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Abstract  
Introduction. Control of underwater robotic complexes (URC) is complicated by factors, such as inertia, stochastic 
disturbances, and lack of navigation infrastructure. Existing approaches to modeling and predicting URC behavior are 
known for their weak or absent integration of data from real sensors in real time. By eliminating this gap in integrated 
solutions, it is possible to combine physical models, digital twins, and visualization. A promising tool for overcoming the 
above limitations is a digital twin (DT), which provides an accurate digital representation of an object through the 
integration of data from physical sensors and mathematical models. The objective of the presented study is to develop a 
method for predicting the dynamics of the URC using a digital twin to improve the efficiency of autonomous control. 
Materials and Methods. The basis of the study was the development of a mathematical model of the motion of an 
underwater robotic complex. It included differential kinematics, modeling of environmental resistance, and rotation 
dynamics. The following sensors were used to collect and process data: incremental encoders, a three-axis accelerometer, 
and a gyroscope. A proportional-integral differentiating (PID) controller was applied to control the motion along each 
axis. The Unity Game Environment was used to visualize and test the model. It created a digital twin module with the 
ability to display the system state in real time. The Arduino IDE platform was used as software for low-level 
programming, as well as MATLAB and Python for data analysis and graphing. 
Results. To verify the model, experiments were conducted on a physical model. They were compared to the simulation 
of the object's behavior in a virtual environment. Graphs of discrepancies between physical and simulated trajectories 
were presented. Statistical metrics characterizing the accuracy of the digital twin were calculated. The maximum deviation 
in coordinates did not exceed 5.3 mm, the average angular deviation was 3.5°. This confirmed the reliability and practical 
applicability of the proposed model in autonomous control of a robotic complex. It was also found that the average error 
along X — 3.11 mm, along Y — 2.92 mm. The average error in angle Z — 1.8°. The response time was less than 10 ms. 
The stability of the digital twin to minor fluctuations in the data was provided by smoothing the input data, the stability 
of the system regulator, and adaptation of the model to the calibration values at the start of each cycle. 
Discussion and Conclusion. Digital twins are suitable for predictive control and monitoring of an object under uncertainty. The 
proposed approach can be scaled for various types of robotic systems operating in aggressive and poorly predictable environments. 
Further research in this area may involve the introduction of adaptive and neural network control methods. 
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Интеграция сенсорных данных и математическое моделирование поведения 
подводного робота с использованием цифрового двойника 
М.Д. Гладышев , А.В. Рыбаков  

Астраханский государственный университет имени В.Н. Татищева, г. Астрахань, Российская Федерация 
 mih.gladishev@gmail.com  

Аннотация 
Введение. Управление подводными робототехническими комплексами (ПРТК) осложняется такими факторами, 
как инерционность, стохастические возмущения и недостаток навигационной инфраструктуры. Существующие 
подходы к моделированию и прогнозированию поведения ПРТК известны слабой или отсутствующей интегра-
цией данных с реальных сенсоров в режиме реального времени. Устранив указанный пробел в комплексных ре-
шениях, можно объединить физические модели, цифровые двойники и визуализацию. Перспективный инстру-
мент для преодоления названных выше ограничений — цифровой двойник (англ. digital twin, DT), обеспечиваю-
щий точную цифровую репрезентацию объекта через интеграцию данных от физических сенсоров и математи-
ческих моделей. Цель представленного исследования — разработка метода прогнозирования динамики ПРТК с 
использованием цифрового двойника для повышения эффективности автономного управления. 
Материалы и методы. Основа исследования — разработка математической модели движения подводного робо-
тотехнического комплекса. Она включает дифференциальную кинематику, моделирование сопротивления среды 
и динамики поворота. Для сбора и обработки данных использовались сенсоры: инкрементальные энкодеры, 
трехосевой акселерометр и гироскоп. Для управления движением по каждой оси задействовали пропорцио-
нально-интегрально дифференцирующий (ПИД) регулятор. Для визуализации и проверки модели применялась 
игровая среда «Юнити» (Unity). В ней создали модуль цифрового двойника с возможностью отображения состо-
яния системы в реальном времени. В качестве программного обеспечения использовалась платформа «Ардуино 
Ай-ди-и» (Arduino IDE) для низкоуровневого программирования, а также «Матлаб» (Matlab) и «Питон» (Python) 
для анализа данных и построения графиков. 
Результаты исследования. Для верификации модели проводились эксперименты на физическом макете. Их сопоста-
вили с симуляцией поведения объекта в виртуальной среде. Представлены графики расхождений между физическими 
и симулированными траекториями. Рассчитаны статистические метрики, характеризующие точность цифрового двой-
ника. Максимальное отклонение по координатам не превышает 5,3 мм, среднее угловое отклонение составило 3,5°. 
Это подтверждает достоверность и практическую применимость предложенной модели при автономном управлении 
робототехническим комплексом. Установлено также, что средняя ошибка по X — 3,11 мм, по Y — 2,92 мм. Средняя 
ошибка угла Z — 1,8°. Время реакции — менее 10 мс. Устойчивость цифрового двойника к незначительным флукту-
ациям в данных обеспечивается благодаря сглаживанию входных данных, стабильностью системного регулятора и 
адаптации модели к калибровочным значениям на старте каждого цикла. 
Обсуждение и заключение. Цифровые двойники подходят для прогностического управления и наблюдения за объ-
ектом в условиях неопределенности. Предложенный подход целесообразно масштабировать для различных типов ро-
бототехнических систем, функционирующих в агрессивных и слабо предсказуемых средах. Дальнейшие исследова-
ния в этом направлении могут быть связаны с внедрением адаптивных и нейросетевых методов управления. 

