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Abstract: This article describes a method for the real-time monitoring of the current consumed by a
Dynamixel MX 64 AT servomotor used in the actuation system of modular mobile robotic platforms
having differential locomotion and conventional wheels. The data acquisition method is based on
an Arduino Mega 2560 development board interfaced with Matlab Simulink and the ASC712-5A
hall sensor for current detection. A Simulink model is presented that performs the detection of a
sensor reference voltage, which needs to be calibrated for a correct reading of the current. Due to
the low resolution of the analog-to-digital converter with which the Arduino Mega is equipped,
current monitoring is difficult to achieve, having large fluctuations and a lower resolution than the
current absorbed by the servomotor. The solution to this problem is achieved by implementing, in
the hardware construction, an ADS115 conversion module with 16-bit resolution, which leads to an
increase in the measurement range of the ASC712-5A sensor. The current acquisition model with the
Hall sensor is experimentally validated using measurements on the physical model of the drive wheel.
This article further deals with the CAD and digital block modeling of mobile platforms with four
and two wheels. The dynamic model of the robot is created in the Simulink–Simscape–Multibody
environment and is used to determine the servomotor torques when the robot is moving along the
predefined path. The torque variations are entered as variables in the Simulink digital block model of
the robot. The Simulink model is simulated when moving along a square path, which determines the
variation in the current absorbed by the motors. Experimental validation of the model is carried out
using measurements on the functional models that operate in real conditions. A power consumption
method is further proposed.

Keywords: mobile robot; modular robot; servomotor; Hall sensor ASC712-5A; Arduino Mega 2560;
dynamic model; Matlab Simulink; current variation; power consumption

1. Introduction

Mobile robotic platforms have seen a major development in recent times. They include
in their hardware structure a variety of mechatronic systems that have state-of-the-art
sensors, actuators and microprocessors in their components. The fields of activity in which
mobile robotic platforms are encountered are varied [1]. Thus, mobile robots are found in
various industrial sectors, education, research and agriculture as well as in social assistance,
helping people with disabilities.

Educational robotics platforms are introduced into the education system starting from
the primary grades, and this enriches the learning environment, promotes knowledge and
increases students’ interest in technology, science, engineering and mathematics activi-
ties [2]. In agriculture, climate change and the lack of a labor force are important threats
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worldwide. Mobile robots are very useful in various applications in agriculture because
they reduce human labor and have the ability to collect large amounts of data about crops.
They can work for long periods of time in adverse climatic conditions, having lower oper-
ating costs than human labor [3]. Another field where these mobile platforms are found
is social assistance, where robots are used to support the elderly or to help persons with
disabilities carry out daily activities independently [4].

Regarding industrial applications, industrial production is in a restructuring phase
that aims to digitize conventional industrial companies in order to increase the degree of
automation and networking in production chains [5] in the context of Industry 4.0. Achiev-
ing this goal requires increased speed, quality, innovation and, in particular, flexibility and
customization options [6].

Mobile robots represent one of the solutions for digitization, automation and inter-
connection. They can move autonomously, i.e., without assistance from external human
operators. Mobile robots can ensure transport operations of material, semi-finished prod-
ucts, sub-assemblies, or machined parts between two or more phases of a technological
flow, or handle, load or unload products.

In the operation of mobile robots, several stages are identified such as perception,
localization, cognition, movement control and navigation [7,8]. In the perception phase,
the robot’s sensors intervene, extracting data following the analysis and interpretation of
their output signals. With localization, the mobile robot determines the location based on
external sensors. Then, the robot plans the necessary steps to reach the target. Motion
control ensures the required trajectory is achieved by modifying the motor outputs using the
control system. Navigation involves planning algorithms and the application of information
theory and artificial intelligence.

For autonomous mobile robots, it is important to integrate sensors used to measure
functional parameters during operation (internal sensors) or for localization (external
sensors). These parameters can be used for monitoring (for example, the power consumed,
battery charge level, etc.) [9–11] and for controlling movement (speed and acceleration),
position and orientation [12,13] (trajectory and navigation control).

A problem that can be found with any mobile robotic platform is related to the power
supply part. In most cases, the power sources are various types of batteries [14,15]. This is
a disadvantage because depending on the performance of each type of platform and its
energy consumption, it will have a certain degree of autonomy.

1.1. Literature Review

The field of mobile robots is vast and in continuous change. The interest of researchers
in this field is constantly increasing, as is the number of publications that appear every
year. This section presents an analysis of bibliographic sources that have made significant
contributions to the current stage of research in the domain of mobile robotics. The analysis
is carried out by following several areas that are also found in this article proposed by
the authors:

• Applications in which mobile robots and general aspects are integrated;
• Aspects related to sensors used in mobile robotics, with details related to the Hall

current sensor;
• Research related to the modularity and reconfigurability of mobile robots;
• The use of Matlab Simulink in modeling, simulation and developing mobile robots;
• Energy consumption and efficiency of mobile robots.

The selected references are grouped by sections in Table 1. The relevance of the refer-
ences is quantified by evaluating the searches and the number of citations using specialized
search engines for scientific references such as Google Scholar or Web of Science [16].

1.1.1. General Aspects of Mobile Robots

Bruzzone at al. present in [17] state-of-the-art mobile robots that have a track-based
locomotion system. A number of advantages are presented such as the large contact surface
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with the ground and running on rough terrain, but there is also a series of disadvantages
such as low speed and low energy efficiency. The article presents three main directions that
refer to the design type of the body and track profile and type.

Table 1. References of the state of the art on sections.
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Year Categories

General aspects of mobile robots

Mobile Robots Locomotion [17] Review 73 3 2022 Engineering, Mechanical
Wheeled mobile robot [18] Review 118 2 2021 Disciplines, Multidisciplinary

Omnidirectional mobile robots [19] Article 354 21 2020 Engineering, Mechanical
Navigation of mobile robot [20] Review 208 220 2019 Engineering, Multidisciplinary

A review of mobile robots [8] Review 188 120 2019 Robotics

Hall sensors

Hall-Effect Current Sensors [21] Article 103 6 2022 Engineering, Applied
Photo-Induced Hall Sensors [22] Article 34 3 2021 Engineering, Electrical

Current Sensors [23] Article 21 15 2019 Engineering, Electrical
Wireless Current Monitoring [24] C. Paper 8 0 2019 Engineering, Electrical

MagFET-current sensor [25] Article 23 14 2013 Engineering, Electrical

Modular and reconfigurable mobile robots

Reconfigurable Mobile Robot [26] Article 23 8 2020 Artificial Intelligence; Robotics
Modular ROS [27] C. Paper 31 1 2020 Engineering, Robotics

Modular Mobile Platform [28] C. Paper 16 3 2019 Automation and Control Systems
Reconfigurable Robot [29] C. Paper 16 25 2010 Automation and Control Robotics

Design of iMobot [30] C. Paper 12 51 2010 Automation and Control Robotics

Matlab Simulink modeling for mobile robots

Holonomic Mobile Robot [31] Article 40 4 2022 Multidisciplinary; Engineering
Control of wheeled robots [32] Article 66 5 2021 Automation and Control Systems
Trajectory Mobile Robots [33] C. Paper 27 1 2021 Engineering, Industrial

Four-wheel-driven autonomous [34] Article 29 30 2019 Engineering, Electrical
Mobile Robots Simscape [35] C. Paper 14 5 2019 Engineering, Multidisciplinary

Energy consumption of mobile robots

Energy Differential Drive [36] Article 30 12 2020 Engineering, Electrical
Energy estimation robots [37] Article 23 11 2020 Robotics
Energy Modeling robots [9] Article 30 27 2019 Energy and Fuels

Power Consumption Robots [38] Article 25 18 2019 Computer Science, Robotics
Energy Consumption on Trajectory [39] Article 21 17 2019 Robotics

All searches were completed in February 2023.

In work [18], Wang et al. present an analysis of the progress made over the last
20 years in bypassing local obstacles with autonomous mobile robots using methods based
on artificial intelligence, neuronal networks or fuzzy logic.

