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ABSTRACT This work focuses on the design of a solar-powered wire-traversing robot for environmental
monitoring in remote areas, where solar power harvesting ensures continuous operation without frequent
external charging. This paper presents an integrated power electronics design, emphasizing system-level
considerations for efficient energy management and enhanced battery life, extending operational time and
reliability. Experimental results showed the RaccoonBot could dynamically locate maximum solar exposure
with 0.134[mm] resolution, maintain up to 7.5[W] of charging power, and consume just 0.025[A] in
standby. These features, combined with the bio-inspired solar-tracking features and fail-safe design, enable
over a week of autonomous operation, extending runtime from 5 hours to weeks. The findings validate
the V-model’s effectiveness in creating efficient, reliable systems, demonstrated by the RaccoonBot for
environmental monitoring.

INDEX TERMS Robotics, power electronics, bio-inspired, solar panels, system design, V-model, persistent
environmental monitoring, mechatronic systems, wire-traversing, solar-tracking systems.

I. INTRODUCTION
Renewable Energy Sources (RES) have a critical role to play
in advancing environmental sustainability, economic growth,
technological innovation, and worldwide energy accessibil-
ity. Among them, Photovoltaic (PV) systems achieved a
record annual increase of 270 [TWh] in 2023 compared to the
power supplied in 2022, which according to the International
Energy Agency (IEA) [1], represents around 1,300 [TWh]
of the worldwide energy supply, which emphasizes the
importance of solar systems for endless applications.

Moreover, [2] showed how the growing interest in PV
systems has led to major improvements in manufacturing
technologies of solar panels and a reduction in implemen-
tation costs, while [3] illustrates how that development has
enabled the integration of PV sources with advanced robotics,
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FIGURE 1. RaccoonBot deployed along a wire between two trees.

which has ushered a new era of more sustainable and efficient
solutions; including, solar-powered UAV’s [4], smart farming
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TABLE 1. Summary of State-of-the-art Wire-traversing robots divided by application.

robots [5] & [6], NASA lunar exploration rovers [7], and
environmental monitoring robots [8]. This paper is focused in
the RaccoonBot introduced in [8] (showed in Fig. 1), which
is a novel environmental monitoring robot.

Among these innovations, solar-powered wire-traversing
robots have enabled the inspection, maintenance, and mon-
itoring capabilities in hard-to-reach places and under compli-
cated weather scenarios [26]. Deepening into wire-traversing
robots, applications that have lead to the development of this
category are summarized in Table 1. In all the example figures
from Table 1, M stands for all the mechanical actuators used
for the given example.

As implied from the examples fromTable 1, the application
usually leads to the features to be developed from the
perspective of displacement mechanisms, electrical design,
and in some cases the integration with RES. Additionally,
[27] highlights that the environmental data to be acquired

or monitored, has critical relevance in the choice of features
for an effective locomotion and electrical design. Therefore,
this paper focuses on the RaccoonBot (introduced in [8]),
a wire-traversing robot for environmental monitoring in
remote or difficult-to-access locations; however, as this
robotic platform has the objective of achieving long-term
environmental monitoring, harvesting solar power is crucial
to ensure continuous operations without the need for frequent
external charging (as analyzed for mobile robotics in [3]).
A similarity between the RaccoonBot and the Sloth-

Bot [28], is that these types of robots require a pre-mounted
wired structure, limiting the application spectrum to scenarios
where the sampled area is well-defined without room for
samples in random locations [29]. Still, those features
also enable reliable environmental monitoring tools with
reduced energy consumption, since most of the operations are
constant during the long-term operations.
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The solar-tracking and wire-traversing features of the
RaccoonBot were validated in [8], nevertheless the elec-
tromechanical integration to enable the robot’s deployment
was not fully addressed, since the main intention of [8] was to
validate the mechanical features of the robot throughmultiple
tests designed to evaluate its capabilities for persistent
environmental monitoring.

Unlike [8], this work presents all the design-level consider-
ations to bridge the gap between design, and implementation
stages for environmental robots deployments. Additionally,
this work also evolves the solar-tracking algorithm introduced
in [8], where this second version of the algorithm also
considers the implementation of a Real-Time Clock (RTC)
for longer deployments to provide a reliable re-initialization
signal, which enables the robot to take better decisions,
wether to enter deep-sleep mode or to wake-up and continue
its solar-tracking endeavor.

When considering solar powered wire-traversing robots,
or even proper PV integration to multiple applications, there
is a research gap between the control circuits, systems,
and techniques dedicated to maximizing the electrical
power produced by a PV source [30]. Consequently, this
work emphasizes the system-level considerations crucial
for efficient energy management and enhanced battery life,
to extend the robot’s operational time and reliability based on
the V-model methodology applied for the electrical system
design.

To develop a wire-traversing robot capable of providing
long-term solar-powered environmental monitoring, the V-
model is particularly well-suited due to its structured
and highly iterative nature (as analyzed in [31]). When
compared to other development methodologies, such as
Agile [32] or Waterfall [33], the V-model offers distinct
advantages that align with the specific needs to iteratively
develop the electrical system of the robot, especially
in terms of reliability, system integration, and long-term
performance.

The V-model is built around a systematic breakdown
of the development process, which makes it ideal for
complex systems that require high levels of coordination
between subsystems (as validated in [34]). Particularly for
the RaccoonBot, the development must integrate solar energy
harvesting, displacement mechanisms, and data collection
systems, and this methodology ensures that every subsys-
tem is carefully defined, designed, and tested before full
integration.

When compared against more flexible methods like the
Agile methodology, where system components may evolve
throughout development, the V-model provides a clear
frame where design and validation happen in parallel. This
structure, according to [35], is crucial for a project like
RaccoonBot, since it minimizes the risk of unexpected issues
during the integration phase, ensuring that the robot’s solar-
tracking, wire-traversing, and energy-aware systems work
cohesively from the beginning.

On the other hand, when compared to the Waterfall
methodology that also follows a sequential approach, the
V-model has a more reliable approach since it incorporates
verification and validation at each stage, which is one of
the most desirable features for robot developers (as studied
in [36]). The Waterfall methodology typically reserves the
testing stages for the end of the project, while the V-model
ensures that every phase, from the high-level system design
to detailed system design, undergoes rigorous testing as
the robot is developed [35], [36]. Continuous testing and
validation have greater relevance for long-term deployments,
where failures in the field can be difficult to address.
For instance, ensuring that the energy management system
can reliably harvest and store solar power under various
environmental conditions is both a final step and an iterative
refinement process, throughout the development process.

To summarize the compared features of those three
methodologies from the perspective of the RaccoonBot
design, Fig. 2 shows a qualitative comparison of the models
(summarized from [35], [36], [37], [38], [39]), highlighting in
green the most desirable features for the robot’s development.

FIGURE 2. Development models compared from the perspective of what
is needed for the RaccoonBot integration.

Additionally, [35] shows that the features of the Agile
model make the methodology complex to implement, and
constant verification can be difficult to achieve due to the
agile dynamics of the model, which makes it suitable for
applications that require flexibility and short-term develop-
ments. That is what it makes this approach less ideal for
the RaccoonBot’s development. Moreover, it is also true
(as presented in [36], [39]) that the V-model is almost a
modified version of the Waterfall model, which makes them
share the fact that dealing with changes among stages can
be complicated. Still, the V-model suits this application
better because of the addition of constant validation and
verification features, which simplifies the iterative process for
the RaccoonBot’s mechatronic development.

An example of how the features from the V-model make
it a better approach for the RaccoonBot’s development,
is found under the knowledge that the robot’s ability to
harvest solar energy and manage the battery’s charge cycle
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directly impacts its capacity for travel along the wire and to
fulfill its environmental monitoring tasks. These relationships
can be anticipated, designed for, and tested in the early stages
of development using the V-model, reducing the risk of late-
stage failures that may be more difficult to fix in adaptive or
incremental methodologies, as validated through [34].
This work contributes to the state-of-the-art by filling the

gap between the design and the systems integration, through
an adapted version of the V-model design methodology
followed to bring to life a solar-tracking wire-traversing
autonomous robot that features energy-awaremobility; which
results in a reliable fail-safe robot capable of being deployed
for persistent environmental monitoring for long periods of
time (beyond a single battery charge).

Previous work on environmental monitoring robotics has
explored various approaches to achieving energy-efficient
and autonomous operation. Our prior contribution, Rac-
coonBot [8], introduced a solar-tracking mobility strategy,

enabling the robot to dynamically adjust its position for
optimal energy harvesting. However, [8] focused on the
mechanical design and movement capabilities, validating the
robot’s wire-traversing ability and an efficient solar-tracking
behavior. While this approach improved energy efficiency
from a mechanical standpoint, it did not incorporate a
comprehensive electrical system integration or an advanced
energy management strategy, meaning the robot remained
constantly active, consuming energy even when movement
was unnecessary. In contrast, this work introduces a Torpor-
inspired energy management approach, allowing the robot
to dynamically enter a low-power sleep state when solar
energy is insufficient, significantly extending its operational
endurance.

