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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 ¥ — 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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Opuzunaﬂbnoe amnupudeckoe ucciedosatnue

HNHTerpanusi CCHCOPHBIX JAHHBIX M MATEMATHYECKOE MO/IeTHPOBAHNUE IOBEICHUS
MO/JABOJHOI0 po00Ta C MCMOJIb30BAHHEM HM(POBOro ABOMHHUKA
M.A. I'naapime = 04, A.B. PoioakoB

AcTtpaxaHckuil rocyapcTBeHHbIH yHUBepcuTeT uMeHu B.H. Tarumesa, r. Actpaxanb, Poccuiickas deneparust
X mih.gladishev@gmail.com

AHHOTANUA

BBeaenue. Ypapnerne noaBoaHbIME podoToTexHnaeckuMu koMmiuiekcamu (ITPTK) ocnoxusiercs Takumu hakropamu,
KaK MHEPIIMOHHOCTb, CTOXAaCTUYECKUE BO3MYILEHHS U HEJOCTATOK HaBUTALIMOHHON HH(pPAcTpyKTypsl. CyllecTByOLIME
MIOJIXO/Ib K MOJIIIMPOBAHMIO U NporHo3upoBanuio noseaeHus IIPTK n3BecTHBI c1aboii Wiin OTCYTCTBYIONIEH HHTErpa-
el TaHHBIX C PEATbHBIX CEHCOPOB B PEXXMME PEATFHOTO BPEMEHH. Y CTPAaHHMB YKa3aHHBIN MPOOEN B KOMIUIEKCHBIX pe-
HICHUSX, MOKHO OOBCIUHUTH (PH3UUCCKUE MOJCIH, IU(POBLIC NBOMHUKKA M BU3yaIU3alui0. [IepCeKTUBHBIN HHCTPY-
MEHT IS IPEOI0JICHHsI Ha3BaHHBIX BBIIIE OrpaHUMYCHU — HUQpoBoii aBoiHUK (anri. digital twin, DT), obecrieunBaro-
I TOYHYIO ONU(POBYIO PEIPE3CHTANI0 00BbEKTa Yepe3 HHTErPalrio JaHHBIX OT (PU3NYECKHX CEHCOPOB M MaTeMaTH-
Yyeckux Mojeneil. Llenp npeacraBieHHOTo UcciaeqoBaHus — pa3paboTka MeTos1a nporuo3uposanus quHamuku [IPTK ¢
WCII0JIb30BaHNEM IU(POBOTO JBOHHMKA JUIS TOBBIIEHHS 3 ()DEKTHBHOCTH aBTOHOMHOTO YIIPaBIICHHS.

Marepuaibl u MeTobl. OCHOBa HCCIIEOBaHNS — pa3paboTKa MaTEMaTHIECKONW MOJIEIH ABHKEHHSI TIOABOIHOTO Po00-
TOTEXHUYECKOro koMIuiekca. OHa BKIroyaeT AnddepeHnnanbHy 0 KHHEMaTHKY, MOACIUPOBAHNE COIPOTUBIICHUS CPEIbI
U JUHAMHKU 1oBopota. st cOopa u 00pabOTKH JaHHBIX HCIIOJIB30BAIHNCH CEHCOPBI: MHKPEMEHTAIbHBIE 3HKOJEPHI,
TPEXOCEBOM aKcenepoMeTp U TUpockom. Jljig ynpaBiieHUsl ABMXKEHHEM IO KaKIOM OCH 3a[eCTBOBAIM MPONOPLMO-
HalbHO-uHTErpanbHo auddepenunpyromumii (ITM1) peryasrop. s Budyanu3anuu v MpoBEPKUA MOJEIH MPUMEHIIACh
urposas cpeaa «FOuutm» (Unity). B Helt co3nani Moayns nudpoBoro ABOMHMKA C BO3MOXHOCTBIO 0TOOpaKEHHS COCTO-
SIHUSI CHCTEMBI B peajIbHOM BpeMEHH. B kauecTBe MporpaMMHOro o0ecTieueHHs UCTIOIb30BANIACh ItaThopmMa « ApyHHO
Ati-nmu-m» (Arduino IDE) mis HU3KOypOBHEBOTO IPOTpaMMHUpPOBaHHUS, a Takxke «Matimad» (Matlab) u «I[Tuton» (Python)
JUISl aHAJIM3a JJAHHBIX U [TOCTPOCHHS IPadUKOB.

