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EFFECTIVE SOLUTION OF THE PROBLEM OF DIRECT KINEMATICS
FOR DRILLING ROBOT-MANIPULATOR WITH FOUR DEGREES OF
FREEDOM IN THE MAPLE PROGRAM

Today, construction machines are widely used, which can be used in hazardous and toxic working
environments, in other adverse environments, and in places where it is very difficult for a
human operator to control the machine. At the same time, in the current difficult economic
situation, it is important to increase the productivity of these construction machines in the mining,
construction, and manufacturing sectors. Due to the versatility and convenience of hydraulically
driven manipulators among construction machines, they occupy the majority of equipment used
in mining or construction work. Vibration machines are used in many technological processes for
the removal of hard rocks and other materials in the work performed by hydraulic excavators.
This paper considers a hydraulically driven drilling robot with four degrees of freedom. These are
machines and equipment based on lever mechanisms of variable structures, which have a number
of advantages over analogs. The use of mechanisms of variable structures significantly increases the
reliability of vibration shocks, their design is simple and does not require imported materials and
components. This is especially important for machines operating in difficult mountain conditions.
Under the above operating conditions, semi-automatic or fully computer-controlled machines can
work successfully and efficiently. To do this, it is important to understand the kinematics of this
machine. therefore, the article describes the sequence of actions required to solve the direct problem
of kinematics directed at a drilling robot with four degrees of freedom.

Key words: Direct kinematics, hydraulic drive, drilling robot, lever mechanism, excavator, vector
expression.
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Maple 6argapsaaMachbiHaa TOPT €PKIHAIK J9perKeciHe ne Gyprbliay poboT-MaHUITYJISITOPhI YIIiH
TiKejieli KHHeMaTHUKa M3CeJIeCiH TUIMIi Imenry

Kasipri Tapma )xyMbIC 2Kacayfra KayilTi KoHe >KYMBIC 2Kacay OpTachl yJbl, ObacKala aya-paiibl KO-
JIAChI3 OpTaJiajia >KoHe aJlaM OIePaTOPBIHBIH, MAIIMHAMEH YKYMbBIC iCTeyl ©Te KUBIH JIaC YKepJiep-
Jle maiizasanyra 60JIaThIH KYPbLIBIC MallnHAJAPhl KeH KojdaHbicka ne. COHbIMEH Karap Kasipri
VaKBITTa KYP/Je/dl dKOHOMUKAJIBIK, Karaaia, CoT KYPJIbIC MAITMHAJAPBIHBIH Tay-KeH, KYPBIIbIC,
OH/IIpIC CaJIACHIHJIAFBI YKYMBICTAPBIHBIH, OHIMJIJIITIH apTThIpy 6Te MaHbI3Abl. KypJbic MammmHasa-
pBI iITiHAEe TUIPABIUKAJIBIK, KETEKTI MAHUILYISTOPJIAPIBIH OMOEOAITHIFBl MEH BIHFANIBIIBIFBIHA
OallJIAaHBICTHI Tay-KEH OHJIPICi HeMece KYPBLIbIC YKYMBICTAPBIHBIH, KOIIIIJITIHIe KYMBIC icTefiTiH
TeXHUKAJIAPILIH 6achbIM O6JTiTiH ajgaapl. [ 'napaBInKa blK 9KCKABATOPIAD OPBIHIARTEHIH KYMbBICTap-
JIBIH, iMTiHIE TipiT 9cep eTeTiH MallnHaIap KATTHI Tay >KBIHBICTAPBIH YKoHE 6aCKa MaTepUaJIIap/Ibl
2KOIO VIIIIH KOIITereH TEeXHOJIOTUSIBIK IIPOIeCTEP/Ie KOJIJIAHBLIA b
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Bya xkymbIcTa MAIpaBIUKAJIBIK, >(KETEKTI TOPT €PKIHJIIK Joperkeci 6ap OyproLIay podOThI KAPACTPHI-
Jiajgel. Byst aHasiorrapra Kaparasia Oipkarap apThIKIIBLIBIKTAPFA M€ aybICIAJIbl KYPhLIBIMIAPIBIH,
MHTPErTi MeXaHU3MJIEPiHe HEri3/Ie/INeH MaIInHAIAD MEH KabIbIKTap OOJIBINT TaObLIAJIbI. A YBICTIAIBI
KYPBUIBIMIAPABIH MEXaHU3M/IEPIH KOIJAHY /1Pl COKKBIIAPBIHBIH CEHIM/IUTITIH €/19yip apTThIPaIbI,
OJIAPJIBIH, TU3aRHbBI KapalaiibiM, KoHe/[e UMIIOPTTAJIFAH MaTepUasIap MeH KOMIOHEHTTEP/I] KaXKeT
erneitni. By Kypaer Tay KarmgalblHIa XKYMBIC iCTEHTIH MalWHAJIAP VIIH epeKIlle MAaHBI3/IbI.
2Korapblsia aTajgral KYMBIC YKaFIafIapbiHIa *KapThLIail aBTOMATTHI HEMECE TOJIBIK, KOMITBIOTEP-
JIIK 0ACKAPBLIATHIH MAITMHAJIAD KYMBICTBI COTTI YKoHe THIMJ OPBIHIAIYbl MyMKiH. Byt yurin 6y
MAaITHHAHBIH KTHEMATHKACHIH TYCIHY MaHBI3/Ibl. COHIBIKTAH MAaKAJIa/1a TOPT ePKIH/IIK JoperKeci 6ap
Oyproiaay poOOTHIHA OAFBITTAIFAH KUHEMATHKAHBIH Typa eceOIH Ienry YIMH KaXKeTTi opekeTTep
Ti30erin cuIaTTaIbl.

