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Abstract

Introduction. Mobile robots capable of omnidirectional movement are widely used in various fields of human activity.
To provide high accuracy of positioning of omnidirectional platforms with mecanum wheels, it is required to develop
their detailed mathematical models used in the construction of a motion control system. Due to the complicated design
of the mecanum wheels, various errors may occur during the construction of omnidirectional platforms, including the
error of installing such wheels on the platform. Its effect on the accuracy of the platform movement has not been studied
before. This work aims at assessing the positioning errors that arise due to the presence of design errors in the
installation of mecanum wheels, and analyzing the effect of these errors on the accuracy of program motion testing
when using control at the kinematic level.

Materials and Methods. The analysis of positioning accuracy was based on mathematical modeling of the platform
kinematics, taking into account structural errors in the installation of mecanum wheels. To describe the relationship
between the angular speeds of rotation of the wheels and the speeds of the platform, the conditions of nonslip of the contact
points on the support surface were used. Numerical calculations were carried out in the Wolfram Mathematica package.
Results. A formula was obtained for estimating errors in platform pseudovelocities under program control formed at the
kinematic level. The estimation of the errors of the platform speeds for simple movements was carried out. According
to the calculation results, it has been shown that the speed errors are significant for robots with mecanum wheels
operating autonomously.

Discussion and Conclusion. The calculation results demonstrated the significant impact of wheel installation errors on the
positioning accuracy of the mecanum-platform, and confirmed the need to take into account these design errors when
creating autonomous mecanum-platforms. The constructed model of the robot's kinematics makes it possible to predict
errors in platform speeds that arise under program control, as well as deviations of the coordinates of the geometric center
of the platform from the program motion. The proposed kinematic model can be used to improve the positioning accuracy
through forming a platform motion control that compensates for the influence of wheel installation errors.
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AHHOTaLMA

Beeoenue. MoOmibHBIE POOOTHI, CIIOCOOHBIE OCYIIECTBIATH BCEHANIPABICHHOE NBIKCHHE, IIUPOKO IMPUMEHSIOTCS
B Pa3NMUHBIX 00JACTAX YENOBEUECKOH MesTeNbHOCTH. [l obecrmedeHHs BBICOKOW TOYHOCTH TTO3HUIIMOHHPOBAHUS
BCEHAIPABIICHHBIX IUTaTGOPM C MEKaHyM-KonécamMu TpedyeTcs pa3paboTaTh MX AETalTbHbIE MATEMAaTHUYECKUE MOJCIH,
HCTIOJIb3YEMbIC MIPU MOCTPOCHUH CHUCTEMBI YIIPABICHHS TBM)KCHUEM. 3-32 HEMPOCTON KOHCTPYKIIMH MEKaHYM-KOJIEC
MIPHU TIOCTPOCHUH BCCHAIPABICHHBIX IUIATGOPM MOTYT BO3HHKATH PA3IMYHBIC MOTPEIIHOCTH, BKIIOYAs MOTPEIIHOCTh
YCTaHOBKH TaKHX KOJIEC Ha TuaTgopmy. BimsHue ee Ha TOYHOCTH ABIDKCHHS ILIAT()OPMEI paHEe HE HCCICHOBAIOCH.
Henpto maHHOW pabOTHI SBISETCA OICHKA OMMOOK IMO3WUIIMOHMPOBAHUS, BO3HHKAIIUX W3-32 HAIUYUSA
KOHCTPYKIIMOHHBIX TIOTPEIIHOCTEH B YCTAaHOBKE MEKaHYM-KOIIEC, M aHAIIW3 BIUSHHUA YKa3aHHBIX MOTPEIIHOCTEH Ha
TOYHOCTH OTpaGOTKI/I MPpOTPaMMHOT'O IBHKCHUS IIPHU UCIIOJIB30BaHUHN YIIPABJICHUA HA KHHEMATHYCCKOM YPOBHE.
Mamepuanel u memoovl. AHanu3 TOYHOCTH IO3MLIMOHMPOBAaHHS OCHOBaH Ha MAaTEeMaTHYECKOM MOJEIUPOBAHUH
KMHEMATHKH TJIaT(GOPMBI C YU4eTOM KOHCTPYKIIMOHHBIX MOTPEUIHOCTEH B yCTAaHOBKE MeKaHyM-koiéc. [l ommcaHus
B3aNMOCBA3N MEXKIY YTJIOBBIMU CKOPOCTAMHU BpaAIICHUA KOJIEC U CKOPOCTAMHU l'[J'IaT(bOpMI)I HCIIOJIB3YIOTCA YCJIOBUSA
HEIPOCKAJIB3bIBAHNUA TOYCK KOHTAKTa I10 Ol'[OpHOI71 TTOBEPXHOCTH. YuceHHbIE pac4deThl IPOBCACHBI B MaTEMAaTUICCKOM
naketre Wolfram Mathematica.

