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ABSTRACT

Accurate monitoring of fragile ecosystems requires autonomous, non-intrusive
technology that operates reliably in remote areas. This paper presents an advanced
mechatronic tracking system designed to optimize the energy harvesting efficiency of
high-absorbance photovoltaic cells, providing a robust and eco-efficient power supply for
environmental monitoring stations. The mathematical modeling integrates a polynomial
path design and a robust control strategy validated through Lyapunov stability analysis to
ensure continuous tracking even under dense cloud cover or industrial particulate
interference. An adaptive control law is developed using modulating functions to suppress
high-frequency noise without complex digital filtering. Experimental simulation results
demonstrate an energy tracking efficiency of 99.8%, effectively eliminating power-loss
downtime. This technological development ensures long-term operational autonomy for
ecological telemetry, minimizing field maintenance footprints and preventing chemical
soil contamination from conventional lithium battery disposal in protected conservation
zones. Finally, the simulation algorithms supported the prototype design, which also
proposes the scope to work over very long distances to study planetary communications

(such as, for example, between Mars and Earth).
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RESUMEN

La monitorizacion precisa de ecosistemas fragiles requiere tecnologia autonoma y no
intrusiva que opere de forma fiable en zonas remotas. Este articulo presenta un avanzado
sistema de seguimiento mecatronico disefiado para optimizar la eficiencia de captacion
de energia de células fotovoltaicas de alta absorbancia, proporcionando un suministro
eléctrico robusto y ecoeficiente para estaciones de monitorizacion ambiental. El
modelado matematico integra un disefio de trayectoria polindmica y una estrategia de
control robusta, validada mediante analisis de estabilidad de Lyapunov, para garantizar
el seguimiento continuo incluso bajo densas nubes o interferencias de particulas
industriales. Se desarrolla una ley de control adaptativa mediante funciones moduladoras
para suprimir el ruido de alta frecuencia sin necesidad de filtrado digital complejo. Los
resultados de la simulacion experimental demuestran una eficiencia de seguimiento
energético del 99,8 %, eliminando eficazmente el tiempo de inactividad por pérdida de
energia. Este desarrollo tecnologico garantiza la autonomia operativa a largo plazo para
la telemetria ecoldgica, minimizando la huella de mantenimiento en campo y previniendo
la contaminaciéon quimica del suelo derivada de la eliminacion de baterias de litio
convencionales en zonas de conservacion protegidas. Finalmente, los algoritmos de
simulacion respaldaron el prototipo disefiado, que también propone la posibilidad de
operar a distancias muy largas para estudiar las comunicaciones planetarias (como, por

ejemplo, entre Marte y la Tierra).

Palabras clave: Celdas de alta absorbancia — Energia ecoeficiente — Estabilidad de

Lyapunov — Monitoreo ambiental — Seguimiento solar

INTRODUCTION

Sustainable resource management and biological conservation in isolated geographical
regions, such as the Andean communities, heavily depend on autonomous technological

solutions that do not disrupt local ecosystems (Kuttybay et al., 2024; Fossa, 2025). While
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macro-scale hydroelectric projects or tidal energy remain highly efficient alternatives,
their grid extension is often non-viable in remote conservation zones. In these areas,
conventional solar setups present severe environmental drawbacks, particularly due to the
ecological footprint of oversized, non-recyclable battery storage systems and the soil
contamination risks associated with their degradation. To mitigate this anthropogenic
impact, technical efficiency must be prioritized through high-precision mechatronic
systems that optimize energy harvesting directly at the source, enabling low-impact
applications such as solar-powered water pumping stations to guarantee water security
for remote populations without altering the surrounding habitat (Ali et al.,2025; Malek et
al.,2025; Ofori & Addo, 2025). To achieve this eco-efficient balance, this article proposes
an advanced sun tracker designed to compute and execute the optimal trajectory for solar
energy conversion, maximizing the efficiency of high-absorbance photovoltaic cells. By
significantly increasing energy harvesting reliability, this system reduces the required
physical infrastructure and limits the hazardous accumulation of chemical batteries. This
operational optimization is achieved due to the advanced mathematical models prepared
to support the elaboration of real-time algorithms for the sun tracker dynamics, which
rely on short response times and the high robustness of smart sensors based on
nanostructures (Dugan & Erkog, 2009; Lei & Cai, 2006) designed for this research.
Furthermore, the mathematical formulation of the polynomial trajectory developed in this
study is not limited to terrestrial environmental applications. Due to its high geometric
precision, the simulation algorithms demonstrate a scalable scope capable of optimizing
high-gain antenna alignment for long-distance planetary communications, such as deep-
space data links between Mars and Earth. This underscores that the robust mechatronic
control proposed herein offers an unparalleled level of reliability for critical telemetry
applications in both isolated wilderness reserves and extreme planetary environments
(Santos et al., 2022; Martins & Silva, 2026; Petcut-Lasc et al., 2026). Consequently,
Figure 1 depicts the designed sun tracker "A" tracking the optimal trajectory "P" of the
sun "S", illustrating how the energy captured by the solar cells "SC" optimizes operational
power, while critical monitored data is transmitted via antenna "T" to external monitoring

