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The developed wheeled mobile robot is equipped with laser devices and multiple 
sensors, enabling autonomous exploration and data collection in hard-to-reach 
environments without operator intervention. The main objective of this study is 
to investigate the design features of wheeled robots integrated with an program 
code - based control unit, including their ability to recognize obstacles, assess 
environmental conditions, analyze situations, and make decisions autonomously. 
The research involved three stages: the design and development of a physical 
prototype, programming the control system in C++, and planned field testing 
under real-world conditions. A comprehensive review of scientific literature was 
conducted to justify the robot’s electric-driven wheeled design, followed by 
optimization of its mechanical and control architecture. Sensor systems were 
integrated with program code to enable adaptive responses to varying terrains and 
changing center of gravity during movement. Differential wheel speed 
distribution was calculated and simulated for complex geographical conditions, 
ensuring stable and efficient mobility. The program code control program 
processes diverse environmental data, including temperature, soil and water 
samples, gas concentrations, radiation levels, terrain inclination, vibrations, and 
seismic activity. The developed system demonstrates a significant advancement 
in autonomous robotic exploration, offering a reliable platform for research and 
monitoring in inaccessible or hazardous environments. 
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1. Introduction 
The use of vehicles and robots in complex geo-mining environments, such as underground workings, pipelines, 

and industrial debris, is crucial for ensuring worker safety by monitoring parameters including gas levels, humidity, 
water level and acidity, vibrations, and radiation. Autonomous robots are particularly valuable in challenging terrains, 
such as mountainous regions with unstable relief, variable geological features, and hard-to-access areas. 

The primary objective of this study is to investigate the design features of wheeled robots equipped with an 
program code - based control unit, focusing on their ability to detect obstacles, respond to external influences, analyze 
situations, and make autonomous decisions. Based on the collected data, the study aims to develop and test an electric-
driven wheeled mobile robot with an program code control system. 

This scientific project focuses on three main directions: 
1. The design and scientific justification of a wheeled mobile robot with electric drive, suitable for mountainous 
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regions with unstable terrain and variable geological conditions. 
2. The development of a control unit integrated with an program code system using C++ and Python 

programming on an Arduino microcontroller. 
3. The investigation of sensor systems and their integration with AI to enable autonomous decision-making in 

areas where human presence is limited or impossible. 
Special attention is given to programming the program code control unit, which requires highly efficient algorithms 

to maintain balance both in static positions and during movement, compensating for changes in the center of gravity. 
The system is also designed to process environmental data, including temperature, water and soil samples, gas 
concentration, radiation levels, terrain inclination, vibrations, and seismic activity. 

2. Literature Review 
Previous studies have analyzed kinematic and dynamic models of mobile robots, focusing on the relationships 

between translational and angular velocities (Kozlowski & Pazderski, 2006; Maalouf et al., 2006). However, many 
works neglected wheel or track slippage, which significantly affects motion accuracy and control. Accurate modeling 
of slippage is essential to correlate wheel angular velocity with the actual linear displacement of the platform. 

Experimental kinematic models of tracked and wheeled robots have been developed considering the positions of 
instantaneous centers of rotation (ICR) and their variation with speed and trajectory curvature (Mandow et al., 2007; 
Moosavian & Kalantari, 2008). Dynamic models for steering systems, including nonholonomic constraints and 
Coulomb friction-based contact modeling, have also been explored, with nonlinear feedback controllers used for 
trajectory tracking(Kozłowski & Pazderski, 2004; Yi, Song, et al., 2007). Slip-based control schemes, such as 
differential drive, are widely applied to wheeled and tracked robots, providing maneuverability and terrain 
adaptability, though they introduce challenges for energy efficiency, control complexity, and wheel wear (Anousaki 
& Kyriakopoulos, 2004; Tulekov et al., 2023; Yi et al., 2009; Yi, Zhang, et al., 2007). 

Recent approaches integrated slip effects and steering dynamics for planar and spatial motion analysis, considering 
tangential stress as a function of shear deformation rather than simple friction models (Anousaki & Kyriakopoulos, 
2007; Martínez et al., 2005; Yu et al., 2009). Experimental methods, including extended Kalman filters and laser 
scanning, have been applied to estimate slippage parameters and validate kinematic models (Caracciolo et al., 1999; 
Martínez et al., 2006; Wong, 2001; Yu et al., 2010). These studies revealed that actual ICR positions vary with speed 
and trajectory curvature, highlighting the limitations of idealized models and the need for adaptive control strategies 
(Le et al., 1997; Wong & Chiang, 2001). 