Pezynomamut uccnedosanus. IlonydeHa ¢opmyna A OUEHKH MOTPENIHOCTEH MCEBIOCKOPOCTEH IIaT(GOpMBI IPU
MPOTPAaMMHOM  yTIpaBIICHUH, (OPMHPYEeMOM Ha KHHEMAaTHYeCKOM ypoBHe. [IpoBefieHa OICHKA MOTPEIIHOCTEH
cKkopocTel maTGopMbl U MPOCTHIX IBIDKCHHH. 110 pe3yibraTaM pacdeToB MOKa3aHO, YTO IOTPEITHOCTH CKOPOCTEH
SIBIISTIOTCS 3HAYUTEIBHBIMHA TSI pOOOTOB C MEKaHYM-KoJEcaMu, (PYHKIIMOHUPYIOIIUX aBTOHOMHO.

Obcysncoenue u 3axnioueHue. Pe3ynbpTaTbl pacdeToB MPOJEMOHCTPUPOBAITH CYIIECTBEHHOE BIIMSHUE TIOTPEIIHOCTEH YCTAHOBKH
KOJIEC HAa TOYHOCTh TO3WLIMOHMPOBAHMS MEKaHYM-TUIaT(OpMbl M TIOATBEPIIA HEOOXOAMMOCTh YUWTBIBATH YyKa3aHHbIC
KOHCTPYKIMOHHBIE MOTPEIIHOCTH NIPH CO3/IaHHH aBTOHOMHBIX MeKaHyM-IuatopM. [locTpoeHHast MOJIeNb KHHEMATHKU poOoTa
TMO3BOJISIET TPOTHO3MPOBATH OIIMOKK OTPabOTKH CKOpOCTEH IUIaTtdopMbl, BO3HHMKAIOIIME NPU MPOrPaMMHOM YIIPaBJCHHH,
aTaKKe OTKIOHEHWS KOOP/AMHAT I'€OMETPUYECKOro IIEHTpa IUAaTOpMbl OT IPOrPaMMHOIO JBIKeHHs. KuHemartudeckas
MOJIENTb MOYKET OBITh HCIIONB30BAHA [UIS MOBBIIICHUS TOYHOCTH MO3HIIMOHMPOBAHMS 33 CUECT (POPMHPOBAHMS YIPABICHUS
JIBIDKEHHEM TUIaTQOPMBL, KOMITCHCHPYIOIIETO BIMSIHIE HETOUHOCTEH YCTAHOBKH MEKaHyM-KOJIEC.

KiaroueBble ciioBa: MCKAaHYM-KOJICCO, BCCHAIIpABJICHHAA HJ'IaTCI)OpMa, KHHEMATH4YCCKass MOACIb, KOHCTPYKIHNOHHBIC
MOTPCIIHOCTH, IIPOTPAMMHOC YIIPABJIICHUC

BaarogapHocTH. ABTOPH BEIpaXKAIOT MPU3HATEIHFHOCTh KOJIIETaM 3a IIOMOIIH B MIPOBEACHNHU UCCIICAOBAHHUA M padoTe
HaJl CTaThbeu.

