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ABSTRACT
The introduction of Big Data and Internet of Things has allowed the rapid development of smart farming technologies. Usually, systems
implemented in smart farms monitor environmental conditions and soil parameter to improve productivity, to optimize soil
conservation, to save water and to limit plant diseases. Wireless sensor networks are a widespread solution because they allow to
implement effective and efficient crop monitoring. At the same time, wireless sensor networks can cover large area, they can ensure
fault tolerance and they can acquire large amount of data. Recent literature misses to consider the testing of the hardware performances
of such systems according to the actual operating conditions. The effects of a harsh environment on the dynamic metrological
performances of sensor nodes are not sufficiently investigated. Consequently, this work deals with the electrical design optimization of
a sensor node by means of thermal test used to reproduce the actual operating conditions of the nodes. The results of the node
characterization through thermal tests are used to improve the node’s design and consequently to achieve higher performances in harsh
operative conditions.
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1. INTRODUCTION
Nowadays, automatic measurement systems and Condition
Monitoring (CM) tools have become valid and reliable means
extensively used in several Internet of Things (IoT) applications
in different fields of the Industry 4.0 scenario [1]-[10]. The
continuous monitoring of both environmental conditions and
soil parameters has become extremely important in agriculture
applications [11]. According to [12] the environmental factors
such as temperature and humidity have a deep influence on plant
pathogens such as bacteria, fungi, and viruses. Moreover, the
continuous monitoring of the soil parameters allows to
automatise irrigation and consequently minimise the water waste
[13]-[15]. Lezoche et al. [16] explained in detail the several
advantages achieved integrating internet of things (IoT)
technologies inside the agricultural industry, such as productivity
improvements, soil conservation, water saving and minimisation
of plant diseases. Usually, a Wireless Sensor Network (WSN) is
designed and implemented to monitor the crop. The network has
to endure harsh outdoor conditions, facing both hot summers
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and cold winters. At the same time the network has to guarantee
service continuity ensuring accurate and reliable data. According
to [17] an optimal sensor node for agricultural applications
should composed by the following units: a power unit, a
processing unit, a memory unit, a sensing unit, and a
communication unit. In particular, the thorough analysis
presented in [17] highlights the importance of using soil
moisture, relative humidity, temperature, and gas sensors.
Recent literature has plenty of papers focusing on the design
of innovative wireless network for agricultural purposes. Each of
the papers deals with the optimisation of one particular aspect of
the network. The nodes deployment is one of the most critical
design aspect since it severely affects connectivity, coverage area
and reliability of the entire network [18]-[20]. Some papers such
as [21], [22] introduce new routing strategies to solve classical
drawbacks of WSNs and optimise the transmission based on the
actual nodes deployment. Another fully discussed problem
regards the optimisation of power consumption which is solved
with many different solutions [23]-[25]. For instance, in [26], the
authors propose a thermal modeling and characterisation for
designing reliable power converters, while [27] focuses on risk
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analysis of photovoltaic panels. In [28], a wireless charging
method for the batteries management in agriculture applications
is presented. Other papers choose to optimise the design based
on the type of plantation. For instance, the design of a low-power
sensor node for rice field based on hybrid antenna is presented
in [29]. Jiaxing et al. [30] improves the design of sensor nodes in
litchi plantation dealing with the coverage area of each node and
the micro-irrigation management efficiency. In [31] a low-cost
weather station for edamame farm is presented and compared
with commercial systems.
As presented above, many recent works deal with design and
development of WSN for precision farming. Quite the opposite,
the concept of testing the hardware performances according to
the actual operating conditions is not adequately addressed. The
effects of the operating environment on the dynamic
metrological performances of WSN are not sufficiently
investigated. As observed in previous works on similar systems
[32]-[36], environmental stresses such as temperature, humidity,
vibration and mechanical shocks deeply influence both reliability
and metrological performances of low-cost electronic
components, leading to loss of calibrations, measurement
variability and a significant growth in component failure rate.
Trying to fill these needs, this paper deals with the electrical
design optimisation of a sensor node using thermal test. The
agriculture field of applications is taken into account in order to
customise the test plan and characterise the node under its actual
operating conditions. The results of the node characterisation
through thermal tests are used to improve the node’s design and
consequently to achieve higher performances in harsh operative
conditions.
Unfortunately, there are no international standards regarding
environmental tests of WSN, as well as customised standard
concerning electronic component testing for agricultural
applications are not available. For these reasons, this paper
proposes a customised test plan and test-bed for the
performances characterisation of a sensor node under
temperature stress.
The paper is organised as follows: Section 2 illustrates the
initial design of the sensor node developed in this work.
Section 3 explain the proposed temperature-based test plan
composed by three different test procedures (namely T.1. – T.2.
– T.3.). Section 4 summarises the main results of the tests and it
proposes some design improvements to optimise the
performances of the node. Finally, in Section 5 conclusions are
drawn.