Despite these advances, existing models are often computationally intensive or assume idealized conditions, 
limiting their applicability for real-time autonomous navigation in complex, unstructured environments. This 
underscores the necessity for an program code -integrated control system capable of processing sensor data and 
adapting to variable terrain, which is the focus of the present study. 

3. Materials and Methods 
The research was conducted in several stages, including: (1) scientific justification of the wheeled mobile robot 

design with an electric drive; (2) development of the optimized mechanical structure; (3) investigation of sensor 
systems and their integration with with program code; and (4) development of an program code С++ control unit. 

The study involves the evaluation, selection, and application of methods and tools for industrial testing and 
modeling of optimal wheeled mobile robot designs. The ultimate goal is to develop a wheeled mobile robot with AI 
capabilities, examining its structural features and assessing its ability to operate in challenging environments, such as 
mountainous regions with unstable terrain, variable geological characteristics, and hard-to-access areas. Based on the 
obtained results, the design will undergo experimental testing under real-world conditions. 

A key aspect of the study is the differential wheel speed distribution, a motion control method that regulates the 
speed of individual wheels to perform turns and maneuvers. This approach is commonly used in differential-drive 
robots (e.g., two-wheeled platforms) and four-wheeled robots with independently driven wheels (skid-steering). 

4. Calculations and Modeling 
The objective of this section is to develop a comprehensive mathematical and computational model of a wheeled 

mobile robot. Accurate calculations are required to ensure proper mechanical design, reliable motion control, and 
prediction of the robot’s behavior under various operating conditions. Mathematical modeling enables simulation of 
robot motion, parameter optimization, and reduction of costs associated with physical prototyping. 
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The calculations presented in this section aim to: 
• establish the relationship between wheel rotation and robot motion; 
• analyze the influence of wheel geometry and configuration on speed, maneuverability, and stability; 
• predict the dynamic response of the robot to control inputs for trajectory tracking and path planning; 
• provide a basis for validating the robot design in simulation environments prior to real-world implementation. 

4.1 Kinematic Modeling 

The motion of a four-wheeled mobile robot is primarily determined by the rotation of its wheels. Let 𝜔𝜔𝑖𝑖 denote 
the angular velocity of the i-th wheel (𝑖𝑖 = 1, … ,4), and 𝑅𝑅 the effective wheel radius. 

The longitudinal component of the velocity of the i-th wheel in its local coordinate frame is given by 

𝑣𝑣𝑖𝑖𝑖𝑖 = 𝑅𝑅 𝜔𝜔𝑖𝑖 , 𝑖𝑖 = 1,2,3,4. 

This relation forms the basis of the robot kinematic model. It allows the determination of the robot’s translational 
velocity 

v = [𝑣𝑣𝑥𝑥, 𝑣𝑣𝑦𝑦]𝑇𝑇 

and angular velocity about the vertical axis 𝜔𝜔𝑧𝑧in the global coordinate system: 

�
𝑣𝑣𝑥𝑥
𝑣𝑣𝑦𝑦
𝜔𝜔𝑧𝑧
� = 𝐽𝐽(𝜃𝜃) �

𝜔𝜔1
𝜔𝜔2
𝜔𝜔3
𝜔𝜔4

�, 

where 𝐽𝐽(𝜃𝜃)is the Jacobian matrix depending on the wheel arrangement and the robot orientation angle 𝜃𝜃. 
Modeling velocities in both local and global coordinate frames is essential for the synthesis of motion control 

algorithms, including trajectory tracking and obstacle avoidance. Without this step, motion planning algorithms cannot 
accurately predict the robot’s path. 

4.2 Dynamic Modeling 

In addition to kinematics, dynamic modeling accounts for forces and torques acting on the robot. The motion of 
the platform is influenced by wheel-ground friction, contact forces, and inertial effects. 

Using the Newton–Euler formulation, the resultant force 𝐹𝐹 and torque 𝜏𝜏acting on the robot are expressed as: 

𝐹𝐹 = 𝑀𝑀 𝑣̇𝑣, 𝜏𝜏 = 𝐼𝐼𝑧𝑧  𝜔̇𝜔𝑧𝑧, 

where  
𝑀𝑀 is the robot mass (kg), 
𝐼𝐼𝑧𝑧 is the moment of inertia about the vertical axis (kg·m²), 
𝑣̇𝑣 is the linear acceleration (m/s²), and 
𝜔̇𝜔𝑧𝑧 is the angular acceleration (rad/s²). 
Dynamic modeling enables estimation of the required motor torque and stability margins, ensuring that the selected 

actuators can operate under real-world conditions without excessive slip or loss of traction. 