Jna unwrnpoBanms.. [lankpatseBal'.B., Mopmun AE., CaiimynaeB'"P. AHamu3 TOYHOCTH TO3MIMOHUPOBAHUS IIPU
KOHCTPYKIIMOHHBIX ~TIOTPEIIHOCTSIX B YCTAHOBKE MEKAaHYM-KOJEC MOOWIbHON riargopmbl. Advanced Engineering
Research (Rostov-on-Don). 2023;23(4):356-364. https://doi.org/10.23947/2687-1653-2023-23-4-356-364

Introduction. Mobile robots (or omnidirectional platforms) capable of moving in any direction are widely used in
the military, medical, educational, and industrial fields of human activity [1, 2]. The possibility of omnidirectional
movement can be achieved by equipping the mobile platform with omni-wheels of various types (mekanum wheels,
classic omni-wheels). To provide high accuracy of positioning omnidirectional platforms, it is required to develop their
detailed mathematical models for the construction of a motion control system. The need for maintaining high accuracy
of movement is associated with the demand to make omnidirectional platforms operate autonomously.

Often, when mathematically modeling the kinematics of mecanum wheels, assumptions are made that simplify the
description of the movement of such wheels. Specifically, this is discussed in [3—5]. Thus, in [3, 4], the dynamics of the
mecanum platform is considered, taking into account the rolling dry friction forces and the conditions of non-slip
contact points, expressed by non-holonomic bonds. In [5], it is emphasized that studying the influence of the finite
linear dimensions of the rollers and vibrations associated with this effect on the dynamics of the mecanum platform is of
interest.
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The urgently needed lines of research on omnidirectional wheels are modeling the effect of the design of the
mekanum wheel rollers, and optimizing the shape of rollers [6—9]. The requirement to optimize the shape of rollers is
due to the fact that with some forms of omni-wheel rollers, vertical vibrations of contact points may occur when moving
omnidirectional platforms (for more information, see the patent review [10]).

Another factor that significantly affects the positioning accuracy of the mecanum platform is the slippage of the
contact points of the mecanum wheels with the supporting surface. One of the ways to account for the slippage of
contact points when describing kinematics is to use the assumption that the sliding speed is proportional to the product
of the angular velocity of rotation of the wheel and the radius of the mecanum wheel, and the proportionality coefficient
is considered constant [11, 12]. This assumption allows for reducing the kinematics equations to a problem with
nonholonomic connections. However, the experimental results show that the specified coefficient changes with the
movement of the platform [13, 14].

It is worth noting that due to the complicated design of the mekanum wheels, various manufacturing errors may
occur during the construction of the mekanum platforms. They include the error of installing the mekanum wheels on
the platform, small deviations in the shape of the rollers, etc. The influence of inaccuracies in the installation of
mekanum wheels on the accuracy of the platform movement has not been studied before. As part of this work, the
impact of errors in the installation of mekanum wheels on the positioning accuracy of the omnidirectional platform and
its kinematics are investigated.

The article is aimed at assessing positioning errors arising from structural inaccuracies in the installation of
mekanum wheels, and analyzing their impact on the precision in movement of an omnidirectional mekanum platform.
To do this, it is required to build a mathematical model of the movement of such a platform, taking into account
structural errors in the installation of mekanum wheels. The resulting mathematical model can provide for investigation
of the influence of these wheels on the positioning accuracy of the mobile platform. This model can be used to form a
control that compensates for platform positioning errors.

Materials and methods. Robot design description. As the basis for this study, a robot model in the form of a
rectangular platform with four mecanum wheels when moving along a horizontal plane, is considered (Fig. 1). Errors
associated with the non-orthogonality of the axes of rotation of the wheels and the longitudinal axis of the platform are
taken into account.