Tvyiiiu ce3aep: Typa KuHemMaTnKa, IruAPaBINKAJIBIK XKETEK, OYPFbLIay POOOTHI, phYar MEXaHU3MI,
IKCKABATOP, BEKTOPJIBIK, ODHEKTEY.
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DddekTuBHOE pellleHre 3aJa4y NPAMOii KWHEMAaTUKU OJs OypoBOro poboTa-MaHUITYJIsITOPA C
4eThIPbMs CTEeNneHsIMU cBoOOAbI B mporpamme Maple

B macrositiiee BpeMsi IMHPOKOE NPUMEHEHHE WMEIOT CTPOUTEIhHBIE MAIIMHBI, KOTOPBbIE MOLYT
UCIIOJIB30BaTbCsl B OINACHBIX I pabOThl M TOKCHYHBIX Pabodynx cpejax, B JIPyrux HebJaro-
MPUSITHBIX TOTOJHBIX YCJOBHUSAX W B I'PSI3HBIX MECTaX, T/l YeJIOBEKY-OIEepPaTOpy OYeHb TPYJIHO
paborarh ¢ marmuHO. Kpome TOro, B HacTosiiliee BpeMsl B CJIOXKHBIX SKOHOMUYECKUX YCJIOBUSIX
0YEeHb BAYKHO MOBBICUTH IPOU3BOIUTE]HLHOCTh PAOOT MAINMWH ITOTO K€ KOHTUHEHTA B TOPHO-
JOOBIBAIONIEll, CTPOUTENHLHON, TPOW3BOACTBEHHON cdepax. BHyTpm Ha3eMHBIX MAIIWMH U3-3a
YHUBEPCAJIBHOCTH U YJ00CTBA MAHUIIYJIATOPOB C THUIAPABIUYECKUM IIPUBOJIOM OOJIbINAS YacTh
TEXHUKW WUCIOJIB3YeTCs il OOJIBIIUHCTBA TOPHBIX WJIA CTPOUTENbHBIX pabor. Cpemu pabor,
BBITOJIHSIEMBIX TUAPABINYECKIME SKCKABATOPAMH, BUODPAIMOHHBIE MAIIUHBI HCIOJIB3YIOTCH BO
MHOTUX TEXHOJOTUIECKUX MIPOTIECCAX IS YAAJEHUs TBEPbIX MMOPOJ U APYTUX MaTepruasoB. B sToit
pabore paccMaTpuBaeTcs OypOBOit POOOT C UETHIPHMS CTEMEHSIMU CBOOOIBI C THIPABINIECKAM
MPUBOJIOM. DTO MAIIUHBI U 00OPYIOBAHNE, OCHOBAHHBIE HA PHIYA’KHBIX MEXAHU3MAaX IEPEMEHHBIX
KOHCTPYKIMIi, KOTOpbIe UMEIOT PsiJi IPEUMYIINECTB Iepej] aHajoramu. lIpuMeHeHne MeXaHU3MOB
MMEPEXO/IHBIX KOHCTPYKIMI 3HAYUTEILHO I[OBBINIAET HAJIEXKHOCTb BHOPOYIAPOB, KOHCTPYKITUS
KOTOPBIX TPOCTa W He TpedyeT WMIIOPTHBIX MATEPHAJOB M KOMILIEKTYIOIIHUX. DTO OCODEHHO
BaKHO JIJIS MAIUH, PabOTAIONINX B CJOXKHBIX TOPHBIX YCJIOBUSX. B BBINIEYTOMSHYTHIX YCJIOBHUSIX
paboThl ITOJIyaBTOMATHYECKHE WJIH ITOJIHOCTBIO YIPABJSEMble KOMIBIOTEPDOM MAIIUHBI MOTYT
BBITIOJIHSAITH paboTy ycrmemHo u 3p@deKTuBHO. st 3TOr0 BayKHO IOHUMATH KUHEMATUKY 3TOMN
MAaIlIMHBI. TI09TOMY B CTaThe OIMCAaHA IOCIeJ0BATEIBHOCTD JIeHCTBUI, HeOOXOMMMAast JIJIsl PEIeHusT
MIPsIMOiT 331891 KHHEMATUKH, HAITPABJICHHON Ha 0y POBOro pOOOTA C 9€THIPbMSI CTEIIEHSIMA CBOOO/IHI.

Kuarouesbie ciaoBa: [Ipamas kuHeMaTnKa, THAPABINIECKUN TTPUBOI, OypPOBOI poOOT, phIvar Me-
XaHU3M, 9KCKABATOD, BEKTOPHOE BBIPAYKEHHE.

1 Introduction

Hydraulic excavators are one of the main machines used in the mining industry. Such machines