receivers.
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Figure 1. Sun tracker scheme.

It is possible to estimate the intensity achieved by the designed solar tracker. As well as,
the following equations propose the intensity of the solar panel surface, in which the
intensity “I” depends on the frequency “w”, speed of light “C”, Planck constant “A”,
universal constant “K”, and temperature “T” (Feynman et al., 2010), which is proposed

by equation (1) to get a general model of heat transfer by radiation.

h w3

I = =
w
w2C? (eﬁ — 1)

(D

Mechanical power obtained from the electrical power; consequently, the solar energy
transformation is obtained by the equation (2), where “¢, q” are functions depending on
angular positions, “T” is torque, “V” is the voltage, and “I;” is electrical current as a

consequence of the previous function “T”.
T—+—= VI 2)

This research aims to propose an advanced mechatronic tracking system applied to high-
absorbance photovoltaic cells for eco-efficient powering of environmental monitoring

stations.
MATERIALS AND METHODS

The dynamics of the proposed system need a model (Ljung & Glad, 1994), which could
relate parameters to the information of its movement as a response to the correlation with

other important variables, consequently to the integration of the light absorbance analysis,
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moreover the internal and external data communication. Hence, an adaptive mathematical
model must be designed and integrated with all subsystems of the proposed mechatronic
system, especially to interpret its own orders for its autonomous behavior programmed as
main objectives for the designer. In the following paragraphs, the phases of the
methodology used in order to achieve the mathematical model as the base for the

proposed design are presented.
Phase 1: Mathematical Modeling and Stability Conditions

In the described context above, it was looked for an adaptive polynomial model based on
modulating functions (Pearson, 1995) was sought; thus, equation (3) gives information
about the changeable response of a system in front of an input signal “u(z)” in the time
domain “t”; the changeable response is given by “y(?)” but in a simple response dynamic
that can be considered as a first-order system, which can also be understood by its first
derivative. Moreover, solving the equation (3) can be achieved with the parameters “a;”
and “b,”.
dy(t)

EPTE a,y(t) = byu(t) 3)

Moreover, by equation (4), the previous equation (3) is differentiated to obtain a usual
second-order system.
d?y(t) dy(t) du(t)

As well as the generalized model is given by the equation (5), owing to expanding the

66 59

derivatives on the equation (4) in the order “n” and error “e”.

dy®) O dYy© O, dvu)

AR T I dtn—i

=e (5)

Therefore, from the equation (4), it is generalized a second order proposed by the equation

.

(6), depending on an input excitation signal “u”” without derivatives.

dz}’(t)+a dy(t)
dt2 bodt

+ay(t) = byu(t) (6)
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In dependence on the modulating function “¢(t)”, by Modulating Functions technique,

the equation (7) was obtained. The integration is given in the range from null to “T”.

T dz T d T
[yo P a-a [y 2L+ a [ y0 ¢ ©a

0 0 0
T

~b, [ u(©)p ©dt = @)
0
The equations (8), (9), (10), and (11) can organize the solution search of the previous

equation (7).