To describe the kinematics of the robot, movable coordinate system Cxyz, is introduced, associated with the robot

platform and the origin in the geometric center of the platform.
The following designations are used in mathematical modeling: # — moNOBMHA pacCcTOSHUS MEXIY OCSIMH
KOJECHBIX Tap (MpH OPTOrOHANBHBIX ocax Kojéc); / — half the width of the platform; x, and y, — abscissa and

ordinate of point D, of fastening the i-th wheel drive to the platform; O, — — geometric center of the i-th mecanum
wheel; ¥,,7, — longitudinal and transverse velocities of the geometric center of the platform; s =|D,0,| — drive shaft
length; ©Q — angular velocity of the platform spinning; o, — angle between Cx axis and axis of rotation of the i-th
wheel (parallel to vector EOT ) (Fig. 1). Numbers of the platform wheels are indicated in the diagram in Figure 1, and

the ellipses on the wheels show the location of the contacting rollers of each wheel.

b

Fig. 1. Kinematic scheme of the platform
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Description of the kinematic model construction method. We describe the movement of the platform within the
framework of a nonholonomic formulation of the problem using a simplified model of mecanum wheels: the wheel is
modeled by a disk with radius R, and the contact point can slip relative to the direction perpendicular to the axis of the
contacting roller. At the same time, if there is no error in the arrangement of the wheel axles, there is a relationship
between the angular speeds of rotation of the wheels around its own axis ¢, and the speeds of the platform

V,,V,,Q [15]:
) 1
P, :E[VHVT tand, —(y, —x, tan3,)Q ], v

where 5, — angle between the direction of the axis of the contacting roller and the plane of the mecanum wheel.

To study the influence of structural errors, it is needed to describe the relationship between angular velocities of the
wheels ¢, and speeds of the platform 7, ,7,,Q taking into account the errors associated with the location of the wheel

axles. The parameters of the platform design and wheel arrangement are given in Table 1.

Table 1
Platform design parameters
IR S A 0 di
1| h | 1 | —45°| 90°+Aq, S
2| h | -1 | 450 | —90°+Aq, -s
3| -h| 1 | 45° | 90°+Ac, S
4 | —h | =1 | —45° | -90°+Aa, —$
Here, Aa, — angle characterizing the nonorthogonality of the wheel axes and the longitudinal axis of platform Cx ;

d, — vector D,0, projection onto the own axis of rotation of the i-th wheel.

Research Results. Describing the kinematics of the mecanum platform within the framework of nonholonomic
mechanics, as was done in [3-5], in the absence of structural errors (Ao, =0), , we determine the condition of nonslip
of the contact point along the axis of the contacting roller:

Vi, cos(8, +Aa,)+V sin(3, +Aa,)=0, ()
where V.V, — projections of the velocity of point K, of contact of the i-th wheel with the supporting surface,
which are determined from the vector equation:

Vi =V, +Q,xCO +® xOK,. (3)
Here, ¥ = [VK,): Vi, O]T — velocity vector of point K, of contact of the i-th wheel with the supporting surface in

projections on the axis of the movable coordinate system Cxyz; V. = [V LV 0]T — velocity vector of the geometric
center of the platform in projections on axis Cxyz; Q, = [0 0 Q]T — — angular velocity vector of the platform in
projections on axis Cxyz; CO, = CO, +0.D, =[x, —d;sinAa, y,+d, cosAa, 0]T — radius-vector connecting the
geometric  centers of platform C and the i-th wheel O, in projections on axis Cxyz;
o, =[¢,sinAa, ¢, cosAa, Q] — angular velocity vector in projections on axis Cxyz; OK,=[0 0 -R]' —
radius-vector connecting the geometric centers of the i-th wheel O, and the contact point of roller X, .

Rewriting vector equation (3) and using skew-symmetric matrices to calculate vector products, we rewrite equation

(3) in matrix form:

Vel [V, ] [0 -Q 0] x,—d,sinAq, 0 -Q ¢, cosAa; |[ 0
Vo [=| Ve [#]€ 0 0|y, +d, cosAa, |+ Q 0 —¢,sinAa, || 0 |. 4)
0 0 0 0 0 0 —,cosAo, @,sinAa, 0 -R
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After performing calculations:

Vir =V1 —Q(y,. +d, cosAa[)—R(b,. cosAo,,
| - . 5)
Viy =V + Q(x,- —d;sinAa, ) - R, sinAa,.