4.3 Differential-Drive Velocity Relationships 

Consider a four-wheeled robot with the following parameters: 
• wheel radius 𝑅𝑅 = 0.075 m, 
• wheelbase 𝐶𝐶 = 0.24 m. 

The linear velocity 𝑣𝑣and angular velocity 𝜔𝜔of the robot are related to the angular velocities of the left 𝜔𝜔𝐿𝐿and right 
𝜔𝜔𝑅𝑅wheels by: 

𝑣𝑣 =
𝑅𝑅(𝜔𝜔𝑅𝑅 + 𝜔𝜔𝐿𝐿)

2
, 

 

𝜔𝜔 =
𝑅𝑅(𝜔𝜔𝑅𝑅 − 𝜔𝜔𝐿𝐿)

𝐶𝐶
. 

For 
𝜔𝜔𝑅𝑅 = 12 rad/s  and 
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𝜔𝜔𝐿𝐿 = 10 rad/s, 
the resulting velocities are: 

𝑣𝑣 = 0.825 m/s,𝜔𝜔 = 0.625 rad/s. 

The turning radius of the robot is defined as: 

𝑅𝑅𝑡𝑡 =
𝑣𝑣
𝜔𝜔

= 1.32 m. 

4.4 Actuator Dynamics and Control 

The dynamics of the DC motor driving the wheels are described by: 

𝐿𝐿
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑅𝑅𝑅𝑅 + 𝐾𝐾𝑒𝑒𝜔𝜔 = 𝑈𝑈, 

𝐽𝐽
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝐵𝐵𝐵𝐵 = 𝐾𝐾𝑡𝑡𝑖𝑖, 

where 
𝑖𝑖 is the armature current (A), 
𝑈𝑈  is the applied voltage (V), 
𝐿𝐿 is the armature inductance (H), 
𝑅𝑅 is the armature resistance (Ω), 
𝐾𝐾𝑒𝑒 and 𝐾𝐾𝑡𝑡 are the back-EMF and torque constants, 
𝐽𝐽 is the rotor inertia (kg·m²), and 𝐵𝐵 is the viscous friction coefficient. 
For numerical simulation, the discrete-time formulation is used: 

𝑖𝑖𝑘𝑘+1 = 𝑖𝑖𝑘𝑘 +
𝑈𝑈 − 𝑅𝑅𝑖𝑖𝑘𝑘 − 𝐾𝐾𝑒𝑒𝜔𝜔𝑘𝑘

𝐿𝐿
Δ𝑡𝑡, 

𝜔𝜔𝑘𝑘+1 = 𝜔𝜔𝑘𝑘 +
𝐾𝐾𝑡𝑡𝑖𝑖𝑘𝑘 − 𝐵𝐵𝜔𝜔𝑘𝑘

𝐽𝐽
Δ𝑡𝑡. 

A PID controller is employed for speed regulation: 

𝑢𝑢(𝑡𝑡) = 𝐾𝐾𝑝𝑝𝑒𝑒(𝑡𝑡) + 𝐾𝐾𝑖𝑖 � 𝑒𝑒(𝜏𝜏) 𝑑𝑑𝑑𝑑 +
𝑡𝑡

0
𝐾𝐾𝑑𝑑

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

, 

where the control error is defined as: 

𝑒𝑒(𝑡𝑡) = 𝜔𝜔target −𝜔𝜔(𝑡𝑡). 

With controller gains 
𝐾𝐾𝑝𝑝 = 0.5, 
𝐾𝐾𝑖𝑖 = 0.1, 
𝐾𝐾𝑑𝑑 = 0.05, 
simulation results indicate that the motor speed converges to the reference value within 0.2 s. 

4.5 Trajectory Modeling 

For a robot starting from the origin (0, 0)and moving along a circular trajectory, the curvature of the path is defined 
as: 

𝑘𝑘 =
𝜔𝜔
𝑣𝑣

. 

The radius of the circular trajectory is therefore: 

𝑅𝑅 =
𝑣𝑣
𝜔𝜔

. 

