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Abstract. This article presents a mathematical model of a motion control system for a nonholonomic mobile
robot, an independent suspension with two independent drive wheels and two castor wheels. A model that takes into
account the position of a wheeled robot relative to a given path, using transfer design function devices, which allows
the use of methods of both classical and modern control theories for the synthesis of control devices.
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Introduction. The differential mobile robot is simple in structure, low in cost, relatively
easy to analyze and establish the kinematics model, and currently has many applications in the
market [1], so this paper chooses the differential mobile robot as the research object. The system
input of the differential robot is only the speed of the left and right driving wheels, and the
forward, backward, turning and other actions are realized through the speed difference. Usually,
in order to improve the balance of the robot, a universal wheel is installed in the front, which
only plays a supporting role and does not provide power [2]. The establishment of the robot
motion model is a process from bottom to top. The motion of the robot is realized through the
action of the wheels, but the wheels also constrain the motion of the robot. Multiple wheels are

340


mailto:anna.velchenko@gmail.com
mailto:sap@bntu.by

Hecsimas Meoxcoynapoonas nayuno-npakmuueckas kongepenyus «BIG DATA and Advanced Analytics. BIG DATA
U ananu3 8vlcoxoeo yposuay, Munck, Pecnyonuxa benapyco, 13 mapma 2024 200a

connected together through a mechanical structure to form a robot chassis. Therefore, the
constraints of each wheel are combined to generate motion constraints on the robot chassis. At
this time [3], it is necessary to analyze the kinematics model of the robot.

To improve the design of robots and reduce costs, it is necessary to research and use new,
stronger and lighter materials, develop fundamentally new designs, and optimize robot control
algorithms. Optimizing a robot control algorithm or developing a new algorithm involves
studying the functioning of the robot using a mathematical model. When developing
mathematical models, special attention should be paid to modeling the external conditions in
which the robot is located, i.e. modeling the load on its drive motors. Many mathematical models
have been developed that describe the electrical and mechanical parts of electric drives of mobile
robots and other mechanisms [4-6]. This paper sets the task of controlling the movement of a
mobile robot based on its mathematical model. When developing a mathematical model, it is
necessary to take into account the external conditions in which the robot is located and moves.

Difference robot coordinate transformation. There are multiple coordinate systems in
the robot system, including the world coordinate system ( ), robot coordinate system
( ), Sensor coordinate system ( ), As shown in Figure 1. The environment in
which the robot moves is called the world coordinate system, which is fixed and used to describe
the global information of the robot. The origin of the robot coordinate system is the midpoint of
the two driving wheels, and the instantaneous orientation of the robot is the positive direction of
the coordinate axis. When the robot calculates the turning radius, it also calculates the distance
from the instantaneous center of rotation to the midpoint of the driving wheels. The robot
coordinate system is used to describe the robot's own information, and it is also the conversion
medium from the sensor coordinate system to the world coordinate system. The information
collected by the sensor is based on the sensor coordinate system. For example, the data
information detected by the lidar is based on the lidar coordinate system.
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Figure 1. Schematic diagram of chassis movement of differential mobile robot

The origin position and orientation of the robot coordinate system and the sensor
coordinate system change with the movement of the robot, so the robot posture and sensor data
information cannot be directly applied, but should be changed to the world coordinate system.
The transformation from the robot coordinate system to the world coordinate system is related to
the pose of the robot at the current moment. The sensor is fixed on the robot through a
mechanical structure, so the transformation relationship from the sensor coordinate system to the
robot coordinate system is determined by the installation position of the sensor.
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The origin of the robot coordinate system is . The pose in the world coordinate
system is ( , , ). The conversion matrix from the robot coordinate system
to the world coordinate system is:
cos(@,) -sm(@,) x, g
T;VR = Sin(gr) COS(Q,,) yr = |:0 1:| (1)

0 0 1

Of which:

[cos(@r ) —sin(@, )} @

sin(@,) cos(@,)

EM :
s ®)

The pose of the origin of the sensor coordinate system in the robot coordinate system is
=( , , ). Thecoordinates in the world coordinate system are as follows:

cos(@,) -sin@,) x,

PWS = PRSTWR = (xrs ’yrs 791‘3) ) Sin(gr) COS(H)_) yr = (st 9yws ’gws ) (4)
0 0 1
From this, the conversion matrix of the sensor coordinate system to the world
coordinate system can be obtained:

cos(@,) —sin@,) x,

YWWS = Sin(gws ) Cos(gws) yw: (5)
0 0 1

Robot kinematics model. The pose of the robot in the environment is described as ( , , ).
There are three degrees of freedom. The input of the system is only the speed of the left and right
wheels ( , ). So the differential mobile robot is an underactuated system, and its motion is
coupled. Figure 2 is a schematic diagram of the chassis motion of the differential mobile robot
studied in this paper.