Beyond robotics, our previous work has also contributed
to advancements in power electronics, energy harvesting sys-
tems, and optimization techniques for electrical systems [40],
[41], [42]. These studies focused on maximizing solar

TABLE 2. Symbols and acronyms nomenclature Table.
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power utilization and improving energy conversion efficiency
in autonomous platforms. However, while they provided
critical insights into solar energy optimization, they were
not directly integrated with a robotic system for real-time
adaptive energy management. This work bridges that gap
by combining V-model-based mechatronic integration with
an advanced Torpor-inspired energy management approach.
By dynamically transitioning into a low-power sleep state, the
robot mimics the biological behavior of raccoons, optimizing
energy consumption and extending operational endurance
beyond a single battery cycle.

By merging solar-tracking mobility, structured mecha-
tronic integration, and efficient power electronics design, this
research advances the field of solar-powered environmental
monitoring robotics and establishes a foundation for the
development of long-term autonomous systems in off-grid
conditions. Table 2 presents a summary of the symbols and
acronyms nomenclature used along this paper.

Building on this foundation, this paper further expands
its contributions by applying a V-Model-based approach
to systematically integrate mechatronic systems and power
electronics, ensuring a structured and efficient development
process. The proposed system, inspired by RaccoonBot [8],
prioritizes energy efficiency and sustainability, key for long-
term deployment in remote and off-grid locations. Addition-
ally, this work introduces an innovative integration of power
electronics for solar energy management, optimizing the
robot’s performance, endurance, awareness and adaptability
in real-world autonomous monitoring tasks. These contribu-
tions highlight an interdisciplinary approach that enhances
the reliability and effectiveness of environmental monitoring
robotics.

Furthermore, this work advances the state-of-the-art
in bio-inspired robotics through the development of a
Torpor-inspired energy management algorithm, detailed
in Section V-B. This algorithm is directly inspired by
the natural behavior of raccoons, which enter a Torpor
state to reduce their metabolism and body temperature in
response to environmental conditions to conserve energy.
Similarly, the proposed algorithm dynamically adjusts the
robot’s energy consumption based on environmental factors,
ensuring sustainable, long-term operation. By leveraging this
biologically inspired approach, the system achieves a balance
between autonomous functionality and energy efficiency,
making it well-suited for extended environmental monitoring
applications.

This paper is organized as follows: Section II introduces
the adapted V-model methodology to design the electrical
system of the RaccoonBot. Meanwhile, Section III, presents
an overview of the electro-mechanical features of the robot
together with the tasks it is designed for. Section IV explores
the model used to characterize and integrate the solar panel
to the robot. Then, Section V introduces the solar tracking
algorithm that enables the energy-aware mobility features in
the robot. The results of the validation tests are discussed in
Section VI, and the conclusions of this work in Section VII.

II. V-MODEL IN ELECTRICAL SYSTEMS ENGINEERING
The V-model for Systems Development was originally
introduced in [43], where the main concepts of the original
methodology was designed as a frame for Software Develop-
ment process, which according to [44], has served as a reliable
tool for the safe development, verification, validation, and
introduction of different types of technical systems.

An application example of the V-model is addressed
in [45], where it served as cornerstone for a software and
hardware integration developed to enable a framework for
model-driven software-systems; which, according to [45],
can support the development of resilient cyber-physical
systems in a Smart City context applied to limited traffic
zones. Moreover, [44] expands the V-model to fulfill the
requirements for the development of complex AI systems.
Both applications converge at the importance of having a
frame that allows the verification and validation of elements
to be integrated to reduce risks during a system development;
since, according to [46], the V-model can be divided into two
set development stages: the project definition and the project
integration, as presented in Fig. 3 and as addressed in [47].

Also from Fig. 3, it can be seen how the first stages of
the V-model (left hand side of the V structure) are mostly
related to the requirements definition, development planning,
and documentation that lead to the project’s implementation.
On the other hand, the second group of stages (right hand side
of the V structure) are where the integration occurs, since
the V-model paves the way to a final product through the
assemble and performance validation stages.

FIGURE 3. V-model for Systems Development structure.

To address the needs of the development process for a
robotic platform some adjustments need to be made to the
V-model structure in Fig. 3; as explored in [48], robotic
systems need a development process that moves from a
high-level system design into a detailed system design for
its further implementation (as highlighted in [49], [50]).
An example that enhances the suitability for robotic systems
is addressed in [48], where the concept of a ‘‘robotic baby’’
is introduced and defined as the system-level requirements,
through the V-model development process, to get a minimal
viable prototype designed, educated and validated to be
capable of learning and evolve.
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Furthermore, [51] uses the V-model methodology to
carry out a modular mechatronic infrastructure, particularly
for robotic planetary exploration among a field operation
scenario; which, under the Autonomous Robotic Networks
to Help Modern Societies (ARCHES) project, validated the
importance of the verification and validation process as a
critical asset to ensure that requirements are aligned to the
target’s application in robotic applications. In a similar way,
[50] shows how, from the perspective of a robotic platform
designed for sanitizing purposes, the V-model enhances the
way robotic platforms can be developed in a systematic path
to reduce performance uncertainty in the final product.

Summarizing the concepts from the robotics development
process from [47], [48], [49], [50], and [51], Fig.4 shows the
V-model structure adapted to the RaccoonBot’s development
process, where the input of the development process are the
required robot’s solar-tracking, wire-traversing, and energy-
aware features, and the expected output is the RaccoonBot
itself. This V-model adaptation, also drags inspiration from
the described V-model for electrical systems addressed by
SIEMENS in [52] for industrial applications.

FIGURE 4. V-model adapted to the RaccoonBot development process.

The following section explains in greater detail how the V-
model from Fig.4, is embraced for the development of each
system required for the RaccoonBot’s integration and further
performance evaluation, as this is one of the contributions
of this work. Additionally this work also analyzes, from a
system-level, the requirements for a proper PV integration
through the V-model methodology; since, as explained
in [30], there has been a research gap between the control
circuits, the systems that integrate the energy harvesting
process, and techniques dedicated to maximize the electrical
power produced by a PV source, which is crucial from the
perspective of a robot that critically needs solar power to
extend its operating time to achieve energetic persistency over
time.

From the perspective of the adapted V-model described in
Fig.4, Section III will introduce the RaccoonBot from the
perspective of the 2. High-level system design, 3. Subsys-
tems design and Detailed system design stages, meanwhile
Section IV will dive into the subsystems integration to the
PV source from the perspective of the Subsystem tests and

Integration tests stages, and Section V highlights the energy-
aware features of the robot through the Validation tests
stage. Additionally, Section VI presents the Operation and
prototype evaluation stage through the results presentation.

III. RaccoonBot
The RaccoonBot is a mechatronic system that needs to be
designed as a reliable robotic platform for persistent environ-
mental monitoring. As a result, the first step is to apply the
adapted V-model to understand the requirements to feature
a proper development. Among the general requirements, the
RaccoonBot’s design process has the following objectives:

• Create a robotic platform capable of acquiring envi-
ronmental data even in hard-to-reach scenarios between
trees (wire-traversing robot).

• The robot must withstand the weather conditions it may
face (tough windy or rainy conditions endemic to the
California application site).

• The Robotic platform must be bio-inspired to enhance
environment preservation and to be minimally invasive
for the environment in which it moves.

• For persistence over time, the robot needs to perform
continuous operationswithout constant need for external
charging, which is why it needs to be solar-powered.

• To increase the probability of the robot getting access
to direct photovoltaic power, energy-aware mobility is a
desired feature enabled by a solar-tracking algorithm.

With those requirements in mind, the V-model methodol-
ogy addresses the need to move forward in the development
process to a High-level system design, to start shaping the
features to be implemented.

A. HIGH-LEVEL SYSTEM DESIGN
Fig.5 shows the main systems that constitute the high-level
system design, which are the general features to fulfill
application requirements.

FIGURE 5. Main high-level features for the RaccoonBot.

The mechanical system addressed in Fig.5 is the part of
the robot in charge of keeping it safe even against rough
weather conditions, while still ensuring a smooth and reliable
displacement through the actuation system.
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In addition, the electrical system is designed to accommo-
date the power electronics required to drive the actuator and
the power conversion required to regulate the battery’s power
into all the digital components, such as the microcontroller
unit (MCU) and the sensors. Also from Fig.5, it can be seen
that the photovoltaic integration stage is the part of the robot
development process in charge of the energy harvested, which
is needed to charge the battery and to enable the energy-aware
mobility features, and to be able to position the robot where
it can find direct access to solar power.

