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Ensuring the orientation of the mobile robot in space requires solving the problem of
its precise positioning. For this purpose, it is proposed to include an additional measuring
complex in the control system of the mobile robot. The complex is designed to determine
the orientation of the robot in space by the values of the angles of course, roll and pitch. The
analysis of the mobile robot positioning solutions allows to justify the feasibility of using
inertial navigation systems based on microelectromechanical sensors to obtain navigation
information about the orientation of the mobile robot in space. The key element of the
developed functional scheme of the mobile robot control system is the software of the
mobile robot spatial orientation system. The software implements separate sections of the
code that determine the orientation in space using inertial sensors in parallel to the main
algorithm of the mobile robot. The result of the developed software is a string containing
up-to-date information about the three orientation angles of the robot: the string is sent to
the server to form control actions to correct the spatial orientation of the mobile robot. To
improve the accuracy of determining the robot orientation in space based on the values of
the angles of course, roll and pitch, the developed software eliminates the systematic error of
microelectromechanical sensors and corrects the magnetometer readings taking into account
the displacement of the magnetic field along its three axes. The developed software of the
mobile robot spatial orientation system provides a significant increase in the positioning
accuracy of the mobile robot designed for use in a room with an area of 30 to 200 m? with
a known layout and a priori set starting point.
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Introduction

One of the key problems in the development of autonomous mobile robots is the precise
determination of the robot orientation in space |1, 2|. The experience of solving problems of
short-and long-term planning of the robot route; plotting the trajectory of its movement;
accurate elaboration of planned actions; adequate response to external influences shows
the need to improve the systems of spatial orientation of mobile robots [3].

1. Problem Statement

The object of the study is a mobile robot designed for use in a room with an area
of 30 to 200 m? with a known (specified) layout with a known (specified) starting point.
The control of the mobile robot has a two-level character. The upper level is the remote
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server program that is responsible for creating the task. The lower level is the mobile
robot program, which is responsible for completing the task received from the remote
server. Communication between the upper and lower levels is carried out by means of
messages transmitted over a local Wi-Fi network. The remote server generates a string
that contains the required value of the robot speed. The robot receives the string and
maintains the specified speed. In turn, the robot sends the current speed to the server,
thanks to this, the server monitors the position of the robotic platform. The problem of
improving the accuracy of positioning the device is solved by developing special software
for the spatial orientation system of the mobile robot.
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Arrangement of elements on a mobile robot

In most cases, the robot trajectory is worked out due to incremental encoders on the
motor shaft: they are used for constant calculation of the platform speed and the robot
position in space [4]. However, this method of positioning is inaccurate, since the process of
numerical differentiation and integration of the incremental encoder readings accumulates
an error, and there is no reference system to correct this error [5]. This makes it necessary
to introduce an additional measuring system into the control system of the mobile robot
designed to determine the orientation of the robot in space based on the values of the
angles of course, roll and pitch.

2. Conducting Research

For the development of an additional software and hardware complex of the mobile
robot orientation system, personal orientation detection systems were not considered, since
the mobile robot does not have actuators that could use personal navigation methods [6].
Based on the results of the analysis of methods for constructing mobile robot orientation
systems in space according to the criteria of accuracy, versatility, resistance to interference,
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simplicity and cost of implementation, conducted by a group of experts, the choice of
inertial navigation systems is justified.

To combine the readings of different sensors, the “Sensor fusion” technique is used,
according to which the readings of different sensors are combined in a certain way in order
to obtain a single parameter |7]. In this case, these parameters are the Euler angles in three-
dimensional space. In contrast to the gyroscope, the accelerometer and magnetometer allow
to determine the orientation of the robot in the global coordinate system. The measuring
module receives the values of the magnetic induction vector, the acceleration of free fall,
and the angular velocity in its own coordinate system. To determine the orientation of
the robot in the global coordinate system, we need to perform additional mathematical
calculations to find the course angle (the projection of the Earth’s magnetic field vector
in the robot coordinate system), the roll angle (the projection of the gravity acceleration
vector in the coordinate system of the device), and the pitch angle.

In practice, the raw readings of the accelerometer and magnetometer have noise and
measurement errors, which lead to unstable results, even if the device is at rest [8]. To solve
the problem, the obtained accelerometer and magnetometer readings are passed through
a low-frequency filter, which removes high-frequency noise, but increases the response to
changes in orientation in space [9]. To compensate for this inertia, the gyroscope readings
are used. The high-pass filter for the gyroscope and the low-pass filter for the accelerometer
and magnetometer combine a complementary filter.

