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Abstract - A Wireless Adaptive Reconfigurable 

Network (WARN) uses a large number of nodes equipped 
with sensors to measure physical parameters. This is a 
type of wireless sensor network (WSN) that is capable of 
reconfiguring itself in terms of node location, power 
availability, link quality or any other prescribed figure of 
merit. No matter the rearrangement of the modules, they 
always know either the shortest, economical or reliable 
way to the base station and can choose to use one of these 
strategies. These nodes are capable of gathering 
information from the surrounding environment and 
connect with each other, using radio-frequency (RF) 
transceivers, with the ultimate goal of sending data to the 
base station in order to create a reliable, adaptive and 
efficient wireless infrastructure. A network of this kind 
can be used to supervise agricultural fields and crops, 
detect forest fires, sense water quality, etc. Because these 
nodes are usually in remote areas, a very power efficient 
node capable of gathering energy from the surrounding 
environment is crucial. This work presents the 
development of a sensor array and energy management 
(harvesting and storage) subsystem of the nodes in such 
a network. 

Keywords - Internet of Things, Wireless Sensor 
Network, Transceiver, Node, Power Management, 
Energy Harvesting. 

 

I. INTRODUCTION 

There are a vast number of applications for wireless 
sensor networks [1], e.g., air pollution and water quality 
monitoring, forest fire and landslide detection, agricultural 
uses and many others. A WSN is generally described as a 
network of motes1 that self-organize themselves and adapt, 
by sensing the surrounding environment and sending 
information to a base station. As these networks are usually 
scattered outside in contact with harsh environments or in 
remote and hard to reach places, the action of sensing, 
processing and communication is limited by the amount of 
energy stored in each mote. Therefore, a system like this 
must take in consideration that it has to use as little energy as 
possible, resorting to techniques such as disabling the RF 
module when not needed [2], decreasing sensor readings 
during certain periods of the day [3] and enabling low power 
modes on the microcontroller. 

Usually, energy sources are intermittent (sunlight, wind, 
etc.) meaning that the system must be equipped with energy 

                                                        
1A “mote” is short for “remote wireless transceiver with sensors” 

storage devices (usually batteries), which should be 
recharged opportunistically. Energy Harvesting (EH) uses 
external sources to generate small amounts of energy, 
capable of powering a node. There are many forms of EH, 
these include ambient radiation [4], fluid and air flow [5],[6], 
photovoltaic [7],[8]–[10], thermoelectric, etc. Even if the 
system is able of retrieving one or more of these types of free 
energy, they aren’t a reliable source since they originate on 
unpredictable elements such as climate and geographic 
features. So, it must be kept in mind that minimizing energy 
waste is an important task, which can be done by optimizing 
the power management of the system. This ensures that the 
harvested energy is used to its fullest. In this work, 
photovoltaic (PV) EH will be used as the main way of 
recharging batteries. 

The goal of this work is to create an all-in-one system 
capable of gathering physical parameters, harvest solar 
energy and communicate with adjacent motes. This work is 
one of three parts, the base station web server, the 
communications and network layer and the sensors and 
energy harvesting subsystem. 

II. INTEGRATION WITH THE PARALELL PROJECTS 

This project (sensors and EH subsystem) focuses on 
developing a network protocol working in the 868 MHz 
band, which is capable of dynamically changing the routing 
paths in favor of optimizing the mote to mote to base station 
communication, respecting different target metric such as 
power consumption, throughput or reliability. Both this and 
the communications and network layer projects use the same 
microcontroller (MCU), running FreeRTOS, enabling a 
more independent approach. In each project, a dedicated task 
with the purpose of communication was developed. 
FreeRTOS queues are used to exchange data. Two types of 
data are exchanged between both projects. The first is meant 
to be used by the communications and network layer, to 
choose and strengthen communication routes. The second 
type, is transparent to the network protocol as it is meant to 
be delivered to the base station e.g., sensor data. 

Information on GPS location, power consumption, 
available energy (battery charge percentage) and the amount 
of produced energy by the EH subsystem is used by the 
network protocol layer. All communications between tasks 
use FreeRTOS queues to deliver and receive information. 
Sensor data, transparent to the network layer, is requested, 
acquired and delivered to the queue of the task that issued the 
request. The queue message consists of a structure with a 
command field, a field containing a pointer to the data, a field 
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with the indication of the queue that is sending the request 
for a possible response and a size field indicating the size of 
the data field in bytes. This structure allows the task that 
receives the message to know exactly where to respond. The 
communication and network subsystem is responsible for 
sending the data requests to the sensor and EH subsystem 
(this project), and to use that information accordingly. 

On the opposite end of the data flow is the base station 
which runs on a different platform, a Raspberry Pi. The base 
station has the responsibility of interpreting the sensors data, 
save it and display it into graphs. The saved data will be able 
to provide the progress of temperature, atmospheric pressure, 
humidity and more of the elapsing days, months, etc. It also 
features a dynamic database and handles all data segments 
from the user (either locally or remotely via web). 