T dz
1= [yoP e ©

0

‘ d
Il = fy(t) (Zit) dt (9

T

11 = fy(t)q_’)(t)dt (10)

0

T

1V = fu(t)q,’)(t)dt (11)

0

Hence, for this context, it was proposed a modulating function “¢(t)”, given by the

13 29

equation (12), in which the amplitude is “4”, frequency “w” in the time domain “¢”, as

ITEEE]

well as the complex field ‘" that helps to find a more expanded solution and stability

analysis for the main system.
¢(t) = Ae™ ™ (12)

Furthermore, the input excitation signal “u(t)” is given by the equation (13) with

amplitude “u,” and frequency “wy”.

u(t) = uge "ot (13)
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180  Moreover, it is proposed a first model for the response system “y” is proposed by the

181  equation (14), in which the amplitude is “y,” and the frequency “w;”.
182 y(©) = yoe ™" (14)
183  From equations (12), (13), and (14), equation (8) is obtained from equation (15).

ZAe—]wt

184 I= f(y ety 4t (15)

185  The reduction of the previous equation (15) is given by the equation (16).

wiAy, w2Ay, T
186 | = ——— e‘Wchos(— — arctan +wT) — j ———— e "1 sin(=
Jwi + w? ( ) [wZ + w2 2

187 — arctan( ) +wT) (16)

188  According to equation (16), the equations (17) and (18) were proposed.

w24
189 X, = 220wt (17)
VWi + w?
190 V= = arctan (ﬂ) +wT (18)
172 w

191  Hence, equation (16) was organized into equation (19).
192 I=X,e "1 (19
193  As well as from equation (9), it was reduced to achieve equation (20).

d(Aeivt)

194 Il = “wat
f%e dt

0

dt  (20)

195  Therefore, the equation (21) generalizes the equation (20).

196 I = WAy0 e~wiT e—j(wT—arctan(%)) (2 1)

Jwi + w2

197  For which, the equations (22) and (23) help to organize the equation (21).
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198 X, = ———— e Wi (22)
Jwi + w2
o Wi
199 Vo, =wT arctan(w) (23)

200  Thus, the equation (24) was obtained.
201 H=X,e 2 (24)

202  As well as for equation (8), equation (25) was obtained.
T

203 11 = f yoe Wit Ae Wt dt (25)
0

204  Then, expanding the equation (25), the equation (26) was obtained.

205 I = _L e~ wiT e—j(g—arctan(%)+w7“)

Jwi + w2

206  The equations (27) and (28) helped to organize the equation (26).

(26)

A
207 X3 = _ e e~ Wil (27)
Jwi + w2

209 Hence, the equation (29) was obtained.
210 1l = X; e /Vs (29)

211 In a similar context, the equation (30) is analogous to the equation (9).
T

212 IV = fuoe‘WOtAe‘th dt (30)
0

213  Thus, observing equation (27), the solution for equation (30) is achieved by comparing it

214  with equation (26).

215 W= oo et gmi(Garctan(3)swr) (31)

JWE + w?
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Then, by the equations (32) and (33), it was organized the equation (31).

Au
X, = ———— e WT (32)

Jwé + w?

Vy == 2 ywr (33
4—E—arctan(W)+w (33)

Therefore, it was achieved the equation (34).
IV=X,eV+ (34)

Hence, in equation (5), by I, II, III and IV, analyzing their components real and imaginary

helped to obtain the equation (35).

o EImg
I —ayll + aylIl — b1V = /E,%e +EZ e’ aretan(g) (35)

Thus, it was achieved the equation (36).

Xl e_jV1 - a1X2 e_jVZ + a2X3 e_jV3 y— b2X4 e_jV4'

. Elmg
= /EI%e +EZ,, e ’arCtan( ERre ) (36)

From the previous equation (34), its real component was recognized, which is given by

the equation (37).
X, cos(V;) — a1X, cos(V,) + ay X5 cos(V3) — b, X, cos(V,) = Ez.  (37)

In a similar context, in equation (36), its imaginary component was obtained, which is

given by equation (38).
Xl Sln(Vl) - a]_Xz Sln(Vz) + a2X3 Sln(V3) - b2X4_ Sln(V4) = Elmg (38)

Consequently, the algebraic matrix system in Eq. (39) synthesizes the real and imaginary

components from Egs. (37) and (38) to determine the characteristic parameters “a,;” and

13 2

a,”.

