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ABSTRACT

The growing demand for energy in remote and isolated regions, where access to the conventional electrical
system is limited, has been driving the development of off-grid systems. A common type of off-grid
power system employs photovoltaic systems associated with battery banks. However, these systems face
challenges due to their remote location and their reliance on weather conditions for energy generation.
Furthermore, it is crucial that these systems can communicate operational discrepancies, notify maintenance
teams, and receive commands to activate energy-saving modes during adverse weather conditions. This
work presents a simple and cost-effective approach to enhance the operation of an off-grid system,
transforming it from a conventional system into an intelligent operation using the cloud-based platform
known as “thingable!”. The results highlight a cloud interface creation that enables the control of a
pumping system. This interface is enabled by monitoring operational parameters, such as voltage, IGBTs
temperature, and power delivered. To validate the proposed changes, a monitoring test was carried out
using a controlled pump from 9:10 a.m. to 10:10 a.m., powered by an inverter connected to a 100 V DC

bus. Additionally, a test was conducted to assess the pump behavior under a fixed duty cycle of 60%.

KEYWORDS off-grid system, Internet of Things, photovoltaic system, hydraulic pump.

I. INTRODUCTION

Over the years, the importance of electrical energy has grown
rapidly due to its role as a basic resource in industrial
production, service sector and commerce in general, in ad-
dition to providing comfort to homes [1]], [2]. Nevertheless,
according to the International Energy Agency (IEA), 760
million people still lack access to energy, most of those
people located in rural regions of developing countries [3]],
[4]. In these areas, the lack of a centralized distribution
network has made it difficult for communities to access
electricity, and network expansion is often expensive [5].
Alongside this, another challenge to a sustainable future is
to provide a secure energy supply with a lower impact on
climate change [/1].

In this context, the off-grid energy system has become in-
creasingly important in providing viable electricity solutions.
Moreover, the off-grid photovoltaic solar energy system has
emerged as a sustainable and autonomous solution to meet
the energy needs of remote areas and places where conven-
tional electrical infrastructure is limited or nonexistent [4],
[6], [7]. The photovoltaic energy systems generate electrical
energy from sunlight based on photovoltaic panels. Due

to the intermittency of this energy source, battery energy
storage systems (BESS) are usually employed, to ensure
uninterrupted power supply to the connected loads during
weather conditions changes [8]]. Therefore, through these
systems it is possible to meet the energy demands of these
remote areas, ensuring sustainable energy access [S]], [9].

Although the benefits of off-grid photovoltaic systems,
the design and control of these systems require a tailored
and applied approach to meet the specific needs of each
installation [6]], [9]-[11]]. The integration of advanced con-
trol, monitoring and energy storage technologies has a key
role in overcoming this challenge [[12]]. In addition, the off-
grid photovoltaic systems based on battery energy storage
systems require controlling a battery bank charger, usually
based on a DC-DC converter, and an inverter, if alternating
current (ac) is required by the installation loads, as illustrated
in Fig. [I] Moreover, due to the unavailability of the electrical
grid (off-grid), two requirements must be met for real-time
operation of an off-grid system: power balance between gen-
eration and load demand, and control of voltage amplitude
and frequency of the installation [13]].
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FIGURE 1. An off-grid system integrated with the cloud thingable! platform.

In this context, the Internet of Things (IoT) technology can
gain prominence in the control, automation, and monitoring
of off-grid photovoltaic energy systems [12], [14)]. This
technology is capable of connecting physical devices and
objects in the real world to the internet, allowing them to
collect and share data, communicate with each other, and, in
many cases, take autonomous actions based on the collected
data [[14]], [15].

The use of smart off-grid systems implemented in base
stations can prevent energy outages by forecasting energy
demand in advance. This is done by taking into account the
available power of the base stations, the usage of different
transmission methods, and the state of charge of the battery
pack [16], [[17]. Other systems may employ an on/off-grid
switch. In case of disconnection, the smart system isolates
from the grid, manages the local energy, and distributes it to
the local loads [18]].

By integrating intelligent agents capable of sending and
receiving data, it is possible to optimize energy consumption.
The assistance of an intelligent operator can determine the
optimal use of multiple energy sources, thus maximizing
energy efficiency [19], [20]. Additionally, the prediction of
weather and load behavior can enhance the adaptability of
the off-grid system. By connecting to an external agent,
the system can leverage predictive capabilities to anticipate
future requirements and optimize its operations accordingly
[21], [22].