Taheri et al. present a review of robots using omnidirectional wheels [19]. Important
information regarding each type of omnidirectional wheel together with the latest news
regarding the type and use of these wheels is presented to help designers and researchers
select the appropriate mechanism and control mode.
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Article [20] presents the state-of-the-art navigation techniques used for current mobile
robots. Patle et al. conducts a series of studies aimed at developing trajectory-planning
strategies under different environmental conditions and also analyzed navigation from a
static and dynamic point of view.

Rubio et al., in the work [8], provides a series of general information on the field of
mobile robotics. There are classifications of mobile robots according to the locomotion sys-
tem used and their control system. In addition, the article presents a series of applications
integrating mobile robots.

1.1.2. Hall Sensors

Article [21] provides a perspective on current sensors based on the Hall effect. Cres-
centini et al. highlight the fundamental operating principles, methods of designing sensors
and implementation techniques. The study focuses on sensors based on standard silicon
technology. There is also a review of several typical architectures of the current transducers
in the magnetic field, including a discussion on the influence of temperature and other
external phenomena.

Article [22] by Wang et al. treats the Hall effect in semiconductors with an application
to magnetic field detection. Disadvantages such as polarization dependence or influence of
non-uniform current distribution on linearity are presented. The work proposes a new Hall
sensor structure without polarization.

Reference [23] presents a number of problems related to the interference of Hall sensors
with electromagnetic fields. Aiello performs a series of experimental tests that highlighted
the defects of Hall sensors in different situations.

In [24], Romero-Perigault et al. present the operation of a current monitoring network
using two variants of Hall sensors (ACS712 and ACS423). Information from the sensors is
acquired with an Arduino board, which sends the information through a Bluetooth module
to a smartphone. The application was integrated into an autonomous guided vehicle.

Similar to [23], in the article [25], Aiello and Fiori present problems arising from Hall
sensors when interfering with the environment, for example, with radio frequency signals.
The design of a new type of sensor and a series of simulations are presented in detail.

1.1.3. Modular and Reconfigurable Mobile Robots

A series of dynamic equations specific to a nonholonomic reconfigurable mobile
robot used for space exploration and rescue operations are presented in [26]. Karamipour
et al. propose a mechanical structure that can be adapted to bypass the obstacles without
deviating from the trajectory. In addition, with reconfiguration, the power required for
drive engines is small, which leads to optimizing energy consumption.

Luo et al. in [27] present the development of autonomous mobile robots used in
industrial applications for automated intelligent fabrication based on a robot operating
system (ROS). To increase mobility, the localization and simultaneous mapping system
(SLAM) is used.

Tkacik et al. present in detail the design of a mobile robotic platform that can be used
in education and research [29]. This platform was made using 3D printing and highlighted
the development of robot control units and the implementation of control interfaces. It also
presents the integration of individual sensor modules on the platform that use the ROS
operating system.

In [29], a hybrid model of the chain autoreconfigurable robot type is shown. According
to Kutzer et al., the connection between modules is made with a mechanical fixing system
operated using a large couple actuator that allows self-assembly and also by optical and
electric interfaces.

In [30], Ryland and Cheng show the stages for designing a modular mobile robot with
four degrees of freedom used for search and rescue operations that can also be used in
education and research.
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1.1.4. Matlab Simulink Modeling for Mobile Robots

In [31], Piza et al. provide detailed information on sensor fusion, based on the Kalman
filter, that allows the control of a holonomic mobile robot to follow an imposed trajectory.
A two-speed non-uniform extended Kalman filter was considered, which allows the esti-
mation of high and slow speeds of the robot from non-linear measurements. The proposed
solution was simulated using a mecanum four-wheel mobile platform model based on
Simscape Multibody (Matlab Simulink).

Article [32] aims to design a controller for mobile robots. Ahmadi et al. propose
a method for creating a dynamic model that takes into account all the parameters of
the drive motors and external disturbances. In addition, a new dynamic and adaptive
controller for asymptotic trajectory tracking is proposed. The simulations were carried
out in Simscape Multibody, and the results were compared with two controllers from the
specialized literature.

In [33], Hassan and Saleem present the development of a mobile robot navigation
system based on a controller for efficient tracking of the trajectory. Non-holonomic mobile
robots were simulated based on an algorithm and compared with two-wheeled mobile
robots with differential traction.

An integrated trajectory tracking control system for autonomous electric vehicles was
proposed by Ren et al. in [34]. The control system provides three functions: complex
trajectory tracking predictive control, lateral stability control and torque optimization
control. The three components are integrated in a Matlab Carsim/Simulink model to
evaluate the performance of the controller.

Siwek et al. describe the way of working in the Matlab Simulink and Simscape
Multibody environment [35]. The steps for obtaining a dynamic model are presented:
designing a CAD model of the mobile robot, importing it into Simscape Multibody and
generating a kinematic chain that is actuated for making the desired simulations.

1.1.5. Energy Consumption of Mobile Robots

In [36], Stefek et al. present state-of-the-art differential traction mobile robot control
models. A series of experimental research is carried out using an open-source code based
on Python. Kinematic and dynamic models of the robot are created and simulated when
moving along a predefined trajectory. Using control algorithms, the length of the trajec-
tory is optimized to reduce energy consumption. The work makes the open-source code
available to other users.

Article [37] by Jaramillo-Morales et al. proposes a model for calculating the energy
consumed by a mobile robot with two wheels and differential traction, taking into account
the dynamic parameters of the robot and drive motors. The movement of the Nomad Super
Scout II robot is carried out on trajectories with variable accelerations and different payloads.
The results show a precision of the simulated model compared to the experimental one of
96.67% on straight trajectories and 81.25% on curved trajectories.

Hou et al. propose a method for modeling the energy consumption of mobile robots [9]
that can predict the energy consumption for various trajectories. The model takes into
account the sensor, control and actuation systems. The concept is applied to a four-wheeled
mecanum mobile robot. The experimental results show that the model allows a prediction
of the energy consumption during the movement of the robot as a whole as well as for each
subsystem of the robot separately.

In [38], Canfield et al. present aspects regarding the influences of slipping and fric-
tion on the energy consumption of mobile robots. The estimation method is based on
the slipping parameters obtained based on the differential equations derived from the
kinematic equations. The results for two different cases demonstrate that power and energy
consumption depend on the payload and the movement along the path.

The work [39] proposes an algorithm for optimizing the trajectory traveled according
to the energy consumption of a mobile robot. Valero et al. describe the dynamic modeling
of a robot in which the inertial forces and the characteristics of the drive motors are taken
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into account. When moving the robot along a path without obstacles, the energy consumed,
time required to complete the trajectory, maximum speed reached and distance covered
are taken into account. The algorithm was applied to 101 examples, and it was possible to
implement the proposed model on other constructive variants.

1.2. Research Objectives and Contributions

In this article, the authors present hard and soft concepts implemented in the develop-
ment of a functional model for a mobile robotic platform that includes a motorized wheel
module used to measure the absorbed current with the help of a Hall current sensor. Of
the multitude of possible sensors, the current sensor can be used to measure, monitor, and
detect changes in current so that it can be optimized when moving along different paths to
minimize power consumption [40].

The Arduino Mega development board integrated into the drive wheel modules of
the mobile robot is based on an Atmega328 microcontroller and an integrated analog-to-
digital converter (ADC) with a 10-bit resolution. Following the preliminary experimental
research [41], it was found that this development board has a series of hardware limitations.
An attempt was made to avoid them using some software algorithms. The results were
not effective, so an external ADNS 1115 module with a 16-bit resolution was integrated
to replace the internal ADC of the development board. In this way, the same Arduino
acquisition board can still be used. This has a low cost compared to a dedicated acquisition
board. Another advantage of using the Arduino board is that it is based on open-source
software that provides free access to a multitude of software libraries.

The proposed method of measuring the current in real time is necessary for several
stages of the research and also for the use of the robot and future research. Thus, we can
mention among them:

• The need for a measurement system integrated into the actuation system to measure
the absorbed current in order to compare the simulated current with the measured
current for model validation.