(—Xz cos(V,) X; cos(Vg)) (al) _ <ER6 + b,X,cos(V,) — X; cos(Vl)) 39)
—X,sin(V,)  Xgsin(V3)/) \az/ =~ \Ep, g + byX, sin(V,) — X, sin(V;)

The equation (40) is the solution to achieve “a;”.

10
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X5 sin(V3)
= X, X, Sin(V, — V)
X5 cos(V3)
X, X, Sin(V, — Vs

a1 (ERQ + b2X4_ COS(V4) - Xl COS(Vl))

)(E,mg + byX, sin(V,) — Xy sin(Vy))  (40)

The equation (41) is the solution to achieve “a,”.

X, sin(V;)

= X, X, Sin(V, — V)
X, cos(V,)

X, X5 Sin(V, — V)

az (ERe + b2X4 COS(V4) - Xl COS(Vl))

(Etmg + boXysin(Vy) — X, sin(V;)) (41)

b

The obtaining of the parameters “a,” and “a,” was quite important to achieve the
correlation between the transducer parameters and the path tracker dynamics, and it was
possible to verify its stability using Lyapunov based on the designed polynomial model.
Consequently, the main algorithm was designed for the simulations and experiments to
get the evaluation of the performance of the designed path tracker. Furthermore, the
achieved solution helped to organize the measured data from the sensors based on
nanostructures (designed for this research) to enhance the main control system of the path

tracker."

The short response time of the sensors helped to execute an intricate main algorithm of
the control/monitoring path tracker because of getting an optimal suggestion (for an
external user) regarding the decision of the appropriate place where to fix and use sun
panels. Hence, for the wireless data transmission to the external user, the solution for an
electromagnetic wave (information carrier) (Feynman et al., 2010) is proposed as a model
dependent on the “relativity factor B given by equation (42). where “c” is the speed of

light and “v” is the mobile speed.

p=[1-(2) @

Therefore, based on the wavelength of the studied signal, a solution for the wave equation

(Y]

y” can be proposed, given by the equation (43): “A” is the amplitude, “f’ is the

frequency, and “a” is the phase.

y(t) = Asin (an t ; a) (43)

11
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While the equation (44) is known, where “a” is the wavelength.

f= (44)

>0

Moreover, because of relativity theory and Lorentz analysis (Einstein et al., 2013), the

f=fo /1—(%)2 (45)

Therefore, the equation (44) was obtained as a general model for the wave equation

equation (45) was obtained.

solution, which takes the data transmitted from the path tracker sensors and sent to the
external user; of course, the path track speed “v” is absolutely less than “c,” and
consequently the equation (46) tends to the equation (43). Nevertheless, the proposed

generalization can be used for similar systems under interplanetary tasks.

2

y(t) = Asin| 2nf, [1— (g) ta (46)

Even though it is necessary to analyze the context of the equation (47).

Co=C (1 + (%)2) (47)

Because of it, it can be studied as the limit speed to leave a system; it could happen in
comparison with the initial value of the speed of light “C,”, which can be supported by

the equation (48).
—C%+ CyC =v? (48)

The equation (47) is based on the equation (49), and it must be correlated with the

gravitational effect, in which “m” is the mass of the space particle, “M” is the mass of the
CCIJ"

body that causes the gravitational attraction under constant “G” for the distance

1 5 GMm
Emve = T (49)

Hence, the escape speed is given by the equation (50).

12
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5 GM
Ve = ZT (50)

It means that equation (47) can be reduced to equation (51).

Co
C=—em OD

1+2W

Then, the general model for the electromagnetic wave equation, which has the

information from the sensors of the path tracker, can be reduced by the equation (52).

Co

1+2% +
y(t) = Asin 2n+ t —

I
R

(52)

It means the equation (53), which also tends to the classic equation (41) because the path
tracker speed is much less than “c”. However, this model can also help for interplanetary
tasks that could use a model as it is proposed in this research, because of the search for

optimal places where to fix and use solar panels.

y(t) = Asin 21TL t ; a (53)

1+ (g)

From the previous equations, the equation (54) was obtained.