Pe3yabratsl uccienoBanus. i BepruduKaniy Moiel MPOBOIMIINCH SKCIIEPUMEHTHI Ha (pU3UIecKoM MakeTe. VX comocTa-
BWJIM C CHMYJISIIIMEH TTOBEIeHNS 00BeKTa B BUPTyanbHOI cpeze. [IpencraBieHs! rpadmKku pacxoxIeHUH MEXITY (PH3NIECKAMH
Y CUMYJIMPOBaHHBIMH TPAEKTOPUSIMH. PaccunTaHbl CTaTHCTHYECKHE METPUKH, XapaKTEPU3YOIINE TOUHOCTD IM(POBOTO ABOH-
HHKa. MakcuMaibHOE OTKJIOHEHHE 110 KOOPMHATaM He TPEBBILAeT 5,3 MM, CpeHee YIIIOBOE OTKJIOHEHHE COCTaBMIIO 3,5°.
3T0 NOATBEPKAAET JOCTOBEPHOCTD M IIPAKTHYECKYIO MPUMEHUMOCTD NPEIOKEHHOH MOJIEIH IIPH aBTOHOMHOM YTIPABIICHUN
POOOTOTEXHUYECKMM KOMILIEKCOM. Y CTaHOBJICHO TaKOKe, 4TO Cperss omubka mo X — 3,11 mm, mo ¥ — 2,92 mm. Cpemnsist
onmoOkKa yria Z — 1,8°. Bpems peakunu — menee 10 mc. YcrolunBocTs M(ppoBoro ABOWHMKA K HE3HAYNTENIBHBIM (ITYKTY-
amysiM B JJAHHBIX OOECIIeurBaeTCsl OIarofaps CriIaXXUBaHHUIO BXOJHBIX JAHHBIX, CTAOMIBHOCTBIO CHCTEMHOTO PEryisiTopa n
aJlanTaluy MOJENH K KaIMOPOBOYHBIM 3HAYEHUSIM Ha CTapTe Ka)JOro LUKJIA.

O6cy:xaenue u 3akiaodenne. [{nposbie TBOHHUKN MOAXOAT ISl IIPOTHOCTHYECKOTO YIIPABJICHHS M HAOIOEHNS 33 00b-
€KTOM B YCIIOBHSIX HEOIpe IeleHHOCTH. [IpeioskeHHBIi ToIX o/ 1eecoo0pa3Ho MacTabupoBaTh IS Pa3INIHbIX THUIIOB PO-
0OTOTEXHHYECKUX cUcTeM, (DYHKIHOHHPYIOLIMX B arpeCCUBHBIX U c1abo MpecKa3yeMbiX cpenax. JlanpHeimme ucenenosa-
HUSI B 3TOM HAIIPaBJIEHUU MOTYT OBITH CBSI3aHbI C BHEJIPEHUEM aJJAITUBHBIX W HEHPOCETEBBIX METOIOB YIIPABJICHHSI.

KaroueBsie ciioBa: nupoBoii TBOWHUK aBTOHOMHOH POOOTOTEXHIUYECKOW CHCTEMBI, IIOABOAHEIN pOOOTOTEXHIICCKHIMA
KOMIUIEKC, PEINKTUBHOE YIIPaBICHHE, IIOABOAHEIA POOOT

BbaarogapHocTu. ABTOPBI BEIPaXKAIOT 0JIar0JJapHOCTh PEAAKIINY U PEIIEH3eHTaM 3a BHUMATEIbHOE OTHOIIEHHE K CTaThe
1 3aMeYaHusl, TO3BOJIMBIIHUE ITOBBICUTE €€ Ka4eCTBO.