B. MECHANICAL SYSTEM DESIGN
The RaccoonBot’s mechanical system is designed to meet
specific technical requirements that ensure reliable operation
in outdoor environments. The structure must support a total
payload of up to 15 [kg](the RaccoonBot weights around 5
[kg]), which includes the power electronics components,
actuation system, and battery pack, while maintaining a
lightweight design to optimize energy efficiency. Addition-
ally, the traction mechanism must provide sufficient friction
and grip on the wire to prevent slippage and enable smooth
wire-traversing under varying environmental conditions.

The system also requires a high-torque motor capable
of delivering at least 0.15 [N·m] (RaccoonBot’s motor can
deliver up to 0.8 [N·m] before the 28:1 ratio gearbox) to
overcome mechanical resistance during movement. Con-
sequently, the mechanical frame (RaccoonBot’s body) is
designed to ensure durability and resistance to environmental
factors; such as, temperature fluctuations and humidity,
ensuring long-term deployment in remote locations. Finally,
for the RaccoonBot’s development, modularity and versatility
are key considerations, to enable easy assembly,maintenance,
and potential system upgrades.

Moving forward to the subsystem design stage and to
a more detailed description of the mechanical stage, the
designed mechanism satisfies the reliability requirements
against wire perturbations to ensure a fail-safe design.
Moreover, the mechanism enables the robot to safely remain
on the wire even in the event of an electrical failure.

Consequently, Fig. 6 shows the mechanism in charge of
the actuation system inside the RaccoonBot, where a single
actuator is needed to provide the torque (τ ) to enable the
linear displacement of the robot. As additionally highlighted
in Fig. 6, the designed structure for this application is a worm
with a two gears mechanism, where the torque induced by
the actuator is increased by the speed reduction caused by the
gears in a 1:28 ratio.

The worm-gears mechanism designed for this application
was selected for the mechanical advantages inherent in this
type of gearbox; such as a large reduction ratio and non-
backdrivability (as explored in [53]). This large reduction
ratio allows the mechanism to better exploit the torque
generated by the actuator, which enables a reliable platform
that can travel smoothly along the wire even against different
inclinations due to the wire tension.

FIGURE 6. Worm with two gears mechanism designed as the actuation
system.

As shown in [53], the non-backdrivability feature of worm-
gear mechanisms means that they are able to safely hold on to
a position in the wire without consuming additional energy.
In other words, since the mechanism is non-reversible, the
gears will only move due to torque applied by the actuator
(through the motor axis in Fig. 6), but when there is non
torque applied by the actuator, the mechanism self-locks and
enables the robot to safely keep its position even in the event
of a possible electrical failure (or shortage).

Both the non-backdrivability and the self-locking features
are critical for persistent environmental monitoring appli-
cations, since the robot needs to remain safe at all time,
even against unpredictable disturbances that the RaccoonBot
may face due to rough weather conditions, objects colliding
with the robot, and electrical failures among others. With
those considerations in mind, Fig. 7 presents the free body
representation of the mechanism inside the robot.

FIGURE 7. Free body representation of the mechanical features of the
RaccoonBot.

As depicted in Fig. 7, the RaccoonBot’s motion relies
on the combination of support pulleys and the worm-
gears mechanism between them, which is housed inside the
RaccoonBot’s body. Although the pulleys are responsible for
all the Y-axis forces, as a safety measure the wheels in charge
of the X-axis displacement are designed in such a way, that
they can support the whole robot’s weight in case of pulley
failure. Addressing themain forces interacting among the free
body diagram from Fig. 7, Table 3 shows the overview of the
variables that represent them.

VOLUME 13, 2025 73267



E. Mendez-Flores et al.: V-Model Based Integration of Mechatronics and Power Electronics

TABLE 3. Mechanical system variables for the RaccoonBot’s mechanism.

The free body representation shows how the pulleys
arrangement enable force-decomposition, since the pulleys
placed as the RaccoonBot’s hands handle the forces in the
Y-axis related to the weight, which creates a tense flat path
with the wire that allows the actuation system to be only
affected by the horizontal forces; which, in turn, improve the
effects of the motor’s torque. Thus, as addressed by Fig. 6, the
conversion ratio of the torque (τ ) is 28:1 due to the gearbox
reduction.

To understand how the electrical design inside the Rac-
coonBot operates to drive the actuator inside the robot, the
following subsection presents the details of the electronics
subsystem.

C. ELECTRICAL SYSTEM DESIGN
For the development of the electrical system inside the
RaccoonBot, the main requirements to address are the
constant need for a reliable and efficient circuit suitable
to achieve electrical autonomy, to be integrated with the
photovoltaic subsystem required to enhance the battery’s
charge time. Consequently, to provide a clear track to under-
stand the electrical system designed for the RaccoonBot,
Table 4 presents the main electrical specifications of the
design, meanwhile Fig. 8 introduces the blocks-diagram
with the most relevant components of the electrical structure
embedded inside the RaccoonBot.

TABLE 4. Electrical system technical specifications.

In Fig. 8, the first part of the circuit is highlighted as the
Energy storage stage, where the power from the PV system is
regulated through aDC-DC converter featured as aMaximum
Power Point Tracking (MPPT) battery charger. The MPPT
circuit takes the unregulated voltage and current from the
PV system, to maximize the energy harvested to charge the
battery. The battery powers the electrical circuit inside the
RaccoonBot; however, the power electronics that drive the
motor, the sensors, and the digital components are connected
to different power supplies.

We start with a step-by-step description of why multiple
DC-DC converters are needed as Power Management Inte-
grated Circuits (PMICs) for this application. The first PMIC
is the DC-DCBuckBoost converter attached to theMCU, this
circuit is in charge of regulating the power from the battery
into a digital voltage to power the ATmega32U4. Which,
when analyzing the application needs through the V-model
requirements analysis stage, it is clear that maximizing the
operating range in which the MCU can operate, is critical
to ensure safe operations for longer periods of time; and
according to [54], the way to go is using a buck-boost
converter since it allows stepping down the battery voltage

FIGURE 8. Electrical design embedded inside the RaccoonBot. The doted lines represent the data acquired from all the sensors in the
circuit, and all the continuous lines represent all the electrical signals.
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into a digital voltage when it is fully charged, but enables
operating boosting the output voltage when the battery
discharges bellow the 5[V] range, which extends the working
time of the RaccoonBot.

This circuit design has two buck-boost converter and both
have 5[V] as output. The main reason is the requirements
developed at the beginning of the V-model, the robot needs
to achieve persistency over time; to fulfill that requirement
the robot is designed to enter into a ‘‘sleep-mode’’ when
non-displacement is needed. When the RaccoonBot is in
sleep-mode, to minimize the power consumption of the
circuit, the MCU disables the power supplies from all the
sensors and the power electronics stage from themotor driver.

That is why Fig. 8, shows two enable signals coming from
the MCU to drive two power supplies in the circuit. The
first one, to enable the PMIC that powers all the sensors and
the digital components inside the RaccoonBot; meanwhile
the other one, is designed to enable the boost converter
that powers the DC motor driver stage. Moreover, the block
described as RTC is a Real-Time-Clock module, which has
an external CR2032 battery that powers the IC to ensure
energetic autonomy for over a year.

The RTC module is adapted for this application so that,
when the robot finishes its solar-tracking and sensing duty,
it can configure an alarm so that the MCU can sleep until
an external interrupt triggered by the RTC’s alarm wakes-it-
up. Fig. 9, summarizes the states that the robot operates in as
related to the RTC module, where the middle dark blue states
are the ones where the robot turns-off the ICs that it is not
using and enters the MCU’s sleep-mode.

FIGURE 9. High-level states diagram related to the RTC operation inside
the RaccoonBot.

This integration with the RTC module allows minimizing
the overall power consumption, since the only components
connected in active mode to the battery will be the ones
required for the robot to wake-up, allowing a reduction
of more than 75% to the power consumption when the
robot is charging the battery or, when it is not performing
environmental sensing activities and there is no solar power
available.

For the PMICs in this application DC-DC converters are
used, since according to [54] it is well known that switching
power supplies are suitable for applications where efficiency
is critical (such as persistent environmental monitoring).

Therefore, Fig. 8 also shows how a boost converter is used to
step-up the nominal 7.4[V] from the battery to the required
12[V] for the motor driver (H-bridge). All the selected
converters for this electrical design report around 90% of
efficiency, which enables minimizing energy losses due to
parasitic elements.