are widely used all over the world in the harsh environment of opencast mining. for example,
CIS, Australia, Canada, South Africa, South America. Air temperature in these environments
from -40C to +55C, humidity of 95% of condensed air, shock loads up to 5 g on the
mechanism, as well as oscillation resistance at a frequency of 2-6 Hz up to 2 g are the
main difficulties for the duration of the operating cycle is. In addition, manufacturers will
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increase the requirements for these machines in terms of increasing productivity, efficiency
and safety. Therefore, excavators are gradually evolving into complex mechanical electro-
hydraulic systems, for which it is more important to develop modeling, both in terms of
design and automation [1].

Already, scientists have made significant progress in researching robotic excavators. Cui et
al [2]. The spatial kinematic characteristics of the telescopic robot excavator are analyzed and
verified on the basis of a virtual prototype and a physical prototype. analyzed the trajectory
planning and control system based on the kinematic model. In order to operate a hydraulic
excavator, it is important to understand the kinematics and dynamics of the excavator. Dhaval
et al [3]. has discussed various reviews related to the kinematics of an excavator machine to
achieve the stated goal, which Kinematic modeling helps to understand the properties of a
hydraulic excavator machine and increase performance. The current trend in the development
of workflow control systems is associated with the robotization of excavators, so it is advisable
to use appropriate methods of robotics in the development of such systems [4]. Krivo obtained
kinematic and dynamic models of the excavator with great accuracy, as well as used PD and
PID controllers to control the work process [5]. Jomartov A., Tuleshov A. [6] proposed to
develop a vector method for determining reactions in kinematic pairs, as well as the balancing
moment, which significantly simplified the problem of kinetostatic analysis of complex bonds.
He proposed to implement algorithms on a computer using the analytical computing package
of the Maple program.as a result, the results of solving the problem of kinetostatic analysis
were finally obtained in vector form.