Jns uutupoBanus. ['manemmes M.J1., PeibakoB A.B. MHTerpanmst CEHCOPHBIX JAHHBIX M MAaTEMAaTHIECKOE MOJETUPOBAHNE
MOBEICHKS MOIBOJHOIO POOOTA ¢ MCMOJIBb30BaHkEM I(poBoro nBoinnka. Advanced Engineering Research (Rostov-on-Don).
2025;25(2):142-151. https://doi.org/10.23947/2687-1653-2025-25-2-142-151

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 0, 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].
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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, 6 — robot’s orientation angle (angle between the longitudinal axis and
the OX axis in the global system).

X= v~cos(9), @)
y= v-sin(G), 2
O=w, 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 vz and left v; tracks:

VR +vL
V= s 4
5 “)

VR +vL
w= , 5
7 )

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 F,(f) [10]. The system
of differential equations takes the form:

m-ii=F,(t)+F,(1), (6)
where M — robot’s mass; #* — position radius vector; F,(f) — control action from the drive system (determined by the
PID controller or another algorithm); F(f) — 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:
Fy(t)=—k,-7(1), 7
where k, — 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:
_As;+Asy

As=—=—"2% 8
5 (®)
AO:ASR_ASL, ©)
L
where As;, Asg — increments of distance according to encoder readings; As — increment of the center of mass;

AB — change in orientation.
We use the current orientation A6, to express the new position in the global coordinate system:
Xii1 :x,+As-cos(9,), (10)

Vil =yt+As-sin(9,). (1D

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:

M5i(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(f) — position and
orientation vector in 3D space; u(f) — control action (signals to the motors); B — control distribution matrix.

For rotational motion, the Euler model is used:

Jx(t)+o(r)+Jo(t)=1(t), (13)

where J — inertia tensor of the robot, () — angular speed (from the gyroscope), ©(f) — 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:

e = (wy — ). (14)
To set the angle of rotation, the expression is used:
Z(t)= Lw (1)dt. (15)
The control system is implemented in the form of PID controllers for each axis (X, Y, 2):
()= Kelt) oK, [ ()i "ed(;), (16)

where e(f) = xrr(f) — x(f) — error between target and current position. Coefficients K, K;, Kp are adjusted according to

the optimality criterion.

Table 1
Regulator Coefficients for Position Stabilization
Axis K, K; K
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).

100
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40

20

0
0 20 40 60 80 100

---+ Ideal XY trajectory — Digital robot trajectory — Physical robot trajectory

Fig. 1. Trajectories of motion in a straight line
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Fig. 2. Error (%) when measuring on a straight line
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Fig. 3. Trajectories of movement in a semicircle
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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.

Information Technology, Computer Science and Management

147



Advanced Engineering Research (Rostov-on-Don). 2025;25(2):142—151. eISSN 2687-1653

Table 2
Deviation Indicators
Metric Value
Maximum deviation of X 5.3 mm
Maximum deviation of Y 4.8 mm
Average angular deviation 3.5°

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).

Q System startup and initialization

\ Initialization and startup error
o N
Initialization of robot < >
N4
A4
l Successful initialization and startup
Receiving command AN
from the user < .
2 N4 Physical
E Digital robot / V \ robot
g — — PhR
S DR command response L | command
ﬁ‘a response
*g Data transmission from DR Data
g N transmission
§ Data display from PhR
= [

Waiting for a new command

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

A ()%t (£) = Xaigi (t)| (17)
Root mean square orientation error (in degrees):
ML (OO0 1)
Percentage deviation of the final position:
a=%-100%. (19)

real
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 X 3.11 mm
Mean error on Y 2.92 mm
Average error of angle Z 1.8°

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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