Additionally, the PMICs arrangement addressed in Fig. 8
is the key design-wise difference when compared to the
approach presented in [8]. Hence, Findings in [8], enabled
validating that to push even further the RaccoonBot’s
operation time, using separated DC-DC converters provide
a solution that allow the RaccoonBot to turn-off all the
components that where not used at each stage.

This electrical circuit, together with the mechanical design
from the previous subsection, build the mechatronic system
required to perform the environmental monitoring tasks that
the robot was designed for. Yet, to fulfill the persistency
over time requirements of this application, the integration
with RES is needed and explored with greater detail in the
following section.

IV. PHOTOVOLTAIC INTEGRATION
When talking about photovoltaic systems, [30], [54] show
how the proper integration between power converters, solar
panels and optimization algorithms is needed to maximize
the energy harvested through time. Hence, to understand the
integration from a system design-level for the RaccoonBot,
this section fills the gap of the development process carried
out by the V-model adapted structure.

A. SUBSYSTEM MODELING
To understand the dynamic electrical features of the system,
and to enable a proper solar panel selection for this applica-
tion and a reliable solar-tracking algorithm, the mathematical
model needs to be addressed to fulfill the V-model’sDetailed
system design phase.
As PV systems are capable of converting sunlight into

electrical power, [30] explains that there are different
approaches to understand how solar irradiation together
with climatic conditions (Temperature) are translated as
current, and subsequently voltage when the impedance at
the solar panel terminals is modulated. As explored in [40]
and validated through [30], the Single-Diode Model (SDM)
enables simulating the PV system dynamic features under
different solar irradiation and temperature scenarios. A key
feature of this model, is that it allows understanding how the
voltage and current profiles can be used as design features for
a proper solar panel selection. Thus, the equivalent circuit of
the SDM solar panel representation is presented in Fig. 10.

Even though the SDM represents a good balance between
accuracy and simplicity (as detailed in [55]), this model
finds its main limitations under low irradiance conditions for
thin-film-based solar cells (as studied in [30]) or when
modeling losses in the depletion region (as explored by [56]).
Still, since this application requires modeling the dynamic
features of the solar panel to be integrated around Standard

VOLUME 13, 2025 73269



E. Mendez-Flores et al.: V-Model Based Integration of Mechatronics and Power Electronics

FIGURE 10. Electric diagram of the single-diode with ohmic losses
equivalent model for PV systems.

Test Conditions (STC), [30] highlights that the SDM is
effective to enable the I-V (Current-Voltage) and P-V (Power-
Voltage) profiles characterization of the solar cell.

Additionally, from Fig. 10, it can be analyzed how solar
irradiation (G) and temperature (T ) make the solar panel
work as a current source that supplies the output current I .
Therefore, by applying Kirchhoff’s Current Law (KCL) to
the circuit, I can be defined as represented by Eq. (1).

I = Iph − Id − Ip, (1)

where Iph is the current generated by the solar cell, meanwhile
Id is the current consumed through the diode, and Ip the
current along the parallel parasitic resistor.

Consequently, [40] shows that Iph can be rewritten to
consider the effect of the solar irradiation G and the PV
panel’s temperature T as input variables, which can be
explained as shown by Eq. (2).

Iph =
G

GSTC
· [IphSTC + µsc(T − TSTC )], (2)

where µsc is the temperature coefficient at short circuit
current. Moreover, the repeated variables with the STC
subindex refer to those variables but under Standard Test
Conditions, which means: G = 1000 [W/m2] and
T = 25 [◦ C].

Going deeper into the diode’s current Id term from Eq. (1),
Eq. (3) represents the mathematical expression considering
the input variables (G and T ).

Id = I0 exp
(
V + I · Rs

a
− 1

)
, (3)

where I0 is the diode’s reverse saturation current, V is the
voltage supplied by the solar panel across its output terminals,
and Rs is the series parasitic resistance from Fig. 10.
Also from Eq. (3), a represents the term know as modified

ideality factor, which [30] explains that serves the model as a
change of variable term addressed by Eq. (4).

a =
NS · A · k · Tc

q
= NS · A · VT , (4)

where VT represents the thermal voltage, Ns is the number
of solar cells connected in series inside the module, A is
the ideality factor, k is the Boltzmann constant (1.381 ·

10−23[J/K]), Tc is the cell’s temperature, and q is the
electron’s charge factor (1.602 · 10−19[C]).

Going back to Eq. (3), the saturation current I0 can be
defined as shown by Eq. (5).

I0=

[
IscSTC exp

(
−Voc
a

)] (
Tc

TcSTC

)3
exp

[(qεG
AK

) (
1

TcSTC
−

1
Tc

)]
,

(5)

where Isc is the short-circuit current, Voc is the open circuit
voltage, and εG is the material’s band-gap energy.
Nevertheless, there is still a term remaining from Eq. (1)

to be addressed to complete the system’s model, which is the
current leaked across the parallel resistor Ip, which can be
explained through Eq. (6).

Ip =
V + Rs · I

Rp
. (6)

Fig. 11 shows a breakdown of how Equations (1)–(6)
interact with each other to mathematically describe the I-V
output of the PV system.

FIGURE 11. Overview of the Equations that describe the SDM.

Moreover, in order to facilitate the analysis of Fig. 11
breakdown, a summary of the variables needed for the Single-
Diode representation is presented in Table 5.
To understand how this model fits into the subsystem

integration, Fig. 12 shows the current against voltage
(I-V) and the power against voltage (P-V) profiles of the
solar panel integrated on the RaccoonBot (as validated by
the model implementation from [57]). The I-V profiles

TABLE 5. Single-Diode model variables summary.
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FIGURE 12. Current and Power against Voltage (I-V and P-V) Profiles of the solar panel integrated in the RaccoonBot,
showing the how the Maximum Power Point (red circles in each profile) changes under different irradiation (a,b) and
temperature (c,d) changes.

(Fig. 12a) and c)) are achieved through a voltage sweep,
in order to estimate the resultant current at each given voltage
value; on the other hand, the P-V curves (Fig. 12b) and d)) are
delivered by the relation given by P = V · I .
Also in Fig. 12, the highlighted in dark red profiles are

the power and current curves of the solar panel under STC
(G = 1000 [W/m2] and T = 25 [◦ C]), which helps
analyzing the dynamic behavior of the PV source when
the irradiation or the temperature input values change. This
validates if the dynamic features fulfill the requirements,
since this solar panel is intended to be used as the charging
source for the battery through the Buck DC-DC converter
that performs the MPPT charging functions (as shown in
Fig. 8). Additionally, the red circles represent theMPP in each
curve, which also validates the need for power regulation in
order to track the MPP to harvest more power from the PV
source.

To ensure the reproducibility of the parameters character-
ization of the solar panel integrated on the RaccoonBot, the
simulation parameters where directly taken from the specifi-
cations provided by the manufacturer’s datasheet addressed
in [58]; where, the solar panel for this application is a
Monocrystalline 9[W] 18[V] ETFE Solar Panel from Voltaic
Systems®, with part number P108. The main solar panel
parameters taken from [58] used for this characterization are
summarized in Table 6.
Therefore, Fig. 12c) and d) show the expected behavior

of the solar panel when direct sunlight hits the solar panel
under different temperature scenarios, which is a temperature
range endemic from the application site (California, USA).
Consequently, this validates the suitability of the PV panel
to perform as the solar charger for the battery inside the
robot.

TABLE 6. RaccoonBot’s solar panel parameters for characterization.

Moving forward to the integration of the solar panel with
the robot, the following subsection presents the summary of
the integration tests, performed as part of the Integration Tests
stage of the V-model process from Fig. 4.

B. INTEGRATION TESTS
To validate a proper system integration between the power
electronics, the digital elements and the solar panel inside
the RaccoonBot, experimental data was acquired as part of

FIGURE 13. General structure for the integration tests.
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the validation set of stages addressed in Fig. 4. To that end,
Fig. 13 presents the general structure to acquire the data
of the integrated system in this section, where HMI stands
for Human-Machine-Interface which is the serial interface
designed for monitoring purposes.

Consequently, Fig. 14 shows a 30[sec] sample of the data
acquired during the integration tests performed to validate the
implementation. Fig. 14a shows the power profiles acquired
from the solar panel, the charging power and the power
consumed by the robot’s circuit when the RaccoonBot stops
moving on the wire but with all the subsystems on.

In the power profiles from Fig. 14a, the battery discharging
profile shows to be around a constant 0.025[A]±0.003[A],
where the behavior reflects a clear stable power consumption
when all the electrical subsystems are on. On the other hand,
Fig. 14a shows how the power from the solar panel and the
charging power (power consumed by the battery) is slowly
decreasing, which is an expected dynamic through the fact
that when batteries charge they start drowning less power
from the power supply when approaching their full charge
state.

