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 42 

ABSTRACT 43 

A small, intelligent desalination submarine system is proposed, designed to achieve optimal 44 

seawater desalination that can be adapted and deployed along Peru's Pacific coast. This 45 

desalination submarine was designed using thermodynamic analysis to organize 46 

measurements of physical variables in seawater and during the desalination process 47 

(temperature, position, velocity, force). The desalination system was programmed 48 

autonomously to make its own decisions based on the physical variables measured by the 49 

submarine's sensors, including correlating these variables with theoretical models of 50 

chemistry and thermodynamics. These models, in turn, support the development of optimal, 51 

adaptive, and predictive systems for desalination. The proposed system can operate on the 52 

ocean surface and assist communities affected by water scarcity. 53 

Keywords: Desaliniator – Nanoestructures – Optimization – Smart sensors 54 

 55 

RESUMEN 56 

Se propone un sistema inteligente de un submarino desalinizador pequeño, el cual tiene como 57 

objetivo de obtener una desalinización óptima del agua de mar que pueda ser adaptada y 58 

empleada a lo largo de la costa cercana al océano pacifico del Perú. Este submarino 59 

desalinizador fue diseñado con aplicaciones de análisis termodinámico para organizar las 60 

mediciones de variables físicas del agua de mar y también durante el proceso de 61 

desalinización (temperatura, posición, velocidad, fuerza). Se programó la autonomía del 62 
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sistema desalinizador para tomar sus propias decisiones sobre las variables físicas medidas 63 

por los sensores del submarino, inclusive la correlación de las variables medidas con modelos 64 

teóricos de química y termodinámica; que a su vez son un soporte para obtener sistemas 65 

óptimos, adaptativos y predictivos para la tarea de desalinización. El sistema propuesto puede 66 

operar sobre la superficie del océano, y ayudar a las comunidades humanas afectadas por la 67 

carencia de agua. 68 

Palabras clave: desalinizador – nanoestructuras – optimización – sensores inteligentes 69 

 70 

INTRODUCTION 71 

 72 

Desalinator systems are quite necessary for desertic places, especially when there are many 73 

towns without access to get water for their domestic use (Yahui et al., 2023; Alenezi & 74 

Alabaiadly, 2025).  75 

Consequently, it was designed an algorithm to simulate every response from the designed 76 

desalinator system (Åström & Hägglund, 2012), such as for example sun energy absorbance, 77 

temperature, pressure, humidity in the thermal chamber, as well as the physical variables 78 

from the dynamic of the desalinator system that are given by volume of condensed water, 79 

position, speed and vibration (Calderón et al., 2022). 80 

Moreover, the algorithm designed for the simulations was adapted for the experimental 81 

analysis to meet instrumentation requirements, such as the selected microcontroller to control 82 

all processes on the designed desalinator. It was crucial to recognize that a short response 83 

time and high robustness of every sensor are necessary. For this reason, the targets were 84 

achieved due to the sensors (designed smart sensors) being based on nanostructures 85 

(Calderón et al., 2022), this means that the main control algorithm of the designed system 86 

will get more time to execute intricate tasks (Lei et al., 2007) in order to achieve an optimal 87 

desalinization; ergo, the proposed submarine was based on simple and standard designs, but 88 

improved by advanced sensors due to achieve good performance in the navigation because 89 

of optimal dynamical analysis as it described on paragraphs above (Ranjna et al., 2023; 90 

Yunhwan et al., 2025; Analog Devices, 1999). 91 

The Fig. 1 depicts part of the setup for the desalinization physical analysis, in which is 92 

represented the desalinator system, this is composed by its collector “A” (light blue cylinder), 93 
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also by its depositor “W” (a cone with own filter), as well as the main ocean water depositor 94 

“B” (the bigger cylinder in the system). Hence, the sun “S” heat achieved by the desalinator 95 

system is the main energy to get the water condensation over “A”. 96 

 97 

 98 

 99 

Figure 1. Scheme of a general desalinator based on condensation. W = a cone with own 100 

filter. B = the bigger cylinder in the system. S = sun. A = water condensation. 101 

 102 

In fact, it was studied and analyzed some techniques according to design a mechatronic 103 

system to deal with the desalinization problem, for which the designed model also has the 104 

possibility to be a support for users on the sea and outside, as well as to support guiding users 105 

to find optimal roads in the ocean while getting communication with different users (inside 106 

the sea and outside) in concurrent to desalinate water and storing inside itself. Hence, it is an 107 

objective to propose an analytical mathematical model to correlate the dynamic system of 108 

the mechatronic design, a robust energetic system, and an optimal communication system, 109 

which is explained and detailed in the following chapter.    110 

 111 

Therefore, in this research are proposed some systems to solve this task, which is supported 112 

by a previous understanding of the problematic "desalinate ocean water for domestic use". 113 