This project will interface with the communications and 
network layer using a dedicated mote connected to the 
Raspberry Pi through a Universal Asynchronous Receiver 
Transmitter (UART) interface. 

III. STATE OF THE ART 

This section presents the main uses for a WSN, why one 
is needed and the hardware and features that each mote must 
have. 

A. Sensor Networks 

The three basic components of a mote, as mentioned in 
[2], are: (i) a sensing subsystem associated with an Analog 
to Digital Converter (ADC) for data acquisition, (ii) a 
processing subsystem including an MCU and memory for 
local data processing and storage, (iii) a wireless RF 
communication subsystem for data transmission and (iv) a 
power supply unit that can also integrate some form of EH 
as Figure 1 shows. The prototyped system follows this block 
structure. 
 

A typical network model consists on a large number of 
motes deployed over a large geographic area and a base 
station that can be connected to the Internet for IoT or other 
purposes [1]. There are many ways for the information to be 
delivered to a base station, in this case, a multi-hop or ad-hoc 
network is a suitable infrastructure-less approach for data 
package delivery, due to the high number of motes and the 
possibility of wireless reconfiguration. Each mote must 
know the identity and location of its neighbors to support 
data transfers.  

In planned networks where the topology is known a 
priori, like a mesh, ring, star or bus type network, each one 
of the motes are static so the problem of real time 
reconfiguration is inexistent. For ad-hoc networks the 

network topology has to be constructed in real time, and 
updated periodically as motes are prone to fail or new motes 
may be deployed [11]. Such a network can be seen in Figure 
2. 
 

B. Processing and Communication 

The logical path in building a WSN mote is to use a low 
power MCU, capable of having enough processing power 
while using reduced consumption levels at the same time. 

All the major manufacturers in the industry (Microchip, 
NXP, Silicon Labs, STMicroelectronics and Texas 
Instruments) have low power MCUs in their product line. 
The STM32L476RG was the elected MCU for this project 
due to its characteristics and because it was, at the time of 
building the system, the most recent low-power 
microcontroller from ST. The STM32L4 may not be the best 
in spec to spec comparison regarding other devices, but 
makes up for it overall. It has an 80 MHz clock, 1 MB of 
Flash and 128 KB of RAM memory, 51 I/O ports, 3 SPI and 
3 I2C peripherals. It will consume 100 µA/MHz and 1.4 µA 
in stop mode at 3.3 V. 

The communication between motes is handled through 
the SPSGRF-868 radio from ST. This all-in-one radio has a 
transceiver and antenna in the same PCB for fast and easy 
use. It has a maximum power consumption of 32 mW in RX 
and 145 mW in TX mode, for an RF output power of 11.6 
dBm at 3.3 V. It features various modulations such as: 2-
FSK, GFSK, OOK and more. With data rates up to 500 kbps 
and a receiver sensitivity of -118 dBm. 

The software running on the MCU will be handled by 
FreeRTOS. Other RTOes exist like: Contiki, RIOT, and 
TinyOS. However, only RIOT and FreeRTOS fully support 
C, which is the programming language used to write the 
system’s firmware. The use of a RTOS will enable the use of 
tasks that can run independently from each other, easing the 
process of coding when the contribution of multiple project 
developers exists. 

C. Energy Storage 

In terms of energy storage, batteries and ultracapacitors 
seem to be two reliable choices. On one hand batteries are a 
relatively mature technology and have a higher energy 
density (more capacity for a given volume/weight), on the 
other ultracapacitors have a higher power density than 
batteries and are capable of delivering a higher peak power, 
suitable for handling short power surges. In other words, they 
can receive and deliver energy charge much faster than 
standard batteries. 

Batteries and ultracapacitors can be compared in three 
crucial factors, charge and discharge time, life cycles and 
self-discharge. Ultracapacitors can be charged quickly 
leading to a higher power density and don’t lose their storage 

Figure 1 – Typical WSN node subsystems block diagram. 

Figure 2 – A possible WSN configuration for IoT purposes. 
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capabilities over time. Additionally, they last up to millions 
of charge/discharge cycles without losing their storage 
capabilities. The main flaws of ultracapacitors is that they 
cannot hold as much energy density as typical batteries and 
have a higher discharge rate compared to batteries. The 
battery in contrast holds charge for longer periods of time 
and has a higher energy density but lacks on life cycles, yet 
it can still produce between 500 or more cycles depending on 
its chemistry. It also holds charge for much longer periods of 
time, compared to ultracapacitors which is a useful 
characteristic in most cases. 

In conclusion, in terms of energy density, power delivery 
and cost, for this project the more viable choice is the 
traditional battery. First, the system itself won’t pull more 
than a few mA over a short period of time. Second, batteries 
have a lower self-discharge and pack a lot more mAh per 
volume unit, which can be an important aspect due to the fact 
that the mote can stay deployed on a field over a long period 
of time without recharging. Finally, the lower cost associated 
with batteries may be a key factor on a large scale network. 