Advantages of the mechanism considered in the article in comparison with analogs: in the
presence of machines and equipment based on lever mechanisms of variable structures. The
use of mechanisms of variable structures significantly increases the reliability of vibration
shocks of impact hammers. The course of kinematic calculation was based on the analytical
method of a closed circuit, in which the selected vector system is considered as geometric
polygons with zero sum |[7]. In comparison with the D-H method, when using the classical D-h
method, it is possible to set the coordinate system on the continuation of the axis, and finally
there is a situation when our theoretical model is incompatible with the real manipulator.
On the contrary, if we use the method of constructing a coordinate system based on the basic
coordinate transformation, this method is much simpler, without theoretical errors, intuitive,
and also a faster method for calculating direct kinematics [8]. Xuewen Yang et al. In his work,
a geometric method of kinematics was used for the Delta parallel robot, as well as a speed
control method based on the PO controller. The peculiarity of this geometric method is the
reduction of calculation time and a significant increase in accuracy and efficiency [9]. Based
on this evidence, we solved the direct kinematics of the drilling robot using the geometric
method.

2 Materials and methods

2.1 Robot design

Improving the controllability of the manipulator has a direct impact on increasing efficiency
and reducing costs. First, the structure and operating conditions of the drilling robot with four
degrees of freedom are analyzed. The lever mechanism, created by two hydraulic cylinders,
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helps to ensure the stability of the mechanism, as the joints are connected in a triangular
pattern. The structure of our drilling robot consists of: AE and FG fixed arm (lever), BD
and CF hydraulic drive and a drill mounted on G.

Figure 1: 2D design of a drilling robot in the plane

2.2 Goals and objectives

At the first stage of designing a manipulator control system, it is necessary to consider its
kinematics, ie. As a function of time we find the position of the manipulator in space and
the relationship between the generalized coordinates and the location of the drill.

The purpose of this work is to study the kinematics of the manipulator using the program
Maple. To do this, the following tasks are solved at work:

— determine the positions, angular and linear movements of the joints of the mechanism of
motion, construct trajectories and find areas of change of its individual moving points;

— determine the speed of individual points and joints of the mechanism;

— to determine the acceleration of individual points and joints of the mechanism;
— creating a model of the manipulator in Maple;

— creation of 3D model of the manipulator in Inventor;

— solve direct and inverse problems of kinematics of hydraulic manipulator;

— planning the trajectories of the manipulator when moving the drilling point from one
point in space to another.
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2.3 Direct kinematics

We solve the direct problem of kinematics, according to the dependence of the generalized
s = f(p) coordinates ¢ = (p1;¥9; p3;4) (angles of rotation of the corresponding joints of
powerful robot manipulators) and find the location of the drilling installation point. We solve
the direct problem of kinematics analytically using the geometric method.

To determine the positions, velocities and accelerations of the joints of the mechanism,
we construct the vector equations of the closed chain AAEG, the closed chain ABDEG and
the closed chain ACFG

—

fAB + fBD + fDE + fEG =7 (1)

where [; — is the vector expression of the corresponding links in the closed chain, 7" — is the
vector value from the origin to the point G.

By projecting the vectors of equation on the x and y coordinate axes, we obtain the
equations describing the positions of the joints of the mechanism: We express the projections
of the equation obtained on the x, y-axes obtained according to the closed chain AAFEG as
follows, where the slope angles are unknown:

lag - cos w1 + lpg - cos py = x¢
(2)

lag -sinpy + lpg - sinpy = ya

[; — dimensions of the corresponding joints, ¢; — correct inclination angles, zq, yg — coordinates
of the corresponding G-point obtained in accordance with the X, Y-axes.