Therefore, considering the increased interest in IoT-
enabled smart energy grid systems, this paper proposes a
low-cost wireless controlled and monitored off-grid system,
which is a continuation of the work proposed in [23]. In
the previous work, an off-grid system communication is
based on an ESP-32 microcontroller which communicates
wirelessly with the thingable! platform was developed. In
this system, the data acquired from the system sensors are
sent wirelessly through microcontroller to the thingable!
platform, where the data can be processed and storaged [24].
In addition to the previous work, the control commands can
be sent through the thingable! platform to the microcontroller
to perform the wireless control of the smart off-grid system.

Furthermore, this work introduces a methodology for using
data of the pump parameterization for the control tuning
aimed at regulating water flow. This approach allows for
precise and efficient control of the off-grid system, facili-
tating the analysis of the collected data and allowing direct
actions according to the commands of the platform.

This paper is organized as follows. In Section [II} the con-
sidered control for the converters and pump are considered.
Section [l outlines the case study. Section [[V] presents results
and discussion. Conclusions are provided in Section

Il. CONTROL STRATEGY

This section showcases the control strategy implemented at
each stage of the system. The parameters for the control
tunning are shown in Table [I] in Section [T}

A. Off-Grid System and loT Network

Fig. [T] shows a smart off-grid system. It presents a photo-
voltaic (PV) panel connected to a charger controller. The
charger controller regulates the power supplied to DC loads
within the installation. Additionally, it connects the batteries
with the inverters. The inverter powers a hydraulic pump to
fill the water tank. The pump functions as a dispatchable
load.

The ESP32 microcontroller has the function of control-
ling the on-site operations. It is responsible for monitoring
various parameters, which includes the IGBTs temperature,
measured through sensors built-in in the IGBT module, the
load voltage and current readings, as well as the water flow
level. This data allows the microcontroller to control the
inverter operation through square wave signals sent to the IG-
BTs gate-drives. Furthermore, the system protection includes
over-temperature, overload, and overcurrent functions. These
protective measures contribute to maintaining the safety of
the system.

In addition, the ESP32 microcontroller enables data trans-
mission to and from the thingable! platform using Mes-
sage Queuing Telemetry Transport (MQTT) protocol. The
thingable! platform serves as an online platform specifically
designed for advanced applications within an Internet of
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Things (IoT) network. It enables data storage in the cloud,
enabling further analysis that goes beyond the capabilities
of the on-site microcontroller and advanced decision-making
capabilities.

Furthermore, the platform has the capability to alert clients
or maintenance teams regarding any anomalies or improper
functioning of the off-grid installation. This early warning
system allows the predictions of potential failures, thus
preventing catastrophic accidents. When failure occurs, the
platform facilitates a better understanding of the root causes,
making it easier to address and correct the issues.

The implemented strategies in the system are ad-
justed based on additional applications integrated into the
thingable! platform. For instance, accessing the application
programming interface (API) for weather forecast allows
the smart use of weather information to predict scenarios
where energy conservation becomes necessary. By anticipat-
ing weather conditions that may lead to insufficient energy
generation, the system can make smart adjustments in your
operation to ensure the client does not experience power
shortages during unfavorable weather conditions. Or during
the dry season, the smart off-grid system can leverage any
rainfall to ensure the tank maintains its maximum water
level.

B. Charger Controller

To maximize the energy efficiency of a photovoltaic module,
a converter is required to regulate its input power. Since the
module’s power output has a maximum point, a maximum
power point tracking (MPPT) algorithm can be implemented.
The system using a buck converter is shown in Figure [2|
Where the photovoltaic module is represented by an equiva-
lent constant voltage source (V,,) and equivalent resistance
(Req)- A capacitor is connected in the module output, with
capacitance (Cj,) and equivalent series resistance (R,), and
an inductor in the output with inductance of (L,,) and
resistance (R,,) in the battery bank with voltage (vpas).

L, = v, d

MPPT P PI PWM

Modulation

Photovoltaic
Module

FIGURE 2. Buck converter used to connect the photovoltaic module to
the battery bank.