D. Photovoltaic Energy Harvesting Circuit 

Three things are needed when it comes to EH, a 
Maximum Power Point Tracking (MPPT) algorithm, a 
circuit capable of running such algorithm and a viable power 
source. 

A maximum power point tracking (MPPT) algorithm 
continuously tracks and operates at the optimal PV point 
maximizing power extraction from the solar cells to the 
batteries, under all conditions. The main problem addressed 
by an MPPT is that the efficiency of power transfer from the 
PV panel depends not only on the amount of incident light 
but also on load characteristics. The designed MPPT circuit 
consists of two logical blocks: (i) A voltage controllable 
step-up DC-DC converter adapting the PV panel with the 
battery for power transfer and (ii) A control system keeping 
the PV panel working in the optimum power point 
(maximizing the energy harvest). The block diagram of the 
MPPT circuit described in [10] is shown in Figure 3. 

 

The step-up converter is responsible for adapting the Vp 
voltage coming from the PV panel to the storage battery. 
Initially Vb differs from Vp being the first fixed by the 
battery charge status. A priori, we cannot control the Vp 
voltage as it depends on incident light itself, yet the goal is 
to set Vp to Vmpp, the voltage for which the transferred 
power is at the maximum power point (MPP). In sum, the 
control algorithm has to identify the optimal voltage for 
which the transferred power is maximized and track it. 

E. MPPT Algorithms 

An MPPT algorithm is used to compensate the variable 
atmospheric conditions and obtain the maximum power 
possible, in this case solar energy. MPPT algorithms differ 
in many aspects such as the complexity of the circuit, 
auxiliary sensors, cost, range of effectiveness, convergence 
speed and tracking capabilities. The most popular are based 
in the “hill-climbing” principle that consists in the movement 
of the operation point of the PV panel towards the power 
increase. These MPPT algorithms are described in [12], [13] 
and [14].  

The perturb and observe (P&O) method is one of the 
most used MPPT methods, it periodically measures both 
voltage and current from the PV array, calculates the 
respective power, compares that power with the previous 
calculated power and adjusts the perturbation voltage of the 
DC-DC converter. If the algorithm detects a successive 
increment in power on each voltage perturbation it will 
continue going in that direction until there is a power 
decrease. When this happens the next perturbation is done in 
the opposite direction. Whenever the operating point is on 
the left of the MPP, increasing the voltage leads to a power 
increase, whereas on the right side to increase power the 
voltage must be decreased. This process is repeated until the 
MPP is reached, the drawback is that the operating point will 
oscillate around the MPP, creating ripple in the output signal. 
If the voltage perturbation step is small the algorithm will 
have a slow response on fast changing operating conditions 
but will have reduced ripple around the MPP. With a bigger 
voltage step the algorithm will provide a faster response but 
the ripple around the MPP will increase; 

The modified adaptive P&O method solves the problem 
of the traditional P&O which has a fixed voltage step. The 
method works by increasing the voltage step on transient 
changes of irradiation and decreasing it during steady state 
(around MPP). This eliminates que dilemma of having to 
choose a voltage step size, as the algorithm is able to adjust 
it has needed. This modification promotes better tracking, 
convergence times and output ripple; 

The incremental conduction (IC) method takes into 
account that the slope of the power-voltage (current) curve is 
zero at the MPP, being positive on the left and negative on 
the right side. The voltage at MPP is determined by 
comparing the increment of power vs that of the voltage 
(current) between two consecutive samples. These MPPT 
techniques are easy to implement and require minor 
computational power, however they suffer from a few 
drawbacks that have to be considered. One they can easily 
lose track of the MPP if the irradiation changes suddenly and 
two they are unable to track if the light variation is 
continuous (ex.: sunlight). Because the irradiation is in 
constant change, the algorithm does not know whether the 
voltage and current changes are due to the perturbation or the 
irradiation source. 

IV. SYSTEM ACHITECTURE 

The engineered prototype has three separate subsystems 
that interact with each other and are controlled through 
FreeRTOS running on the STM32L476RG microcontroller.   

Figure 3 – Block diagram of the MPPT circuit proposed in [10]. 
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A. General Block Diagram 

Because the system was designed with modularity in 
mind, the three main functionalities were split between three 
subsystems. These include: the sensors and GPS (S1), 
processing and communication (S2) and harvesting and 
battery management (S3), as shown in Figure 4.  
 

In this approach is used in the assembled prototype, the 
three subsystems were divided into three PCBs. This way if 
a certain part needs replacement, only the PCB with that 
device has to come out, the rest of the boards can remain 
connected. This also allows to add additional sensor boards 
that can go on top of each other. (S1) The sensors and GPS 
subsystem is equipped with six digital sensors and a GPS 
module enabling the gathering of data from the surrounding 
space. The sensors include: a barometer (BMP280), a 
hygrometer (HDC1080), a magnetometer (MAG3110), a 
luxmeter (VELM6030), a thermometer (SI7051) and a UV 
light sensor (VELM6070). The GPS is mainly used to assist 
the communications and network layer, the provided 
coordinates ease the network and routing algorithms into 
establishing the best data path. (S2) The processing and 
communications subsystem is responsible for controlling the 
radio, sending/receiving information and decide if the 
incoming data should be retransmitted. The two subsystems 
communicate through digital interfaces, as Figure 5 shows. 