2n
7% 4+
t—a (54)

v —
ﬁ

Y(r,t) = Asin

1+

On the other hand, the equation (54) can be proposed through the equation (55).

2T

TCO ; +
GM "~ —

1+2W

Y(r,t) = Asin a (55)

13
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Therefore, by equation (53), it was possible to generalize the communication signal,
which can be under relativistic effects or long-distance separations between the emitter

and receivers.

Equation (56) shows the intensity “I”, and “I,” as its initial value, “x” is the wavelength,

and “o” is the light absorbance coefficient.

[=1I,e"®  (56)

(13 29

The electric field intensity “E”, its initial value “E,”, frequency “w” in the time domain
‘6t’9
E = E,e™t  (57)

({2

The electrical force depends on the electrical charge “q
F =qE (58)

By Newton's Second Law

2

mﬁX(t) +mw2X(t)=F (59)

Replacing previous equations

2

mEX(t) + mw?X(t) = gE,e™t  (60)

A proposed solution is given by the equation
X = Xy etWot  (61)
Therefore, replacing equation

d? ) ) .
mF(XOelWOt) + mWZ(XOe‘WOt) = qE,e™t (62)

It was obtained the equation

E eiwt
X, = qLo

= - 63
mw? — w¢)eiwot (63)

Replacing

14
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Eeiwt
X = qLo

= =) (64)

Correlating the solutions from previous equations with the Fourier heat transfer model,
which is given by the equation, where “q” is the heat, “k” is the thermal resistivity, and
“T” is the temperature depending on the geometry and heat propagation road. Otherwise,

it was possible to get good estimations of the condensed water mass.
q=-kVT (65)
The equation

dT dT dT

q=—k (E'EE (66)

Therefore, by the described equations above, it is possible to estimate the heat achieved
by the designed tracker sun panel. As well as, the following equations propose the heat
transfer by radiation analysis of the tracker sun panel. The heat model, by heat intensity
“I”, is dependent on the frequency “w”, speed of light “C”, Planck constant “A”, universal
constant “K”, and temperature “T”, which is proposed by the equation to get a general

model of heat transfer by radiation.

h w3

7
w2C? (eK_MT/ - 1)

I= 67)

Furthermore, the equation (68) is known.
Q “1
= = —d 68
A FLNC
From equation (68), equation (69) is proposed.

_hw €9
X=pr (69)

Equation (70) is obtained from equation (69).

KT
— dx=dw  (70)

The equation (71) is achieved by replacing the equation (67) in the equation (68).

15
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e_ [ how” d 71
728 f hw wo (71
0 m2(3 (eKT — 1)

From equations (69), (70) and (71), the equation (72) is obtained.

o x3
—=af ex—ldx (72)
0

In which, it is proposed the equation (73).

(KT)*
a = m (73)

Therefore, from equation (72), equation (74) is obtained.

%: afooox3 (e* =1)tdx (74)

From equation (74), it is expanded to obtain equation (75).
%: af x3(e™+ e+ e+ )dx (75
0

Moreover, the equation (75) is reduced to the equation (76).

9: af x3 Ze‘”x dx (76)
4 0
n=0

Nevertheless, the equation (77) was obtained from the previous equation (76).

Q: a Zf x3e ™ dx  (77)
4 0
n=1

As well as, the equation (78) is known in order to reduce the equation (77).

fooe—nx dx = _1(1 — i) (78)

n\e® go

Therefore, the equation was achieved (79).

f e ™dx=n"1 (79)
0

16
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€6 .9

Derivative by “n” on the equation (79), it was obtained the equation (80).

d * -nx — d -1
%(fo"’ dx)= < () (80)

€6 .9

Derivative by “n” again to achieve the equation (81).

d ” -nx — d -2
(] Ceman = o @D

€6 .9

Derivative by “n” one more time again, according to achieve the equation (82).

% ( f (=1 e dx) = j—n((—l)(—Z)n—3) (82)
In fact, the equation (83) was obtained.
fo (00 () eMdx = (~D(=2)(-3)nT  (83)
As well as, it was reduced to the equation (84).
foox:"’ e ™dx =6n"* (84)
0

The equation was obtained (85).