To understand if the integration tests were successful or
not, it is critical to address the environmental conditions
under which the tests took place, to compare results with the
expected behavior. Therefore, through data from [59] it can
be estimated that the average solar irradiation at the moment
of the tests was around 673.1[W/m2] at 15[◦C], which
according to the solar panel power profiles from Fig. 12,

means that the expected maximum achievable power from
the solar panel can be up to 7[W] under the given conditions.
Hence, the power profile from the solar panel addressed in
Fig. 14a clearly validates the functionality of the MPPT to
achieve the MPP under the testing conditions.

Then a new question arises, how to validate that the power
acquired is still the MPP available on the given conditions?,
Since solar irradiation and the battery charge can both affect
the energy harvested. To solve that issue, [60] brakes-down
how the current and voltage behave under different input
variations, where results show that to validate that the MPP is
found the best solution is look at the voltage profiles, since the
VMPP (voltage at MPP) has almost a steady behavior through
time when the MPP is reached, unlike the IMPP profile that
usually follows the power profile dynamics.

Therefore, Fig. 14b and Fig. 14c show the voltage and
current profiles sampled from Fig. 14a decomposition, where
it is validated the expected dynamics of VMPP and IMPP. From
Fig. 14c, it can be clearly seen how the current drown by
the battery is decreasing over time even if the discharging
current remains the same; and, since the solar irradiation and
temperature conditions remained the same during the test,
it can be deduced that the only variable changing is the actual
charge from the battery, which validates that the integration
of the solar panel with the power electronics is capable of
charging the battery as expected.

Additionally from Fig. 14, when zooming into the battery
voltages addressed in Fig. 14b, it is validated how the voltage

FIGURE 14. Experimental a) Power, b) Voltage, and c) Current profiles from the integration tests,
taken from the solar panel and battery charging/discharging signals.
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measured in the solar panel to battery node follows the
same path as the voltage signal in the battery to load node.
Nevertheless, the voltage drop between both profiles is due to
the Schottky diode connected as the blocking diode to protect
the MPPT circuit when there is no sun power, where its only
objective is to block reverse energy flow from the battery
into the PV array and the MPPT circuit. Hence, the dynamic
features of the voltage are not affected but a small voltage
drop is induced.

As a result, with all the the electromechanical subsystems
in place for the RaccoonBot’s implementation, the following
section introduces the solar-tracking algorithm designed to
enable the energy-aware mobility features of the robot.
Where the algorithm’s design process will be addressed as the
subsystem integrated through the V-model structure, starting
from the conceptualization of the algorithm, following by the
simulated solar-tracking dynamics of the robot, and finally
leading to the validation stage in the final product.

V. SOLAR-TRACKING ALGORITHM
As presented in Fig. 12, Temperature (T ) and Solar irradiation
(G) variations along a regular day make the Maximum Power
Point (MPP) to have unpredictable dynamics. This is why,
from the power electronics perspective, [30] explains how the
issue is dealt by MPPT algorithms implemented through DC-
DC converters (as we do in the RaccoonBot electrical frame
from Fig. 8).
As can be analyzed from the power profiles from Fig. 12b)

and d), changes in solar irradiation cause more aggressive
variations in the MPP available under those environmental
conditions. This also means that when there is no direct
contact of the solar panel with sunlight, the available power
decreases due to the lack of solar irradiation.

Consequently, the work in [61] shows how the orientation
and position of the solar panels have a critical role in
the energy harvesting process; which is why together with
MPPT, for some scenarios where PV sources don’t have
direct contact to direct solar power, Solar Tracking Systems
(STS) have gained greater relevance. Therefore, this section
explores where the RaccoonBot fits among the STS solutions,
and how the tailored solar-tracking algorithm is integrated
into the development of the robot.

A. SOLAR TRACKING SYSTEMS
Usually a STS seeks to maximize the energy harvested from
the PV panel by optimizing the angle at which the panel
receives solar irradiation (known as angle of incidence);
where the objective is to minimize the angle of incidence
by modulating the orientation of the solar panels. Moreover,
according to [62], STS can be understood mostly through
two types of tracking systems: Single-Axis STS (SASTS) and
Dual-Axis STS (DASTS).

In the case of SASTS (e.g., [63], [64]), the robotic system
is designed to work by tilting the solar panel on a one
axis, which is usually fixed aligned with the north or south
direction, in order to rotate from east to west to track the sun

from the moment it rises to sunset. To illustrate the dynamics
of a SASTS, Fig. 15a, highlights the rotating axis and the path
to be optimized.

FIGURE 15. General structure of Solar Tracking Systems.

On the other hand, in DASTS (e.g., [65], [66]) the robotic
system allow solar panels to rotate on two axis, usually
aligned both with the north-to-south and the east-to-west axis.
The main difference of these systems when compared to the
SASTS, is that the dual-axis system enables tracking the
seasonal variations in the height of the sunlight incidence,
in addition to the regular dawn to dusk daily dynamics.
To address this behavior, Fig. 15b shows the typical rotating
axis in a DASTS.

But, what happens when the issue to be addressed is not
only the sun’s position during the day but also overcoming
the obstacles (such as trees) between the sun and the solar
panel in the robot? Then, fixed STS are not suitable for the
RaccoonBot due to the partially shading conditions caused to
both the tree shades and the sun’s dynamics during the day.
That is why the RaccoonBot’s development also contributes
to the state-of-the-art mobile STS, where the robot needs to
be able to move along the wire to find a position with direct
access to PV power (as shown in Fig. 16).

FIGURE 16. Exemplification of the RaccoonBot’s need for a mobile Solar
Tracking System.

Also in Fig. 16, it is illustrated why the robot needs to be
able to move to be able to harvest solar power in the giving
wire-traversing application, which is a requirement defined in
the first stage of the V-development (Requirements analysis
and planification) process and designed in greater details as
part of stage 4:Detailed system design. To explain themoving
resolution of the solar-tracking system implemented in the
RaccoonBot, Fig. 17 presents the free body diagram of the
robot, but this time through the perspective of the elements
that interact for the estimation of the tracking resolution;
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which are: the wheels radius, worm-gears mechanism and the
encoder at the back of the motor.

FIGURE 17. Diagram of the variables in the RaccoonBot required to
estimate the solar tracking resolution.

Starting from the DCmotor selected for this design (model
5203-2402-0005 from ServoCity®addressed in [67]), the
attached quadrature encoder addressed in Fig. 17 has a
reported interpolated resolution of 145.1 PPR [67]; yet, since
for the robotic integration requires the native counts for the
signal processing through the MCU, the native resolution of
the motor inside the RaccoonBot is 36.275 PPR. But, since
the MCU can only read 1 or 0-logic states, then the reference
value taken for the encoder is 36 PPR.

Nevertheless, since the motor shaft passes through the
worm-gears reduction, the mechanism’s PPR resolution can
be defined as shown in Eq. (7).

CPWR = 28 · (CPREnc) = 1008[PPR], (7)

where, CPWR represents the Counts Per Wheel Revolution,
and CPREnc are the Counts Per Revolution from the encoder.
Now, since the radius of the RacoonBot’s wheels are r =

21.5[mm], the distance that the robot travels in a revolution
can be defined through the perimeter of the wheels as
presented by Eq. (8).

d = 2πr . (8)

If Eq. (8) is rewritten from the perspective of the required
revolutions to travel a given distance d , the result shown in
Eq. (9).

Revreq =
d

2πr
, (9)

where Revreq are the required wheel revolutions to travel a
distance d . Nevertheless, Eq. (10) shows how the revolutions
can be used to define the traveled distance using the encoder
counts as measuring unit.

denc = (Rev) · (CPWR), (10)

where, denc is the total counts the robot has traveled through
a certain number of wheel revolutions (Rev). Consequently,
the way to estimate the required counts in the robot to travel

a given distance d , can be explained through both Eq. (9) and
Eq. (10), which results in Eq. (11).

xc = (CPWR) ·

(
d

2πr

)
, (11)

where xc is the total counts the robot needs to travel to cover
the desired distance d , which is the equation used for the
position control of the robot.

RBres =
2πrxc
CPWR

=
2π (21.5[mm])(1)

1008
= 0.134[mm], (12)

where RBres represents the RaccoonBot’s resolution as a
linear STS, which is translated as the distance the robot will
traveled before receiving the first pulse from the encoder
in the motor. Consequently, RBres is the precision in which
the RaccoonBot can track the sun through the Solar-tracking
algorithm. The following subsection introduces the algorithm
behind the solar-tracking features of the robot, that enable the
energy-aware mobility dynamics of the robot.