The robot position in the global coordinate frame �𝑋𝑋𝑔𝑔,𝑌𝑌𝑔𝑔� evolves according to: 

𝑋𝑋(𝑡𝑡) = 𝑅𝑅sin (𝜔𝜔𝜔𝜔), 
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𝑌𝑌(𝑡𝑡) = 𝑅𝑅(1 − cos (𝜔𝜔𝜔𝜔)), 

with initial conditions: 

𝑋𝑋(0) = 0,𝑌𝑌(0) = 0,𝜃𝜃(0) = 0. 

The heading angle of the robot is given by: 

𝜃𝜃(𝑡𝑡) = 𝜔𝜔𝜔𝜔. 

4.6 Assumptions and Kinematic Structure 

The kinematic model incorporates differential-drive principles and a steering-with-slip analogy. The following 
assumptions are adopted: 

• the robot’s center of mass coincides with the geometric center of the chassis; 
• wheels located on the same side rotate at identical angular velocities; 
• the robot moves on a rigid planar surface with all wheels maintaining continuous contact with the ground. 

Fig. 1 illustrates the kinematic model of the four-wheeled mobile robot, showing the relationship between 
individual wheel angular velocities, turning radius, and platform motion. This model forms the basis for programming 
the program code control unit and for simulating robot motion under various environmental conditions. 

 
Figure 1: Kinematic Model of the Four-Wheeled Mobile Robot Illustrating the Relationship between Individual 
Wheel Angular Velocities, Turning Radius, and Resulting Translational and Rotational Motion of the Platform 

4.7 Differential Wheel Speed Control of the Mobile Robot 

Differential wheel speed control is a commonly used motion control strategy for wheeled mobile robots. This 
method is based on regulating the angular velocities of individual wheels in order to generate translational motion, 
turning maneuvers, and changes in trajectory. Differential wheel speed control is widely applied in classical 
differential-drive robots, such as two-wheeled platforms, as well as in four-wheeled robots with independently driven 
wheels, including skid-steered systems. 

In four-wheeled skid-steered configurations, steering is achieved by imposing different angular velocities on the 
left and right wheel pairs. Straight-line motion occurs when all wheels rotate at equal speeds, while turning is produced 
by creating a speed difference between the wheel pairs on opposite sides of the robot. This approach eliminates the 
need for mechanical steering mechanisms and provides a compact and robust solution for mobile robot navigation. 

4.8 Kinematic Scheme of Steering with Slip and Differential Drive 

As shown in Fig. 2, the kinematic scheme is based on differential wheel speed control with steering-slip 
assumptions. The following assumptions are adopted for the development of the kinematic model: 

• the robot’s center of mass coincides with the geometric center of the chassis; 
• wheels located on the same side of the robot rotate at identical angular velocities; 
• the robot moves on a rigid planar surface, with all four wheels maintaining continuous contact with the 

ground. 
Under these assumptions, the kinematic scheme establishes the relationship between wheel angular velocities, 
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turning radius, and overall robot motion. The model serves as the basis for simulating the robot’s motion dynamics 
and for implementing the program code control unit. It enables accurate prediction of robot behavior during turning 
maneuvers, trajectory changes, and interactions with complex or uneven terrain. 

 
Figure 2: Kinematic Scheme of a Four-Wheeled Skid-Steered Mobile Robot Showing the Assumed Coordinate 

Systems, Wheel Arrangement, and motion constraints Used in the Kinematic Analysis 

4.9 Kinematic Model of a Skid-Steered Mobile Robot 

The skid-steered robot is assumed to move on a flat planar surface. A global coordinate system 

𝐼𝐼(𝑋𝑋𝑔𝑔,𝑌𝑌𝑔𝑔,𝑍𝑍𝑔𝑔) 

and a body-fixed local coordinate system 𝐵𝐵(𝑥𝑥,𝑦𝑦, 𝑧𝑧), attached to the robot’s center of mass, are defined. The 
position of the center of mass is described by (𝑋𝑋,𝑌𝑌,𝑍𝑍), where 𝑍𝑍 = const. 

The linear velocity in the local frame is 

v = (𝑣𝑣𝑥𝑥, 𝑣𝑣𝑦𝑦, 0)𝑇𝑇 , 

and the angular velocity vector is 

𝜔𝜔 = (0,0,𝜔𝜔)𝑇𝑇 . 

The generalized coordinates are defined as 

q = (𝑋𝑋,𝑌𝑌,Θ)𝑇𝑇 , 

with the corresponding generalized velocities 

q̇ = (𝑋̇𝑋, 𝑌̇𝑌, Θ̇)𝑇𝑇 . 

