estimates for the DPVWPS. Moreover, for very cloudy (rainy) days when
the DPVWPS is unable to pump, it is possible to extract some water with
the PVWPS + LIB, even if the PR values are very low compared to
average values. When values of the different parameters registered with
the PVWPS + LIB(HV) facility were compared with results obtained with
a low-voltage LIB and a different hybrid inverter, the advantages of the
new approach with respect to the extension of the pumping time and the
total daily pumped volume are evident.

Although the proposed battery-based photovoltaic pumping system
has higher loss factors than conventional direct photovoltaic pumping,
its main advantage over the latter (in addition to those already
mentioned) is that it enables basic access to electricity, which is essential
for improving the quality of life in isolated regions and in humanitarian
aid contexts.
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The results obtained enable progress to be made in achieving the
SDGs related to renewable energies, access to water and energy, sus-
tainability, and can improve the quality of life in rural and sparsely
populated areas.
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Appendix A. - compensation of the SOC variations in the daily pumped volume

During all the tests, it was intended that the SOC would be the same at the beginning and end of the day, which would facilitate establishing daily
energy balances in the system, and the V; obtained would correspond to the PV energy generated during the day. However, small daily SOC variations

required adjusting the value of V.

In addition to this unavoidable effect due to the variability of photovoltaic energy, the uncontrolled variations of the SOC when there is no load or
power generator connected to the facility must also be considered, making it necessary to correct the values of the daily pumped volume when such an
event occurs. At the beginning of the day, the SOC was often slightly higher than the minimum value (SOC,,), the WPS usually stopped with SOC

values of between 30 % and 50 % for the following reasons:

e Uncontrolled decreases/increases in SOC when the WPS was not in operation.
e A shutdown of the EPS output if the SOC decreased below 22 % (SOCpjn)-

To correct Vg with the volume variation related to the ASOCgqy, denoted as AV, the daily variation of energy in the LIB (AEy;3) was used to
obtain the daily variation in the hydraulic energy (AEp ). Several tests were carried out to establish the relationship between ASOCgqy and AV 11p.
Fig. A1 shows the most important magnitudes in the PVWPS + LIB(HV) facility during a test in which the WPS was in operation with fysp = 37 Hz and
the PV array was disconnected (Ppy = 0 W). The values considered in the LIB discharging test are detailed in Table A1, where the active power in the
EPS output (Pgps) provided by the hybrid inverter (Pgps = 1605 W) was corrected to 924 W, as calculated in (4).

An analysis of the collected data shows that the variation of the SOC during the test was equal to 59 % (ASOCest = 96 % — 37 %). The test duration
(Atges) was 190 min (equivalent to 3.16 h), with an LIB discharge that presented a constant power behavior (P;;p = const.), with a small decrease in the
operating voltage (AVyp =-7 V, equivalent to —2.94 % of the test initial conditions) that was compensated by a small increase in the LIB current (Al 5
= 40.05 A, equivalent to + 1.12 % of the initial test conditions). This test was similar to that presented in [36], although the results differ slightly
because the LIB output power was not constant during the pumping interval, varying from 530 W to 385.6 W, with a variation of —-20 % in the current
and -9 % in the voltage. The good behavior of the LIB during the discharge test shows the correct operation of the battery management system (BMS)
that controls its operations. However, some details are pending adjustment — among them, the SOC variation that was equal to 28.7 % if the total
discharged energy of 3.3 kWh was compared with the nominal capacity of 11.5 kWh, which did not match the value of 59 % obtained from the data
provided by the hybrid inverter monitoring system. This discrepancy could be caused by the hybrid inverter controller, which did not correctly
consider that two stacks of battery were connected in series, and so made the SOC calculations as if only one stack was connected. Thus, for just one
stack with 5.8 kWh of capacity, the discharge of 3.3 kWh would represent a ASOC = -56.8 %, and this figure is very close to the value of 59 % provided
by the hybrid inverter.

The total pumped volume during the test (A Vi) is calculated as follows:

60s
1 min

L
AV,y = 190 min-1.5— =17100L = 17.1m? (A1)
S
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The obtained values yield to the following correction of the pumped volume considering the daily SOC variation (AVg+ 118 soc in m>/d), calculated
using the data collected by the monitoring system:
AV, 17am

oA ASOCyy = —5o—ASOCy4y = 0.28983-ASOC,qy (m’ /d "
ASOCu " T59% e wy (0" /d) (A2)

AVy_rp_soc =

Appendix B. - Estimation of the daily pumped volume with the equivalent direct PV pumping solution

Four approaches were used to estimate the total volume pumped for every day that the direct-solution could have pumped (Vg ppywps est+). The
expressions were obtained from the analysis of 47 days operating in the DPVWPS mode, including days with different GI profiles and considering GI in
W/m?2. The conditions used to obtain the different approaches, mathematical equations of the fourth models, and values of their respective goodness-
of-fit coefficients (coefficients of determination r2) are the following:

e Estimation 1 (V4 ppvwes est1) Was obtained by applying (B1), estimating in (B2) the flow rate until midday while considering Glre = Glire start =
310 W/m?2 and using (B3) from midday to midnight with Glire = Glyre stop = 250 W/m?2. The expressions were obtained considering only sunny
days.

Vi ppvwes esnt pov: = Zk Vark =t (Zkaoozooan:s() + ZkaIZ:UOHZS:59> (B1)
Ok 00:00-11:50(L/s) = —245568-(}1% + 5.4688967-GI; — 0.3950132302 r* =0.9873 (B2)
Ot 100mmso(L)s) = —2.4249.-GI2 + 4.7903241-GI, +0.1271494163 1> = 0.9905 (B3)

Estimation 2: use the fitting analysis shown in Fig. 12 in [20], where Q is obtained without cloudy days in the fitting analysis, with the values of GI
in W/m?, and considering the following GI threshold values: Glyye starr = 301.30 W/m? and Glire stop = 208.90 W/m?2.

Vd DPVWPS est2 DOY* — thk( - 23379(;12 + 49183G1k - 00662) r2 = 09428 (B4)

Estimation 3 (V4 ppvwes est3) is equivalent to Estimation 1, but considering all the days of operation of the DPVWPS (sunny and cloudy days) and
Glitre start = Glthre_stop = 330 W/ m?.

Vi DPYWPS esi3 DOY* = szk( —2.1389-GI} +4.7289585-GI, — 0.1219153831) > =0.5514 (B5)

Estimation 4: uses the fitting analysis detailed in Fig. 3 in [20] and considers Glre = Glre start = 301.30 W/m?:

V4 ppvwps ess poys = 11.923-PSH — 6.7705  r* = 0.9580 (B6)

The volume pumped with the DPVWPS was estimated using these four approaches throughout the present work.
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