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MODELING OF MANIPULATOR GRIP REACHES WITH REGARD
TO GENERALIZED COORDINATE CONSTRAINTS

Purpose. Maintaining operational characteristics when using the robot in extreme conditions and ensuring the reach of the
grasp of the manipulator, despite the limitations of the generalized coordinates.

Methodology. The kinematic analysis of the manipulator is carried out on the basis of coordinate transformation by the Dena-
vit — Hartenberg method. Polynomial laws of change in generalized coordinates are considered taking into account restrictions in
the actuators of kinematic pairs.

Findings. Algorithms for the kinematic analysis of the manipulator have been developed taking into account the constraints of
the generalized coordinates, which in real time make it possible to adjust the control actions on the actuator drives for the success-
ful implementation of software technological operations.

Originality. A technique for solving problems of manipulator kinematics is proposed, taking into account the limitations of
many permissible values, drive power and friction coefficients for all generalized coordinates. This allows, in contrast to the known
techniques, determining in real time the actual coordinates, positioning accuracy and reach of the gripper, implemented consider-
ing the arisen limitations of the generalized coordinates.

Practical value. The research results can be used at the stage of design, implementation, modernization and operation of ma-
nipulators. At the design stage, simulation of the manipulator movement, with considering the constraints of the generalized co-
ordinates, makes it possible to optimize the parameters of the kinematic scheme of the manipulator. For autonomous manipulative
mobile robots operating in extreme conditions, the developed software makes it possible to carry out kinematic analysis, adjust the
target function of the adaptive control system, synthesize control actions on the actuator drives, and implement software techno-
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logical operations, despite the arisen limitations of generalized coordinates.
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Introduction. When using manipulative mobile robots
(MR) in a previously unknown environment, the timely iden-
tification of faults or limitations, and the corresponding cor-
rection of the programmed movements of the manipulator,
increases the survivability of the structure and ensures the
success of the mission. Indeed, when overcoming the conse-
quences of man-made and natural disasters, conducting re-
connaissance and demining, partial damage to the MR struc-
ture is possible, namely, limiting the mobility of kinematic
pairs due to an increase in friction and a decrease in the
power of the actuator drives. This causes a change in the set
of values of the generalized coordinates and reach of the grip-
per, a narrowing of the size of the working space, a decrease
in the number of permissible manipulator configurations,
and a decrease in positioning accuracy. Failure to comply
with the listed restrictions in the conditions of autonomous
operation and remote control may lead to loss of functional-
ity of the MK.

The success of the implementation of software technologi-
cal operations depends on the geometric parameters of the ki-
nematic diagram of the manipulator, the laws of change in
generalized coordinates, the power of the drives, the design
and characteristics of the kinematic pairs. At the stage of de-
signing a universal anthropomorphic manipulator (UAM), it
is advisable to carry out mathematical modeling of the move-
ment of the pole of the grip of the point P, taking into account
the listed restrictions. In the case of autonomous operation of
the MR, the analysis of the simulation results will make it pos-
sible to carry out kinematic analysis in real time, correct the
target function of the adaptive control system, synthesize con-
trol actions on the actuator drives and implement software
technological operations, despite the arisen limitations of the
generalized coordinates.

Literature review. Currently, robotic systems are widely
used when working in hazardous and harmful conditions for
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humans. In the article [1], the authors consider the use of ro-
botic autonomous systems for earthmoving and construction
work in the construction of fortifications and military struc-
tures. The article [2] provides an overview of the latest achieve-
ments in the field of military robotics, in article [3] the author
analyzes the effectiveness of the use of groups of ground-based
robotic systems in the armed forces.

At present, the process of decommissioning nuclear facili-
ties is underway in Europe. In the article [4], the authors pro-
pose an algorithm for optimizing the path for the protection of
personnel and robots participating in radiation work in a lim-
ited and unknown environment. The article [5] discusses the
technical support system for the decommissioning of nuclear
power facilities. Evaluation of the effectiveness of decontami-
nation is carried out using an electro-pneumatic robot for
sampling. The robotic system presented in [6] allows monitor-
ing the storage of spent nuclear fuel and remotely detecting
chlorine deposits on stainless steel containers. The article [7]
presents the design of an autonomous underwater vehicle
(AUYV) for surveillance and reconnaissance (SR), built within
the framework of the SABUVIS project. The results of re-
search on the positioning and navigation of an underwater ro-
bot in a complex and changing environment are presented in
[8]. The article [9] proposes a new distributed targeting strat-
egy for several underwater robots in order to reduce the aver-
age target search time and increase the probability of target
detection and hitting. The system presented in [10] allows the
use of a collaborative robot and an industrial robot interacting
in a hazardous industrial environment.