indirect paths, allowing large-area coverage [38]-[40].
Furthermore, WMNs use several near nodes and dynamic
routing tables to achieve high-frequency transmissions, high
bitrate, full scalability and low management cost [41]-[43].
Figure 1 shows the block diagram of the developed sensor
node. It is composed by the following units:
• A power supply unit composed by a photovoltaic panel,
two lithium batteries, a “Batteries Management System”
(BMS) and a “Maximum Power Point Tracking”
(MPPT).
• A set of sensors, including an air temperature and
humidity sensor, a soil temperature transducer, a soil
moisture sensor and a solar radiation sensor.
• An external antenna.
• A radio and processing unit which is the real core of the
sensor node and it is based on the ESP32 system-on-achip
microcontroller
by
“Espressif”.
The
microcontroller is mounted on an evaluation board
used for software programming by means of a USB-toUART bridge controllers. The evaluation board also
includes pin interface and power supply by means of an
AMS1117 LDO. Two 8-channel 12-bit SAR ADCs and
two 8-bit DACs are embedded in the ESP32. A
customised interface board is used to connect the
power unit and the sensors unit to the ESP32
microcontroller.
The network works taking into account two alternative
operating phases: a 10 minutes “sleep phase” in which almost all
node functionalities are disabled to save energy; and an “active
phase” in which the sensors acquire data, the microcontroller
elaborates and transmit them to the root node. This type of
functioning minimises the duty cycle of the network, allowing a
reasonable overheating of the hardware and saving batteries
power.
Figure 2 shows two images of the developed sensor node. A
detail of the system is illustrated on the left side, while the right
image shows the installation on the field.

2. SENSOR NODE DEVELOPED IN THIS WORK
Typically, the classical WSNs are implemented using a single
central node (Access Point - AP) directly connected to all the
other nodes (which are called peripheral) in the network. The
peripheral nodes use a set of several sensors to acquire a large
amount of data, then they send the data to the AP which must
collect and store them [25], [37]. The main drawbacks are the
limited coverage area and the restricted number of nodes. An
advanced WSN architecture is the one based on mesh topology,
generally called Wireless Mesh Network (WMN). A WMN is an
optimal solution when it is required to monitor large
geographical areas. More in detail, a WMN is a self-organised and
self-configured system made up by lots of peripheral nodes and
a single central node (called root node in the following) that
manages the whole network. Every node is able to interact with
the nearby nodes, using them to reach the root node trough
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Figure 1. Block diagram of the designed sensor node, including power
management systems, radio and processing unit, sensors unit and an
external antenna.
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3. TEMPERATURE-BASED TEST PLAN
A temperature-based test plan was developed in this work to
optimise the design of a sensor node for smart farm applications.
Temperature is the optimal stress condition to characterise the
hardware of the sensor node and to investigate the weaknesses
of the system. In fact, in compliance with the physics of failure
of electronic devices, the main failure mechanisms of this kind
of systems are intrinsically related to temperature [44], [45].
Temperature is the key acceleration factor for many failure
mechanisms such as open/short circuit, silicon fracture,
Electrostatic Discharge (ESD), dielectric charging and many
others. All these failures could be easily triggered when the
temperature reaches high values. Consequently, temperature is
the optimal stress since it allows to characterise both operational
performances and reliability at the same time. Information
acquired during the electrical characterisation under temperature
stress are extremely useful to improve the design of the system.
A customised automatic measurement set-up was developed
for the acquisition of the key parameter during the temperature
tests (see Figure 3). A climatic chamber was used to generate the
thermal conditions described above. A datalogger equipped with
ten k-type thermocouples was employed to monitor the
temperature in some critical points of the developed system. The
other equipment illustrated in Figure 3 and used during the tests
are a power supply generator, an oscilloscope, a set of
multimeters, a current generator and a waveform generator.
Furthermore, a root node and a laptop were used to manage the
network functionalities and acquire the data.
International standards expressly related to smart agriculture
systems are not available. Consequently, several standards that
cover similar area were used as guidelines during the design of
the test plan, as follow:
• MIL-STD 810G (2008) [46] is a guideline for any kind
of environmental stress tests
• IEC 60068-2-14 (2011) [47] provides general
procedures for temperature testing
• IEC 60068-5-2 (1990) [48] is a guide to drafting of test
methods
• IEC 60068-2-2 (2007) [49] regarding the dry heat test
conditions
• IEC 60068-2-38 (2009) [50] provides detailed
procedures for temperature cyclic test
• JEDEC JESD22 A104E (2014) [51] covers the
temperature test of semiconductor devices
• IEST-RP-PR-003.1 (2012) [52] defines a temperature
step-stress profile for accelerating life test.
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Figure 3. Measurement setup proposed in this work to characterise the
designed sensor node under temperature stress.