We express the projections of the equation obtained on the z, y-axes obtained according
to the closed chain ABDEG as follows:

IBp - cos s + Ipg - cos 1 + lpg - cos py = T
(3)

lap +1lpp -sinys + lpg - sinpy + lgg - sings = ya

where [; — is the size of the corresponding joints, ¢; — is the angle of inclination, zq, yo — is
the coordinate of the corresponding GG-point on the z,y axes.

The projections of the equation obtained on the closed chain ACFG on the x,y-axes are
expressed as follows:

lac - cos w1 + lop cos w3 + lpg cos g, = xg
(4)

lac - sinpy + lop sin g3 + [pg sin o4 = ya

where [; — is the size of the corresponding joints, ¢; — is the angle of inclination, xg, yg — is
the coordinate of the corresponding G-point on the x,y axes.
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As a result, we obtain the trajectories and limits of change of all characteristic points of
the mechanism. By modifying this system of equations, we can obtain the required values:
v; — the formula for determining the angle of inclination:

g +Uip = lpp

2laplap

(5)

1 = £ arccos

1 — angle of inclination of the joint AFE.

lap - cosp1 —lap (6)

Yy = Farctg :
lap - sin

@9 — is the angle of inclination of the joint BD where the hydraulic cylinder is located.

Bt Bo—Be | Byt -
2crler 2laplap

3 = Farccos

3 — is the angle of inclination of the joint C'F' where the hydraulic cylinder is located.

log - sing; — lop - sin @g (8)
leg - cospy — lop - cos @3

w4 = Farctg

w4 — angle of inclination F'G.
Coordinates of contact points in the XOY plane:
Coordinates of the C-hinge with the plane

Tco lac - cos pq
= (9)

Yo lac - sin

By differentiating by time 1.8, we obtain the projections of the velocity of point C' on the z
and y coordinate axes.

o —lacwy sin g
= (10)
Yo lacwi cos @y

and the speed of rotation of point C':

Vo =1/ &2 + §& = lacwr (11)

By differentiating equations we obtain the projections of the accelerations of point C' on
the x and y coordinate axes.

Tc —lacer sinpy — Lacw? cos g
= (12)
Yo lacer cos gy — lAwa sin

Acceleration of point C'

ac:\/fé%—i—gjé:uc\/sf—l—w% (13)
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Coordinates of the D-hinge with the plane
D [AD - cos ¢
= (14)
Yp lap - sinpy

By differentiating in time , we obtain the projections of the velocity of the point D on
the x and y coordinate axes.

D —lapw sin @y
- (15)

Up lapwi cos 1

and the speed of rotation of point D :

Vp =/ h + 3 = lapwi (16)

By differentiating equations we obtain the projections of the accelerations of the point
D on the x and y coordinate axes

Ip —lper sin @y — lapw? cos @y
= (17)
D laper cos o1 — Lapwi sin ¢y

Acceleration of point D

(ID:\/S.Z}QD—FZ./'QDZZAD\/&%—FM% (18)

Coordinates of the E-hinge according to the plane
TE lag - cos pq
= (19)
YE lag - sin ¢y

By differentiating by time , we obtain the projections of the velocity of the point £ on
the  and y coordinate axes.

TE —lapws sin gy
= (20)
UE [Apwy cos oy

and the rotational speed of point F :

Vg = \/fQE—f-y%:lAEwl (21)

By differentiating equations we obtain the projections of the accelerations of the point
E on the x and y coordinate axes.

g —lager sinpy — Lapw? cos ¢
= (22)
UE [ape1 cos gy — lAEW% Sin ¢y
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Acceleration of point £

ap = \/T%L + % = lap\/ €3 + wi (23)

Coordinates of the F-hinge according to the plane

Tr lac - cos 1 + lop - cos 3
= (24)
YF lac - sinpy + lop - sin @3
Differentiating the system of equations , we obtain:
TR —lqcwq Sin Y1 — lopws sin 3
= (25)
Ur lacwy cos p1 + lopws cos p3
and the speed of rotation of point F' :
vp = \/licw% + 12 w3 + 2l acwilopws cos(ps — ¢1) (26)