Furthermore, the control is based on [25], [26], where
the plant transfer function is derived from the relationship

between the photovoltaic module voltage and the converter
duty cycle. Accordingly :

Op A A
Gvd(s) = Uﬁ = (SC i )

A (n+VDA (A +%)) (& + %)

ey

where A = 1+ sCR¢c and B = Ry, + sL. The equation

considers the average values under the nominal operating

conditions of the converter. Thus, V,, corresponds to the

expected value photovoltaic module nominal voltage, D is

the expected duty cycle, and I; represents the expected
inductor current.

The control tuning must ensure a cut-off frequency higher
than the capacitor-related value wy,, = 1/(CpyR.) to avoid
operating in the critical zone [25]]. Operating in this region
results in a low phase margin, which may lead to instability.
Furthermore, the control is tuned to ensure that the cut-off
frequency is not placed in this region. For this plant, a PI
controller is considered for implementation, given by:

K po
Gpi,buck,i = Kp,pv + Zm . (2)
the gains were adjusted to have a cut-off frequency of
wpy /10, resulting in a proportional gain (K, ,, = 0.6863)
and the integral gain (K ,, = 22.87). Furthermore, the
open-loop transfer function is shown in Figure [3]

Bode Diagram
Gm = Inf, Pm = 82.4 deg (at 6.28e+03 rad/s)

60
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\
|
|
|
\
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a
\

-180
10° 10 10? 10° 10* 10
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FIGURE 3. Buck converter open loop transfer function with the Pl control
transfer function.

C. Boost control

Furthermore, a bidirectional boost converter is placed at the
inverter’s input to raise the battery voltage to the required
DC-link levels. This connection integrates the battery with
the MPPT-controlled buck converter and the solar panel. The
boost converter setup is shown in Figure Ef} Where v, 18
the nominal battery bank voltage, ipq¢ 1s its current, Lpq; i
the inductor used in the filter, and Ry is its resistance. Cy.
represents the DC-link capacitance, and R4, corresponds to
the nominal power of the system.
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Modulation PI

PI

FIGURE 4. Boost converter, used to connect the input of the inverter to
the battery bank.

In this converter, the switches S; and S are complemen-
tary, meaning when one is closed, the other is open. Let v,
denote the average voltage across S2, which depends on the
duty cycle d, the DC-link voltage v4., and the current drawn
from the DC-link ¢4.. Over one switching period 7%, during
the interval dTy, switch S7 is closed and vs = wvg.; during
the remaining interval (1 — d)Ty, S is closed and vs = 0.
Therefore, the average value of v, can be expressed as:

Vs = dvge. A3)

Furthermore, the same principle can be applied to the
current. During dTs, when S; is closed, i4. = ipqt, and
during (1 —d)Ts, when Ss is closed, i4. = 0. Therefore, the
average value of i4. can be expressed as:

gdc = dibat . (4)

Furthermore, considering the average behavior of the system
and taking into account the inductor and capacitor, two
equations can be derived from it:

Upat — Us = Upat — AVdc = tpat (Lbats + Rbat)a (5)

) . 1
e = dipar = Udc(cdcs + E) (6)

The selected control for this system is a cascade control,
where the inner loop controls 44, and the outer loop
controls vg.. The output of the inner control is dvg., and
the plant transfer function can be obtained from equation [3
By considering v, as a disturbance, and for obtaining the
plant transfer function, it is disregarded is:

Z'bat o 1
dvdc (Lbats + Rbat) ’

(N

Gp,boost,i =

where the value of d can be normilized by ﬁ to obtain d
for modulation. Furthermore, a PI controller is implemented
in this loop, given by:

Ki,boost,i

= Kp,boost,i + s

®)

For the controller parameter tuning, the pole cancellation
technique is used, with the cut-off frequency allocated as
froosti = f““é%, where fqu boost 1 the switching fre-
quency. This results in the following gains [27]:

Gpi,boost,i

Kp,boost,i = _27beoost,iLbata (9)
Rba

Ki,boost,i = Kp,boost,iTt' (10)
bat

Furthermore, for the outer loop control, it is assumed
that the inner control loop is much faster than the outer
loop, which can be adjusted by tuning the cut-off frequency
0 fooost,w = ~%5-t. This control regulates the DC-link
voltage, with vg. as the input and the output being the
reference for the inner control, ip,;. The plant transfer
function can be obtained from equation [6] considering i

as a disturbance and setting it to zero for modeling:

G Vde d
pboost,y — T T T 1
(Cdcs + m)

. (11)
That
where in this case, the duty cycle is considered at its average
value of operation, approximately d ~ 1 — %, accounting
for the voltage drop across the resistance.
Furthermore, for the outer control loop, a PI controller is
also used, while being tuned using pole allocation [27]] and
given by:

Ki,boost,v

Gpi,boost,v = Kp,boost,v + (12)

Considering the plant transfer function of the boost con-
verter between the DC-link voltage and the battery current, as
given in equation [T1] and the PI controller transfer function
defined in equation the controller gains are determined
using the pole placement technique, resulting in:

Kp,boost,v = 27Tfboost,cc(dcda (13)
K ,boost,v
Ki,boost,v = éjdi]%df’ (14)

D. Flow control

By using the first Ziegler-Nichols method, also known as the
reaction curve method or open-loop method, it is possible to
tune a PI controller based on the step response of the system.
This approach consists of applying a step input to the plant
in open-loop configuration and analyzing the resulting output
curve, which should resemble an S-shaped response. From
this response, three key parameters are extracted:
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e [{: the steady-state gain, calculated as the ratio between
the change in output and the amplitude of the step input;

e [: the apparent time delay, determined by extrapolating
the tangent at the inflection point of the curve until it
intersects the time axis;

e T': the time constant, estimated by the time between the
tangent’s intersection with the time axis and the point
where it reaches the steady-state value.

Using these parameters, the plant can be approximated by
a first-order system with time delay, known as the FOPDT
(First-Order Plus Dead Time) model, represented as:

- Ke—Ls
C Ts+1

The PI controller is then designed using empirical formu-
las proposed by Ziegler and Nichols:

G(s)

5)

T L
l ) ——
L’ 3

C(s) =k, <1+ T15>

From the step response shown in Figure [3] the following
values were obtained:

ky=0.9-

(16)

0.3387
T=02 L=0055 K=-—""=0.3763
0.9
045 Flow Rate Graph, Step Response (0 to 0.9) ;
0.4 0.9
035 /\ 108
e 10.7
__03f
4 106 o
:q; 0.25 (%
& 0.2 1°° 2
= .2 [ >
| a
E 0.3387 04
0.15 |
103
01y {02
0.05 | 401
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FIGURE 5. Flow rate graph — Step response from 0 to 0.9

Applying the tuning formulas with the extracted parame-
ters results in the following transfer functions for the plant
and the controller:

0.3763¢0-095¢
02541

17.8512

G(s) (17)

C(s) = 3.2727 +

(18)

Therefore, the plant and controller transfer functions be-
come:

~0.3763¢0-05

G 19
(5) 0.25 + 1 (19)
17.8512
C(s) =3.2727 + P 20)
Consequently, the resulting closed-loop system is:
Gclosed(s) =
—0.2258s% + 6.979s + 44.79 (21

0.03667s% + 1.291s2 + 13.65s + 281.944.79°
Finally, the Bode diagram of the open-loop system is
presented, highlighting the gain and phase margins, which
demonstrate the stability of the system.

Bode Diagram
Gm =15.3 dB (at 35.9 rad/s), Pm = 67.7 deg (at 6.38 rad/s)

Magnitude (dB)

Phase (deg)
B

90 | | |
107! 10° 10’ 102 10°
Frequency (rad/s)

FIGURE 6. Bode Diagram of the Open-Loop System

To implement the control algorithm on a digital platform,
specifically an ESP32 microcontroller, it was necessary to
discretize the continuous-time PI controller. Digital con-
trollers operate in discrete time and require the transfor-
mation of continuous-domain transfer functions into equiv-
alent discrete-time representations that preserve the system
dynamics as closely as possible.

The discretization method used in this study is the Tustin
method. This method approximates the continuous derivative
through a transformation that replaces the variable s with
the variable z, with the relationship between these variables
expressed as:

2 1—-2z71
SR — - ———,
T 14271
where T is the sampling period. In this study, a sampling
period of 100 ms was adopted for the application of the
method. Resulting in the closed-loop system.

(22)

Gclosed(z) =
0.3049z* — 0.0626423 — 0.255722 + ...

25 — 1.6782% + 1.00923 + ...
... +0.1148z — 0.002847

.. +0.256322 + 0.02403z — 0.0004728°

(23)
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Finally, the unit step response of the system is presented
below.