Thus, it was possible to design a mathematical model based on the correlation between 114 

thermodynamic analysis with Modulating Functions according to obtain a robust model to 115 

describe the desalinization process. 116 

 117 

MATERIALS AND METHODS 118 
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 119 

The designed system can be explained by the dynamics and thermodynamics of the proposed 120 

smart desalinator. Most of the measured physical variables are given by first order models 121 

(That is based on their linear operating work chosen for this research), hence, it was necessary 122 

to study that equations, such as given by the equation (1) in Laplace domain “S”, in which 123 

“T” is the temperature variable, “U” is the input excitation variable, “𝐾!” is the gain of the 124 

system (Åström & Hägglund, 2004; Bistak et al., 2023), “Ʈ” is the response time and “𝐿” is 125 

its time delay (Vajta, 2000; Idrees, 2017). 126 

 127 

𝑇(𝑆)
𝑈(𝑆) =

𝐾!
Ʈ𝑆 + 1 𝑒

"#$						(1)	128 

The following equation (2) is consequently the inverse Laplace transformation on the 129 

equation (1), in which it is considered the function “ɣ”, because of the delay analysis. In 130 

addition that “ɣ” helps to get information of the physical processes delays during the water 131 

desalinization (during the condensation process) (Sherman et al., 2023). 132 

 133 

Ʈ
𝑑𝑇(𝑡)
𝑑𝑡 + 	𝑇(𝑡) = 𝐾!	𝑈(𝑡 − 𝐿)	ɣ(𝑡 − 𝐿)						(2) 134 

For the operating work of the time “t” between 0 to “L”, it is proposed the equation (3), which 135 

is the result from the equation (2). 136 

Ʈ
𝑑𝑇(𝑡)
𝑑𝑡 + 	𝑇(𝑡) = 0						(3) 137 

In the context that “U” is zero under its time domain, because the system is not under its 138 

stimulation, such as a consequence the previous equation (3) is reduced to the equation (4). 139 

 140 

𝑇(𝑡) = 𝑇%						(4) 141 

Whereas, for the context t >= L, it was obtained the equation (5). 142 

 143 
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Ʈ
𝑑𝑇(𝑡)
𝑑𝑡 + 	𝑇(𝑡) = 𝐾!	𝑈						(5) 144 

Correlating the solutions from previous equations, with the Fourier heat transfer model, 145 

which is given by the equation (6), where “q” is the heat, “k” is the thermal resistivity, and 146 

“T” is the temperature in dependence on the geometry and heat propagation road. Otherwise, 147 

it was possible to get good estimations of the condensed water mass. 148 

 149 

𝑞 = −𝑘	𝛻𝑇						(6) 150 

The equation (7) shows an expanded model from the equation (6). 151 

 152 

𝑞 = −𝑘	(
𝑑𝑇
𝑑𝑥 	,

𝑑𝑇
𝑑𝑦 	

𝑑𝑇
𝑑𝑧)																								(7) 153 

Therefore, by the described equations above, it is possible to estimate the heat achieved by 154 

the designed desalinator (Medina, 2009). As well as, the following equations propose the 155 

temperature of the desalinator surface, where it is obtained the condensed water after the 156 

desalination process. The heat model, by heat intensity “I”, in dependence on the frequency 157 

“w”, speed of light “C”, Planck constant “ℏ”, universal constant “K”, temperature “T”, which 158 

is proposed by the equation (8) according to get a general model of heat transfer by radiation 159 

(Landau & Lifshitz, 1959; Feynman et al., 1962). 160 

𝐼 = 		
ℏ	𝑤&

𝜋'𝐶' E𝑒
ℏ)
*+ 	− 1F	

						(8)	161 

Furthermore, it is known the equation (9) (Landau & Lifshitz, 1959; Feynman et al., 1962). 162 

,
-
=	∫ .