Ключевые слова: цифровой двойник автономной робототехнической системы, подводный робототехнический 
комплекс, предиктивное управление, подводный робот 
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Introduction. In recent years, there has been growing interest in digital twin (DT) technology. These are virtual 
models closely related to physical objects and designed to display, analyze and predict their behavior in real time [1]. DT 
are widely used to solve applied problems in industry, energy and transport, especially if it is necessary to control and 
manage objects under conditions of high uncertainty [2]. With the spread of autonomous robotic systems, the digital twin 
becomes an important tool for providing reliable and sustainable management. It allows for the formation of a predictive 
model of the object's behavior, taking into account both internal parameters and external actions [3]. 
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Of particular interest is the use of DT in the control of underwater robotic complexes (URC), where operating 
conditions are significantly complicated by poor visibility, lack of precise navigation, communication delays, high inertia, 
and noise in sensor data. All this reduces the efficiency of traditional closed-loop control systems [4]. There are 
publications on digital twins in the public domain, but the topic is still insufficiently developed in terms of using DT in 
underwater systems. Existing studies, as a rule, either do not cover predictive control tasks or do not take into account the 
specificity of the underwater environment and typical sensor errors [5]. Numerous papers are characterized by significant 
gaps related to the lack of integrated solutions for building digital twins of underwater robotic systems focused on stable 
predictive control and state assessment under conditions of noisy and incomplete data. 

A stable assessment of the current state of the underwater robotic complex (URC) is required, and this can be provided 
by integrating sensor data — accelerometry, gyroscopy, encoder measurements, and other sources. However, due to the 
instability and noise typical of inertial sensors, it is necessary to implement algorithms for filtering, correcting and 
calibrating data at different stages of operation [5]. 

It should also be noted that in the literature on digital modeling and control of robotic systems, authors often focus on 
static models or limited control scenarios (e.g., on navigation or position stabilization). At the same time, a comprehensive 
approach to predicting the dynamic behavior of URC using digital twins in real time has not been sufficiently developed. 

Based on the aforesaid, the objective of this study is to develop and apply a method for predicting the dynamic behavior 
of the URC using a digital twin to improve the efficiency of controlling an autonomous system when performing 
underwater engineering work. 

Materials and Methods. To reach the research objective, a comprehensive model was implemented, including a 
physicomathematical description of the motion, sensor architecture, and visualization.  

Scientific research made it possible to solve the following problems: 
− construction of a generalized mathematical model of the motion of the URC taking into account the external 

environment and sensor architecture; 
− formalization of the behavior of the autonomous system taking into account inertial and control effects; 
− implementation of a feedback control system based on classical approaches to automatic control theory; 
− assessment of the accuracy of the digital twin by analyzing the discrepancies between the physical and virtual 

behavior of the URC based on experiments; 
− visualization of the digital twin in the Unity software environment with the ability to compare the indicators of 

virtual and physical trajectories. 
Within the framework of the presented work:  
– a mathematical model of the URC movement is created;  
– data from sensors are collected and calibrated; 
– a digital twin is implemented in the Unity environment; 
– the model is experimentally verified; 
– the results are analyzed, and the accuracy of the model is assessed. 
The motion of the URC is described on the basis of differential kinematics and equations that take into account water 

resistance, inertial characteristics of the system, and control actions. The model is based on a system of second-order 
motion equations modified to take into account hydrodynamic resistance and correction coefficients obtained 
experimentally. Assumptions are made about the rigidity of the housing, insignificant drift, and quasi-stationary motion. 