Step Response
12 T T

Flow rate (L/s)
<o <o
(2] o]

o
~
T

02

0 0.5 1 1.5 2 25
Time (seconds)

FIGURE 7. Unit Step Response of the Closed-Loop System

E. Single-phase Inverter
The inverter topology considered in this study is shown in

Figure [8]

N

Flow Sensor

N

‘ Modulation

SK

]

FIGURE 8. Single-phase inverter topology employed to drive the pump.

Flow Control

It consists of a single-phase full-bridge inverter using
four IGBTs. A modified square-wave modulation scheme is
employed, where a zero-voltage interval is introduced within
each cycle [28]. This modification enables control over the
inverter output voltage amplitude, allowing flow regulation
as described in Section The flow control strategy pro-
vides the modulation block with a voltage reference signal,
denoted as U;, which then determines the desired inverter
output voltage vy.

lll. CASE STUDY

This section introduces the test bench and simulation case
used to validate the system. Furthermore, IoT integration is
also shown.

A. Thingable! Interface
The control and monitoring of the system, performed through
the application designer available in thingable!, enable the

development of advanced applications with a user interface
that provides both control signals and real-time data visu-
alization of monitored variables. Additionally, the system
integrates an API to retrieve weather forecasts, including
precipitation predictions for the upcoming days. Fig. 9] shows
the implemented interface.

In this interface, the top-left corner displays the pump
control commands, along with a forecast of precipitation
for the next seven days, solar radiation levels, estimated
generated energy, and the projected available state of charge
(SOC). The SOC estimation considers the energy generation
and the standard pump consumption behavior. All data is
retrieved via an API [29]]. Moreover, a Clear button is
provided to reset the displayed data.

Adjacent to the control panel, an indicator displays the
average SOC levels predicted for the next days of operation.
These predictions are based on the pump’s past behavior and
the estimated energy generation.

B. Test Bench

Fig. [I0] shows the experimental setup. The system uses a
single-phase inverter, ac 100-240 Vrms, DC voltage: 400 V
or below, that employs an IGBT module from Mitsubishi
Electric, part number PSS15S92F6-AG, rated at 15 A and
600 V. IGBTs were chosen over MOSFETs due to their
suitability for higher voltage levels. This setup was selected
to allow for broader, more general applications across dif-
ferent voltage and power ranges, even though the case study
does not require it. The DC-link has a total capacitance
of 1690 uF. It is connected to a DC source, simulating
the DC side, operating at 100 V. The selected capacitors
are electrolytic capacitors. The inverter is connected to a
submerged hydraulic pump. The ESP32 transmits two square
wave signals with a frequency of 50 Hz, one for each
arm of the inverter. The voltage signal is controlled based
on commands sent by the broker, where the duty cycle is
adjusted as needed.

A performance test of the system is considered to evaluate
its communication with the thingable! platform and its
response. In this test, a command is sent from the cloud
platform to the ESP32, enabling modification of the voltage
reference and changing the current output of the inverter.

When a command is sent, the power delivery to the
pump is adjusted, regulating the water flow rate. Then, an
experiment was conducted to measure the time it takes to fill
a 25-liter container to estimate the relationship between these
parameters. The container was positioned 1 meter above the
water level and connected via a flexible silicone tube with
an 1/2-inch internal diameter. This relationship is illustrated
in Fig. [T1]

Additionally, the temperature parameters of the IGBTs,
ambient temperature, and DC voltage are measured through
the ports of the ESP32 microcontroller. Furthermore, the
temperature of the switches and the DC-link voltage are
provided by sensors integrated into the inverter board. Mean-
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FIGURE 9. User interface created based on the app builder of Thingable!. Allows to send commands and monitors the off-grid system.

FIGURE 10.

The pump nominal power is 175 W. It is a device specifically
designed for rural applications, such as water pumping from
cisterns, shallow wells, and small-scale irrigation systems.”

C. Simulation

The simulation is based on the system depicted in Fig. [I|and
the control strategies described in Section [[I} The parameters
used are show in Table [I] including measured values from
the pump system.

Flow (I / min)

TABLE 1. Parameters used in the off-grid pump system.