In Ukraine, along with the “classical” formulation of
problems for extreme robotics, there is its own specificity.
A serious challenge for Ukraine is the demining of territories
in Donetsk and Luhansk regions and the elimination of the
consequences of explosions at ammunition depots in Novobo-
hdanivka, Lozova, Svatove, Balakliia, Kalynivka and Ichne.
The use of MR for this purpose would save the life and health
of servicemen and civilians.
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Consequently, the development of a UAM as part of a ro-
botic complex for eliminating the consequences of natural and
man-made emergencies is an urgent scientific and practical
task. The use of UAM will allow for visual reconnaissance,
monitoring of the level of radiation and the concentration of
harmful and hazardous substances within the working area,
search and primary diagnosis of suspicious objects, evacuation
and disposal of explosive devices and explosive objects.

The relevance of the work lies in the need to create a soft-
ware method for the kinematic analysis of the manipulator to
determine the reach of the gripper pole, taking into account
the limitations in the kinematic pairs, the power of the drives
and the coefficients of friction. Mathematical modeling of the
manipulator movement allows one to perform real-time soft-
ware kinematic analysis, determine the permissible manipula-
tor configurations, synthesize the optimal trajectory, correct
the target function of the adaptive control system, synthesize
control actions on the actuator drives and implement software
technological operations, despite the arisen limitations of the
generalized coordinates.

This will preserve the functionality and operational char-
acteristics when using the MR in extreme conditions of a pre-
viously unknown environment, taking into account the limita-
tions of the generalized coordinates

Purpose. Maintaining operational characteristics when us-
ing the robot in extreme conditions and ensuring the reach of
the grip of the manipulator, despite the limitations of the gen-
eralized coordinates.

Methods. The movement of each link of the manipulator
relative to the platform can be represented as a sequence of
rotations and parallel transfers by the Denavit — Hartenberg
method [11]. The kinematic analysis of the manipulator based
on the coordinate transformation method is carried out using
the Mathcad software package [12]. An analytical solution to
the first kinematics problem for UAM is obtained by the ma-
trix method in the Mathcad package. Polynomial laws of
change in generalized coordinates are considered taking into
account restrictions in the actuator drives of kinematic pairs.

Results. The object of the research is a robotic complex for
work in extreme conditions, consisting of a controlled plat-
form and an UAM. The design of the UAM provides for the
possibility of mounting it on a wheeled or tracked chassis.

For definiteness, the design of a robotic complex shown in
Fig. 1 was chosen as an example.

The structure (Fig. 1) consists of a platform with an all-
wheel drive 4-wheeled chassis and a UAM attached to a dock-
ing disc rotating around a vertical axis. The rod links of the
manipulator arm are connected by rotary kinematic pairs of
the fifth class.

Fig. 1. Structural diagram of a robotic complex

The controlled platform provides the mobility of the com-
plex (its cross-country ability, maneuverability and speed),
and the UAM, equipped with attachments, performs techno-
logical operations. The range of attachments for the manipula-
tor (bucket, scraper, probe, and so on) significantly expands
the scope of its application. The manipulator is controlled re-
motely, the control system provides three independent com-
munication channels with the operator. The results of the ma-
nipulator performance of technological operations are moni-
tored using a computer vision system.

Coordinate systems. For the kinematic analysis of the ma-
nipulator, let us introduce the right-hand coordinate systems
(Fig. 1).

0,X, Y2, is an inertial coordinate system.

MX, Y, 7, is a movable base coordinate system. The coor-
dinate axes coincide with the main central axes of inertia of the
platform, and the origin is the center of mass of the platform —
point M. The MX,, axis is located in the plane of movement of
the platform and is directed towards the movement. The MZ,
axis is perpendicular to the platform movement plane and is
directed upward to the manipulator docking disk. The MY,
axis is located in the plane of the platform movement and
complements the coordinate system to the right.

0,X,Y,Z, is a connected mobile coordinate system. The
origin is aligned with point O; — the center of mass of the
docking disk. The coordinate axes coincide with the main cen-
tral axes of inertia of the docking disc. In the initial position of
the docking disk of the manipulator, the axes of the 0,X,Y,Z;
coordinate system are parallel to the axes of the MX,,Y,,Z,, co-
ordinate system.