From the power supply, the voltage is applied to all the functional units of the device.
The voltage is applied to the motors via the control element — the motor driver. The
microcomputer is supplied with voltage via a DC step-down converter in accordance
with the power supply characteristics of the computing platform. Wi-Fi adapter, inertial
microelectromechanical sensors, matching device, encoders are powered by a computing
platform [10, 11].

The memory of the microcomputer stores the operating system and the developed
program of the orientation system. The memory and the central processing unit actively
interact. According to the control program, the central processing unit controls the general-
purpose 1/O interface. The control signals from the interface control the motor driver,
which switches the power circuits of the electric motors depending on the control signals
generated by the computing platform. The general-purpose 1/O interface also receives
signals from encoders and inertial microelectromechanical sensors. The control program
processes the received information, calculates the orientation value, and transmits it via
a Wi-Fi network to a remote server using a Wi-Fi receiver. In turn, the remote server
transmits the speed and direction of rotation of the motors to the computing platform.

As inertial microelectromechanical sensors, the system uses a single measuring module
Troyka IMU 10 DOF, which includes three necessary sensors: a three-axis accelerometer,
a gyroscope, and a magnetometer.

The measuring module is placed on the upper surface of the mobile robot, in the center
of the wheel axle. This placement is due to the need to remove the magnetometer from
the sources of the magnetic field-DC motors and the battery.

The software of the spatial orientation system of a mobile robot implements separate
sections of the code that provide the determination of orientation in space using inertial
sensors. To implement this additional functionality without loss of performance, the
developed software is implemented as a parallel process to the main algorithm of the
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mobile robot. The result of the orientation system software is a string containing up-to-
date information about the three orientation angles of the robot. This string is sent to the
server, which uses the information to form control actions to correct the spatial orientation
of the mobile robot.

3. Results

Based on the results of experimental studies, the software of the spatial orientation
system of the mobile robot was modified to solve the following problems.

Due to the imperfection of the design, it 1is necessary to calibrate
microelectromechanical Sensors and eliminate systematic error. The
microelectromechanical gyroscope is subject to zero drift, the correction of which is
carried out on the basis of averaging the sequence of a series of measurements of the
gyroscope readings. Since the microelectromechanical gyroscope shows not the value of
the angle of rotation, but the angular velocity (as a result of which there is no information
about the initial position of the robot), to obtain the initial position, it is necessary
to perform a series of calculations of the orientation angles using an accelerometer and
a magnetometer, averaging the results obtained to determine the initial angles of the
gyroscope.

The magnetometer is affected by two types of distortion: a distortion created by
magnetic field sources (motors, speakers, batteries) and a distortion introduced by foreign
objects that distort the existing magnetic field (metal frame, fasteners). To correct the
magnetometer readings, it is necessary to determine the values of the magnetic field
displacement along the three axes of the magnetometer, the scale matrix, and the
orthogonalization.

Taking into account the above, it is shown that it is expedient to use mainly a gyroscope
while the robot is moving, with an adjustment to the reference system of an accelerometer
and a magnetometer at rest. The motion is determined by finding the standard deviation
of the samples of the values of the orientation angles found using the accelerometer and
magnetometer. The sample size is 100 items. If the standard deviation exceeds 0.1, the
object rotates, otherwise it is at rest.

Conclusion

The developed software of the mobile robot spatial orientation system provided a
significant increase in the positioning accuracy of the mobile robot intended for use in a
room with an area of 30 to 200 m? with a known (given) layout with a known (a priori
set) starting point.
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ITPOI'PAMMHOE OBECIIEYEHUE CUCTEMDBbI
IIPOCTPAHCTBEHHOV OPUEHTAIINN MOBUJIBHOI'O POBOTA

E.U. Basicenos', C.A. Moxpywun', C.U. Oxanxur?
'MockoBckuit rocyapeTBeHHbI YHUBEPCUTET MHUIIEBBIX TPOU3BOJCTE, I. MocKsa,
Poccuiickas @enepariust