By differentiating equations we obtain the projections of the accelerations of the point
F on the z and y coordinate axes.

g —lacer sin p; — Lacw? cos ) — lopes sin ps — lopws cos @3

= (27)
. 2 . 2 .
Ur lacg1 cos 1 — lacwy sin 1 + lopes cos 3 — lopws sin o3

Acceleration of point F

ap =/ 1% + i3 (28)

Coordinates of the G-hinge with the plane

e lac - cos 1 + lop - cos 3 + lpg - cos py
= (29)
e lac - singy +lor - sinps + lpg - sin gy

By differentiating by time , we obtain the projections of the velocity of the point G on
the x and y coordinate axes.

e —lacwi sin p; — lopws sin gz — [pgwy Sin @y
- (30)
Ya Lacwi cos o1 + lopws cos w3 + [pas cos 4

and the speed of rotation of point G :

Vg = \/l‘é—f—yé (31)
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By differentiating equations we obtain the projections of the accelerations of the point

G on the x and y coordinate axes.

e

UG

(32)

—lacer sinp; — Lacw? cos 1 — lopes sin s — lopw? cos o3 — lpgey sin g — lpaw? cos ¢4

lLacer cos p1 — Lacw? sin py + lopes cos w3 — lopwi sin o3 + [pgey o8 oy — lpaw? sin oy

Acceleration of point GG

ag = \/i‘éﬁ‘]jé

(33)

Convert the coordinates of the points in the plane found above to the coordinates in space:

Xe lac - cos gy - cos g,
YC = lAC - sin ®1
Zco —lac - cosy - sin g,

Corresponding spatial coordinates of the C-hinge.

Xp lap - cOS 1 - COS Py
Yo = [ap - sin ¢y
Zp —lap - cos 1 - sin @,

Corresponding coordinates of the D-hinge in space.

Xg laE - cos @y - cos @,
Ye = lAp - sin ¢
Zg —lAE - cOS 1 - sin

Corresponding spatial coordinates of the e-hinge.

Xr lac - cos ¢y - cos @y, + lop - COS @3 - COS

Yr | = | lac-sing; +lor - sings

A% —lac - cosy - sin, — lop - cos g3 - sin @,

(34)

(36)

(37)
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Corresponding coordinates of the F-hinge in space.

Xc lac - cos @y - cos @y + lop - €Os Q3 - COS Qy + [pG - COS (g - COS Py
Yo | = | lac-singr +lop -sinps + lpg - sin gy (38)
Za —lac - cos gy - sinp, — lop - cos s - sin g, — lpg - cos 4 - sin @,

Corresponding spatial coordinates of the G-hinge.

Figure 2: Position and trajectory of the power robot manipulator: a) initial position; b) position in plane
motion; ¢) the final state in plane motion.

3 Results and discussion

Obtaining numerical values of the direct calculation of kinematics is carried out using the
program Maple.
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Figure 3: a) changes in the angles of the power robot manipulator; b) changes in the coordinates of the joints
of the power robot manipulator; ¢) changes in the speed of the joints of the power robot manipulator; d)
changes in the angular velocities of the joints of the power robot manipulator; e) changes in the angular
accelerations of the joints of the power robot manipulator; f) changes in the angular accelerations of the
joints of the power robot manipulator.
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4 Conclusion

This paper considers a hydraulically driven drilling robot with four degrees of freedom. The
use of mechanisms of variable structures significantly increases the reliability of vibration
shocks, their design is simple and does not require imported materials and components. This
is especially important for machines operating in difficult mountain conditions. Under the
above operating conditions, semi-automatic or fully computer-controlled machines can work
successfully and efficiently. To do this, it is important to understand the kinematics of this
machine. therefore, the article described the sequence of actions required to solve the direct
problem of kinematics directed at a drilling robot with four degrees of freedom. Based on this
evidence, we solved the direct kinematics of the drilling robot using the geometric method.
Numerical values of the direct calculation of kinematics were obtained using the program
Maple.
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