/
0
% 𝑑𝑤	      (9) 163 

From the equation (8), it is proposed the equation (10). 164 

𝑥 = ℏ)
*+
						(10)  165 

It is achieved the equation (11) from the equation (10). 166 
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*+
ℏ
	𝑑𝑥 = 𝑑𝑤      (11) 167 

The equation (12) is achieved replacing the equation (8) in the equation (9). 168 

𝑄
𝑉 = 	K

ℏ	𝑤&

𝜋'𝐶& E𝑒
ℏ)
*+ 	− 1F	

0

%
𝑑𝑤						(12)	169 

From equations (10) and (11) in equation (12), it is obtained the equation (13). 170 

𝑄
𝑉 = 	𝑎K

𝑥&

𝑒1 	− 1

0

%
𝑑𝑥						(13)	171 

 In which, it is proposed the equation (14). 172 

𝑎 = 	
(𝐾𝑇)2

𝜋'(ℏ𝐶)& 						(14)	173 

Therefore, from the equation (13), it is organized the equation (15). 174 

 ,
-
= 	𝑎 ∫ 𝑥&	(𝑒1 	− 1)"3	0

% 𝑑𝑥      (15) 175 

From the equation (15), it is expanded to obtain the equation (16). 176 

𝑄
𝑉 = 	𝑎 K 𝑥&	(𝑒"31 +	𝑒"'1 +	𝑒"&1 +⋯)	

0

%
	𝑑𝑥						(16)	177 

Moreover, the equation (16) is reduced to the equation (17). 178 

𝑄
𝑉 = 	𝑎K 𝑥&

0

%
	N 𝑒"41
0

45%

	𝑑𝑥						(17)	179 

Nevertheless, it was organized the equation (18) from the previous equation (17) (Landau 180 

& Lifshitz, 1959; Feynman et al., 1962). 181 

𝑄
𝑉 = 	𝑎	NK 𝑥&𝑒"41	𝑑𝑥	

0

%

0

453

						(18)	182 
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As well as, it is known the equation (19) in order to reduce the equation (18). 183 

K 𝑒"41	𝑑𝑥
0

%
=	−

1
𝑛 E

1
𝑒0 −

1
𝑒%F						(19)	184 

Therefore, it was achieved the equation (20).  185 

K 𝑒"41	𝑑𝑥
0

%
=	𝑛"3					(20)	186 

Derivative by “n” on the equation (20), it was obtained the equation (21). 187 

𝑑
𝑑𝑛 (K 𝑒"41	𝑑𝑥

0

%
) = 	

𝑑
𝑑𝑛

(𝑛"3)						(21)	188 

Derivative by “n” again to achieve the equation (22). 189 

𝑑
𝑑𝑛 (K (−𝑥)	𝑒"41𝑑𝑥

0

%
) =

𝑑
𝑑𝑛 (

(−1)𝑛"')						(22)	190 

Derivative by “n” one more time again, according to achieve the equation (23).  191 

𝑑
𝑑𝑛 (K (−𝑥)(−𝑥)	𝑒"41𝑑𝑥

0

%
) =

𝑑
𝑑𝑛 (

(−1)(−2)𝑛"&)						(23)	192 

In fact, it was obtained the equation (24).  193 

K (−𝑥)(−𝑥)(−𝑥)	𝑒"41𝑑𝑥
0

%
= (−1)(−2)(−3)𝑛"&						(24)	194 

As well as, it was reduced to the equation (25).  195 

K 𝑥&	𝑒"41𝑑𝑥
0

%
= 6𝑛"2						(25)	196 

Equation (25) in (18), it was obtained the equation (26).  197 

𝑄
𝑉 = 	𝑎	N

6
𝑛2	

0

453

					(26)	198 



 

9 
 

Then, the equation (27) is consequently from the equation (26)  199 

𝑄
𝑉 = 	6𝑎(1 +

1
2' +

1
3' +

1
4' +⋯)						(27)	200 

Even though, the equation (28) generalizes a model to achieve the heat by radiation that was 201 

useful to get condensed water from the desalinator system that was designed for this research 202 

(Landau & Lifshitz, 1959; Feynman et al., 1962). 203 

 ,
-
=	∑ 6

4!
		 (*+)

!

9"(ℏ/)#
						0

453 (28) 204 

As well as, the dynamic model (mathematical analysis) for the desalinator system was 205 

determined by generalized Lagrange that is given by the following equation. 206 

 207 

 :
:;
R<#
<1
S = (<#

<=
)						(29) 208 

In which “L” depends on the kinetic and potential energy of the main system (desalinator), 209 

in spite of it was possible to find solutions through the correlation of the desalinator dynamics 210 

with the thermodynamics effects. Hence, in the Fig. 2, it is depicted the desalinator model 211 

prototype of this research “DS”. 212 

 213 

The data communication is received and transmitted through its antenna “A”, the main 214 

control algorithm executed by the controller “C”, the sensor system for this desalinator 215 

designed is represented by “S”, the condensed water chamber “T”, the power subsystem “A”, 216 

where are stored the rechargeable batteries (hybrid model due to part of them are composed 217 

with small batteries based on nanostructures for this research), even though part of the 218 

recharged energy was achieved by small sun panels (based on nanostructures) during the 219 

condensed process; therefore, there were controlled the propellers “P1 and P2” owing to get 220 

a controlled movement for the desalinator prototype also in the ocean (Wang et al., 2021). 221 
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 222 