• The possibility of using the measurement system with a Hall sensor integrated with
a controller for the optimization of energy consumption based on the control of the
current absorbed by the motor.

• The current values measured in real-time can be used to create an energy-efficient
control algorithm for moving the robot along different trajectories between two points.

• The real-time measurement of the current can also be used to produce statistics with
reference to the energy consumption when traveling different trajectories in various
situations. These statistics can be interpreted by the user, and based on them, hardware
or software updates can be made to increase the autonomy of the mobile robot.

The main objectives of this research, whose results have the character of originality,
are the following:

• Presentation of the original concept of a modular mobile robot, with application to
the variants with four and two conventional wheels and differential traction used
in research:

- Development of functional models (concept, design, realization with additive
fabrication or machining, choice and verification of electric motors, integration of
Hall current sensors and Arduino acquisition boards, assembly and verification
of functionality).

• A description for the creation of a Simulink digital block model to determine the energy
consumption of a modular mobile platform having a configuration with four conven-
tional wheels and differential traction:

- Creating a Simulink digital block model that represents the dynamic model of the
robotic configuration with four conventional wheels and differential traction.

- The use of the dynamic model to determine the resistant torques in the kinematic
joints when moving on a square path with a side of 1 m.
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- After completing the trajectory, the current absorbed by each individual motor is
measured and acquired.

• Experimental validation of the Simulink model comparing the simulation results with
the values obtained using experimental measurements:

- The development of an electric system for driving the robot wheels and monitor-
ing the absorbed current at a low cost.

- The use of an experimental monitoring method of the current provided by a Hall
sensor integrated into the actuation module of the robotic configuration. The
system is based on a bidirectional Hall current sensor ACS712-05Hall and on the
acquisition of data from the sensor with an Arduino Mega 2560 board.

- In order to monitor and interpret the data in real time, a Simulink digital block
model of the current supplied by the sensor was created, which was adjusted and
improved after experimental validation using a latest-generation digital multimeter.

• Comparison of the results obtained for the configurations with four and two conven-
tional wheels:

- A Simulink model for the two-wheeled configuration was additionally created.
The model was simulated for traveling the same path under the same conditions
as in the case of the modular version with four wheels.

- The experimental measurements were performed on the functional model.

• Determination of the consumed power based on the simulated and respectively mea-
sured current with the Hall sensor, when moving along the preset path:

- Calculation methods of energy and power consumed.
- Determination of energy consumption for the two configurations of four-wheel

and two-wheel drive mobile robots and interpretation of the results.

2. Materials and Methods
2.1. Aspects of Modularity

Modularity offers both functional and economic advantages with a major impact over
traditional robots based on fixed structures, which are designed only for a single application.
The reconfiguration and interconnectivity of the modules allow modular robots to adapt
to environmental changes quickly with high flexibility. Modularity and configurability
also allow mobile robots to perform tasks that a fixed robotic structure cannot perform.
This is achieved by assembling additional specialized modules to perform an assigned
task, resulting in an increased performance of the robotic structure. These specialized units
can be battery modules or modules with special sensors such as LiDAR sensors. Modular
robots also offer an economic advantage resulting from increased flexibility given by the
possibility of adding new specialized modules [30].

The developed modular mobile platform uses modules directly connected to each
other, without the need for an additional frame specific to a certain configuration. The basic
geometric shape of the modules is a hexagon that allows the realization of the robotic unit
with various component modules.

Figure 1 shows some examples of configurations that can be made using this concept.
The main module is the command module, which has the role of commanding several
actuation modules attached to it. The actuation module is based on a single actuated wheel,
having a system that offers a quick change in the wheel type. This module was designed to
work with three types of wheels, namely the conventional wheel, omnidirectional wheel
and mecanum wheel. In addition to the drive modules, some auxiliary modules of the
same geometric shape are used to build various robotic configurations and to accommodate
computing devices, additional sensors or batteries.

2.2. Structure and Characteristics of the Modular Mobile Robot

This research was carried out using a modular mobile platform made of several
hexagonal-shaped modules (Figure 1). This modular mobile platform was developed
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within the robotics laboratory of the Department of Machines and Industrial Equipment of
the Lucian Blaga University in Sibiu. In addition, it has been tested in the production area
of the automotive industry, in various applications such as the transport of semi-finished
products from a workstation to a manufacturing line.
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The configuration of the modular mobile robot with differential locomotion and four
conventional wheels is shown in Figure 2a. The wheels are driven by four servomotors
(M1, M2, M3 and M4, Figure 2b). This robot configuration includes the following modules:

• One main module, which has the role of command and connection with the other modules;
• Four motor wheel modules, which have the role of driving the robot.
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The main characteristics of the robotic platform are presented in Table 2.
To demonstrate the modularity and reconfiguration capability within the original

concept, the 3D CAD model of the robotic configuration with two drive wheels and
two Ball Castor units is presented in Figure 3. The mobile robot configuration has the same
characteristics as the four-wheeled one (Table 2), except for of its mass of 19.5 kg.
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Table 2. Technical characteristics of the conventional two-wheeled modular mobile robot.

Size 493 × 421 × 210 mm3

Robot mass 21.5 kg

Maximum transported mass ~10 kg

Maximum travel speed 0.5 m/s

Maximum acceleration 1 m/s2

Motor supply voltage 12 V

Maximum torque developed by the engine max. 7.3 Nm

Whell diameter 100 mm

Whell type Conventional NBR

Suspension system Adjustable suspension with hydraulic shock absorbers

Navigation sensors RPLidar A2 360 grade, QTR-8RC for line tracking

Inertial sensors Gyro and accelerometer module MPU 6065

Current monitoring sensors Sensors Hall ACS712-5A

Command boards Raspberry Pi 4, Ardunio Mega 2560

Software Possibility of integration of the ROS operating system
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Figure 4a depicts a general view of the physical assembly of the mobile robot, while
Figure 4b shows a bottom view of the robot to highlight the Ball Castor modules.

2.3. Characteristics of the Dynamixel MX 64 AT Servomotor

The actuation system of the modular mobile robot is the drive wheel module illustrated
in Figure 5, where the construction and main components of the module are presented.

The module is made of several subsystems such as the suspension system or the quick
coupling system of the wheel, shown in Figures 5a and 6b, respectively. A DC servomotor,
illustrated in Figures 5a and 6a where the construction and main components of the module
are presented, carries out the actuation of the modular mobile robot. After dimensioning
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and 3D modeling, all mechanical components were machined and the whole module was
assembled and tested (Figure 6a).
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Figure 5. Drive wheel module of the modular mobile robot (3D model). (a) External view.
(b) Internal view.

The electrical components of the drive system are shown in Figure 7. It can be seen that
each electrical system of the drive wheel module contains an Arduino Mega development
board that communicates with the control boards in the main control module. The wheel is
actuated with an MX64 AT servomotor that was previously chosen based on calculations in
static and dynamic regimes of the required and maximum torques, respectively, and then
checked. The main characteristics of the motor are detailed in Table 3. The servomotor has
its own driving system, but in this application, an external VNH5019 driving system was
used, which allows the control of two DC motors and is compatible with Arduino Mega.
The ACS712-5A sensor is placed between the driver and the motor. It detects the current
drawn by the servomotor and sends the signal to the Arduino Mega 2560 acquisition board.
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Table 3. Features of the servo motor Dynamixel MX64 AT [42].