 

(S3) Last but not least, the EH and battery subsystem is 
responsible for watching the available power given by the 
solar panel, extracting and delivering it to the load in the 
most efficient way. This is done using the TPS63060 high-
efficiency DC-DC converter, combined with the required 
voltage and current measurement hardware and modified 
MPPT P&O algorithm. 

B. Energy Harvesting and Battery Subsystem Circuit 

A PV panel outputs a finite amount of power proportional 
to the available illumination, it is up to the circuit between 
the panel and the load to transfer all the power without 
wasting it. A DC-DC converter with a variable output was 
used, capable of changing the load impedance and therefore 
allowing the solar panel to see a load suitable for the 
extraction of the power being generated. The converter’s 
output voltage is controlled with a resistor divider that is 
connected to the MCU via a DAC, as Figure 6 shows.  

The P&O algorithm running in the MCU will manage the 
process, keeping the load impedance in a value that’s 
proportional to the MPP. The configuration of the circuit 
surrounding the DC-DC converter was chosen taking into 
account the use of the P&O algorithm. The design allows to 
change the impedance seen from the input of the converter, 
this is done by increasing the converter’s output above the 
battery’s voltage, creating a voltage difference on the 
terminals of RCharge. It is up to the algorithm to adjust the DC-
DC voltage output according to the solar panel power output. 

In order for the algorithm to work, voltage and current 
must be sampled periodically, which allows computation of 
the corresponding power being drawn from the solar panel. 
To sample the voltage a simple voltage divider connected to 
a buffer is used. For current sensing, the INA170 from Texas 
Instruments, which is a shunt monitor is used. This chip 
continuously monitors RSense for voltage differences and 
outputs a proportional current value, a parallel resistor is 
used to convert that value into voltage, then injected into the 
ADC. 

The voltage divider, composed of R1 and R2, allows the 
control of the converter’s output voltage. To enable the 
control via the MCU, the end of R2 was connected to DAC1. 
The 12-bit DAC can output a maximum of 3.3 V, resulting 
in a resolution of 0.81 mV. The P&O will benefit from the 
small voltage steps to minimize the ripple on converter’s 
output signal. The converter’s output voltage is given by (1), 
with 𝑉"# = 0.5, 𝑉()* ∈ [0; 3.3]𝑉 and ∝ given by (2). 
 

𝑉1 = 21 +
𝑅6
𝑅7
8𝑉"# −

𝑅7
𝑅6
𝑉()* 	a	 (1) 

∝=
𝑅=

𝑅> + 𝑅=
(2) 

 
For 𝑉1 ∈ [2.5; 	4.5]𝑉, the expected resistor values are the 
following: 𝑅7 = 680 kΩ, 𝑅6 = 82 kΩ, 𝑅> = 1 MΩ and 
𝑅= = 82 kΩ. 
 

Energy Harvesting and Battery Subsystem

DC-DC
Converter

MPPT

Solar Panel

Voltage Battery
Protection

Sensors & GPS Subsystem Processing & 
Communication Subsystem

MCU RadioSensors GPS

Current

Subtitle:
Power Lines
Analog Data
Digital Data
Digital Control Signals

Charger Battery

S1 S2

S3

Figure 4 – Block diagram of the main subsystems. 

Figure 5 – Sensors and GPS, processing and communications 
subsystems (S1 & S2) block diagram. 
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Figure 6 – The DC-DC converter with variable output voltage configuration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C. Charging Resistor 

The RCharge resistor allows the creation of a voltage 
difference between the converter’s output and the battery, 
generating a proportional current, this resistor was chosen 
regarding the minimization of power loss. Figure 7, shows 
the representation of the used battery charging circuit. 
 

To minimize power loss, the voltage drop on RC must be kept 
to a minimum while still being able to transfer the required 
current, which is given by equation (5). This equation is the 
result of combining equations (3) and (4) to calculate the 
voltage drop (𝑉C) on RC equation (6) is used. 
 

𝑉1 = 𝑅D𝐼1 + 𝑉F (3) 
𝑃1 = 𝑉1𝐼1 (4) 

𝐼1 =
−𝑉F ±I𝑉F6 − 4𝑅D𝑃1

2𝑅D
	 (5) 

𝑉C = 𝑅*𝐼1	. (6) 
 
Figure 8 shows the simulation results using two resistor 
values 2 and 8 Ω and an input power varying from 0 to 0.7W. 
 

 
Between the two there is an observable power loss when 

the input power increases, reaching more than 70mW at 0.5 
W input power for the 8 Ω resistor and just over 20mW for 
the 2 Ω resistor.  