Figure 2. Desalinator prototype scheme. DS = Desalinator model prototype of this 223 

research. A = antenna. C = controller. S = sensor system. T = condensed water chamber. P1 224 

and P2 = propellers. 225 

 226 

It was analized a second order differential equation for the dynamic interpretation of the 227 

desalinator, which is nonlinear model (Medina, 2010). Notwithstanding, from the second 228 

order differential equation (30) it was deduced the nonlinear model by the coefficients 229 

“𝑎3, 𝑎', 𝑎&, 𝑎𝑛𝑑	𝑏3” and response variable “𝑦(𝑡)” depending on its input variable “𝑢(𝑡)” 230 

(Santana, 2023; Strang & Herman, 2025). 231 

 232 

𝑎3
𝑑'𝑦(𝑡)
𝑑𝑡' + 𝑎'

𝑑𝑦(𝑡)
𝑑𝑡 + 𝑎&𝑦(𝑡) = 𝑏3𝑢(𝑡)																						(30) 233 

For which, the coefficient “𝑎'” was obtained in the static response analysis that is given by 234 

the equation (31), where this coefficient got proportionality in dependence on “h”. 235 

 236 

𝑎' = ℎ	 :>(;)
:;

                                     (31) 237 

There were not deformations on the main system and there is considered an impulse as the 238 

main input excitation signal during a short proposed steady state, therefore it was achieved 239 

the following equation (32). 240 

𝑎3
𝑑'𝑦(𝑡)
𝑑𝑡' + ℎ W

𝑑𝑦(𝑡)
𝑑𝑡 X

'

= 0																						(32)	241 
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As well as, it was proposed the equation (33). 242 

𝑣 = :>(;)
:;

                         (33) 243 

Hence, the equation (34) was obtained as a consequence to replace the equation (33) in the 244 

equation (32). 245 
𝑎3
ℎ 	𝑑𝑣(𝑡) = −𝑣'	𝑑𝑡																							(34)	246 

The equation (35) is a reduction from the equation (34). 247 

−
𝑎3
ℎ
𝑑𝑣(𝑡)
𝑣' = 𝑑𝑡																							(35)	248 

Looking for the integral in the equation (35), it was obtained the equation (36). 249 

−
𝑎3
ℎ K

𝑑𝑣(𝑡)
𝑣'

?

?$
= K 𝑑𝑡	

?

?$
					(36)	250 

Hence, the equation (37) is the reduction of the equation (36). 251 

𝑎3
ℎ E

1
𝑣 −

1
𝑣%
F = 𝑡 − 𝑡%						(37)	252 

From which, it was obtained the equation (38), where the initial speed “𝑣%” of the desalinator 253 

designed is not null, however, the equation helps to validate the circumstances when it returns 254 

to get static equilibrium.  255 

𝑣 =
1

ℎ
𝑎3
(𝑡 − 𝑡%) +

1
𝑣%

						(38)	256 

Furthermore, from the equation (38), it was possible to deduce the equation (39) according 257 

to estimate the maximal distance traveled till the desalinator will get its static equilibrium 258 

again. 259 

 260 

K 𝑑𝑦
?

?$
= K

𝑑𝑡
ℎ
𝑎3
(𝑡 − 𝑡%) +

1
𝑣%

?

?$
						(39) 261 
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Therefore, it was analyzed and detailed the problematic to achieve an advanced and robust 262 

mathematical model to design a mechatronic system to be a support for users as desalinator 263 

and support on the ocean and outside. 264 

 265 

However, it was necessary to evaluate the performance of the designed mathematical models 266 

(which were studied by equations described in paragraphs above) by simulations and 267 

experimental results. It means, in the following chapter are described results of the adaptive 268 

algorithms designed for the simulations results and the consequence applications of the 269 

experiments based on the hardware mechatronic design of the proposed desalinator. 270 