The transformation between local and global velocities is given by: 

�𝑋̇𝑋
𝑌̇𝑌
� = �cosΘ −sin Θ

sinΘ cosΘ � �
𝑣𝑣𝑥𝑥
𝑣𝑣𝑦𝑦�. 

Since the motion is planar, it follows that Θ̇ = 𝜔𝜔. 
Let each wheel rotate with angular velocity 𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑖𝑖 = 1, … ,4. Wheel thickness is neglected, and each wheel is 

assumed to contact the ground at a single point 𝑃𝑃𝑖𝑖. 
In skid-steered robots, lateral wheel velocity components are generally nonzero, enabling changes in orientation 

through controlled lateral slip. In the present model, longitudinal wheel slip is neglected, yielding: 

𝑣𝑣𝑖𝑖𝑖𝑖 = 𝑅𝑅 𝜔𝜔𝑖𝑖 

The geometric and physical parameters of the developed mobile robot used in the modeling are summarized in 
Table 1. 
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Table 1: Geometric and Physical Parameters of the Developed Four-Wheeled Mobile Robot used in Kinematic and 
Dynamic Modeling 

Parameter Symbol Value 
Robot mass (kg) 𝑀𝑀 15 
Robot width (m) 𝐵𝐵 0.25 
Robot length (m) 𝐿𝐿 0.35 
Wheelbase (m) 𝐶𝐶 0.24 

Wheel radius (m) 𝑅𝑅 0.075 
Wheel width (m) 𝐵𝐵𝑤𝑤 0.05 

Fig. 3 presents the preliminary three-dimensional CAD model of the robot chassis, illustrating the overall geometry 
and structural layout. 

  
Figure 3: Preliminary Three-Dimensional CAD Model of the Robot Chassis Illustrating the Overall Geometry and 

Structural Layout 

Fig. 4 shows the structural design of the mobile robot with the placement of the motor, gearbox, and control unit 
inside the chassis. 

Figure 4: Structural Design of the Mobile Robot Showing the Placement of the Electric Motor, Gearbox, and 
Control Unit within the Chassis 

Fig. 5 shows the external view of the assembled four-wheeled mobile robot prototype. 
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Figure 5: External View of the Assembled Four-Wheeled Mobile Robot Prototype 

The electrical circuit for connecting two DC motors to an Arduino Uno is based on the use of an external motor 
driver, which provides proper interfacing between the low-voltage control signals of the microcontroller and the higher 
current load required by the motors. The Arduino sends logical control signals to the driver inputs—typically PWM 
signals for speed regulation and digital signals for direction control—while the motor power supply is delivered to a 
dedicated power input of the driver from an external source. 

Each motor is connected to its corresponding pair of output terminals on the driver, and the ground line of the 
power supply must be connected to the Arduino’s ground to ensure correct signal referencing. Structurally, the circuit 
consists of three key subsystems: the control loop (Arduino → driver inputs), the power loop (external power supply 
→ driver → motors), and the common reference loop (GND), which interconnects all components to maintain stable 
system operation. 

4.10  Preliminary Performance Evaluation of the Mobile Robot 

To strengthen the experimental validation of the proposed kinematic and dynamic models, a set of preliminary 
performance evaluations was conducted in simulation and hardware-in-the-loop conditions. The objective of these 
experiments was not full-scale benchmarking, but rather an initial verification of the robot’s response to speed 
commands, turning behavior, and obstacle avoidance capabilities. 

4.11  Speed Response Analysis 

The speed response of the mobile robot was evaluated using the DC motor model implemented in Octave and the 
Arduino-based PID controller. A step input corresponding to the target angular velocity was applied. As shown in 
Figures 9 - 12, the motor speed converges smoothly to the desired value within approximately 0.2 s, with no oscillatory 
behavior observed. 

This response time confirms the adequacy of the selected PID gains (𝐾𝐾𝑝𝑝 = 0.5, 𝐾𝐾𝑖𝑖 = 0.1, 𝐾𝐾𝑑𝑑 = 0.05) for basic 
speed regulation tasks and demonstrates that the control system can ensure stable longitudinal motion under nominal 
operating conditions. 