B. RACCOONBOT’S SOLAR-TRACKING ALGORITHM
From the V-model adapted through the RaccoonBot devel-
opment process, the stages related to the System validation
phases (from Fig. 4) are addressed through the implemen-
tation of the solar-tracking algorithm, since this current
development requires all previous subsystems to be working
in order to be integrated into the robot.

As the RaccoonBot needs to track sunlight along the wire,
Fig. 18 presents the general structure of the mobile STS
algorithm developed for wire-traversing robots, which can
also be suitable for robots that seek to find an optimal position
along a horizontal line.

Starting with the peripherals, sensors, and algorithm
variables initialization, the flowchart from Fig. 18 shows how
the algorithm at the beginning updates the actual time (Ta)
variable through the RTC (connected as addressed in Fig. 8).
This is a critical feature, as it allows the system to gain
awareness. After updating Ta, the robot needs to find out if
the current time is inside the working ours, which is when
Eq. (13) is fulfilled.

Tw ≤ Ta ≤ Ts, (13)

where Tw is the waking-up time and Ts the sleeping time.
When the robot finds through the communication with the
RTC (RV-8803), that the current time is between the waking
and the sleeping hours, the robot will run the solar-tracking
algorithm, meanwhile if the actual time is out of that range,
the robot will enter a ‘‘Torpor’’ phase. This feature is bio-
inspired from the dormant state called ‘‘Torpor’’ which
is a state where, according to [68], Raccoons slow their
metabolism and their body temperature in response to adverse
environmental conditions, and inside their dens they fall
asleep wrapped around their tails to keep them warm. Unlike
an hibernation stage, [68] explains that this state can as short
as an overnight phase.
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FIGURE 18. Flowchart diagram of the RacoonBot’s STS algorithm.

In the case of RaccoonBot, this translates as the micro-
controller entering a deep-sleep mode, which disables the
DC-DC converters related to nonessential elements, where
only the DC-DC converter connected to the MCU (as shown
in Fig. 8) remains on; keeping the robot alive with reduced
power consumption during the sleep-mode. This enables
a slower discharge rate of the battery during sleep time.
The addition of the ‘‘Torpor’’ phase enables a significant
part of RacoonBot’s endurance. On the other hand, when
Eq. (13) is fulfilled the robot wakes-up and decides if the solar
tracking algorithm will be carried out, enabling adaptability
and awareness of its real-world environment.

To make that decision, the RaccoonBot uses an INA219
power sensor to acquire an initial power measurement (P0),
where the first condition seeks to find out through the power
signals from the solar panel if there is available sun power,
achieved by the knowledge that the INA219 gives a value of

P0 ≥ 0.05 [W ] under sunny conditions when the robot is
under tree shades, since low solar irradiation is still able to
pass through tree leaves. Consequently, the threshold for the
solar-tracking algorithm is taken as P0 ≥ 0.05 [W ].
The second condition to be fulfilled to enter the solar

tracking algorithm is represented by the variable A that can
be addressed through the conditions from Eq. (14).

A = (P0 < (GBest − GBest · 0.2)) ∨ (GBest == 0), (14)

where GBest represents the global best measurement of the
power from the solar panel, which was taken when the robot
was located at the xBest position in the wire.
Dwelling further into the meaning of the conditions of

Eq. (14), the condition will be fulfilled when the actual
acquired power (P0) is 20% less than the GBest power,
or when the initial conditions are uploaded (GBest = 0),
to ensure that the solar tracking algorithm will be carried out
at least one time.

Once the RaccoonBot decides its time to perform the
tracking algorithm, the initial values in the given position are
initialized as the first GBest and xBest values. Consequently,
the next step is to estimate the next position that the robot is
going to move to at the iteration i, which is estimated through
Eq. (15).

xi = xi−1 + (1x · I ), (15)

where xi represents the robot’s new position, xi−1 is the actual
one, meanwhile 1x is the step size that the RaccoonBot will
take, and I is the inertia coefficient that allows the algorithm
to converge through time.

Following the xi estimation, a boundaries constraints stage
is applied to ensure that the robot remains in-between the
limits of the wire (boundaries constraints block from Fig. 18),
this constraining process can be understood through the
flowchart presented in Fig. 19.

FIGURE 19. Flowchart diagram representation of the boundaries
constraints for xi .

After estimating and constraining the new position for the
robot, the RaccoonBot travels along the wire to that desired
position. Subsequently, the RaccoonBot waits a period of
time Tp as a standard procedure for devices that involve
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MPPT circuits; since, according [30], [69], MPPT algorithms
can take 50 [mSec] to settle at the MPP, and the idea is
to acquire the new Pi when the signal is established in the
maximum power point available at that current position to
compare them to the previous ones. Thus, Tp is assigned
be ≥ 50 [mSec].

Following the waiting period, the acquired Pi andGBest are
compared and ranked to decide if the robot found a newGBest
and hence a new xBest . On the other hand, if there is no new
GBest , the robot decides through the algorithm the direction
for the following step based on the vector generated by P0
and Pi as shown in Fig. 18.
Fig. 18 shows that after defining the new direction, the

inertia coefficient I is updated through Eq. (16), which
foreshadows how the algorithm starts to converge towards the
final position.

I = I · ζ , (16)

where ζ represents is the dampening coefficient, which is the
rate at which the step size will decrease. Finally, the P0 value
is updated and if the maximum iterations are not reached yet,
then the algorithm runs once again.

In the case that the maximum iterations have been reached,
the algorithm is reinitialized, a 10[min] alarm is set and the
robot enters its ‘‘Torpor’’ stage, where it sleeps until the
RTC wakes the MCU through an interrupt signal triggered
by the RTC’s alarm. An important difference between the
‘‘Reinitialize Parameters’’ block and the ‘‘Initial Parame-
ters’’ reinitialization block, is the step size initialization (1x);
since under initial conditions, the step size is bigger to cover
a wider area. But when the algorithm uses the ‘‘Reinitialize
Parameters’’ block, it is under the assumption that it is
closer to the sun; therefore 1x is reinitialized with a smaller
size to provide a finer and faster search with less power
consumption.

To summarize the main solar tracking features of the
algorithm, Fig. 20 shows the RaccoonBot’s behavior in a
sequence of figures addressing how the mechatronic system
converges into the GBest .
Fig. 20a shows the initial position of the RaccoonBot,

where it is designed to start on the left side of the wire and to
have an initial positive1x assigned to the right (moving to the
tail side of the robot). Therefore, with the initial conditions,
the robot takes its first step towards the x1 position in the wire.
In that position, the robot defines whether it found a better
position in terms of the energy harvested, or if it is not ranked
better when compared to x0.

After the RaccoonBot takes the decision on what direction
to take in the following iteration, the RaccoonBot takes
a damped step towards x2. If the RaccoonBot finds that
direction led to a new best position energywise, then the robot
will continue to explore in that direction and move in that
same direction for its new position x3. Yet, Fig. 20b shows
that when the step to be taken leads to a position that is outside
the boundaries, then the robot gets a new cropped position to
move on to, through the process described in Fig. 19.

By comparing the step taken from x2 to x3 (Fig. 20b)
against the step from x3 to x4 (Fig. 20c), it is clear that the
step taken to x4 is greater than the one taken to x3 but still
smaller than the one taken to the x2 direction. That is because
the rate on which the subsequent steps gradually decrease
is not affected by the boundaries the system takes to keep
the robot safely inside the searching space, nevertheless after
the boundaries are applied, the robot’s 1x sign changes to
ensure that the robot looks for a new GB outside the reached
boundary position.

In the case of Fig. 20c and Fig. 20d, it can be seen how the
dampening ratio ζ affects the inertia coefficient I to allow the
robot to start converging as the iterations go. Therefore, after
the RaccoonBot continues its solar-tracking path, it starts

FIGURE 20. RaccoonBot’s behavior during the solar-tracking algorithm.
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converging into its final position by moving around the
point in the wire where the robot finds more solar power
through time, which leads to the robot resting in the position
where it can harvest the most solar power to charge the
battery. Altogether, the RacoonBot’s awareness, adaptability
and endurance against different environmental conditions,
were taken into consideration through the algorithm’s bio-
inspired features, which reinforces our robot’s reliability.

Now, since [47] explains how the general structure of a
mechatronic system developed through the V-model requires
to include a simulated performance evaluation to move
on into the system’s experimental validation, the following
subsection presents the simulated performance of the system
integrated to the solar-tracking algorithm, which is later
validated through the results in this paper.