The developed test plan is based on the aforementioned
standards, and it is tailored on the practical application scenario.
In particular, the nodes will be deployed in open field, and they
will be exposed to harsh environmental conditions.
Consequently, the test plan was developed considering the real
operating conditions of the node, which must endure extremely
high temperature during summer days, and extremely low
temperature during winter days. Moreover, the test plan must
take into account also the range of guaranteed operability of the
component that make the system, as follows:
• Microcontroller and electronic boards (up to 85 °C).
• Batteries (from -10 °C to 50°C).
Three temperature-based test procedures were developed,
namely a positive temperature step-test from 20 °C to 80°C (Test
T.1), a back and forth temperature step-test from -10 °C to 80 °C
and then again to -10 °C (Test T.2) and a temperature cyclic test
with restricted temperature range only for battery testing (Test
T.3).
3.1. Test T.1. positive temperature step-test

In this test procedure the devices under test are two identical
sensor nodes. The only different between the two boards is the
LDO that manage the power supply of the electronic board. The
aim of this test was to characterise the main electrical parameters
of the nodes. Only the electronic hardware was tested, the
batteries and the solar panel were not located inside the climatic
chamber. The first node was supplied by the LDO provided by
the manufacturer of the evaluation board (AMS1117 LDO “Former LDO” in the following) and the other one was
equipped with a AP2114H LDO (“New LDO” in the following).
The complete temperature profile T.1. is illustrated in Figure
4, where the blue arrows highlight the temperature step and the
exposition time. The test procedure T.1. starts at 20 °C which is
generally the room temperature. The first step consists in a 5 °C
raising temperature lasts 10 minutes.

emperature

Figure 2. Pictures of the sensor node designed in this work. The left figure
shows a detail of the boards enclosed inside a waterproof case, while on the
right side the complete system installed on the field is illustrated.
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Figure 4. Test procedure T.1. Positive temperature step-test from 20 °C up to
80 °C.
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Figure 5. Test procedure T.2. Back and forth temperature step-test from
-10 °C up to 80 °C and then back again to -10 °C.

The rise speed is intentionally kept low to allow components
temperature to increase together with chamber temperature.
Then 20 minutes of exposition time at the reached
temperature are required to ensure at least two active phases after
temperature stability. The two previous steps are repeated up to
80 °C, alternating a 5 °C step (10 minutes) and a 20minute
exposition time.
3.2. Test T.2. back and forth temperature step-test

The test procedure T.2. illustrated in this section is an extension
of the test procedure T.1. The differences between the back and
forth temperature step-test T.2. and the previous-described
procedure are illustrated in the following:
• Temperature range of the test procedure T.2. is
from -10 °C to 80 °C.
• The test procedure T.2. is repeated back and forth,
which means that it starts at -10 °C, then it reaches
80 °C following a step increase, and finally it decreases
again to -10 °C following the same steps.
• Test procedure T.2. is characterised by a rise rate and a
lowering rate between one step and the following equal
to 2 °C/min.
• The exposition time at constant temperature of test
procedure T.2. is reduced to only 10 minutes.
The complete test profile of the procedure T.2. is illustrated in
Figure 5, highlighting the back and forth trend used to investigate
hysteresis behaviour.
During this test procedure, only the processing unit of the node
was located inside the climatic chamber. In fact, the main
purposes of this procedure were to test the performances of the
Analog-to-Digital Converter (ADC) and Digital-to-Analog
Converter (DAC) embedded in the microcontroller ESP32.
3.3. Test T.3. Temperature Cyclic Test