 271 

Ethic aspects: This article has not ethical conflicts in the proposed research, which was cited 272 

every bibliographic reference for every analysis described. 273 

 274 

RESULTS 275 

The results achieved in this research are focused on the thermal effects of the designed 276 

desalinator, aside from its dynamic performance, it means that the desalinator system needed 277 

maximal 25 Watts (average around 10 Watts) during 60 minutes of heat absorbance, in order 278 

to obtain approximately 225 mL of condensed water, which is showed on the Fig. 3. Hence, 279 

the proposed desalinator system, which looks like a small submarine optimized its advanced 280 

control system because of its dynamic response on the sea and outside, as well as its optimal 281 

thermodynamic response helped to condensate sea water in concurrent with other tasks that 282 

the desalinator was solving, such as for example its internal communication systems by 283 

Infrared (IR) or external communication with users by Radio Frequency (RF). 284 

   285 

The condensation sea water needed a sophisticated coordination analysis between the control 286 

activities of the desalinator system with the integration of smart sensors prepared for the 287 

thermal responses/tasks, moreover the strategical characteristics of the desalinator system 288 

based on the maximal possibilities to get sun energy over the condensation cabin with the 289 

optimal heat absorbance, which depended on the nano materials covering over the 290 

condensation cabin.  291 

 292 
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 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

Figure 3. Heat and temperature inside the designed desalinator system. 307 

 308 

Therefore, the heat absorbance by radiation, the optimal measured variables of humidity, sea 309 

water level, temperature by sensors based on nanostructures that were designed for this 310 

desalinator, supported to achieve optimal condensation due to short response time of the 311 

sensors based on nanostructures, which also was correlated with faster data communication 312 

(by wireless, using IR) between internal modules in the desalinator system. 313 

In fact, the capacity to organize the internal process of the small submarine coordinated with 314 

the smart sensors based on nanostructures gave the chance that the main control system could 315 

not be saturated by redundant tasks (because the smart sensors reduce the processing task), 316 

then the condensation process was enough optimized by the main control system, by the 317 

smart sensors and the optimal covering nano materials to improve the heat absorbance. For 318 

this reason, the water condensed volume also tended to get linear response on dependence of 319 

the geometrical proportion of the designed desalinator.    320 

For the dynamical analysis results of the designed desalinator, it was necessary to coordinate 321 

the integration activities between the smart sensors based on nanostructures to measure its 322 

displacement, its impulse force, its speed. Hence, the main control system identified online 323 
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the physical parameters for the optimal displacement of the desalinator system depending on 324 

the correlation between dynamic physical laws of the small submarine with Modulating 325 

Functions parameters achieved online, which was a good information proportionate optimal 326 

trajectories for the submarine. 327 

The Fig. 4, shows the response variables “speed and position” of the designed desalinator, 328 

while it is moving inside and outside the sea. The previous equations above helped to design 329 

the adaptive algorithms to get optimal estimations of the main physical variables to correlate 330 

the condensation task with the desalinator displacements on the sea, as well as for outside 331 

tasks.   332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

Figure 4. Response variables of the desalinator dynamics. 347 

 348 

DISCUSSION 349 

It had been designed a small automate that can displace itself inside the sea, by the dynamical 350 

analysis of the external forces around it. The designed system has the possibility to get smart 351 

responses due to most of its physical variables are measured by sensors based on 352 

nanostructures, it means there were obtained short response time and high robustness in 353 

comparison of the traditional electromechanical sensors (Texas Instruments, 2017). 354 
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Nevertheless, the operating work for every physical variable was not enough according to 355 

evaluate the performance of the designed smart submarine under longer distances (Nafey & 356 

Safwat, 1988). 357 

 358 

For the context of the designed position sensors, it was worked by the IR sensors, which 359 

helped to get estimations of bodies around the designed submarine, however, there were 360 

problems during the optimal movement when the IR signal did not find appropriated surfaces 361 

for its optimal distance estimation, hence, it was complemented the distance detection by 362 

ultrasound sensors based on nanostructures (Yoon et al., 2022). 363 

 364 

In fact, the communication between the submarine prototype with the external medium, as 365 

well as receiving orders/tasks by the main user was optimal under delimitated range of work, 366 

which depends on faster and robust response from its sensors, that is quite important due to 367 

coordinate the main task of the smart submarine owing to be helper for the external user, 368 

such as for example to give the ubication and image information inside the sea (Bistak et al., 369 

2023). It means, the optimal coordination between internal modules of the designed 370 

desalinator with its smart sensors based on nanostructures, moreover with nano covering 371 

material to improve heat absorbance, also a good energy and communication system (by IR 372 

and RF) got as a consequence a sophisticated desalinator that achieves sea water 373 

condensation and optimal movement on the sea and outside owing to be a good support for 374 

users.   375 

 376 
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