Item Specifications

Dimensions (W × H × D) 40.2 × 61.1 × 41 mm3

Weight 135 g

Gear Ratio 200:1

Stall Torque
5.5 Nm (at 11.1 V, 3.9 A)
6.0 Nm (at 12 V, 4.1 A)
7.3 Nm (at 14.8 V, 5.2 A)

No Load Speed
58 rev/min (at 11.1 V)
63 rev/min (at 12 V)
78 rev/min (at 14.8 V)

Input voltage 10.0–14.8 V (Recommended: 12.0 V)

Standby current 100 mA

Command signal Digital Packet

Operating temperature −5 to +80 ◦C

MCU ARM CORTEX-M3 (72 MHz, 32 Bit)

Motor Coreless (Maxon)

Position sensor Contactless absolute encoder AS5045 (12 Bit, 360◦)
Makerams

Resolution 4096 positions/rev
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2.4. ACS712 Sensor Interfaced with Arduino Mega

Hall sensors are used to measure current in various applications—with photovoltaic
panels, induction motors, wind power plants and direct current motors. The operating
principle is based on the passage of electric current I through a magnetic field, generating a
voltage proportional to the density of the magnetic field [22,43].

The working principle of the Hall effect sensor is based on the Lorentz force, as
illustrated in Figure 8. When the magnetic field B (B—magnetic flux density) pierces the
metal plate perpendicularly, a deflection force F will result in the plate, called the Lorentz
force and expressed as F = q(v × B). This force will produce a deflection in the charge in a
direction perpendicular to the direction of the speed and the field, which will generate a
voltage v perpendicular to both the current I and magnetic field B. The tension expression
is given by the relation [44]:

v = IB/(nqd), (1)

where: q—charge on the carrier, n—carrier density and d—sheet thickness.
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Figure 8. Hall effect in a thin sheet of conductive material [43].

For materials such as indium antimonide (InSb), indium arsenide (InAs) and gal-
lium arsenide (GaAs) used in Hall sensors, the material properties are grouped in the
Hall coefficient:

RH = 1/(nq). (2)

The ACS712 sensor based on the Hall principle is integrated in the drive wheel module
electric system. Figure 9 shows an electrical diagram of the ACS712 sensor integrated with
an integrated circuit from Allegro. The current sensor is a linear one that can measure
both direct current and alternating current. The manufacturer produces the sensor in three
constructive variants (±5, ±20 and ±30 A). Table 4 shows in detail each type of sensor, and
Table 5 shows the main characteristics of this type of sensor [45].
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Table 4. Constructive variants of the ACS712 sensor [46,47].

Sensor Model Temperature (◦C) Measurement Range Sensitivity (mV/A)

ACS712ELCTR-05A −40 to 85 ±5 185

ACS712ELCTR-20A −40 to 85 ±20 100

ACS712ELCTR-30A −40 to 85 ±30 66

Table 5. Main features of the ACS712 sensor [46,47].

Parameters Values

Minimum Isolation Voltage (Input and Output) 2.1 kVrms

Working Temperature From (−40 to + 85) ◦C

Supply Voltage 5 V

Sensitivity (±5, ±20 and ±30) A (66, 100, 185) mV/A

Drawn current 10 mA

To measure the current, the bidirectional sensor model ACS712ELCTR-05A was used,
whose characteristic curve can be seen in Figure 10. This characteristic shows that the
output voltage of the sensor is equal to 2.5 V, and for this value, the theoretical current
is zero. However, in practice, the value of 0 A does not exist due to variations caused by
several sources, such as interference with other magnetic fields, noise, etc. For this sensor
model, the sensitivity is 185 mV/A, and if the voltage is lower than 2.5 V, then the current
value is negative [46,47].
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3. Construction, Modeling and Experimental Procedures
3.1. Construction of the Drive System of the Modular Mobile Robot

The actuation system of the modular robot consists of a drive wheel module illustrated
in Figures 5 and 6. Figure 11 presents the electrical diagram where all the electrical
components of this system can be seen. The actuation module was designed so that it can
be used for various configurations of robotic structures and for actuating several types
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of wheels. Starting from these considerations, it becomes important to carry out some
research to monitor the current drawn by the electric motor for a series of five robotic
configurations with three types of wheels, which move on various paths. In this context,
this work presents the method by which it is possible to acquire, filter and interpret the
current drawn by the DC servomotor from the actuation scheme presented in Figure 11.
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Figure 11. Electrical diagram of the actuation module.

The acquisition of analog signals is carried out according to the block diagram illus-
trated in Figure 12, which shows the connection of the robot’s actuation module with the
Matlab Simulink virtual instrumentation software. The software provides users with a
large series of libraries and software packages for signal interpretation and processing.
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In the motor wheel module, there is an Arduino Mega acquisition board, and to it is
connected the bidirectional current sensor ACS712-05 for detecting the current drawn by
the MX64AT servo motor, transmitting a variable voltage to an analog pin of the Arduino
board. When the input current passes through the Hall sensor, a magnetic field is generated,
and through the Hall Effect, a voltage proportional to the field is generated. Thus, the
generated voltage is used to measure the current value.

With the help of the Matlab Simulink library created especially for Arduino, the values
acquired from the sensor are displayed in real time in Matlab, offering the possibility
of integrating them into closed-loop control models for different types of DC motors,
servomotors or stepper motors. It is also possible to acquire signals from sensors and
peripheral devices, which are connected with Serial Peripheral Interface (SPI), or Inter-
Integrated Circuit (I2C). Matlab uses a high-level programming language that makes the
results of I/O signal instructions visible in real time without the need for compilation.
Using Simulink, one can access a vast library that includes thousands of mathematical
and specialized engineering functions. Some of them are used for quick analysis and
visualization of the data acquired from the Arduino board.

To achieve data acquisition, the Arduino board connects to a Universal Serial Bus
(USB) port of a personal computer (PC), on which the Matlab Simulink software is installed.
For this work, the educational version of the R2022a program and the Simulink Support
Package for the Arduino library were used. The analog input block from the Simulink
model represents the analog-to-digital converter (ADC) of the Arduino board. In order to be
able to measure analog signals in a digital computing system, they must be converted into
discrete numerical values. The important characteristic of an ADC is the resolution, which
represents the number of discrete values at the output of the converter in a measurement
range. These values are stored in binary form, and for this reason, the resolution of an ADC
is expressed in bits. The Arduino Mega board’s ADC has a 10-bit resolution, meaning it
can provide 210 = 1024 different output values. If the measurement range is 0 to 5 V, then
the measurement resolution will be:

Ku =
Ua

re
, (3)

where: Ku—voltage value at the output of the analog-to-digital converter (ADC),
Ua—analog voltage measurement range and re—ADC resolution.

Ku =
5V

1024
⇒ Ku = 4.88 mV. (4)

To monitor the current with the ACS712ELCTR-05A sensor, the characteristic curve in
Figure 10 must be taken into account, which shows that the output voltage of the sensor is
equal to 2.5 V, and for this value, the theoretical current is 0 A. The calculation relationship
used to determine the current is the following:

I =
Vsc − Kv

Ss
, (5)

where: I—electric current intensity, Vsc—Voltage sensor calibration, Kv—2.5 V constant
of the sensor for I = 0 A and Ss—sensor sensitivity (according to the technical sheet,
185 mV/A).

In practice, however, the value of 0 A does not exist because there are variations
produced by several causes, such as interference with other magnetic fields, noises, etc.
Because of this, the voltage value provided by the ADC of the acquisition board is one with
large variations. To smooth out these voltage peaks, the voltage sensor calibration (Vsc)
block was used, as illustrated in Figure 13. In this block, the voltage Ku is read 10 times
at different intervals and entered into a summing block. At the block exit, an arithmetic
average is calculated multiplying by the constant Kc = 1/10. With this solution, the voltage
fluctuations are still present, but their variation is smaller.



Machines 2023, 11, 385 16 of 39Machines 2023, 11, x FOR PEER REVIEW 17 of 41 
 

 

 
Figure 13. Voltage sensor calibration. 

To obtain the current value using the model in Figure 14, it can be observed that an 
algebraic summation operation is performed, where the constant voltage of the sensor 𝐾  
is subtracted from the calibrated voltage 𝑉 , for I = 0 A. The obtained result is multiplied 
by the coefficient 𝐾 = , obtaining the current I in milliamperes. 

 
Figure 14. Simulink model for current monitoring. 