The system state vector includes coordinates: x, y, z, and heading angle θ, as well as linear and angular rates. The 
formulas used in the introduction describe kinematic relationships, feedback, resistance model, and control signals. PID 
controllers with parameters empirically selected on the basis of the system response are used for control along the 
longitudinal, transverse, and vertical axes. 

A modular sensor system is used to collect data in real time. Its elements: 
– 38S6G5-B-G24N encoders, 2000 pulses per revolution — to estimate linear displacement; 
– LIS3DH three-axis accelerometer (measurement range ±2g/±4g/±8g/±16g, I2C/SPI interfaces, sampling frequency 

up to 5.3 kHz) — to obtain acceleration and tilt data; 
– gyroscope as part of the IMU module (inertial measurement unit) — to track angular speeds and orientation. 
The sensor data was pre-filtered, calibrated (normalized relative to the zero position) and integrated into the digital 

twin model. 
The key stage in building a digital twin is mathematical modeling of the movement of the underwater robotic complex. 

It allows predicting the behavior of the object in various environments [6]. This study considers a mobile URC with a 
rigid physical structure, moving in a flat (2D) or spatial (3D) coordinate system depending on the task scenario [7]. An 
independent drive for each of the tracks is used to control the movement, which allows for differential maneuvering [8].  

https://vestnik-donstu.ru/
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To simulate the position and orientation of the URC on the plane, a kinematic model of a differential robot is used, 
based on the position of the center of mass (or center of geometry) of the robot [9]. Let x and y be the coordinates of the 
center of mass in the global coordinate system, θ — robot’s orientation angle (angle between the longitudinal axis and 
the OX axis in the global system). 
 ( ) ,x v cos= ⋅ θ  (1) 

 ( ) ,y v sin= ⋅ θ  (2) 

 ,wθ =  (3) 
where v — linear speed of the center of mass (determined by encoder readings); w — angular speed (obtained from a 
gyroscope or calculated by the difference in track speeds). 

The linear and angular speeds are related to the individual speeds of the right vR and left vL tracks: 

 ,
2

vR vLv +
=  (4) 

 ,vR vLw
L
+

=  (5) 

where L — robot base (distance between tracks). 
The robot's behavior is significantly affected by the underwater environment: water resistance, lifting force, viscous 

forces, friction forces. These effects are taken into account in the form of generalized disturbance Fd(t) [10]. The system 
of differential equations takes the form: 
 ( ) ( ) ,u dm r F t F t⋅ = +  (6) 

where M — robot’s mass; r̈ — position radius vector; Fu(t) — control action from the drive system (determined by the 
PID controller or another algorithm); Fd(t) — environmental disturbances (determined experimentally or set empirically). 

Within the framework of the layout and digital model, the resistance of the environment can be taken into account in 
the form of a damped term: 
 ( ) ( ) ,d uF t k r t= − ⋅   (7) 
where ku — coefficient of viscous resistance of the medium (adjustable parameter of the digital twin). 
The physical model is equipped with encoders, therefore the positions and orientation of the URC in space are calculated 
through numerical integration of the speeds obtained from the left and right tracks:  

 Δ +ΔΔ ,
2

L Rs ss =  (8) 

 Δ ΔΔ ,R Ls s
L
−

θ =  (9) 

where ΔsL, ΔsR — increments of distance according to encoder readings; Δs — increment of the center of mass;  
Δθ — change in orientation. 

We use the current orientation Δθ, to express the new position in the global coordinate system: 
 ( )1 Δ ,t t tx x s cos+ = + ⋅ θ  (10) 

 ( )1 Δt t ty y s sin .+ = + ⋅ θ  (11) 
Mathematical modeling is a fundamental part of the development of a digital twin of an underwater complex [11]. 

The objective of modeling is to formalize the processes of movement [12], control and response to external actions with 
the possibility of further analysis of the stability and accuracy of execution of control actions [13]. 