After transferring the platform parameters from Table 1 to relationship equations (2) taking into account (5), they

can be represented as:

P, :%[VL ~V, ~(h+1)Q]cos Aa, +%[VL +V, +(h-1)Q]sinAa, —%Q,

1 1 .
, :E[VL +V, +(h+1)Q]cos Aa, —E[VL ~V, ~(h=1)Q]sin Aa, +%Q,

(6)
. 1 1 . s
s = E[VL +V; —(h+1)Q]cos Aa, —E[VL ~V, +(h—1)Q]sin A, -2
b, = %[VL ~V, +(h+1)Q]cos Ac, +%[VL +V, —(h—-1)Q]sin Aa, +%Q.
Note that in the absence of errors in fixing the axles of the wheel motors (Aa .= O) , equations (6) take the form:
- idea, 1 + idea, 1
P! =E[VL ~V, =(h+1)Q], 5 =E[VL +V, +(h+1)Q],
(7
oy = %[VL +V, =(h+1)Q], ¢ = %[VL ~V, +(h+1)Q].
and coincide with the known results [6].
In matrix form, equations (6) and (7) can be represented as:
¢=H(Ao,)m, ®)
q=H,m, (€))

where =[V, ¥, Q]T — vector of pseudovelocities of the platform; ¢=[¢, ¢, ¢, o, ]T — vector of angular
velocities of wheels; H (Aa, ) — matrix of coefficients at pseudovelocities in equations (6); and H, = H (Aa, =0).

When forming the control at the kinematic level, the values of the angular velocities of platform 7 are calculated
according to the desired values of the pseudovelocities of the platform according to the formula:
¢'=H,i’, (10)
where superscript d indicates the desired (program) speed values. The obtained values of angular velocities are fed to
the input of the wheel motor control system.
However, if there are inaccuracies in the fastening of the axles of the wheel motors, according to the results of

testing the program values of the angular velocities of the wheels, the movement of the platform is realized in the form:
it=(H" (Ao, ) H(A,)) H'(Aa)¢" =(H" (Ac,)H (Aw,)) H' (Ac,)H,i". (11)

According to the found expression, it is possible to estimate the error of developing the program movement of the

platform, specified by the presence of inaccuracies in fixing the axles of the wheel motors, according to the formula:
An=r-7t! = [(HT (Ao )H(Aa,)) H' (Ac,)H, —EJ#”’, (12)

where E, — unit matrix of order 3.

Since the pseudovelocities of the platform are related to the coordinates of the geometric center in a fixed reference
frame by the relations [15],
X, =V, cosy -V, siny,
Ve =V, siny+V, cosy, (13)
v =Q,
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then, taking into account the errors of the pseudovelocities, we can rewrite the indicated expressions in the form:
¥ = XL cos Ay — y& sin Ay + AV, cos (\ud + A\y)— AV, sin(\yd + A\y),
Ve = X8 sin Ay + ¢ cos Ay + AV, sin (wd + A\|/)+ AV, cos (\yd + Aq/), (14)
v =y’ +Ay,

where &/ =V cosy’ =V siny?, y& =V siny? +V; cosy? — laws of velocity variation of the platform geometric

t
center in a fixed reference frame corresponding to the program movement; ¢ =y (0)+J-Qd (t,)dt, — law of the
0
t
angle variation of the platform course corresponding to the program movement; Ay = J‘AQ(tl)altl — course angle
0
error.

Taking into account the entered designations, we obtain formulas for positioning errors in the form:
Ak = x{ (cos Ay —1)— yé sin Ay + AV, cos (\|/d + A\v)—AVT sin(\yd + A\y),
Ay = x{ sin Ay + ¢ (cos Ay —1)+ AV, sin (\y" + A\y)+ AV, cos (\V‘I + A\U). (1
As a numerical example for error estimation, consider the parameters of the robot KUKA youBot [16]:
h=0235m, [=0.14m, R=005m, s=0.01m.
As an example, let us take the errors of fixing the axles of the motor wheels equal to:
Ao, =Aa, =1°, Ao, =Aa, =2°.