3.2. Determining the Voltages Provided by the Sensor 
By simulating the model in Figure 14, the voltage variation from the graph in Figure 

15 is obtained, and a fluctuation around the constant sensor voltage of 2.5 V is observed. 
According to this graph, there are voltage peaks between 2.52 V and 2.59 V, that is, a var-
iation of about ±70 mV. These fluctuations also affect the value of the current, so the de-
termination of the current cannot be carried out correctly. The causes of these fluctuations 
can be multiple, such as imperfect connections to noise, etc. A hardware solution to 
smooth these fluctuations would be to use a low-pass filter, but this would decrease the 
sensor’s resolution. Thus, a software solution was chosen, as presented in Figure 13, which 
performs the calibration of the voltage provided by the ADC of the acquisition board. 
Using this method, a series of 10 real-time readings of the voltage read by the ADC of the 
acquisition board is summed up and an arithmetic average is calculated. The results ob-
tained using this method are presented in the graph in Figure 16. 
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To obtain the current value using the model in Figure 14, it can be observed that an
algebraic summation operation is performed, where the constant voltage of the sensor Kv
is subtracted from the calibrated voltage Vsc, for I = 0 A. The obtained result is multiplied
by the coefficient Ks =

1
Ss

, obtaining the current I in milliamperes.
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3.2. Determining the Voltages Provided by the Sensor

By simulating the model in Figure 14, the voltage variation from the graph in Figure 15
is obtained, and a fluctuation around the constant sensor voltage of 2.5 V is observed.
According to this graph, there are voltage peaks between 2.52 V and 2.59 V, that is, a
variation of about ±70 mV. These fluctuations also affect the value of the current, so the
determination of the current cannot be carried out correctly. The causes of these fluctuations
can be multiple, such as imperfect connections to noise, etc. A hardware solution to smooth
these fluctuations would be to use a low-pass filter, but this would decrease the sensor’s
resolution. Thus, a software solution was chosen, as presented in Figure 13, which performs
the calibration of the voltage provided by the ADC of the acquisition board. Using this
method, a series of 10 real-time readings of the voltage read by the ADC of the acquisition
board is summed up and an arithmetic average is calculated. The results obtained using
this method are presented in the graph in Figure 16.

Applying this software solution to reduce voltage fluctuations, it can be seen that
they have not disappeared, but compared to the situation without calibration (Figure 15),
the maximum and minimum values are in this case approximately 2.56 V and 2.54 V,
respectively, which means that there are voltage variations of about ± 20 mV. According to
the graph in Figure 16, this solution improves the accuracy of the voltage reading but not
enough to accurately monitor the current drawn by the Dynamixel MX65AT servomotor.
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3.3. Implementation in the Hardware Construction of a 16-Bit ADS1115 Conversion Module

In order to further reduce these voltage variations at the output of the current sensor
or even eliminate them, it was decided to use an analog-to-digital conversion module
with a higher resolution than the one integrated into the Arduino board. Thus, accord-
ing to Figure 14, the ADS 1115 module with a resolution of 16 bits (216) has been inte-
grated into the current determination block diagram, meaning the possibility of detecting
65,536 discrete signals.

As can be seen in Figure 17, the ADS1115 module communicates with the Arduino
board via I2C. According to Equation (1), the voltage determination resolution with this
module will be:

Ku =
5V

65536
= 0.076 mV, (6)

Integrating this module into the module’s hardware system, the Simulink model for
current monitoring is modified by replacing the Analog Input block with the special I2C
communication block from the Matlab Simulink library used to receive signals from the
ADS1115 conversion module. The new Simulink model is presented in Figure 18.

Using the model in Figure 18, after the simulation, the results shown in the graph
in Figure 19 are obtained. It can be observed that the voltage variations practically dis-
appear, the voltage value being 2.55 V, which is almost constant over time. Small voltage
fluctuations in the order of millivolts are caused by noise, but these are not displayed on



Machines 2023, 11, 385 18 of 39

the graphic, they are practically filtered and do not affect the accuracy of determining the
current drawn by the servomotor.
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3.4. Experimental Tests for Model Validation

Applying Equation (5), according to the Matlab Simulink models in Figures 14 and 18,
experimental testing is carried out on the functional model by acquiring the value of the
current drawn by the electric servomotors that actuate the movement modules of the real
mobile robot. The obtained values are used to validate the Simulink digital block model for
two distinct cases—Case 1 and Case 2 presented in the following.

3.4.1. Case 1: Acquisition of Data from the Sensor without Current Consumption

The graphs in Figure 20 present the results obtained from the simulations performed
on the functional model. In this case, the values obtained from the current sensor were
acquired, so that the current I = 0 A and Vsc= 2.54 V. The results in Figure 20a show a
fluctuation of approximately ±200 mA when in reality no current flows through this sensor.
These signal detection and interpretation errors are caused by the Arduino acquisition
board’s analog-to-digital converter, which has a resolution of only 1024 divisions. This
becomes a disadvantage for the ACS712-05 sensor with a high sensitivity of 185 mV/A.
Figure 20b shows the results obtained using an external ADC module that has a 16-bit
resolution. Using this conversion module, it can be seen that the current variations have
decreased considerably, having maximum values of approximately 8 mA. This means that
the current measurement error for the servomotor used is ±8 mA. This error cannot be
accepted for measuring currents between 100 mA and 3000 mA.
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3.4.2. Case 2: Acquisition of Data from the Sensor on the Bidirectional Operation of the
Dynamixel MX64AT Servomotor

Figure 21 shows the graphs of the monitored current of the servomotor used in the
actuation system of the real modular mobile robot for bidirectional operation. It can be
seen that, on the graph in Figure 21a, when using the ADC with a 10-bit resolution of the
Arduino board, the current value varies considerably, and when reversing the direction of
rotation, there are current peaks of up to 1000 mA. Compared with the graph in Figure 21b,
where the monitoring is performed with the ADC module with 16-bit resolution, the current
variations are much smaller (±300 mA), and when reversing the direction of rotation of the
servomotor, the current peaks have the value of about 400 mA.

3.5. The Dynamic Model of a Mobile Robot with Four Conventional Wheels and
Differential Traction

The dynamic model of the mobile robot is necessary to determine the resultant forces
acting on the robot and the torques that the motors must provide during the movement of
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the robot along a predefined trajectory. Knowing the evolution of the torque at the level of
the motor axis, the electric current drawn by each servomotor in the robot structure when
traveling the imposed trajectory can be determined. Thus, specific optimization algorithms
can be used based on the current determined as precisely as possible for different ways of
traveling a trajectory so that power consumption is minimized.
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The Simulink–Simscape-Multibody work environment was used to create the dynamic
model of the robot. Based on this model, it is possible to determine the values of the
resistant torques at the level of the kinematic couples of the mobile robot when traveling a
predefined trajectory.

Simscape is integrated into the Simulink environment as a physical modeling mod-
ule [20]. There is no major difference between Simulink and Simscape. In Simscape,
the signal flow between blocks is bidirectional, while in Simulink, it is unidirectional.
In addition, in Simscape, there is an editable source code attached to each block for its
customization. The Simscape programming language is used to create new blocks.

Usually, each block includes a set of equations, which represent the mathematical
model. The block has input and output connections (connecting points) used for connecting
blocks in the model. For example, the output of a torque source (electric motor) is connected
to the input of a wheel and shaft block.

Simscape–Multibody offers a combined simulation environment of 3D mechanical
systems—Rigid Body Simulation (RGS) with a Digital Block Simulation (DBS). Blocks that
represent bodies, joints, constraints, force elements and sensors can be used in modeling.
The Simscape–Multibody work environment illustrated in Figure 22 allows the complete
mathematical modeling of a mechanical system by connecting the component blocks and
solving the equations of motion. After creating the parametric CAD 3D model, it can
be imported into Simulink–Simscape–Multibody using a special extension for the design
software (Simscape Multibody Link plugin). Complete 3D CAD assemblies are imported,
containing dimensional and mass parameters, moments of inertia, constraints between
components, joint types and coordinate systems.