4.12  Turning Behavior and Maneuverability 

Turning performance was analyzed using differential wheel speed control. By applying distinct angular velocities 
to the left and right wheel sets (𝜔𝜔𝐿𝐿 = 10 rad/s, 𝜔𝜔𝑅𝑅 = 12 rad/s), the robot followed a circular trajectory with a 
calculated turning radius of 𝑅𝑅𝑡𝑡 = 1.32 m. 

The simulated trajectory closely matches the analytical kinematic model defined by 

𝑅𝑅 =
𝑣𝑣
𝜔𝜔

, 

confirming the consistency between theoretical predictions and simulated motion. The smooth evolution of the 
heading angle 𝜃𝜃(𝑡𝑡) = 𝜔𝜔𝜔𝜔 indicates stable yaw dynamics without abrupt deviations, which is essential for trajectory 
tracking and path planning. 

4.13  Preliminary Obstacle Avoidance Demonstration 

Basic obstacle avoidance behavior was demonstrated in simulation using sensor feedback and differential speed 
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adjustment. When an obstacle was detected in the robot’s forward path, wheel speeds were asymmetrically modified, 
inducing a controlled turn that allowed the robot to bypass the obstacle and resume its original trajectory. 

Although this experiment was performed at a preliminary level and without advanced environment mapping, it 
demonstrates the feasibility of integrating the proposed kinematic model with sensor-driven control logic. These 
results provide an initial proof-of-concept for more advanced AI-based navigation and autonomous decision-making 
algorithms. 

Fig. 6 illustrates the electrical circuit diagram used to connect two DC motors to the Arduino Uno via a motor 
driver. 

 
Figure 6: Electrical Circuit Diagram for Connecting two DC Motors to the Arduino Uno Microcontroller via a 

Motor Driver 

The motor requires significant torque, especially considering that testing is planned under challenging geological 
conditions; therefore, it is connected through a motor driver (Duan et al., 2014). Before testing the motor, 
programming and simulation are performed in Tinkercad. 

The steering motion of the mobile robot is controlled by a set of sensors that provide precise evaluation of both 
the operator’s intended actions and the vehicle’s actual behavior. The primary element is the steering wheel angle 
sensor, which measures the magnitude and rate of change of the wheel angle, enabling the electronic system to 
determine the desired direction of motion. This is complemented by wheel angle sensors installed in the steering 
mechanisms, which register the actual position of the steered wheels, a critical factor for active steering systems 
(Akhmetov et al., 2025). 

Angular velocity sensors (gyroscopes) and lateral acceleration sensors play a key role in analyzing the robot’s 
dynamics. Gyroscopes measure yaw rate, i.e., rotation around the vertical axis, allowing assessment of deviation from 
the intended trajectory. Lateral acceleration sensors detect side forces experienced during cornering, enabling 
evaluation of stability and identifying conditions that may lead to skidding or understeer. The combined data from 
these sensors form the basis of electronic stability control systems (ESP/ESC) (Balabekova et al., 2023). 

Wheel speed sensors, used in ABS systems, monitor wheel slip during braking and maneuvering. Their readings 
are essential for the proper operation of anti-lock braking systems, traction control systems, and electronic brake-force 
distribution systems, which actively intervene in vehicle control during turns. Longitudinal acceleration sensors and 
body or suspension position sensors are also significant, as they allow for consideration of mass redistribution and 
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body roll under challenging driving conditions, directly affecting wheel-road adhesion. 
Fig. 7 presents the connection and simulation diagram of the robot control system implemented in the Tinkercad 

environment. 

 
Figure 7: Connection and Simulation Diagram of the Mobile Robot Control System Implemented in the 

Tinkercad Environment 

The next critical step in the design of the mobile robot is programming the control unit and integrating program 
code agents. A portion of the C++ code is presented, with comments describing the manipulation processes using the 
Arduino Uno. 

Fig. 8 shows a fragment of the C++ program code implemented in the Arduino development environment for 
motor control. 