The underwater robot is considered as a system with multiple inputs and outputs, located in an environment with a 
high level of inertia, delay and stochastic disturbances [14]. Control actions are implemented through thrust modules, and 
movements are tracked using encoders and inertial measurement units [15]. The model can be described as a system of 
second-order equations with position and speed feedback: 
 ( ) ( ) ( ) ( ) ,Mx t Dx t Kx t Bu t+ + =   (12) 
where M — mass matrix (includes inertial characteristics); D — damping matrix (taking into account viscous resistance 
of water); K — stiffness matrix (includes elastic forces in the case of mechanical constraints); x(t) — position and 
orientation vector in 3D space; u(t) — control action (signals to the motors); B — control distribution matrix. 

For rotational motion, the Euler model is used: 
 ( ) ( ) ( ) ( ) ,Jx t t J t t+ω + ω = τ  (13) 

where J — inertia tensor of the robot, ω(t) — angular speed (from the gyroscope), τ(t) — control moment. 
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When implementing a spot turn operation, as a rule, tracks with different directions of rotation are used. The difference 
in speeds on the right and left tracks sets the moment: 
 ( ).z L RrF w wτ = −  (14) 

To set the angle of rotation, the expression is used: 

 ( ) ( )
0

.
t

zZ t w t dt= ∫  (15) 

The control system is implemented in the form of PID controllers for each axis (X, Y, Z): 

 ( ) ( ) ( ) ( )
0

,
t

p i D
de t

u t K e t K e t dt K
dt

= + +∫  (16) 

where e(t) = xreF(t) − x(t) — error between target and current position. Coefficients Kp, Ki, KD are adjusted according to 
the optimality criterion. 

Table 1 
Regulator Coefficients for Position Stabilization 

Axis Kp Ki Kd 

X 1.20 0.05 0.60 

Y 1.00 0.04 0.50 

Z 2.00 0.10 0.90 

The physical model of the robot is implemented on the basis of Arduino Mega 2560 Pro. Microcontroller — ATMega 
2560-16AU, 16 MHz, 256 KB FLash, with 54 digital inputs/outputs (I/O), 16 analog inputs, USB-UART interface 
CH340G. The complex is connected to sensors and a drive control system. Data is collected and transmitted to the digital 
environment via Serial port in the format of combined time-stamped lines. 

The virtual implementation of the digital twin is created in Unity. C#-scripts are used to interpret the data, display the 
movements, rotations and behavior of the object in a three-dimensional environment. Axes, contours, coordinate values 
and trajectories are visualized. A model of a translucent robot that does not interact with other objects is used, which 
allow us to concentrate on comparing movements. 

A data processor and a filtering system are implemented on the Unity side. Integration with correction based on sensor 
data is applied to calculate angles and coordinates. Individual blocks are implemented as scripts with the ability to scale 
the project. Standard metrics are used to statistically assess accuracy: standard deviation, maximum deviation, and average 
error in coordinates and angles. 

Research Results. To verify the model in a digital environment, movements were simulated under successive control 
actions. Then, the trajectories of rectilinear and semicircular motion were compared (Fig. 1 and 3). The readings of the 
digital robot were compared to the ideal trajectory. The root-mean-square analysis showed a discrepancy when moving 
in a straight line (Fig. 2) and in a semicircle (Fig. 4). 

 

Fig. 1. Trajectories of motion in a straight line  

https://vestnik-donstu.ru/
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Fig. 2. Error (%) when measuring on a straight line  

 
Fig. 3. Trajectories of movement in a semicircle  

 
Fig. 4. Error (%) when measuring on a semicircle  

The quality of displaying the URC behavior in the digital twin was assessed during experiments that included linear 
motion, the spot turn, and the trajectory with turns. In parallel, data from real sensors was recorded and compared to the 
parameters of the model in Unity. The results of measurements and comparisons are presented in Table 2. 
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Table 2 
Deviation Indicators 

Metric Value 
Maximum deviation of X 5.3 mm 
Maximum deviation of Y 4.8 mm 

Average angular deviation 3.5о 

The digital twin was visualized in the Unity environment. This flexible 3D engine allowed us to embed data streams 
from physical sensors, display spatial movements, orientation, and also create scenarios for interaction with the external 
environment (Fig. 5). 

 
Fig. 5. Robotic complex control program  

Data from physical sensors (accelerometers, gyroscopes, encoders) was transmitted via a COM port (communications 
port) using a custom script in C#. Incoming data was divided into channels and displayed as parameters of the twin object. 

The digital model in Unity used the same coordinate system and the same control structure as the implemented 
mathematical model. Its functions were: 

– transmitting commands from the PID controller model to the virtual wheels; 
– displaying position, tilt angle, speed; 
– visual reproduction of movement based on integrated sensor data. 
The solution allows creating a closed loop “model – reality – visualization” and provides consistency between the 

digital twin and the physical system (Fig. 6). 