The Simscape library contains various categories of blocks that include aspects related
to solid bodies, such as their mass, position and orientation, respective of the relationships
between different coordinate systems attached to the bodies. In addition, the degrees of
mobility can be defined by the blocks that define the kinematic couples between the bodies.
In the library of the Simscape environment, there are blocks that define different ways of
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operating rigid elements as well as blocks related to motion sensors (relative displacement
between three elements).
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Figure 22. The connection between the 3D CAD model and Simulink–Simscape–Multibody.

For modeling the mobile robot, after creating the 3D CAD model, the export to
Simulink Simscape was made. Figure 23 shows the result after the import, i.e., the entire
CAD model transformed into a kinematic chain consisting of several planar and rotational
joints, coordinate systems and rigid bodies. Figure 24 presents the 3D model of the mobile
robot after importing into Simulink Simscape.
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Figure 23. Result of the CAD model import in Simulink Simscape.

The simulation environment allows visualization of the evolution of the system during
the simulation. This is necessary for the correct construction of the kinematic chain and
for the proper operation of the kinematic chain joints. A wrong parameterization in the
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construction of the dynamic model would lead to erroneous results regarding the resisting
forces and would subsequently lead to an incorrect determination of the current drawn
by the servomotor. Starting from the theoretical foundations related to the kinematics
of mobile robots, the connection between the variables of the kinematic couples and the
positions of the kinematic elements was realized, the relationships being established in two
successive stages: the problem of direct kinematics and the problem of direct kinematics.
In the case of the dynamic Simulink model of the mobile robot, it is not possible to model
the connection between the workspace and the motion of the robot’s wheels.
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Figure 24. The 3D model of the mobile robot in Simulink Simscape. (a) Top view. (b) Isometric view.
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The kinematics of the modular mobile robot with conventional four wheels is based
on mathematical equations of motion specific to differential traction. This solution is based
on the Mobile Robotics Simulation Toolbox [48] from the Matlab software package (The
MathWorks Inc., Natick, MA, SUA), being adapted to the developed modular mobile robot.
According to Figure 25, the input data of the kinematic model are the following:

v—Linear speed;
ω—Angular speed;
ω1—Angular speed of wheel driven by motor M1;
ω2—Angular speed of wheel driven by motor M2;
ω3—Angular speed of wheel driven by motor M3;
ω4—Angular speed of wheel driven by motor M4;
L—Distance between wheel centers;
r—Wheel radius;
θ—Robot rotation angle.
The following mathematical relations describe direct kinematics:

v =
r
2
(ω2 + ω1), ω =

r
L
(ω2 −ω1), (7)

v =
r
2
(ω4 + ω3), ω =

r
L
(ω4 −ω1), (8)
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The following mathematical relations describe inverse kinematics:

ω1 =
1
r

(
v− ω·L

2

)
, ω2 =

1
r

(
v +

ω·L
2

)
, (9)

ω3 =
1
r

(
v− ω·L

2

)
, ω4 =

1
r

(
v +

ω·L
2

)
. (10)
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Figure 25. Schematic kinematic model of the modular mobile robot with differential traction.

The inverse kinematics is necessary for the actuation of the robot’s body along a certain
trajectory, resulting in inertial forces. Direct kinematics is necessary for the actuation of the
wheels, from where the value of the inertial forces acting on the wheels during actuation
can be found. Using the Jacobian matrix given by Equation (11), all resistive forces were
transposed to the drive wheels to determine the torque variation during the movement of
the mobile robot according to Equation (12).

J =

 rcosθ
2

rcosθ
2

rsinθ
2

rsinθ
2−r

L
r
L

 (11)

J∗ =
[ rcos θ

2
rsinθ

2
−r
L

rcos θ
2

rsinθ
2

r
L

]
(12)

Figure 26 shows the original dynamic model of the robot in the form of a Simulink
block diagram. It contains the characteristic block part of the robot’s kinematic chain, blocks
specific to the actuators in the joints, blocks that define the monitoring of forces and torques
in the joints and blocks for implementing the mathematical model of the robot’s kinematics
for moving along the trajectory. At the same time, the dynamic model of the robot contains
a calculation block that also takes into account the friction between the wheels and the
environment [20].

Figure 27a shows the one meter square path traveled by the robot in the simulation.
In Figure 27b, one can see the moment when the robot finishes the linear movement of
1 m, after which it starts to rotate around the center of mass by 90◦. To complete the entire
trajectory, the robot needs to make four linear movements and three rotations.



Machines 2023, 11, 385 24 of 39

An open loop system was used to control the robot. A series of calibrations were
carried out through which the distance traveled by the robot and the angle of rotation
were physically measured. Using these calibrations, the times required to actuate the robot
motors to move it 1 m and to perform a 90◦ rotation were determined. The programming
of linear and rotation movements for the entire path was completed according to time with
the help of the Arduino board.
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Figure 27. The path traveled by the robot. (a) Trajectory resulting from the simulation. (b) The 90◦

turn of the robot in the simulation.

The variations in the angular velocities of the wheels of the mobile robot when moving
along the predefined path and used as input speeds in the dynamic model are shown in
Figure 28. Figure 28a shows the angular velocity for wheel 1, and Figure 28b shows the
angular velocity for wheel 2. The angular velocity of wheel 1 is similar to that of wheel 3,
and the speed of wheel 2 is similar to the speed of wheel 4. It can also be observed that the
speed of wheel 2 remains constant throughout the trajectory.
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4. Results
4.1. Simulation of the Dynamic Model of the Mobile Robot

By simulating the dynamic model in the Simulink work environment, the resistant
torques at the level of the electric motors that drive the wheels of the mobile robot were
determined. The variable resistant torques at the level of the motor wheels are shown in
Figure 29. The maximum value of the torque T recorded for the motor corresponding to
wheel 1 (Figure 29a) has the value of T1 = 6 Nm at time t = 9.28 s. At this moment, the robot
ends the 90◦ turn. The maximum value recorded for the motor corresponding to wheel 2
(Figure 29b) has the value of T2 = 3.5 Nm at time t = 9.28 s. The values recorded for the
motors operating wheels 3 and 4 have identical variations to those of wheels 1 and 2.
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Based on the determined resistant torques, a block diagram equivalent to the electric
drive motor was created using Simulink. It was possible to determine the current drawn
by the motors when traveling the imposed path using an as accurate as possible virtual
model of the direct current electric motor. The model of the drive system also contains the
moment of inertia related to the rotor of the direct current motor used. The specific block
diagram of the actuation system is presented in Figure 30.
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Using the simulation of the drive system model in the Simulink work environment, the
currents drawn by the electric motors that drive the mobile robot wheels were determined.
The variable currents drawn by the actuators are shown in Figure 31. The values recorded
for wheels 3 and 4 have identical variations to those of wheels 1 and 2, respectively.
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Figure 31. Current variation determined in the model simulation for a 1 m square trajectory.
(a) Wheel 1 (similar to wheel 3). (b) Wheel 2 (similar to wheel 4).

One can observe the four segments corresponding to the linear moves of the robot in
which the current is constant, having the value of 0.15 A for all wheels. The curves have
three steps for turning by 90◦, where wheels 1 and 3 reverse the rotation (Figure 31a, a
maximum of −3.08 A followed by a constant part of -0.61 A), and wheels 2 and 4 accelerate
(Figure 31b, a maximum of −2.09 A followed by a constant step of −0.60 A).

4.2. Experimental Tests Performed on the Robot Configuration with Four Wheels

The experimental validation of the results obtained from the simulations in Matlab
Simulink was carried out by monitoring the current consumed by each motor that drives the
wheels of the functional model of the real robot represented in Figure 32. This is performed
by integrating the ACS712-05 sensor and the ADNS 1115 module in the actuation system
according to Figure 14. The data after the acquisition is interpreted and displayed according
to the model in Figure 15.
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Figure 32. Modular mobile robot with conventional four wheels. (a) Without transport box. (b) With
load carried.