Many papers in recent literature agree that temperature is the
key factor in battery degradation [53]-[56]. For this reason, the
test procedure T.3. was developed only for battery
characterisation. Test procedure T.3 is based on two consecutive
cycle. The minimum temperature is -10 °C, while the maximum
temperature is 50 °C. This limited range was designed to satisfy
battery safety requirements; nonetheless, it is well representative
of the actual operative temperature in agriculture field. The rise
rate and the lowering rate is 2 °C/min, and the exposition time
at the minimum and maximum temperature is 30 minutes. Test
procedure T.3. is the only procedure in the proposed test plan in
which the temperature changes linearly between the minimum
and maximum values of the range (without steps).
Figure 6 shows the temperature profile of test T.3.
highlighting two cyclic repetitions in the range [-10 °C; 50 °C].
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Figure 6. Test procedure T.3. Temperature cyclic test characterised by two
tests repetitions.

4. RESULTS AND DISCUSSION
In this section the main results achieved during the test are
illustrated. Moreover, some design improvements are proposed
in order to optimise the performances of the node under the
actual operating conditions.
4.1. Test T.1. main results and proposed improvements

The node was tested with two different LDOs: the one
provided by the manufacturer and a new one. The aim of this
procedure is to investigate if the new LDO provides significant
upgrades with respect to the former LDO and to evaluate the
effect of the temperature, during the step-stress test. Preliminary
results regarding this test have been illustrated in [57]. Figure 7
shows the comparison of the current consumption of the two
boards (blue and green lines) during six cycles of active and sleep
phases, with a corresponding chamber temperature from 55 ° C
to 65 °C (red line). Moreover, Figure 7 highlights the benefits
introduced by the new LDO in both active and sleep phases. In
fact, the new LDO allows an average decrease of the absorbed
current of 2 mA. Figure7 shows the most striking results
discovered during the test phase, which is the presence of a
current step-up (discovered in both the sensor nodes) at a certain
temperature. In case of the former LDO, the step-up occurs
approximately around 63 °C, while the new LDO is subjected to
this phenomenon at lower temperature (approximately 58 °C).
Indeed, focusing only on the sleep phase, as shown in Figure 8,
it is possible to identify an unexpected increase of about 4.5 mA
of the current above a specific temperature in both nodes.
During the cooling phase of the chamber the current
consumption suddenly decreases assuming the previous value.
After a deep analysis widely explained in [57], this anomaly is due
to an unexpected activation of the USB-to-UART bridge
controllers (CP2102N) integrated in the evaluation board.

Figure 7. Current consumption of the two boards (blue and green lines) on
the left y-axis while the right y-axis shows the temperature variation of the
chamber (red line).
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The controller should only be activated (or enabled) in case
of a device connection to the USB port. The 3.3 V output of the
LDO supplies both USB-to-UART controller and
microcontroller. The CP2102N controller is enabled only in case
a USB device is connected to the board (VUSB). Under typical
operating conditions, the USB provides a 5 V voltage, then a
divider generates a voltage drop (VBUS) as input of the 8th pin of
the USB-to-UART controller. VBUS is:
(1)

The CP2102N datasheet highlights that VBUS pin is
considered in a high logical state (controller on) when the
following relationships are satisfied:
𝑉BUS > (𝑉𝐷𝐷 − 0.6 V)

(2)

𝑉BUS < (𝑉𝐷𝐷 + 2.5 V)

(3)

With 𝑉𝐷𝐷 = 3.3 V the high-state threshold can be calculated
as:
𝑉th = 𝑉𝐷𝐷 − 0.6 V = 3.3 V − 0.6 V = 2.7 V .

(4)

The board is also powered by an external voltage of 5 V. The
controller is disabled by a Schottky diode (BAT760-7) located
between the USB connector and the external 5 V pin. This diode
allows to avoid turning on the USB-to-UART bridge with an
external 5V supply. Furthermore, it also protects computer or
other devices connected via USB from unexpected reverse
current. Analysing the Schottky diode datasheet, it is evident that
the increase of temperature produces an increase of the reverse
current of the diode. For example, at 75 °C with a 5 V of reverse
voltage the diode exhibits a reverse current of about 100 µA.
Since the USB connector is an open circuit, the reverse
current of the Schottky diode generates a voltage drop given by:
𝑉BUS = 4.75 V ≫ 𝑉th

(5)