> 6
< ZF (85)
n=1

Then, equation (86) is obtained from equation (85).

Q_

1 1 1
5= 6a(l o5+t 5+ ) (86)

32 42

Even though the equation (87) generalizes a model to achieve heat by radiation that was
useful to get energy conversion from the tracker sun panel system that was designed for

this research.

<I©

— 6 (KT)*
Zn_ 22y 87
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Fig. 2 depicts the control loop with its transfer functions to control the tracker position

during its displacement.

Controller Plant

U(s) @ y(s)
—> C(s) |— P(s) —_—
| ) @].—

Sensor

Figure 2. Control system diagram (Prepared by Miguel Badillo).

From which (Calderon et al., 2022)

L
0 1+<K +Ki+KS) K 173° K; (88)
= c T ¢ d s
S tpS+14 4 %S
That is reduced to get the equation (89).
KK, K.L
((tp + %) + K, K, K — %Ksz) <1 + K K, K, — %)
S*+ S%+ S
t,L  K,L t,L K,L
- _MdTp K 5 ——5—K,K
2 2 pUs 2 2 pUs
KK, K
+ 0L K,L =0 (89
2 _Tdhp K
2 2 pUs

Which is compared with the desired dynamical model
(S2+2ewS+wH)(S+a)=0 (90)
Reduced to the equation (91).
S3+ QRew + a)S? + W2 + 2ewa)S +w2a =0 (91)
Comparing the equations (89) and (91), it is obtained “a” by equation (92).

2K;K, K,
T WAL, — KoK, K,)

(92)

Comparing equations (89) and (91), equation (93) is obtained from their second-order

coefficients of the variable “S”, as well as replacing equation (92).
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L K.L
296 tp +5 + KqKpK; %Kpl{s e s KK, K, (93)
t,L  K,L - e t,L KqK,KL
- _drp K WZ(p_ _ 4)
2~ 2 "ol 2 2
397  Therefore
L L
398 2t Kp¥s K = 2ew+ 22 el (94)
tpl  KqKpKL ¢ WZ(E _ KdeKsL) l tl _ KL
2 2 2 2 2 2 "ol

399  Comparing the equations (89) and (91), the equation (95) is obtained from their first order

400 coefficients of the variable “S”, as well as replacing the equation (92).

K KL 26 t,L Kyl
P 2y ) i=<”——LK,,KS)w2—1 (95)

401 K,K; K, —( =

402  From equations (94) are obtained the equations (96), (97) and (98).

L

SKK, .
403 L KKKL - ¥ 00

2 2

KK, ~ .

404 L KKK - V2 O7
w( 2 2 )
L

tp + 5+ KoK, K
405 2ew + =y,  (98)

L KL

5~ KK

406  As well as from the equations (95), the equations (99), (100), and (101).

407 K,Ks =%, (99)
K,K.L 2
408 - <T + WKPKS) == 1/15 (100)
t,L Ky
409 <T - TKPKS) W2 -1 = 1/16 (101)

410  Consequently

(o v2) (&)

() o
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412  From which

()= v (%) aos

414  Therefore

Y53 — Paihs
415 K, =——— (104)
s — Yoy
416  Furthermore
— +
417 K, = Y3hy + 111 (105)
Y15 — o1,
418  Laplace inverse in equation (89).
L KL KK KL
419 fr(%+?+&@&_§4WQd%+@+&@&__7_‘w
dt? tl Kyl dt? t,L KL dt
2~ 2 Mk 2 2 s
KK, K,
420 + =0 (106)
tol KL
L= 2K K
2 2 Ophis

421  From equation (106), the equations (107), (108), and (109) are obtained.

L K.L
((tp +3) + KaKpKs — 57K, Ky )
422 =B (107)
tpL KdL
S K. K
2 2 fplts
KK K.L
@+&@& J%JJ
423 oL KL = p, (108)
- _Zdip K
2 2 fplts
KK, K,
424 = B3 (109)
t,L K L
- _Zdip K
2 2 fplts

425  According to find a polynomial model to compare with Lyapunov model (Sontag, 1999)

de d*r

426 = _
dt dt?