The predefined physical path (one-meter square) on which the robot moves is il-
lustrated in Figure 33. The running surface is made of material specific to industrial
environments. During the tests, the current was measured in real time using a Fluke
115 professional multimeter (Figure 34), comparing the result with the measured current
(diagrams in Figure 35).
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Figure 35. Current variation measured using the functional model for moving on the redefined path.
(a) Wheel 1 (similar to wheel 3). (b) Wheel 2 (similar to wheel 4).

Figure 35 shows the variation curves of the currents detected by the sensors on the
real robot moving on the path.

On the four segments corresponding to the linear moves of the robot, the current
has small oscillations around a constant having the value of 0.136 A for wheels 1 and 3
(Figure 35a) and 0.07 A for all wheels 2 and 4 (Figure 35b). The curves have three steps
for turning by 90◦, where wheels 1 and 3 reverse the rotation (Figure 35a, for the first turn
there are a maximum of −3.62 A and a peak of −0.86 A) and wheels 2 and 4 accelerate
(Figure 35b, for the first turn there is a maximum of −0.44 A and a peak of −0.77 A).

Experimental measurements with the Fluke 115 multimeter were performed by con-
necting it in series with the drive motor.

A digital chronometer (similar to the app on a smartphone) having the Lap function
was used to measure the time. When the Lap button is pressed, the intermediate times are
recorded, which in this application are the current measurement times. It is activated only
while the chronometer measures the time between start and finish. The measurements
of current and time were performed by simultaneously pressing the Hold button of the
multimeter and the Lap button of the chronometer, while the robot is moving along the path.

It is important to specify that these measurements were performed during the linear
movement of the robot where the current fluctuations are small and not during the turning.
The values obtained after the measurements were compared with those measured using
the ACS712-05 sensor. They are graphically represented in Figure 35a,b. On the graphs,
one can see the position of the measurement times t1, t2 and t3, t4 and t1’, t2’, t3’ and t4’,
respectively.

The values measured with the multimeter are very close to those detected by the
current sensors, validating the current measuring system of the functional model. The
comparison values measured using both methods and measurement errors are shown for
motor M1 in Table 6 and for M2 in Table 7.

Table 6. Values obtained experimentally with the current sensor and the multimeter for motor M1.

Time (s) M1 Current Measured
Using Sensor ACS712-05

M1 Current Measured Using
Multimeter Fluke 115 Error (%)

t1 1.11 0.16 0.163 1.84%
t2 5.95 0.177 0.172 2.82%
t3 9.44 0.261 0.262 0.38%
t4 17.29 0.157 0.161 2.48%
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Table 7. Values obtained experimentally with the current sensor and the multimeter for motor M2.

Time (s) M2 Current Measured
Using Sensor ACS712-05

M2 Current Measured Using
Multimeter Fluke 115 Error (%)

t1
′ 1 0.124 0.136 8.82%

t2
′ 5.21 0.125 0.131 4.58%

t3
′ 11.38 0.081 0.072 11.1%

t4
′ 17.25 0.08 0.069 13.75%

According to the experimental results obtained following the monitoring of the current
drawn by the servomotors for traveling the imposed trajectory, a series of differences can
be observed compared to the results obtained by simulating the model. Figure 36 shows
the difference between the variation of the simulated currents for motors M1 and M2. For a
better understanding of current evolution for the two motors M1 and M2 data statistics are
given in Tables 8 and 9, respectively.
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Table 8. Comparison between simulated and measured current—data statistics for motor M1.

Description Variation in Simulated
Current (A)

Variation in Measured
Current (A) Error (%)

Maximum value 3.08 3.15 2.3%
Average or mean value 0.0136 0.0131 3.9%

Median value 0.152 0.151 1.0%
Smallest value −3.08 −3.18 3.2%

Most frequent value 0.152 0.154 0.9%
Standard deviation 0.34 0.48 29.1%

Table 9. Comparison between simulated and measured current—data statistics for motor M2.

Description Variation in Simulated
Current (A)

Variation in Measured
Current (A) Error (%)

Maximum value 2.86 1.62 43.2%
Average or mean value 0.23 0.18 22.8%

Median value 0.15 0.08 41.6%
Smallest value −2.10 −0.44 79.0%

Most frequent value 0.15 0.08 42.1%
Standard deviation 0.22 0.21 7.4%
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In general, the variation in the measured current follows the shape of the simulated
current curve. There are constant current steps on the straight segments of the trajectory for
both the simulated and measured currents. In the 90◦ turning areas, the current jumps until
it stabilizes at a constant value. Large peaks are caused by transient phenomena produced
in relatively short intervals (acceleration, braking, reversal of the direction of rotation).

4.3. Experimental Tests Performed on the Robot Configuration with Two Wheels

The same methodology applied to the mobile robot configuration with four drive
wheels was also applied to the configuration with two drive wheels and differential traction
(see Figure 4) starting from the 3D CAD model, simulation of the dynamic model of the
robot and up to the tests on the physical model. The latter was easily achieved and was
used for validating the measurement system and the mobile robot model.

The physical path on which the robot moves is illustrated in Figure 37. It is very
important to specify that the path is identical to the one used in the configuration with four
wheels, the dimensions of the robot are similar and the wheels are similar, the only differ-
ence being that the mass of the two-wheeled robot is 2 kg less than the four-wheeled version.
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Following the simulation of the mobile robot model, the currents consumed by the
electric motors driving each individual wheel were determined. The values of the simulated
current for the wheel driven by the M1 motor are presented in Figure 38a, and the values
for the M2 motor are illustrated in Figure 38b.
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The values obtained from the current measurements for the wheel driven by the M1
motor are presented in Figure 39a, and the values for the M2 motor are illustrated in
Figure 39b.
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In Figure 40, the current diagrams obtained from the simulation of the mobile robot
model and using experimental tests for both servomotors M1 and M2 are presented in
comparison.
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In order to obtain an image of the differences between the simulated and measured
values of the current absorbed by the two motors, the statistical data are presented for M1
in Table 10 and for M2 in Table 11, respectively.

Table 10. Comparison between simulated and measured current—data statistics for motor M1.

Description Variation in Simulated
Current (A)

Variation in Measured
Current (A) Error (%)

Maximum value 1.38 3.15 56.1%
Average or mean value 0.13 0.16 19.2%

Median value 0.205 0.208 1.4%
Smallest value −1.38 −3.18 56.6%

Most frequent value 0.20 0.19 2.9%
Standard deviation 2.75 0.37 242.6%



Machines 2023, 11, 385 32 of 39

Table 11. Comparison between simulated and measured current—data statistics for motor M2.

Description Variation in Simulated
Current (A)

Variation in Measured
Current (A) Error (%)

Maximum value 0.54 0.65 16.9%
Average or mean value 0.20 0.29 30.5%

Median value 0.20 0.27 24.6%
Smallest value −0.14 −0.25 44.2%

Most frequent value 0.20 0.25 19.6%
Standard deviation 0.68 0.90 24.4%

4.4. Calculation of Consumed Energy

There are different approaches to modeling energy in direct current [10,11] such as:

1. The engineering method (power integration), which is applied to controllers with
regeneration;

2. The energy cost method (absolute power integration);
3. The positive power integration method, which is applied to controllers without

regeneration.

For the first method, the electrical energy consumed Ee is obtained by integrating the
power of the electric motor Pem as a function of time:

Ee =
∫

Pem(t)dt (13)

In the second method, it is presumed that the cost of absorbed power is proportional
to the power of the source. Thus, in Equation (13), the source power module is used:

Ee =
∫
|P em(t)|dt (14)

The third method is used infrequently.
Based on the relationship between energy E, power P and time t in direct current,

E = Ut, for the present research and based on Equation (14), we obtain the relation of the
consumed energy:

Ee =
∫
|UI(t)|dt . (15)

Since the measurements were made for a maximum supply voltage U = 12 V (corre-
sponding to the maximum speed), the relationship becomes:

Ee = U
∫
|I(t)|dt . (16)

The sampling time used in the current measurement with the Hall sensor is a charac-
teristic of the sensor and has the value ts = 0.005 s. The total number of measurements is n.
During the time ttot = nts of the absorbed current measurement when the mobile robot is
moving along the path, the total absorbed energy is calculated with the definite integral:

Ee = U
∫ ttot

0
|I(t)|dt. (17)

If we are interested in the consumed power Pe, then the relationship becomes:

Pe =
U
ttot

∫ ttot

0
|I(t)|dt. (18)

Basically, the value of the definite integral is the area A schematically represented in
Figure 41.
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The calculation can be performed by approximation using the trapezoidal method as
the sum of the areas of the component trapezoids:

A =
1
2

ts∑n
i=1|(Ii + Ii+1)| = ts∑n

i=1|(Ii)|. (19)

If we consider the sampling time (infinitesimal step width) as the ratio ts = ttot/n, then
the power over the entire measurement range is:

Pe =
U
ttot

ttot

n ∑n
i=1|(Ii)| =

U
n ∑n

i=1|(Ii)|, (20)

which is approximated as the product of the constant voltage and the average of the
measured current.