For the given reasons, the (RC = Rcharge) value used as an 
interface between the DC-DC converter and the battery 
(load) is the 2 Ω resistor. The resistor is the primary element 
responsible for charging the battery. The battery is also 
connected to a secondary charging and protection circuit that 
is not represented in Figure 6. 
 

V. FIRMWARE 

The firmware runs on top of FreeRTOS, a real time OS 
for embedded systems which manages the system through 
tasks, these interact with each other through queues, to 
change settings, acquire sensor, GPS or EH related 
information. There are other tasks on the system that are not 
covered by this paper such as the communications and 
network layer or the onboard Menu Task, the first will 
interact with the Request Task. The Request Task is in charge 
of answering the requests of other tasks, this means that it 
centralizes the functions from other .c files and calling them 
to fulfill the necessary actions. The MPPT Task controls the 
P&O algorithm and actively determines whether or not the 
cycle should start, continue or stop, depending on the 
generated power. The basic structure of the system tasks is 
shown in Figure 9. 
 

 
  

VFB 

VBuffer 
VDAC 

Figure 7 – Diagram of the battery charging setup. 

Figure 8 – Power loss on RC in function of Pi between two 
resistance values. 

Figure 9 – Partial structure of the tasks running on FreeRTOS. 
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A. Request Task 

The Request Task is a dormant task, it only runs when the 
assigned queue receives a known command. Queues are used 
between tasks to send and/or receive information, they 
combine simplicity and flexibility without interfering with 
the flow of a task. With that said, three main commands can 
be sent to this task’s queue in order to trigger it: Get, Set and 
Reset. 

The Get commands (getters) allow other tasks to trigger 
an acquisition of a specific sensor, a group of sensors or of 
all the sensors, with the exception of the GPS which has its 
own command that has to be triggered on its own. 

The Set commands (setters) gives the user the ability to 
individually change a sensor setting, these include work 
mode, resolution, spectral response and even integration time 
which directly reflects on how sensitive the sensor can 
become to the measured phenomena. 

The Reset commands (resetters) where implemented as 
a prevention for sensor malfunction. These allow to reset all 
the sensors or perform an isolated reset action, furthermore 
the user can choose to keep the previous settings or restore 
the default ones. 

B. Perturb and Observe Algorithm (MPPT Task) 

The used P&O uses a variable voltage step that changes 
as needed by the algorithm. This increases the P&O 
responsiveness and tracking capabilities. Every time it 
verifies an increment in power, the voltage step is also 
increased by an α factor. This accumulative step allows the 
algorithm to reach the turning point quicker, additionally if 
a1 < a2, the algorithm will progressively reduce the voltage 
step as it encounters the MPP. This slight modification 
reduces some of the drawbacks of the P&O algorithm, it 
increases the tracking response while reducing the ripple on 
the DC-DC converter output. This solution is presented in 
Figure 10 fluxogram. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Whenever the algorithm sees an increase/decrease in 
power, the voltage comparison opposes in sign. This is due 
to the known characteristic of the PV panel’s voltage curve, 
beginning at the ISC and ending at the VOC, the measured 
voltage at the panel terminals will decrease throughout the 
curve. This means that in case of a power increase/decrease 
the previous PV panel voltage (VPV(t-1)) will be 
lower/higher, respectively. In Figure 11 it is possible to 
observe an example on how the variable step P&O works, 
and how it reduces the step when it finds the location of the 
MPP. 
 

There are in total three ADC channels in operation to 
sample the voltage from the solar panel, the DC-DC 
converter output and the battery’s voltage and a single DAC 
channel to allow the control of the DC-DC converter. These 
are configured on system startup along with the enabling of 
the DC-DC converter and buffers that are on the input and 
output of the ADCs and DAC. 

Right before the task goes into the P&O cycle, shown in 
Figure 10, a timer is activated, keeping the task running for 
a certain period, allowing the algorithm to verify if the solar 
power has enough illumination to generate above threshold 
power. This threshold is set to 50 mW (default), as it is 
roughly what the sensors and the MCU will spend on average 
when they are all running. If the illumination is enough to 
keep the P&O running it will continue running until the 
power comes below the threshold. Unless the solar panel gets 
shaded or blocked in the middle of the day the algorithm will 
run all day. When the system verifies that there isn’t enough 
power to continue, the cycle is interrupted and the task goes 
into a suspended state, disabling the peripherals to conserve 
power. 
 

VI. SOLAR PANEL AND ALGORITHM ANALYSIS 

This analysis is based on the experimental I-V curve data 
extracted from a 0.5 W solar panel. From this data, a model 
of the panel’s solar cells was made and applied on a fitting 
of the original I-V curve. Using the same model an additional 
simulation of the MPPT algorithm was conducted. 

A. Solar Cell Model 

To understand the electric behavior of the PV panel, it is 
important to consider the equivalent circuit of solar cell, as 
shown in Figure 12. 

Figure 10 – P&O MPPT variable step algorithm fluxogram. 