C. VALIDATION TESTS
To fulfill the simulated validation required by the develop-
ment process, Fig. 21 presents the first environment created
to analyze the expected behavior of the RaccoonBot, which
also serves to properly calibrate the solar tracking algorithm
according to the implementation scenario.

The wire position plot from Fig. 21 represents the
RaccoonBot tracking the sun in a wire which is 8[m]
long, where the sun position shows where the robot should
expect to harvest more solar power. On the other hand, the
power profile from Fig. 21 is simulated to be as a Gauss
membership function as presented by Eq. (17), in accor-
dance to the expected irradiation performance visualized in
Fig. 20.

f (x) = e
−(x−c)2

2σ2 , (17)

where σ is the standard deviation taken as 0.5[m], c is the
function’s mean (expected position of theMPP) taken as 3[m]
for this simulation.

FIGURE 21. Simulated environment for the solar tracking features of the
RaccoonBot.

Among the properties of membership functions that
make them suitable for this simulated validation, is that
membership functions take into consideration normalized
values between 0 and 1. This simplifies the validation
process, by identifying the point where the robot can harvest

the most power while tracking the sun, independently from
the actual wattage or irradiation values it might represent.
This approach is particularly suited for the simulation, as its
primary goal is to validate the performance and dynamics of
the solar tracking algorithm.

To that end, Fig. 22 the simulated dynamics of the solar
tracking subsystem embedded in the RaccoonBot. First, the
actual power profile in Fig. 22 represents the power sensed
by the robot at each iteration, where it is reflected how the
inertia coefficient enable the robot to converge through time
in the position where the robot is able to harvest more solar
power.

FIGURE 22. Performance profiles from the simulated validation tests.

The maximum power curve from Fig. 22, shows the
convergence plot of the global maximum found over time,
which enables validating the algorithm’s searching process
as a single solar tracking agent. When compared to the actual
power plot, it can be seen how the robot ‘‘bounces’’ around
the position where it can harvest more solar power and the
algorithm makes it converge through time.

Additionally from Fig. 22, the distance traveled profile
highlights the convergence plot of the robot’s displacement
at each step during each iteration, where it can be seen
how the first 1x was taken as 4.25[m], which constantly
decreases due to the dampening coefficient coded in the
algorithm. Yet, the distance traveled convergence plot also
shows two segments where the decreasing rate was not
constant, that modification occurred due to the robot reaching
the boundaries and thereby to the correcting decisions taken
as addressed in Fig. 19. To deepen into the effect of the
boundaries correction process, Fig. 23 shows two more
simulated results to explore in a better way the solar tracking
features of the RaccoonBot starting from x0 = 0.
On the one hand, Fig. 23a shows a simulated power profile,

where multiple local maximums are placed near the global
best position, in order to evaluate the algorithm’s ability to
avoid getting stuck into a local solution. Below the power
profile, the performance evaluation curves are presented as
done so previously for 22. The test from Fig. 23a, allows
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FIGURE 23. Algorithm validation tests against multiple harvesting profiles, simulating when there are multiple local maximums around the
global best.

analysis of how the boundary correction affects the harvesting
process when the best solution is near one end of the wire.
It can be observed that, the maximum power curve of Fig. 23a
shows the convergence plot of the global maximum found
over time, enabling the algorithm to validate the searching
process as a single solar tracking agent. When compared to
the actual power plot, it can be seen how the robot ‘‘bounces’’
around the position where it can harvest the most solar power
and the algorithm converges.

To address the benchmark equation related to this test,
Eq. (18) shows the mathematical expression used to simulate
the power profile in this experiment.

f (x) =
sin (x + 1) + sin ((3.33) · x + 1) + 1.8

3.8
. (18)

In this particular case, it can be seen how even when the
robot started the first iteration by taking a step across the
half of the wire (1x = 4.25[m]), the robot managed to
come again to the end of the wire to converge into the Global
best solution. Additionally, it can be noticed that because the
optimal position is near the starting point, convergence is
quickly reached.

On the other hand, Fig. 23b presents the other set of
plots related to a scenario where the best position is nearby
the middle of the wire. For this case study, Eq. (19) shows
the equation that describes the power profile used for this
simulated environment.

f (x) =
sin (x + 10) + sin ((3.33) · x + 10) + 2

4
. (19)

It can be seen from this test how the boundary corrections
decreased to only one when compared to the previous tests,

since in this case the robot spends more time in the middle of
the wire. Here, the maximum power curve of Fig. 23b shows
the convergence plot of the globalmaximum takes longer than
Fig. 23a, this is because the optimal position here is further
away from the initial position at x0 = 0. When compared to
the actual power plot, it can be seen how the robot ‘‘bounces’’
around the position where it can harvest the most solar power
and converges through time, as expected.

It is important to highlight that both Fig. 23a and Fig. 23b,
are exaggerated scenarios designed to take the algorithm
validation tests to the limit, since in the actual experimental
setup where the RaccoonBot will be placed, the expected
profile has greater affinity to the power profile from Fig. 21.

Since this tests where specially design to evaluate the
performance of the algorithm, in addition to find the
proper tunning for the final experimental validation of the
RaccoonBot’s implementation, Table 7 shows the parameters
used for the simulated results in this section, which are
the same parameters tuned for the experimental results
introduced in the following section.

TABLE 7. STS algorithm calibration parameters.
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It is important to highlight that, the difference between the
final implementation of the RaccoonBot and the simulated
validation tests relies in the step sizes, since in all the
simulation tests the RaccoonBot start from x0 = 0 with
an initial step size of 1x = 4.25[m]. Meanwhile in the
experimental setup, the RaccoonBot is left there for several
days to validate its reliability, and since Fig. 18 shows that the
complete structure of the algorithm takes into consideration
several sleeping and waking-up operations, where during
‘‘working hours’’ the robot only uses 1x = 4.25[m] at the
beginning of each day, and uses 1x = 1[m] every time the
robot wakes up after the first solar-tracking operation.

Another important difference between the simulated and
the real environment, can be found in the number of solar
tracking iterations the robot takes to finally rest in the
charging position; since Table 7 introduces that for the
experimental setup the robot will only take 50 iterations for
its tracking operations, mostly decided due to the performed
validation tests, where Figs. 22 and 23 show that 50 iterations
are enough to fulfill the robot’s task.

Moving on to the final outcome developed through the
V-model design methodology adapted for this environ-
mental application, the following section focuses in the
RaccoonBot’s itself, from the perspective of the final product
developed and also from the validation point of view; where
according to [47], is a critical measure to evaluate the success
of a mechatronic system design through V-model structures.

VI. RESULTS
Summarizing the results carried out by the V-model devel-
opment process, adapted to the research and development
of environmental solar-tracking robots, Fig. 1 shows the
RaccoonBot as it was deployed to gather the data addressed
in this section.

As this paper contributes to the system integration state-of-
the-art, through the adapted V-model design methodology to
bridge mechatronic systems and power electronics to develop
a robotic system for environmental monitoring, the first result
to address in this section is the adaptation of the V-model
for environmental monitoring robotics itself. To simplify
understanding the development process described in Fig. 4,
and how it is adapted throughout this paper, Fig. 24 shows
the V-model with the figures from this paper embedded in
each stage as they relate to each stage of the RaccoonBot
development and deployment.

From Fig. 24, it can be seen how the implementation is
the actual base of the V structure. Consequently, the left side
of the diagram represent all the sequence that throughout
this paper the requirements were translated into the system
design phases; meanwhile, the right side shows how through
the implementation stage, the development process enters an
iterative validation process towards the final implementation
of the RaccoonBot in its actual environment (final product
deployment).

Fig. 24 also presents how the final stage is the expected
demonstration that the prototype operates as it should, and the

FIGURE 24. V-model adapted to the RaccoonBot’s resultant prototype.

RaccoonBot is the outcome at the end of the development pro-
cess. Therefore, since stage 9 is the Operation and Prototype
Evaluation phase described in Fig. 4, the following results
are focused in the operation and performance evaluation of
the robotic system. Hence, Fig. 25 shows the interior of the
RaccoonBot in the experimental setup, in addition to the
connection to the monitoring computer to acquire the data to
be analyzed.

FIGURE 25. RaccoonBot during the data acquisition experimental setup.

For the data acquired through the RaccoonBot, a USART
interface is used to communicate the HMI (Human-Machine
Interface) with theMCU inside the RaccoonBot, as presented
in Fig. 25. In that setup, it is also shown the initial position of
the RaccoonBot before each test, always defining x0 = 0[m]
in one end of the wire where there’s no direct access to solar
power.

In order to evaluate the performance of the RaccoonBot,
Fig. 26 shows the power profiles acquired through the
experimental setup at 2 pm during different days of the week,
in order to evaluate under similar conditions the consistency
in the operation of the RaccoonBot.