 

Fig. 6. Software operation algorithm: DR — digital robot, PhR — physical robot  

https://vestnik-donstu.ru/
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The elements of the software operation algorithm are listed below. 
System Startup and Initialization. The physical robot is turned on and connected via USB to a computer that collects 

and analyzes data, runs the main program, and initializes additional scripts: 
– responsible for maintaining communication and collecting data, 
– providing visualization. 
All this takes place in Unity, after which the system is ready for work. 
Robot Initialization. After the program is launched, its connection with the physical robot is established. 

Consequently, calibration occurs, and then the sensors and modules are launched: gyroscope, accelerometer, encoders, 
voltmeter, ammeter. A control message about the robot's readiness for launch and the start of data transmission is sent to 
Unity. After that, the stage of waiting for commands starts. 

Receiving Command from the User. The value of the user interface entered into the program is analyzed and 
processed. The message is passed to intermediate scripts to perform the actions of the digital and physical robots. 

Digital Robot’s Command Response. The entered values and actions are recorded in the computer memory. Based 
on the embedded command execution algorithms and a mathematical model, the digital robot moves in digital space. At 
the same time, data on its position, speed and distance traveled, are recorded. After executing the command, the robot 
maintains its position and orientation in space. 

Physical Robot’s Command Response. Data is transmitted to the Arduino Mega microcontroller. Here, it is analyzed 
and, depending on the entered command and value, scripts are activated that are responsible for the operation of sensors: 
left and right encoders, accelerometers, and gyroscopes. Only after that does movement start at the user's command. 
During the execution of the command, the robot records its position and orientation in space and transmits data to the user 
interface program, where the data is visualized using a 3D model linked to the physical robot. 

Data Collection and Display. At this stage, data on position, tilt angles, distance traveled and other parameters are 
collected from the digital and physical robots and visualized in the user interface program. After that, the program waits 
for a new command. 

The described algorithm is based on the classical principles of closed-loop feedback control systems. The use of data 
from sensors (accelerometers, gyroscopes, encoders) allows for the implementation of a measuring element in the general 
structural form of control systems. The mathematical model integrated into Unity acts as an observer, tracking the 
behavior of the system and providing visual verification of the correctness of command execution. 

The system is designed taking into account: 
– linearization of the model of the URS motion in small neighborhoods of the trajectory; 
– PID control of the angle of rotation and speed; 
– filtering of sensor data using simple sliding windows and zero calibration corrections. 
Formulas (17)–(19) present the indicators that are used to analyze the accuracy of the digital twin. 
Absolute position error (in mm): 

 ( ) ( ) ( ) .real digitx t x t x t∆ −  (17) 

Root mean square orientation error (in degrees): 

 ( )2

1

1 .
n

real ,i digit ,i
inθ
=

∆ θ − θ∑  (18) 

Percentage deviation of the final position: 

 100 %.final

real

x
x
∆

ε = ⋅  (19) 

As a result of experiments and analysis of sensor readings, additional parameters are obtained that characterize the 
error of the developed system (Table 3). 

Table 3 
Detected Errors in the System 

Parameter Value 
Mean error on Х 3.11 mm 
Mean error on Y 2.92 mm 

Average error of angle Z 1.8о 
Maximum deviation 5.3 mm 

Reaction time <100 ms 
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The digital twin is resistant to minor fluctuations in the data due to the following factors: 
– smoothing of input data; 
– stability of the regulator implemented in the system; 
– adaptation of the model to calibration values at the start of each cycle. 
Discussion and Conclusion. A model of a digital twin of a robotic complex based on the integration of sensor data, 

mathematical modeling and 3D visualization has been developed and experimentally confirmed. Sustainable control and 
tracking of the behavior of the robotic complex have been implemented. The results of the comparative analysis of the 
digital model and the real system are presented. The results of the comparison have proven: 

– a high degree of correspondence between the behavior of the digital twin and the real object; 
– efficiency of the selected calibration and data processing algorithms; 
– potential of using digital twins in debugging autonomous systems if physical testing is difficult. 
The constructed model makes it possible to adequately assess the current state and predict the behavior of the URC 

under uncertainty. PID controllers provide stability during control, and visualization in Unity makes it possible to 
implement a digital twin as an interface for interaction with the system. Further development of this solution may be 
related to the implementation of adaptive and neural network control methods. 
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