 
Figure 8: Fragment of the C++ Program Code for Motor Control Implemented in the Arduino Development 

Environment 
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C++ Programming for Arduino Motor Control 
The Arduino Uno was programmed in C++ to control a DC motor via the TA6586 driver using a joystick. The 

connections are as follows: 
Joystick: VRy (Y-axis) connected to A0, used to control motor speed and direction. 
TA6586 Driver: 

- IN1 connected to pin 9 (PWM-capable) 
- IN2 connected to pin 10 (PWM-capable) 
- OUT1 and OUT2 connected to the motor 
VCC to 5V Arduino, GND to Arduino GND 

Motor power supplied separately if required (TA6586 can operate at 3-14 V). 
When the joystick is at the midpoint, analogRead returns approximately 512. Moving the joystick upward 

commands forward motion, while downward commands reverse motion. The motor speed is proportional to the 
deviation from the center position. 

const int JOY_Y_PIN = A0; // Y-ось джойстика const int MOTOR_IN1 = 9; // IN1 TA6586 (PWM для forward) 
const int MOTOR_IN2 = 10; // IN2 TA6586 (PWM для reverse); 

void setup () { 
pinMode(MOTOR_IN1, OUTPUT); 
pinMode(MOTOR_IN2, OUTPUT); 
analogWrite(MOTOR_IN1, 0); // Initial stop 
analogWrite(MOTOR_IN2, 0); 
Serial.begin(9600); // Optional debugging 
} 
void loop () { 
  int yValue = analogRead(JOY_Y_PIN); // Read joystick Y-axis (0-1023) 
  // Map to -255 to 255 speed range 
  int speed = map (yValue, 0, 1023, -255, 255); 
  // Dead zone to prevent drift 
  if (abs(speed) < 20) { 
    speed = 0; 
  } 
if (speed > 0) { 
// Forward: PWM on IN1, LOW on IN2 
analogWrite(MOTOR_IN1, speed); 
analogWrite(MOTOR_IN2, 0); 
Serial.println("Forward: " + String(speed)); 
} else if (speed < 0) { 
// Reverse: LOW on IN1, PWM on IN2 
analogWrite(MOTOR_IN1, 0); 
analogWrite(MOTOR_IN2, abs(speed)); 
Serial.println("Reverse: " + String(abs(speed))); 
} else { 
// Stop: LOW on both pins 
analogWrite(MOTOR_IN1, 0); 
analogWrite(MOTOR_IN2, 0); 
Serial.println("Stop"); 
} 
delay (100); // Delay for stability 

5. Results and Discussion 
The preliminary performance results confirm that the developed kinematic and dynamic models are suitable for 

predicting the robot’s motion behavior at basic operational levels. The observed speed response, turning stability, and 
obstacle avoidance capability demonstrate that the platform can reliably execute fundamental maneuvers. 

While these experiments are limited in scope, they establish a solid experimental foundation for future work, 
including real-world testing under complex terrain conditions, quantitative performance metrics, and full integration 
of AI-based navigation systems. 
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Table 2: Preliminary Performance Metrics of the Mobile Robot 

Metric Symbol/ Definition Value Evaluation method 

Speed Response Time 𝑡𝑡𝑟𝑟 - time to reach 95% of target speed 0.2 s Octave simulation with 
PID speed control 

Steady-State Speed Error 𝑒𝑒𝑠𝑠𝑠𝑠 = 𝜔𝜔𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 < 3% Motor dynamic model 

Linear Velocity 𝑣𝑣 =
𝑅𝑅(𝜔𝜔𝑅𝑅 + 𝜔𝜔𝐿𝐿)

2
 0.825 m/s Analytical calculation 

Angular Velocity 𝜔𝜔 =
𝑅𝑅(𝜔𝜔𝑅𝑅 − 𝜔𝜔𝐿𝐿)

𝐶𝐶
 0.625 rad/s Analytical calculation 

Turning Radius 𝑅𝑅𝑡𝑡 =
𝑣𝑣
𝜔𝜔

 1.32 m Kinematic model and 
simulation 

Yaw Stability Absence of oscillations in 𝜔𝜔(𝑡𝑡) Stable Time-domain response 
analysis 

Slip-Induced Deviation Lateral deviation during turning Negligible 
(preliminary) 

Skid-steering kinematic 
simulation 

Obstacle Avoidance 
Capability 

Successful trajectory deviation and 
recovery Demonstrated Sensor-triggered 

differential speed control 

5.1 DC Motor Dynamic Model 

A dynamic model of the DC motor was implemented in Octave to evaluate its performance. The motor parameters 
used in the simulation are summarized as follows: 

The dynamic behavior of the DC motor I 
R = 2 Ω,                                        (armature resistance)      
L = 0.5 H,           (armature inductance)      
Ke = 0.02V\cdotps\cdotprad−1         (back-EMF constant)                 
Kt =  0.02 N\cdotpm\cdotpA−1          (torque constant)                              
J = 0.01  kg\cdotpm2          (rotor moment of inertia)   
B=0.001N\cdotpm\ cdots         (viscous friction coefficient)                
U = 2.5 V,           (applied voltage)                
The dynamic behavior of the DC motor is described by the following system of differential equations, governing 

the armature current 𝑖𝑖(𝑡𝑡)and the angular velocity 𝜔𝜔(𝑡𝑡): 