0X,Y.Z; (for i = 2, 3, 4) is connected moving coordinate
systems. The origin is connected to point O; — the center of the
kinematic pair. The O.JX; coordinate axes coincide with the
longitudinal axes of the rod links of the manipulator arm. In
the initial position of the manipulator links, the axes of the
coordinate systems O,X;Y;Z; are parallel to the axes of the
MX, Y, Z, coordinate system.

Analytical research. The movement of each link of the ma-
nipulator relative to the platform can be represented as a se-
quence of turns and parallel transfers. For an example of the
construction shown in Fig. 1, let us assume that the change in
the generalized coordinate ¢, occurs around the 0,7, axis, the
change in the generalized coordinates ¢; (for i = 2, 3, 4) —
around the O;Y; axis.

For each kinematic pair, let us compose the matrix trans-
formation of the coordinates of Denavit-Hartenberg [11—13]

[ Cosq,(t) 0 Sing,(t) c,]
) 0 1o 0
A = )
=Sing,(t) 0 Cosq,(r) 0
0 0 0 1|
[ Cosqy(t) 0 Singy(t) c, ]
3 0 1 0 0
A5 = )
—Sing,(t) 0 Cosgy(t) 0
|0 0 0 1|
[ Cos g, 0 Sing,(t) ¢, i
s 0 1 0 0
A= )
=Sing,(t) 0 Cosg,(r) 0
| 0 0 0 1]
[ Cosq,(t) Sing() 0 0
. -Singq,(t0) Cosq,(r) 0 0
AM = B
0 0 1 ¢
| 0 0 0 1

where c¢y3, ¢35, €51, €} are the geometrical dimensions of the
manipulator structure.
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Q3 0:= g Q3 min:=0 Q3 max:= 2?”
a3-t2

Q3(0):= - +b3-1+Q3.0
Q3 max if Q3(t)>Q3 max

q3(t):=|Q3 min if Q3(t)<Q3 min
Q3(t) otherwise
Fig. 2. Fragment of the program in Mathcad, modeling the law

of change in the generalized coordinate, taking into account
the constraints
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Fig. 3. Modeling in Mathcad the law of change in the general-
ized coordinate q4(1), taking into account the constraints

For each generalized coordinate, let us define the law of
change ¢,(f). For example, the law of uniformly accelerated
motion

2
a;-t

()= +b; 1445,

where a; and b, are the parameters of the drive in the i degree
of mobility; g;, = ¢,(0) is the initial value of the generalized co-
ordinate g,(#). The design features of the kinematic pair im-

Cql Sq1 0 O Cq2 0 Sq2 c21 Cq3 0 Sq3 ¢32
SqlCql 0 0| 0 1 0 o 0 1 0 0 0
0 0 1cl0]||-Sq20Cq2 0 ||-Sq3 0 Cq3 0 |
0 0 0 1 0 0 0 1 0 0 0 1 0

Sq4 0 Cqé 0 || 0
00 1)1

pose restrictions on the range of values of the corresponding
generalized coordinate g#) € [§;min; Gimaxl- Fig- 2 shows a frag-
ment of a program in Mathcad that simulates the law of change
in a generalized coordinate g;(7) taking into account restric-
tions.

The drive of the selected degree of mobility generates an
increase in the generalized coordinate according to the law

2
0317 003+ 7.
2 6
The actual implementation g;(¢) takes into account the de-
sign features of the kinematic pair and limitations
n 2n

4 )
75 )ELSO 3

and actual g;(7) values of the generalized coordinate obtained
in Mathcad are shown in Fig. 3.

The authors have developed software that allows modeling
in Mathcad the movements of a universal anthropomorphic
manipulator, taking into account the constraints of general-
ized coordinates. This allows building an actual model of the
manipulator working area, estimating the reach and calculat-
ing the positioning accuracy of the gripper. The results ob-
tained are used to select the optimal geometric dimensions of
the structure from the set of admissible values. Fig. 4 shows a
fragment of a program in Mathcad for the analytical solution
of the first kinematics problem.

Table 1 shows the results of mathematical modeling in
Mathcad of the reach of the manipulator grip depending on
the geometric parameters of the kinematic scheme.

The software developed in Mathcad makes it possible to
simulate the movements of a universal anthropomorphic ma-
nipulator for various laws of change in generalized coordi-
nates, taking into account the drive power, friction coeffi-
cients, design features and characteristics of kinematic pairs
(Table 2). Table 3 shows the results of mathematical modeling
of the reach of the manipulator, taking into account the con-
straints of the generalized coordinates.