Therefore, this reverse current evaluated at 75 °C is enough
to enable the USB-to-UART controller. Furthermore, this
reverse current could be dangerous for higher temperatures
because it could generate activation voltages higher than the
maximum limit, leading to possible damages of the converter.
Consequently, the higher the temperature, the higher the diode
reverse current, the higher the activation voltage of the CP2102N
controller. If the temperature is higher enough to produce a
reverse current which generates a 𝑉BUS > 𝑉th , then the USB-toUART controller turns on absorbing 4.5 mA and generating the
current step shown in the previous figures.
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This test procedure was used to characterise the performances of
the internal ADC embedded within the ESP32 microcontroller
(simply referred as Internal ADC in the following). To this
purpose, a reference signal 𝑉in = 1.5 V was provided, using a
signal generator, as input of the Internal ADC. Moreover, the
same signal was also used as input of an additional Analog-toDigital Converter (ADS1115 by Texas Instrument) called
External ADC in the following. The External ADC was located
on the interface board. It must convert the same signal acquired
by the Internal ADC, then the External ADC transfers the digital
data to the microcontroller, that store the data into a E2PROM
memory. The ADCs acquire 512 samples every two minutes by
order of the ESP32 microcontroller. In this way, it is possible to
acquire a large amount of data at every considered temperature
step. Then, mean value and standard deviation of these samples
are calculated to compare the performances of the ADCs.
Figure 9 shows a comparison between the mean value of the
512 acquisitions during each active phase of the two ADCs. The
blue-circle markers stand for the mean value of the Internal ADC
acquisitions, while the star-blue markers represent the mean
value of the External ADC acquisitions. The right y-axis (red
axis) is used to depict the temperature of the climatic chamber
acquired using a k-type thermocouple and a datalogger during
the test.
In the initial phase of the test (room temperature), both ADCs
show an offset level with respect the true input value provided
by the signal generator. More in detail, the Internal ADC is
characterised by a positive offset of +40 mV which suddenly
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ean alue of D a uisi on

𝑉BUS = 3.41 V .

4.2. Test T.2. Main Results and proposed improvements

emperature

Figure 8. Detail of the current consumption during the sleep phases of the
two boards (blue and green lines) on the left y-axis while the right y-axis
shows the temperature variation of the chamber during the test (red line).

There are two possible corrective actions to delete this
problem guaranteeing the proper functionalities in case of a
connected USB device:
• Change the Schottky diode with another model able to
guarantee a lower reverse current.
• Modify the divider, for example by maintaining the
ratio between the resistances but decreasing the
resistance value.
• Design a new Interface Board removing the USB
interface and introducing an external serial interface
used only during the programming.
The previous considerations explain also the reason why the
current step-ups occurred at different temperature in the boards.
Indeed, by measuring the outputs of the two LDOs, it is possible
to verify a slight difference in the output voltage that leads to a
different voltage threshold (4) and, consequently, a different
reverse current to activate the USB-to-UART controller.

-

ime

mm

De

Figure 9. Comparison of the performances of the Internal (blue circle marker)
and External (blue star marker) ADCs at each temperature step (red line).
Each marker represents the mean value of the 512 acquisition at the
considered active phase.
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Table 1. Comparison of the standard deviations for internal and external
ADCs at each temperature.

External ADC

4 mV
4 mV
8 mV
11 mV

0.5 mV
0.6 mV
0.8 mV
1 mV

-10 °C
10 °C
30 °C
50 °C

oltage

Standard Deviation
Internal ADC

a er

Temperature

ermal
li test
a er dis arge

ime minutes

increase when temperature is lowered. Quite the opposite, the
External ADC has a negative offset of -2 mV. Temperature has
a strong influence on the mean value acquired by the Internal
ADC (proven by a non-constant trend of the circle markers
illustrated in Figure 9). On the other hand, the External ADC
highlights a remarkable temperature stability with a semiconstant trend throughout the temperature range.
Table 1 compares the standard deviations of the ADCs under
test at some significant temperatures.
The standard deviation of the Internal ADC is quite high and
considerably influenced by the temperature of the chamber,
while the External ADC highlight better performances in terms
of data dispersion.
The introduction of the ADS1115 Analog-to-Digital
converter provides better performances in terms of offset at
room temperature, thermal stability and data dispersion. For
these reasons, it is recommended to integrate this chip instead of
the internal ADC embedded in the ESP32 system-on-a-chip
microcontroller.
4.3. Test T.3. main results and proposed improvements