0 . : : : [1.3pt] Parameter Value Parameter  Value
50 60 70 80 90 100 6V 310
Duty cycle (%) Veq Teq .
Cpo 5 mF Lypo 2 mH
FIGURE 11. Relationship between flow and duty cycle. Ubat 8V Ryus 10 mQ2
Cae 1.68 mF Lpat 5 mH
Lioad 48 mH Rioad 1.5Q

while, the ambient temperature is measured by an external
sensor using the DS18B20 module, which communicates

through a 1-wire bus.
The selected pump for the test is the Anauger R100

While the test bench employs a controlled DC source to
supply the inverter’s DC side, the simulation models the

vibratory submersible pump [30]], it was used in this study
due to its compatibility with off-grid photovoltaic systems.
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strategy as the test bench, adjusting the pulse width angle
to regulate power, as shown in Fig. Furthermore, the
pump is represented as an inductive load in the system with
values of Rj,qq and Ljyqq.

IV. RESULTS

A. Test Bench and Simulation Validation

To validate the test bench implementation, it is compared
with the simulation to determine whether the comparison
is appropriate and the test bench operates as intended. The
results considering the voltage and current in the pump are
shown in Fig. [12]
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FIGURE 12. Components of the alternating side of the inverter connected
to the pump: (a) Voltage and current at the pump terminals, (b) Simulated
voltage at the pump terminals, and (c) Current in the pump.

For the validation of the simulation systems with the test
bench, a duty cycle value of 0.7 is set for easier comparison.
Furthermore, the voltage profile exhibits oscillations at its
maximum values during operation due to DC link variations
under load. Additionally, the RMS value of the simulated
inverter output voltage is 90 V, while the current has an
RMS value of 5.5 A. The voltage value suggests that the
representation closely matches both signals. However, there
is a discrepancy in the pump current, which may indicate
that modeling it as a simple resistance and inductance is

not entirely appropriate, as it does not account for potential
nonlinearities.
Furthermore, the impact in the DC-link is also shown in

Fig.
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FIGURE 13. Components of the continuous side of the inverter connected
to the pump: (a) DC-link voltage and the inverter setup on the test bench.
(b) Simulated DC-link voltage.

The average voltage at the DC-link is measured at ap-
proximately 98 V, while the simulation and bidirectional
boost control ensure a mean value of 100 V. Additionally,
the voltage variation is 12 V on the test bench and 11.3 V in
the simulation. The RMS value is nearly equal to the mean
due to the high magnitude of the average voltage.

B. loT Validation

To validate the test conditions of the platform, a test was
conducted from 9:10 a.m. to 10:10 a.m. The data transmitted
to the platform and stored in the database included: the duty
cycle command sent by the platform to the pump, the water
flow at the pump’s output, the inverter DC-link voltage, and
the inverter switch temperatures. The stored data are shown
in Fig. [14]

This test demonstrates the execution process and the
communication between the test bench and the IoT network.
Additionally, it is observed that the duty cycle sent to the
platform remains around 60%, exhibiting minor fluctuations
in accordance with the command. The DC-link voltage
maintains a nearly constant value of approximately 100 V,
with minimal variation. The water flow varies in response to
changes in the duty cycle, with an increase in the duty cycle
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FIGURE 14. Image of the platform data plotted during the extended test.

corresponding to an increase in flow, as shown in Fig. [T1]
Furthermore, the behavior of the inverter’s IGBT is also
presented, showing a slight increase in temperature as the
operation progresses.

V. CONCLUSION

The proposed system leverages an IoT network to facilitate
the integration of a pump with an online platform for moni-
toring and strategic decision-making. The implementation of
the test bench is compared against a simulation that models
both buck and boost converters to represent the controlled
DC-link voltage source. Additionally, the integration of the
Thingable! platform enhances real-time monitoring and con-
trol, increasing the system’s adaptability by enabling remote
adjustments based on weather forecasts and performance
metrics.

Experimental validation of the test bench through simu-
lation demonstrated similar results, confirming the accuracy
of the system model, except for the pump, which exhibited
some discrepancies due to its simplified representation. Per-
formance tests also emphasized the effective communication
between system components, with the cloud platform en-
abling remote control of the water pump’s flow rate. The
experimental results illustrate the relationship between the
duty cycle and flow rate, as well as the system’s dynamic
response to various commands. Overall, the system’s design
and integration with IoT technology represent a meaningful
advancement in managing off-grid photovoltaic pumping
systems, providing enhanced real-time responsiveness.
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