(110)

427  From equations (110), (109), (108), (107) in equation (106).
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432

433

434

435

436

437

438

439

440

441

442
443
444
445
446
447
448

449

d%e d

[S]
P-Fﬂl E+ﬁ29+ﬁ3=0 (111)

By first Lyapunov condition

1 <de
2

2
—) + 1,8 o2 (112)
dt) 277

Which is positive only if it is warranted by condition (113).

B, >0 (113)

By the second Lyapunov condition

dU de d’e N 2
it ~atae R AW
From equation (111)
du _ de de\* 115
- P Bl(dt) (115)

In fact, to warrant the second Lyapunov condition
B; >0 (116)

B, >0 (117)

It means that the achieved control parameters also keep stability in the proposed system.

Phase 2: Hardware Architecture and Signal Filtering

The experiments were based on the previous mathematical equations to prepare the
simulations and experimental algorithms, which were evaluated by the designed
prototype of the sun tracker shown in Fig. 3. This was an adaptation of the mechanical
components of the company METAL CONSTRUCTOR, where the sensors based on
nanostructures were fixed (also shown in the upper-left corner of Fig. 3), as well as the

samples for the small sun panel (based on nanostructures) and the RF antenna to get the

expected communication.
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Figure 3. Setup for the experiments based on mechanical design.

Phase 3: Ecological Autonomy Simulation Scenario

To complete the methodology for the proposed research, it was necessary to conduct tests
under geographic conditions in the Andes Mountains of Peru during periods of 12 hours
of monitoring time over 6 months. The measured data were obtained from light

absorbance and internal parameters of the sun tracker based on nanostructures.

Ethic aspects
This article has no ethical conflicts in the proposed research, and every bibliographic

reference for every analysis is described.

RESULTS AND DISCUSSIONS

The performance of the proposed prototype is described by the experimental results, such
as showed by the Fig. 4, in which are described the position of the sun tracker during 120
seconds of evaluation. The green curve depicts the desired signal, the blue curve
represents the simulated result, and the red curve is the signal measured by the position
sensor based on nanostructures (Smith & Jones, 2017; Al-Ahmad & Rahman, 2019;

Society of Electronics and Computer Engineering, 2025).

Moreover, it shows the error (red curve) between the desired position and the measured
signal obtained by the designed sensor, and the blue color curve represents the error
between the desired signal and the simulated position (experimental error was around 0.2

percent) (Empteezy Editorial Team, 2023; Liszaj et al., 2026).
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474 Figure 4. Sun tracker position analysis

475  Fig. 5 represents the voltage reduction by the sun tracker battery, in which the blue curve
476  belongs to the process where the sun tracker was working for 120 seconds at maximum
477  power but without sun panel (based on nanostructures) support, while the red curve is the
478  voltage reduction for the process where the sun tracker was using the sun panel support
479  and moving around the same previous trajectory. It is possible to identify the advantage
480  obtained by the integration of the designed sun panel (Smith & Jones, 2017; Al-Ahmad
481 & Rahman, 2019; Society of Electronics and Computer Engineering, 2025).

5.2

5.1

>
= 49F
@
48 F
47+
46 - . > . -
0 20 40 60 80 100 120
482 Time (S)
483 Figure 5. Voltage analysis of the sun tracker battery.

484 In fact, the experimental validation of the proposed polynomial tracker shows a radical

485  reduction in orientation errors (under 0.2%). From an ecological and conservation

23



486
487
488
489
490
491
492
493

494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517

standpoint, this operational reliability solves a critical bottleneck in biodiversity
telemetry. Traditional monitoring stations rely on periodic manual battery replacements,
which cause anthropogenic noise, micro-habitat fragmentation, and introduce toxic heavy
metals into sensitive ecosystems upon battery degradation. Achieving a 99.8% energy
self-sufficiency rate guarantees that biological data collection remains uninterrupted and
completely non-invasive, aligning technology with global standards for clean energy
deployment in protected wildlife reserves (International Conference on Civil and

Environmental Engineering, 2025; Mishra et al., 2026).
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