Below are the results of calculating the errors of the platform velocities with simple movements of the platform. As
examples of simple platform movements, consider:

— forward movement: V, =1m/s, V, =0m/s, Q=0rad/s;

— forward movement to the left: ¥/, =0m/s, V, =1m/s, Q=0rad/s;

—rotation around a vertical axis passing through the geometric center of the platform:
V,=0m/s, V,=0m/s, Q=1rad/s.
The errors of the pseudovelocities of the platform with these movements are calculated using the formulas:

— moving forward:

AV, =1.35-10" m/s, AV, =-8.73-10" m/s, AQ=6.8-10" rad/s ;

— lateral movement to the left:

AV, =8.72:10"° m/s, AV, =-3.81-10" m/s, AQ=1.46-10"rad/s;

— rotation around a vertical axis passing through the geometric center of the platform:

AV, =-249-10" m/s, AV, =-4.22-10" m/s, AQ=1.97-10" rad/s.

The obtained values of pseudovelocity errors are significant for mobile robots with mecanum wheels, since they
cause deviations in coordinates of the order of 10 cm in 2 minutes of robot movement. This makes it unacceptable for
the mekanum platform to function offline in the absence of compensation for these positioning errors. Note that
occurrence of a non-zero error in the angular velocity of rotation of the platform causes a nonlinear increase in the
positioning error of the platform (formulas (15)) when considering control at the kinematic level.

These results allow us to conclude that it is required to take into account the inaccuracies of fixing the wheel axles
when building a control system. It should be noted that since the mounting errors of the wheel motor axles are unknown
quantities, it is required to develop methods for identifying the parameters of the mathematical model of robot
movement to determine them [16].

The application of the developed kinematic model of the mecanum platform, which takes into account the
inaccuracies of fixing the axles of the wheel motors, makes it possible to build control at the kinematic level with

greater positioning accuracy.
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Thus, within the framework of this study, a model of the kinematics of a mobile platform with mecanum wheels is
presented with an error in the installation of the axes of the wheel motors. A formula is obtained for estimating the
errors of the pseudovelocities of the platform with software control formed at the kinematic level. Errors in the
development of program motion for simple movements of the mecanum platform (forward movement, lateral
movement to the left, and rotation in place) have been estimated.

Discussion and Conclusion. The resulting kinematic model of a mobile platform with mecanum wheels can be used
to improve positioning accuracy by forming a platform motion control that compensates for the impact of wheel
installation inaccuracies. To use the obtained model in the control tasks of the mecanum platform, it is required to
develop methods for identifying the parameters of the mathematical model in the future.

The task for further research in this area is to develop a mathematical model of the dynamics of the mecanum

platform, taking into account the errors in the installation of the axes of the wheel motors.
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3asenennwiii 6xk1a0 cOa8MOpPos:

A.E. Mopnua — dopmupoBaHue OCHOBHOW KOHIETIIIVH, IETH W 3aJaddl HCCIICIOBAHHS, MPOBEACHHUE PacUeTOB,

(hopMUpPOBaHKE BHIBOJIOB.
I'.B. [lankpaTtbeBa — Hay4HOE PYKOBOJCTBO, AaHAJIU3 PE3YJIbTATOB UCCIEOBAHUN, KOPPEKTUPOBKA TEKCTA.

I'.P. CaiimmymaeB — npoBeieHHEe pacyeToB, MOITOTOBKA TEKCTA, KOPPEKTHUPOBKA BEIBOJIOB.
Kongpnuxm unmepecog: aBTopsI 3asBISAIOT 00 OTCYTCTBUH KOH(JINKTA HHTCPECOB.

Bce asmopul npouumanu u 0006punu 0KoH4AMeNbHbIU 8APUAHI PYKONUCU.
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