Figure 11 – Variable voltage step P&O algorithm example. 

Vpv – Solar panel voltage 
Ipv – Solar panel current 
P – Solar panel power 
Vstep – Voltage step 
DP – Change of power 
DV – Change in voltage 
a1 – Constant to increase step 
a2  – Constant to decrease step 
Vdcdc – DC-DC converter voltage 
Threshold – 50 mW (adjustable) 
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In order to produce a valid model and attribute a value to 
the parameters of the equivalent solar cell circuit, the I-V 
experimental curve data of the 0.5 W solar panel was 
considered. Using equation (7) that describes the circuit 
model in Figure 12 two other equations are presented, (8) for 
when V ® 0 and (9) for when I ® 0. The complete set of 
equations is written in the main report and were used to 
calculate the unknown parameters for the 0.5 W panel. 

 

𝐼 = 𝐼M − 𝐼1 2𝑒
OPQRS
TOU − 18 −

𝑉 + 𝐼𝑅V
𝑅VW

(7) 

𝐼 = −
𝑉

𝑅V + 𝑅VW
+

𝑅VW
𝑅V + 𝑅VW

𝐼M
	
⇔ 𝐼 ≈ −

𝑉
𝑅V + 𝑅VW

	 (8) 

𝐼 ≈ −
1
𝑅V
𝑉 +

𝜂𝑉\
𝑅V

ln 2
𝐼M
𝐼V
8

	
⇔ 𝐼 ≈ −

𝑉
𝑅V
	. (9) 

 
Using the complete set of equations, a Matlab program was 
written in order to do a model fitting of the experimental 
data, Figure 13 shows the result of that very same fitting for 
the I-V and P-V curves. 
 

As expected the fitting is not perfect, the simplicity and 
intrinsic errors of the model can justify the imperfect overlap 
of the curves. The remaining parameters of the model are 
given in Table 1. 

Table 1 – Summary of the extracted parameters of the tested solar 
panel. 

A. MPPT Algorithm Simulations 

A Matlab program was written to simulate the MPPT 
algorithm of Figure 10, adopting the already established 
models of the used PV panel. The goal of these simulations 
is not only to validate properties such as: tracking ability, 
step size (variable or fixed), responsiveness, power output, 
etc, but also to show behaviors that otherwise wouldn’t be 
noticeable when the subsystem is running. 

In an attempt to mimic the sun’s behavior IL was changed 
linearly, this is what is usually expected unless the solar 
panel becomes suddenly blocked, the result is shown in 
Figure 14. Notice that when IL drops and Vmpp slowly rises, 
V (MPPT) remains the same throughout the entire variation. 
The algorithm can even come to a halt in the tracking process 
if the light changes are even slower, meaning that the power 
output of the EH subsystem will not reach its full potential, 
leaving unexploited headroom.  

 

 
To improve the tracking abilities and the problem that 

comes with slow light variations, a low-pass infinite impulse 
response (IIR) filter was added to the existing MPPT 
algorithm. The filter calculates the difference in illumination 
(yn) between cycles, this value is then subtracted to VMPPT. 
The delay and voltage compensation introduced by the filter 
increases the tracking capabilities, allowing the algorithm to 
react to sunlight’s gradual changes. The filter equation (10) 
has a cutoff frequency given by (11) and works at the 
algorithms frequency with a static gain equal to g. 
 

𝑦T = 𝛼𝑦Tb7 + 𝑔(1 − 𝛼)∆𝐼T (10) 
 

𝑓D =
1
2𝜋𝑓𝑠

1 − 𝛼
𝛼 	. (11) 

 
The outcome of the added feature is shown in Figure 15.  

The V (MPPT) signal is now able to follow the changes of 
Vmpp during the transition periods. The improved tracking of 
the P&O decreases the risk of the algorithm to be stuck on 
the same voltage due to slow illumination variations. 
 

Parameters Nature 0.5 W Panel Units 
RS Intrinsic 5.96 Ω 

RSH Intrinsic 2.54 kΩ 
ηVT Assumed 0.0984 V 
IO Intrinsic 4.62 x 10-28 A 
IL Experiment dependent 0.104 A 

VOC Experiment dependent 5.97 V 
ISC Experiment dependent 0.104 A 

Figure 12 – Equivalent circuit of a solar cell. 

Figure 13 – Fitting for the I-V and P-V curves of the 0.5 W solar 
panel. 

Figure 14 – Simulation of the P&O algorithm with IL changing 
linearly. 

IL

ID
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RsH V
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VII. RESULTS 

The following results were gathered with the assembled 
test system, consisting of the nucleo STM32L476RG 
development board with two PCBs attached, one with the 
sensors and GPS and the other with the EH related 
components. 

A. Sensors 

The testing device was connected to a computer to log the 
data and was left outside on isolated days in the summer, fall 
and winter for comparison purposes. All the data was 
recorded on the lowest power option for all the sensors with 
a one-minute periodic sampling during 24 hours. The 
temperature and relative humidity related data is shown in 
Figure 16 and Figure 17, respectively. 
 