Additionally from Fig. 26, the mean values are highlighted
to address the average best position in which the robot
harvested the most solar power, and the average maximum
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FIGURE 26. Acquired power profiles along a week.

power achieved by the solar power in that position on the
wire.

Among the power profiles, the consistency of the dynamic
features of the RaccoonBot can be graphically analyzed, since
evenwhen theweather conditionswere similar but not exactly
the same during the different tests, the robot still managed to
find the best position on the wire to still be able to harvest
solar power to charge its battery.

The power profiles show how each new day of the week,
RaccoonBot starts at position x0 = 0 and finds the best
position for maximum average power. Graphically Fig. 26
reveals that on some days, the maximum power can be higher
(Monday), and on other days the maximum power can be
found at a different position (Sunday). The results of Fig. 26
showcase RacoonBot’s adaptability and awareness, enabling
its endurance.

To evaluate even further the RaccoonBot’s operation
and performance throughout the different deployment tests,
Table 8 shows a summary of the quantified results from the
daily tests, which provides a clear perspective that the robot
autonomously found the best position to harvest the most
solar power each day.

TABLE 8. Summary of the RaccoonBot’s quantified results.

From Table 8, it is clear that after settling down in the
best position, the solar panel in the given configuration was
able to supply every day at least over 7[W], to charge the
battery; which enables successfully validating the integration

through the design methodology. Yet, to validate the dynamic
behavior of the integrated solar-tracking system, a compari-
son against the simulated behavior is needed.

Following the simulated environment from Fig. 21, the
simulated and experimental behavior can be compared under
the same circumstances. To achieve a fair comparison, the
mean values can be used to generate the simulated profile
through the average maximum power and the average best
position it was found on; which is why those values are
estimated and addressed first in Fig. 26, and later presented
in Table 8.
Therefore, by substituting the estimated mean (3.1043[m])

and standard deviation (0.3416[m]) into the membership
function from Eq. (17) to fit the power curves, the dynamics
of the robot can be compared to the simulated scenario. If the
power profiles from Fig. 26 are normalized and then the
7.60[W] is used as a reference for the maximum achievable
power, a simulated profile can be obtained. Fig. 27 shows
this simulated power profile compared against the normalized
power profiles from the experimental tests and the optimal
position to obtain maximum power. From the perspective of
the normalized power profiles, and since the normalization
process was done through the maximum power achieved on
Monday, the resultant power curve can be taken to compare
the dynamic optimization features of the algorithm embedded
in the RaccoonBot against its expected behavior.

FIGURE 27. Normalized power profiles compared to the simulated
scenario.

From the perspective of the normalized power profiles,
and since the normalization process was done through the
maximum power achieved on Monday, that power curve can
be taken to compare the dynamic optimization features of the
algorithm embedded in the RaccoonBot, against its expected
behavior. To that end, Fig. 28 shows the performance profiles
from the simulated test compared against Monday’s solar-
tracking test.

In Fig. 28, the actual power plots are related to the
power measured at each iteration, meanwhile the maximum
power plots show the data from the global best saved value
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through iterations. In both cases (actual and maximum power
profiles), it is clear that the dynamic features of the simulated
and the experimental tests are similar in their behavior,
although they might momentarily differ in their magnitudes
during some iterations.

FIGURE 28. Performance profiles from the simulated test against the
experimental test.

Analyzing the actual power plots in Fig. 28, it can be
seen that before iteration 15 the optimization paths followed
by the simulation and the RaccoonBot itself, are almost the
same. Yet, mostly after iteration 15 and until iteration 19 the
algorithm shows its greater differences between the expected
and the real behaviors, since in the experimental setup the
trees create a non homogeneous shade in the wire, which
makes it receive more or less solar power when compared
to the regular surface from the Gauss membership function
from the simulation.

The non-homogeneous shades from the trees also enhances
the robustness evaluation from the algorithm, since between
iterations 20 and 25 the algorithm manages to still converge
in the best position, in a similar way that the simulated test
predicted.

Since the maximum power profiles from Fig. 28 are the
convergence plots from the algorithm in both the experimen-
tal and simulated tests, these curves show in a better way the
similarity between the expected and the real performance,
which validates (as required by the V-model) the affinity
between the designed algorithm and its implementation. But,
to understand how the robot’s positioning after the solar-
tracking looks like in the experimental setup, Fig. 29 shows
the RaccoonBot after Monday’s session.

In the front view perspective from Fig. 29, the experimental
setup can be seen with greater detail, where the irregular
shades from the trees under the charging position can be
visualized. Yet, to clearly see from the robot’s solar panel
perspective how the algorithm leads to a position where the
robot can charge its battery, the bottom view from Fig. 29
presents a perspective where it can be seen how the robot is
aligned with the sun after the solar-tracking process.

Addressing the final position of the robot from the bottom
view perspective, that scenario makes it clear why the solar-
tracking algorithm is needed, and why the convergency
properties of the algorithm are so important for this
implementation; mostly due the fact that, the shades from
the trees make it nearly impossible for the robot to achieve

FIGURE 29. Front and bottom views from the RaccoonBot after the
solar-tracking positioning.

a constant charging rate if the robot doesn’t follow the sun
through time.

To finally validate the robotic system integration and its
capacity to fully charge the battery in the given configuration,
Fig. 30 shows the charging profiles of the battery inside the
RaccoonBot. This data, was acquired under the condition that
the only power supply connected to the battery was the solar
panel in a realistic scenario. For this test, the battery was
initially discharged (1 pm) and the test endedwhen the battery
got fully charged (4:30 pm).

FIGURE 30. RaccoonBot’s battery charging profiles.

Fig. 30 presents the current supplied after theMPPT circuit
by the solar panel, meanwhile the battery charge profile is
taken as the voltage at the terminals of the battery, which
allows understanding and validating the energy transferred
from the PV source to charge the RaccoonBot’s battery.

The charging process follows a multi-stage behavior,
where the battery initially charges at a higher current due to
a lower state of charge, following a constant current (CC)
phase. As the charge level increases, the charging current
gradually decreases, transitioning into a constant voltage
(CV) phase, where the battery voltage stabilizes near its
maximum value.

VOLUME 13, 2025 73281



E. Mendez-Flores et al.: V-Model Based Integration of Mechatronics and Power Electronics

The zoomed-in section in Fig. 30 highlights the point
at which the charging current reaches a steady level,
confirming that the battery is approaching its full charge
state. This behavior aligns with expected battery charging
characteristics, where a battery draws more current when
deeply discharged and gradually reduces current intake as it
nears full capacity. Furthermore, theMPPT controller ensures
efficient solar power utilization, dynamically adjusting to
changes in solar irradiance and maximizing energy transfer
throughout the charging process.

This final test shows a proper integration between the
renewable energy source and the robotic system, which
fully validates the RaccoonBot’s development process, since
the final product results as a reliable robotic platform for
environmental monitoring. Thereby, these results validate
that the contributed adaptation of the V-model development
process for environmental robotics was successfully applied
for the RaccoonBot case study.

VII. CONCLUSION
This work introduces the RaccoonBot, a solar-powered
wire-traversing robot designed for persistent environmental
monitoring, with key innovations in power electronics,
mechatronic design, and energy management. By leverag-
ing the V-model methodology, the development process
ensured seamless integration of a fail-safe mechanical
design, efficient power electronics, and innovative solar
energy management, resulting in a fail-safe robot capable of
operating in remote, difficult-to-access locations.

The robot’s worm-gear mechanism achieved a 28:1
torque amplification and non-backdrivability, ensuring reli-
able traversal and stationary stability even against adverse
weather conditions. Its electrical system, with over 90%
power conversion efficiency and a robust MPPT-based
charging system, enabled sustained operations by efficiently
harvesting solar energy.

Experimental results confirmed the RaccoonBot’s ability
to dynamically locate and converge on positions along the
wire with maximum solar exposure, achieving a tracking
resolution of 0.134 [mm]. The system maintained a stable
charging power of approximately 6.01 [W] under real-world
conditions while consuming just 0.025 [A] in standby mode.
These features, together with the energy-aware solar-tracking
algorithm, enable weeks-long autonomous operation without
external intervention. That end, was sustained by the fact
that without the solar integration, the Robot could only last
around 5 hours of operation, which was extended to over a
week (without completely draining the battery) after the PV
integration.

The RaccoonBot exemplifies the synergy between sus-
tainable energy and robotics, offering a blueprint for the
future of autonomous systems in environmental conservation.
By addressing critical challenges in energy-aware mobility
and robust system design, this work sets the stage for
scalable and versatile applications, advancing the role of
solar-powered robotics in creating a greener, smarter world.
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