2Barckuit rocygaperBennblii yausepeutet, r. Kupos, Poccuiickas ®epeparius

Obecneuenne opueHTaIMu MOOUJIBHOIO pobOTa B IIPOCTPAHCTBE TPEOYET peIleHus 3a-
JIa9y €ro TOYHOI'O IIO3UIMOHUPOBaHUs. [JjIsi 9TOro mpeijaraercs BKJOYEHHE B CHCTEMY
yIpaBJieHusi MOOMJIBHOIO POOOTa JOMOJTHUTEIBHOIO U3MEPUTEIHLHOTO KOMILIEKCA, IpeTHa-
3HAYEHHOI'O I OIIPeJ/eJIeHUsl OpUEHTAIM pob0Ta B IPOCTPAHCTBE 110 BeJIMYMHAM YIJIOB
Kypca, KpeHa U TaHraxka. AHaJIn3 pellennii IO3UIMOHNPOBaHUS MOOMILHOTO POOOTa, II03BO-
JirJ1 00OCHOBATH 11€/1eCO00PA3HOCTD IPUMEHEHUSI JJIs [T0JTy YeHIs] HABUTAIIMOHHON mHMOpMa-

uu 006 OPUEHTAIUH MOOUJIBHOIO POOOTa B IMPOCTPAHCTBE MHEPIINAIBHBIX HABHUTAITMOHHBIX
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CUCTEM, IIOCTPOEHHBIX Ha OCHOBE MUKPO3JIEKTPOMEXAHUUECKUX JaTUNKOB. KIIl0UeBBIM 3J1e-
MEHTOM Pa3paboTaHHON (DYHKIIMOHAILHON CXeMbI CHCTEMBI YIIPpaBIeHU MOOMILHOTO pobOTa
SBJISIETCS IIPOrPAMMHO€E ObecIIeYeHre CUCTEMbI IIPOCTPAHCTBEHHON OPUEHTAIMN MOOUILHOTO
pobora. I[IporpamMmMuoe obeciiedeHre peajn3yeT OTIe/IbHbIe yIACTKHU KOJIa, 00eCIIeInBaroIme
OIIpejieJIeHNe OPUEHTAIMN B IIPOCTPAHCTBE C MOMOIIBI0 WHEPIUAJBHBIX JIATYMKOB IapaJ-
JIEJIbHO OCHOBHOMY aJIroOpuTMy paboThl MOOMIBHOTO poboTa. PesyibraTom paboThl pazpabo-
TAHHOI'O IIPOrPAMMHOIO 0DECIIEYEHHS SIBJISETCS CTPOKA, COIEpXKallas aKTyaJbHy0 HH(OP-
MaliioO O TPeX yIJaX OpUeHTaIu podoTa: CTPOKa OTIIPABJISETCH Ha cepBep st (POPMUPO-
BaHUsI YIIPABJISIOIINX BO3JAEHCTBHIA 10 KOPPEKIIUU [IPOCTPAHCTBEHHON OPUEHTAINNA MOOUIIb-
HOTO pobora. Jjisi HOBBINIEHUsT TOYHOCTH OIIPEJE/IEHUs] OPUEHTAIMU poboTa B IIPOCTPaH-
CTBEe Ha OCHOBAHUU BEJIMYUH YIJIOB KypCa, KPEHA U TAHraXKa paspaboTaHHOE IIPOrpaMMHOE
obecriedenne 00eCIIeYnBaeT yCTPAHEHNE CUCTEMATUIECKON IIOIPEIIHOCTI MUKPOIJIEKTPOME-
XQHUYECKUX JATUYNKOB U KOPPEKTUPOBKY IIOKA3aHWII MArHUTOMETPA C y9YETOM CMELIEHUS
MarHATHOTO IOJIsI TI0 TPEM ero ocsaM. PazpaboTamHoe MporpaMMHOEe 00eCIIeTeHNe CUCTEMbI
[IPOCTPAHCTBEHHO OPUEHTAIINN MOOUIIBHOTO poOOTa 0O6ECIIEYNIIO CYIIECTBEHHOE ITOBBIIIEHIE
TOYHOCTH TIO3UIUOHUPOBAHUSI MOOMILHOTO POOOTa, MPeIHA3HAYEHHOIO JIJIsi IPUMEHEHUs] B
moMermenun wiomanpio or 30 1o 200 M2 ¢ U3BECTHOI IIANHPOBKO U AIPHOPHO 3a,IaHHOI
TOYKOU CTapTa.

Karouesvie cr08a: MoOUAbHOIT POoOOM; CUCTNEME OPUEHMAUUL POOOMA; NPOCTIPAH-
CMBEHHAA OPUEHMAUUA POBONA; HABU2AUUA POOOMNA; UHEPUUGALHAA HABULAUUOHHASL CU-

cmema; Mu%pame%mpomexanu%ec%‘uﬂ dammux.
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