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

=
𝑈𝑈 − 𝑅𝑅𝑅𝑅(𝑡𝑡) − 𝐾𝐾𝑒𝑒𝜔𝜔(𝑡𝑡)

𝐿𝐿
, 

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

=
𝐾𝐾𝑡𝑡𝑖𝑖(𝑡𝑡) − 𝐵𝐵𝐵𝐵(𝑡𝑡)

𝐽𝐽
. 

For numerical simulation, a discrete-time approximation was employed using a fixed time step 

Δ𝑡𝑡 = 0.01 s, 

over a total simulation interval of 10 s. The iterative computation scheme is given by: 

𝑖𝑖𝑘𝑘+1 = 𝑖𝑖𝑘𝑘 +
𝑈𝑈 − 𝑅𝑅𝑖𝑖𝑘𝑘 − 𝐾𝐾𝑒𝑒𝜔𝜔𝑘𝑘

𝐿𝐿
 Δ𝑡𝑡,

𝜔𝜔𝑘𝑘+1 = 𝜔𝜔𝑘𝑘 +
𝐾𝐾𝑡𝑡𝑖𝑖𝑘𝑘 − 𝐵𝐵𝜔𝜔𝑘𝑘

𝐽𝐽
 Δ𝑡𝑡,

 

where 𝑖𝑖𝑘𝑘and 𝜔𝜔𝑘𝑘denote the current and angular velocity at the 𝑘𝑘-th time step, respectively. 
This formulation ensures consistency with the continuous-time dynamic model and enables efficient numerical 

integration using standard simulation tools such as Octave. 
The results are presented in Fig. 9 and 12.  
The simulation demonstrates the expected dynamic behavior of the motor, with a smooth rise in current followed 

by stabilization, and a corresponding increase in shaft speed to its steady-state value. These results validate the motor 
parameters and provide a reliable basis for further integration with the Arduino-based control system and joystick 
interface. 

Fig. 9 illustrates the simulated transient response of the DC motor current as a function of time. 
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Figure 9: Simulated Transient Response of DC Motor Current as a Function of Time Obtained Using Octave 

The mathematical model of the DC motor used for simulation is shown in Fig. 10.  Fig. 11 presents the numerical 
simulation results of the motor current obtained from the implemented dynamic model. 

 
Figure 10: Mathematical Model of the DC Motor Used for Dynamic Simulation and Control Analysis 

 
Figure 11: Time-Domain Response of the DC Motor Current Obtained from Numerical Simulation 
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Fig. 12 shows the simulated angular velocity of the DC motor shaft expressed as rotational speed over time. 

 
Figure 12: Simulated Angular Velocity of the DC Motor Shaft Expressed as Rotational Speed Over Time 

6. Conclusions 
A comprehensive review of the scientific literature on mobile robot design was conducted. The physical assembly 

of a four-wheeled mobile robot model was completed, and the motion and manipulation code based on a DC motor 
was programmed. Following the construction of the physical model, further research is planned, including 3D 
modeling of the electrically driven mobile robot in SolidWorks, simulations, state diagrams, and calculations for 
maintaining equilibrium in three-dimensional space under complex geological conditions. 

The control unit has been programmed using Arduino, and preliminary testing of the integrated program code 
system has been initiated. Scientific research on sensor systems and their integration with program code was carried 
out to enable autonomous operation in areas without human presence, where the robot can make decisions 
independently. 

Special attention is given to programming the program code-based control unit, which requires the development 
of a highly efficient algorithm capable of rapid and precise maintenance of equilibrium, both in static and dynamic 
states. This is particularly important due to shifts in the center of gravity during movement. The software also ensures 
recognition, selection, and processing of external data, including temperature, water and soil samples, gas 
concentration, radiation levels, slope, vibrations, and seismic activity. 

Additionally, calculations were performed to determine the optimal wheel speed distribution, torque requirements, 
and dynamic responses under varying terrain conditions, ensuring stability and maneuverability of the mobile robot 
in complex environments. These calculations provide the theoretical foundation for designing a robust program code 
driven control system capable of operating safely and effectively in challenging geological conditions. 
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