 

The recorded samples allow the user to quickly 
distinguish the temperature averages between seasons as 
they are about two months apart. Furthermore, on the 
summer data samples, a spike in temperature occurred, this 
was due to the direct exposure of the sensor to the sun, 
quickly dropping upon sunset. One physical measurement 
that relates to temperature is relative humidity (RH). 
Comparing Figure 16 and Figure 17 it is possible to observe 
that whenever there is an increase in temperature the RH 
average lowers. A good example of this is seen in the 
summer data set (yellow curve) between 17:00 and 19:30, 
this was due to the sun being focus on the sensors resulting 
in the increase and decrease of temperature and RH, 
respectively. 

B. P&O Algorithm Performance 

The following tests were conducted using a 60 W 
incandescent lightbulb to illuminate the solar panel, a 12 V 
fan to cool it and a 300 milliseconds periodic cycle for the 
P&O algorithm. The solar panel was positioned on top of the 
sensor and GPS test board, exposing the luxmeter to measure 
light intensity. The purpose of this test is to show a direct 
comparison between the P&O algorithm with and without 
the tracking enhancing filter. On both situations the lamp was 
repositioned in approximately equal eights, in order to force 
the algorithm to adjust itself to the new lighting conditions. 
Figure 18 shows the results given by the algorithm without 
the tracking filter and Figure 19 with it. 
 

 

With the added filter, a faster tracking of light variations 
is visible. Even for the largest illumination transition, from 
1.2 to 10.7 klx, located around the 200 second mark, the P&O 
rapidly raises the power output in comparison to a similar 

Figure 15 – Simulation of the P&O algorithm with step variable IL 
and tracking enhancing IIR filter. 

Figure 16 – Temperature curves acquired with the SI7050. 

Figure 18 – Performance of the EH circuit and P&O algorithm for 
varied light conditions (w/o tracking filter). 

Figure 17 – Relative humidity curves acquired with the HDC1080. 

Figure 19 – Performance of the EH circuit and P&O algorithm for 
varied light conditions (w/ tracking filter). 
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transition in Figure 18. The improved tracking is especially 
useful if the solar panel suddenly becomes blocked by a 
person, animal or object. 

C. Energy Consumption and Battery Autonomy 

The total consumption of the MCU, sensors, GPS, radio 
and EH related devices, and the active periodicity of such 
components, will dictate the battery’s utility time without 
taking in account EH. By knowing the maximum energy 
consumption of the system at a given moment, the EH 
subsystem can be sized to supply that energy or to simple 
replenish it over time as the sensing related devices will be 
asleep most of the time.  

A digital multimeter with a one second sampling rate was 
used to measure the energy supply of the sensors and GPS 
module. To capture the maximum current draw of each 
sensor, the acquisition was isolated to one sensor at a time, 
and left measuring at the maximum number acquisitions per 
second. The GPS was left acquiring the necessary satellites 
in order to get a valid fix, the consumption will be the 
average during the acquisition period. Table 2 sums up the 
power consumption of the main devices of the system. The 
GPS doesn’t have a value for the sleep because it is 
electrically disconnected from the power supply through a 
transistor. 

Table 2 – Power consumption of the various devices used to 
calculate the autonomy of the 750 mAh battery. 

Device 
Power Consumption (at 3.3V) 

Active (mW) Sleep (mW) 

GPS 125.4 - 

MCU 45.9 0.0231 

Sensors (All) 0.681 0.007 

Radio 64 2.97 

Total 235.98 3 

 
Various equations were used to calculate the autonomy 

of the system for multiple scenarios, these are documented 
in the main report. The first equation combines the 
consumption of the sensors and the MCU when both are 
active and inactive, these times will define the period of 
acquisition. A similar method was used for both the GPS and 
radio modules. The results given by 𝐶ViTj1Cj, 𝐶klV and 
𝐶Rmno1 are used on equation (12), where 𝑇ViTj1Cj, 𝑇klV and 
𝑇Rmno1 are the respective periods of acquisition of the 
modules. The number of acquisitions from a single battery 
charge is given by equation (13). 
 

𝐶\1qmr = 𝐶klV +
𝑇klV
𝑇Rmno1

𝐶Rmno1 +
𝑇klV

𝑇ViTj1Cj
𝐶ViTj1Cj (12) 

 

𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛𝑠 =
𝐵𝑎𝑡𝑡𝑒𝑟𝑦	𝐶ℎ𝑎𝑟𝑔𝑒

𝐶\1qmr
	 . (13) 

 
𝐶\1qmr represents the battery capacity needed to perform 

one measurement involving these devices. Using this value 
on equation (13) gives the number of operations that a full 
battery charge can deliver. To convert the result in terms of 

time, one must multiply the “Number of Acquisitions” with 
the largest acquisition period, in this case 𝑇klV due to the fact 
that it will only be connected once a day. 