What is known in the above figure is the movement speed of the left and right wheels

, . It can be calculated by the photoelectric encoder. The distance between the centers of the
two driving wheels is 2d, which has been determined during installation and can be obtained by
measurement. Other information of the robot can be deduced from the known information
through the establishment of the kinematics model. Assume that the linear and angular velocities
of the robot chassis are , . The angular velocity of the left and right wheels is , . The
instantaneous turning radius of the robot when moving is r. The movement of the differential
mobile robot at any moment can be regarded as a circular arc movement. The entire robot system
is a rigid body connected uniformly. When the robot moves, the angular velocity of the left and
right wheels is equal to the overall angular velocity of the robot.
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Figure 2. Schematic diagram of differential chassis movement
= = (6)
From the relationship between angular velocity and linear velocity, we can get:
v

i Ve

r—d r+d
v,(r+d)=vy(r—d) (7)

r(vp—v;) =, +v,)d

So the formula for the instantaneous radius of rotation is as follows:

= (vp +v)d

Vs —¥; (®)

Calculated from the angular velocity formula:
= —k_
r+d

)

_ +v,)d id =2 ved (10)

Vp =V, Ve =V,

r+d

Substitute formula (10) into formula (9) to get the angular velocity formula:
Ve~ Vs

T an

Linear speed of differential robot chassis:
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v=@*r=

The kinematics model is expressed in matrix form as follows:
| 1L
v 5 9 |:VL:|
= (13)
M 11 v
2d 2d

The differential drive robot determines three different motion states according to the speed
difference between the left and right wheels, as shown in Figure 3.

A A A

—— —

vR
(a) turn right (b) linear motion (c) rotate in place

Figure 3. Three motion states of the differential robot

When > | make a circular motion and turn right.

When < | true life.

When =, make a straight line motion.

When =— | rotate in situ with the center point of the left and right wheels.

Conclusion. The control of a nonholonomic mobile robot with a differential drive and two
castor wheels along a reference curve is presented, where the controller consists of two parts:
feedforward control and feedback control. The former uses robot inverse kinematics to calculate
feedforward inputs based on a reference curve, while the latter removes the effects of noise,
disturbances, and initial state errors. The presented example proves that a mobile robot can
follow a desired reference path according to a given speed profile with satisfactory accuracy.
Thus, the presented model is useful for a preliminary study of the designed motion control laws
of a mobile robot.
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ABTOpPCKHH BKJIAJ
BCG aBTOpBI BHCCJIN paBHOHeHHBIﬁ BKJIaJl B HAITUCAHUU CTATbU.

YIIPABJIEHUE IBUXEHUEM MOBUJIBHOT'O POBOTA
C IMOPEPEHIIUAJIBHBIM ITPUBOJAOM U ABYMS IIOBOPOTHBIMUA

KOJIECAMH
An Hlucune A.A. Benvuenko C.A. Ilasmokosey
Acnupanm kageopol Hoyeum xaghedpoi 3asedyrowuii kagheopwi
«Dnexmponpusoo u «nexkmponpusoo u «Dnexmponpusoo u
ABMOMAMU3AYUSI NPOMBIULICHHBIX — AGMOMAMU3AYUS NPOMBIULCHHbIX — ABMOMAMU3AYUSL NPOMBIULECHHBIX
VCMAHOBOK U MEXHOLOSUYECKUX VCMAHOBOK U MEXHONIO2UYECKUX VCMAHOBOK U MEXHOLOSUYECKUX
xomnaexkcoey BHTY xomnaexkcoey BHTY, kanouoam xomnaekcosy BHTY, kanouoam
MEXHUYeCKUX HAYK, OOYeHm MEXHUUeCKUX HayK, OOYeHm

AHHoTanus. B nanHOW cTaThe mIpencTaBlieHa MaTeMaTHYecKas MOJIENb CHUCTEMBI YIPaBIEHUS
JIBIDKEHHEM HETOJIOHOMHBIM MOOWJIBHBIM POOOTOM, HMMEIOLIET0 INacCh ¢ JABYMS HE3aBHCHMBIMHU
BEIYIIMMH KOJIECaMH M ABYMs KacTop KojecamMu. Mojenb, y4HTBIBAalOIIas IOJOKEHHE KOJECHOTO
MOOHMJIBHOTO po00Ta OTHOCHTEIBHO 33JaHHOIO IYTH, IIOCTPOCHAa C HCIIOJIIB30BaHWEM almapara
nepeAaTOYHbIX (QYHKIMHA, YTO MO3BOJSET MPUMEHSATh METOMABI KaK KIaCCHYECKOW, TaK U COBPEMEHHOM
TEOPHH YIPABIICHHUS JUIsl CUHTE3a YCTPOUCTB YIIPABJICHMUSI.

KawueBble ciaoBa: MOOWIBHBIH pPOOOT, MareMaTH4yecKas MOJIENb, IIOBOPOTHOE KOJIECO,
KMHEMAaTHKa, CUCTEMA YIIPABIICHUS, TPACKTOPHUSL JIBUKEHUS.
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