This test procedure was used to characterise the performances
of two different types of lithium batteries under the actual
operative temperature in case of agriculture applications. The
battery A is a LiNiCoMnO2 type (inr18650-35e), while the
battery B is a LiFePo4 (HTCFR26650). The battery A is
characterised by high specific energy and an operating voltage
range between 3 V and 4 V. Instead, the battery B guarantees a
constant voltage output to supply the microcontroller, but it is
characterised by a low-density charge. Moreover, according to
the datasheet, the LiFePo4 batteries guarantee good performance
in a larger temperature range.
During the thermal test an active load was used to discharge
the batteries ensuring a constant discharge current of 300 mA.
This value was chosen since it is the average current
consumption of the whole system during the data transmission
phase. Figure 10 shows the experimental results achieved during
the thermal cyclic test of the battery A (LiNiCoMnO2 type) using

a er

oltage

ermal
li test
a er dis arge

ime minutes

Figure 10. Battery discharge test for LiNiCoMnO2 battery: trend achieved at
20 °C constant temperature (red line) and trend achieved during thermal
cyclic test T.3. (blue line).
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Figure 11. Battery discharge test for LiFePo4 battery: trend achieved at 20 °C
constant temperature (red line) and trend achieved during thermal cyclic test
T.3. (blue line).

a blue line to represent the battery voltage during the discharge.
The data were compared with a reference discharge voltage (red
trend) measured maintaining a constant temperature of 20 °C.
As expected, the reference discharge at room temperature
exhibits a linear trend characterised by a negative slope (called
Δ𝑉 in the following) strictly related to the constant discharge
current forced by the active load.
Instead, the blue trend in Figure 10, achieved during the
thermal cyclic test, highlights some deviation compared to the
nominal trend during the cold phase of the cyclic test.
Specifically, the “V-shape trend” highlighted by the blue line
in Figure 10 refers to temperature lower than 0 °C. More in detail,
when temperature is lowered under 0 °C the discharge rate of the
battery suddenly increases, producing a remarkable decrease of
the negative slope Δ𝑉. Then, when temperature starts to
increase, the figure shows a counterintuitive behaviour: the
battery voltage increases even though the battery is always on
discharge phase. This increase of discharge rate at very low
temperature could become remarkable in case of an exposition
for a long period with really cold temperature. For this reason,
the fixture of the solar panel that charges the batteries must be
oriented with a proper slope in order to optimise the charge
during winter.
Figure 11 shows the experimental results achieved during the
thermal cyclic test of the battery B (LiFePo4 type) using a blue
line to represent the battery voltage during the discharge. Also in
this case the data were compared with a reference discharge
voltage (red trend) measured maintaining a constant temperature
of 20 °C. As expected, the LiFePo4 battery shows a constant
voltage during the discharge phase. Despite this, during the
thermal cyclic test also the LiFePo4 battery shows a “V-shape
trend”. For these reasons, considering the higher specific energy
of the LiNiCoMnO2, the latter should be used in the sensor
node.
5. CONCLUSIONS
The paper deals with the design optimisation of a sensor
node, used in a wireless mesh network, under temperature stress.
Since there is not a specific standard for this kind of system, a
customised test plan was developed in this work based on three
temperature-based stress tests. Moreover, an automatic
measurement setup was designed and implemented to monitor
the performances of the system during the test. The aim of the
first temperature test (Test T.1.) was to observe the effects of
high temperature on the hardware and firmware bugs, looking
for any anomalies from the correct functioning. One of the main
unexpected finding is an increase of the current consumption
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during the sleep phase when temperature overpass a certain
threshold. In particular, a 4.5 mA step was verified above a
specific temperature. This step is not due to a permanent failure,
because during the cooling phase the current returns to its
normal value at approximately the same temperature. This
unexpected behaviour can lead to an increase of the power
consumption of the sensor node and a solution must be
considered.
The second temperature test (Test T.2.) aimed at verifying the
performances of the Analog-to-Digital Converter (ADC) and
Digital-to-Analog Converter (DAC) embedded in the
microcontroller ESP32. The DACs does not highlight any
particular problems, while the ADC embedded in the ESP32
shows three main drawbacks: a significant offset at room
temperature, thermal instability and a remarkable data dispersion.
For these reasons, it is recommended to use an external
ADS1115 Analog-to-Digital converter which has provided better
performances during the test.
Finally, test T.3. characterised the behaviour of two different
types of batteries under thermal stress focusing on the discharge
rate at cold temperature. The test highlights the importance of a
proper solar panel orientation to optimise the batteries charge
during winter.

[9]
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