Multiple scenarios of autonomy using a 750 mAh battery 
are demonstrated in Table 3. Bear in mind that situations 3 
and 4 in Table 3 follow the same acquisition periods of 
situations 1 and 2, respectively. The first five situations on 
Table 3 don’t consider the use of the EH subsystem, therefore 
the battery charge is in constant decline. The scenarios 6 and 
7 were calculated assuming a generation of 1000 mWh and 
2850 mWh a day, respectively.  

Table 3 – System autonomy for multiple load scenarios. 

 
The values of the table above are hypothetical and were 

not physically tested, they just give an idea of what to expect 
of the prototyped system. 
 

VIII. CONCLUSION 

This project began with the goal of designing and 
building a prototype of a low power sensor mote suitable for 
a WSN and capable of RF communication. With no specific 
physical parameters in mind to measure, a selection of 
sensors was chosen to suit the common needs. For further 
expandability the design allows the user to add its own sensor 
board, as long as the sensor interface is I2C. Additionally, a 
GPS module was added granting ability to locate the mote. 
This is particularly useful for the communications and 
network layer to plan the data packets routes.  

Because the mote may have to operate in a remote and 
hard to reach place it was fitted with a battery and the ability 
to harvest solar energy. To boost the maximum amount of 
energy from a single solar panel an MPPT algorithm was 
used to control the DC-DC converter voltage output. The 
used algorithm is a variable step P&O algorithm to which a 
tracking enhancing filter was added, promoting a better 
response when it comes to slow sunlight variations. Because 
the mote has to be placed by hand on the desired location, a 
digital compass was implemented in software using the 
onboard magnetometer. This helps the user directing the 
module to the magnetic north, allowing the PV panel to have 
an all-day exposure to the sun. The prototype also includes 
an onboard user interface, allowing the user to manually 
sample sensors, synchronize the GPS module, calibrate the 
compass, reposition the device, etc. 

In the end, the project turned out to be more challenging 
than anticipated, especially the EH subsystem. Due to the 

Scenarios 
System 

Autonomy 
Hours Days 

1º MCU + Sensors (every 10 mins.) 29504 1229 

2º MCU + Sensors (every min.) 4353 181 

3º MCU + Sensors + GPS (1x a day) 7110 296 

4º MCU + Sensors + GPS (2x a day) 2311 96 

5º MCU + Sensors + GPS + Radio 724 30 

6º MCU+Sensors+GPS+Radio+EHWinter 1474 61 

7º MCU+Sensors+GPS+Radio+EHSummer Forever 
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inner complexity of the commercial grade DC-DC 
converters, a good understanding of ground and power 
planes is a necessity. Some of the problems that may occur 
include: loss of output voltage, the output voltage not 
reaching the intended maximum value or failing to transfer 
power because the converter is unable to raise the output 
voltage. 

Everything considered, it was a very interesting project to 
execute and assemble, giving the author a much better 
understanding about the importance of energy efficient 
embedded systems. From the design of the PCB, the 
components selection and hardware/software manipulation, 
all of this comes together to unify a system capable of 
executing the tasks it was designed for. 

A. Sensors and Data (Future Work) 

At the given time, the system is not configured to store 
sensor data locally. It was initially taught that as the sensors 
were sampled the information would go directly to the base 
station. This however, does not promote a better autonomy 
for the battery because the radio would have to be turned on 
multiple times a day instead of a single one, for data burst. A 
possible improvement would be to use the 128 KB of internal 
SRAM to store system data and send it whenever possible to 
the base station. A single read from all the sensors occupies 
18 bytes of information, for these conditions the system 
would be able to sample and store 7000 times data from all 
sensors. Additionally, the MCU includes an external 
interface for memory expandability. 

B. Energy Harvesting (Future Work) 

At the moment and as it was initially intended, the system 
only supports one solar panel and one battery connected to 
the EH subsystem PCB. A future improvement would be to 
allow the connection of more than one EH PCB, theoretically 
doubling the energy production and storage and with no 
additional load to the MCU because the same signals would 
be able to run the two identical boards. To make this append, 
the LDO would have to be relocated to the PCB were the 
MCU and radio reside. Additionally, the LDO would have to 
be upgraded to a multi-input IC capable of handling multiple 
batteries. 

C. Autonomy (Future Work) 

In the end it all comes down to the autonomy of the 
system, the ability to stay in operation for as long as possible. 
The three most power-hungry devices of this system are the 
GPS, radio and MCU. Because the radio has a “high” power 
consumption even in sleep mode, the best solution would be 
to switch the power with a transistor. However, this would 
imply that the radio would have to be turned on within a 
specific time schedule, for it to be able to “sense” incoming 
messages and retransmit the data all the way to the base 
station. In this way the radio could be switched on only for a 
brief period of time a day, without being in sleep mode. 

Also, the use of a bigger battery could provide a longer 
time of operation. The current 750 mAh battery is enough for 
a prolonged time of operation if the number of measurements 
per day remains within reason, but a bigger battery could 
provide additional field lifetime of the device. 
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