Methods that are more precise involve current approximation using a spline curve or
polynomials and increasing the number of component areas by reducing the infinitesimal
step width. The Matlab program offers specialized functions for a more precise calculation
of the definite integral—TRAPZ and CUMTRAPZ.

Next, the power consumed by the mobile robot when moving along the predefined
path is determined as the sum of the powers consumed by the four motors. The procedure
was applied to both simulated and measured data sets for each actuator. Figure 42 shows
the simulated consumed power, and Figure 43 the measured one in the case of the four-
wheeled robot.
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The cumulated information about current and power absorbed at the level of servo-
motors and mobile robots (simulated and measured) along with the errors are presented in
Table 12. It was found that the relative error of the total consumed power determined after
the simulation is 2.2%.
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Table 12. Current and power consumption values of the motors and of the entire mobile robot with
four drive wheels.

M1 M2 M3 M4 Total

Measured current (A) 0.19 0.32 0.19 0.32 1.02

Simulated current (A) 0.24 0.25 0.24 0.25 0.98

Current error (%) −26.3 21.9 −26.3 21.9 3.9

Power consumption based on measurements (W) 2.22 3.78 2.22 3.78 12.00

Power consumption based on simulations (W) 2.92 2.95 2.92 2.95 11.74

Power error (%) −31.5 22.0 −31.5 22.0 2.2

For the two-wheeled configuration, the power consumption is shown in Figures 44 and 45
for the simulated and measured power, respectively. In addition, the simulated and
measured current and power balance are presented in Table 13. The simulated power is
estimated with an error of 29.5%.
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Table 13. Current and power consumption values of the motors and the entire mobile robot with two
drive wheels.

M1 M2 Total

Measured current (A) 0.29 0.28 0.57

Simulated current (A) 0.20 0.20 0.4

Current error (%) 31.0 28.6 29.8

Power consumption based on measurements (W) 3.59 3.45 7.04

Power consumption based on simulations (W) 2.50 2.46 4.96

Power error (%) 30.4 28.7 29.5

5. Discussion

It must be stated that the methodology for creating the dynamic model presented
for the four-wheeled configuration can be used for all possible configurations by making
specific adaptations.

Thus, the two-wheeled version highlights the fact that modularity offers flexibility, the
platform being able to be used for various low-cost applications. In addition, the analysis
of this configuration reveals new elements related to the accuracy of the dynamic model.

The comparison of the results obtained when measuring the current absorbed by the
electric motors of the four-wheeled configuration with the Hall sensor and the multimeter
presented in Tables 6 and 7 shows close values for the measurements made at the same time.
The errors for the M1 motor vary between 0.38% and 2.48%, with an average of 1.88%, and
for M2 between 4.58% and 13.75%, with an average of 9.56%. Thus, the physical current
measurement system is validated.

From the analysis of the variation in the simulated and the measured current for the
two configurations of the modular mobile robot, the following conclusions can be drawn:

- For the four-wheeled configuration (Tables 8 and 9) of the M1 and M3 engines, the
error of the average simulated values is less than 1%, and for M2 and M4, it is 41.6%.
The maxima and minima show greater differences. In general, there are greater
differences between the simulated and measured currents for motors M2 and M4.

- In the two-wheeled configuration (Tables 10 and 11) of the M1 engine, a behavior
similar to the four-wheeled configuration is observed, with the error of the average
value being 1.4%. For the M2 motor, the error is 24.6%. With this version, there
are greater differences between the simulated currents and those measured with the
M2 motor.

If we compare the simulated current curves for both the mobile robot configurations
(Figures 36 and 40), we can make a few remarks.

It is found that there are very small differences in the areas of linear movement. In
general, the differences definitely come from the approximation of the wheel–ground
friction coefficient in the model. Only in the turning areas, there are greater differences
where the measured current shows variations (large peak followed by oscillations). By
comparison, when turning, the simulated current curve consists of a peak and a constant
zone. These large variations are the instantaneous current peaks with a duration of several
milliseconds. The total power consumption of the robot for the trajectory will not be
significantly influenced by these peaks.

The differences between the simulated and measured currents can have the following
possible causes:

- Approximation of moments of inertia on the Simulink model. It can be related to the
value of the moment of inertia or the position of the center of mass of the robot model.

- Approximation of the coefficient of friction between the robot wheel and the
running surface.
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- Variations in the simulated current in the transient phases of acceleration or breaking
can be caused by the model of the friction phenomena when changing the robot’s
direction of movement or in speed variations with wheel–ground slip.

Great differences between the simulated and measured current values appear in
configuration with two wheels, especially in wheel 2 (Figure 40b) at the time of turning,
when practically the whole wheel rotates in place about a vertical axis. The model cannot
catch exactly this type of movement, the real phenomenon being more complex. In addition,
the big differences can come from the approximation of the Ball caster units in the Matlab
Simulink model using a friction coefficient. The dynamic model can be improved by
including the ball–support–cage model.

- The larger variations (peaks) in the simulated current could be produced by the
settings of the blocks in the Simulink model.

- Possible differences between the physical and simulated trajectories can be attributed
to the lack of position control in the functional model.

If one follows Table 12 (four-wheeled configuration) and Table 13 (two-wheeled con-
figuration) from the point of view of the simulated and measured consumed power, then
one can see differences in the values for each motor separately, but also in the total value.
Obviously, they can come from the discussed differences between the simulated and
measured current.

Here, we can observe that on the comparison graphs presented in Figures 36 and 40,
the total times are identical, both for simulation and for measurement, for the reasons of
correct interpretation of the current values with regard to the path. In reality, the times are
slightly different. The measurement time of 18.61 s differs by 6% from the simulation time
of 17.47 s. This difference derives from the impossibility of total trajectory control when
measuring using the functional model.

It should be specified that, in the calculation of the power consumed when moving
the robot along the trajectory, the times used were the actual ones.

Therefore, the concept presented can be further used for analysis and optimization
procedures using more accurate models of power consumption. The detected errors and
their causes can be further considered in refining the mobile robot models.

6. Conclusions

The modular robotic platform described and used in this research is a concept that
highlights modularity, that is, the possibility of forming several robotic structures using the
same hardware components, but with different configurations of the locomotion system.
Due to modularity, the performance of mobile robots can increase in terms of autonomy
and flexibility for integration into various applications.

The research presented in the article leads to hardware and software solutions that are
the basis of a system for measuring the currents drawn by a DC servomotor used to actuate
a modular mobile robot with four motorized wheels, using an ACS712-05 hall sensor. The
methods and hardware solutions proposed in this work are very low-cost solutions. The
experimental validation of the Simulink models shows that to measure currents on the
order of tens of milliamps, it is necessary to use an ADC module with a resolution of 16 bits,
which has a measurement error of±8 mA. If the measured value is on the order of amperes,
then the ADC with 10-bit resolution, integrated in the Arduino development board, can also
be used. In addition, the validated mobile robot models with four and two drive wheels
can be used for analysis and power consumption prediction and optimization studies for
several types of configurations of the presented modular mobile robot, when traveling
different paths in various conditions. Moreover, the functional model can be integrated
with position sensors and controlled using digital block simulation programs.
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