Qg(t) =

}. Graphs of changes in the calculated Q;()

Cq4 0 Sq4 o43) (0.2

0 0 0
N

.2(Cq1:Cq2Cq3 - Cql:Sq28q3)-Cq4 — .2(Cql-Cq2Sq3 + Cq1-:8Sq2Cq3)-Sq4 + .6Cql:Cq2Cq3 - .6Cql-Sq2Sq3 + .7.Cql-Cq2 + .8Cql
.2(=Sq1:Cq2Cq3+ Sq1:Sq28q3)-Cq4 - .2(-Sq1:Cq2Sq3 - Sq1:Sq2Cq3)-Sq4 - .6Sq1-:Cq2Cq3 + .6Sq1-:Sq2Sq3 - .7-5q1-Cq2 - .88ql

-

2(=8¢2Cg3 - Cq2:8¢3)-Cqd — .2(~8q2Sq3 + Cq2.Cq3)-Sqd+ 5.10° - .65q2Cq3 — .6Cq2Sq3 — .7-8q2

Fig. 4. Analytical solution of the first kinematics problem in Mathcad

Table 1

Results of mathematical modeling in Mathcad of the reach of the manipulator grip depending on the geometric parameters of
the kinematic scheme

2
a=23" 00314 %, q[(t)e[O;z—n}
6 3
Cyp Cy C3 3 max min
c0=005 | cy=08 | =07 | cp=0.6 Xo(5) =x(0.1) = 1.481 X (1) =x(3.5) =—0.175
Ymax(®) =¥(2.8) =-0.198 Ymin(?) = (0.8) =-0.875
2o (1) = 2(3.7) ==0.037 2 (1) = 2(1.6) = —1.180
c0=005 | ey=07 | =06 | c;s=0.5 (1) = X(0.1) = 1.276 Xpin(D) =x(4.1) =—0.175
Ymax(®) =¥(2.7) =-0.201 Ymin(?) =y(0.1) =-0.734
) = 2(3.5) =~0.037 () = 2(1.5) = 1014
c0=005 | ey=07 | =07 | =07 (1) = x(0.1) = 1.438 (1) =x(3.7) ==0.100
Ymax(®) =¥(2.7) =0 Ymin(?) =y(0.1) = -0.828
oD = 2(3.5) = 0.05 () = 2(1.7) = —1.263
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Table 2

Results of mathematical modeling in Mathcad of the reach of the manipulator grip, taking into account the drive power
and friction coefficients

42
a0 =201 b 14 g,
max
0 B0 ;1) a:(0)
a,;=0.3; a,=0.3; a;=0.3; a,=0.3; X #) = x(0.12) = 1.483
b] = —003 bz = —003 b3 = —003 = —003 ymax(t) :y(495) — _0175
zmax(’) = 1(361) =0.032
a;=0.3; a,=0.3; a;=0.3; a,=0.3; Xmax(H) = x(0.05) = 1.472
b, =-0.01 b, =-0.01 by=-0.01 by=-0.01 Ymax(H) =1(4.95) =-0.175
zmax(t) = 1(354) =0.032
a,=0.6; a,=0.6; a;=0.6; a,=0.6; Xmax(?) =x(0.05) = 1.480
b, =-0.01 b, =-0.01 b;=-0.01 b,=-0.01 Yoo () = (4.95) = ~0.175
Zmax(l‘) = Z(495) =-0.059
a;=0; a,=0; a;=0.3; a,=0.3; Xmax(H) =x(0.01) = 1.475
b, =0.03 b,=0.03 b;=-0.03 by=-0.03 Ymax(D) =y(2.70) =-0.317
Zmax(’) = 1(334) =-0.266

Table 3

Results of mathematical modeling in Mathcad of the reach of the manipulator grip, taking into account the constraints of
generalized coordinates

.12
031 003145
2 6

7 o0 | a0 | a0

q,(H)=

max min

q,-(t)e[o;%ﬂ}

xmax(t) :x(olo) = 1481
Ymax(D) =y(2.81) =-0.198
Zmax(t) = Z(496) =0.014

Xmin(H) =x(3.7) =-0.316
Ymin(r) =¥(0.8) =—0.875
Zmin(f) = 2(1.5) =-1.187

2n
e

xmax(t) :x(olo) =1.481
ymax(t) :y(281) =-0.198
zmax(t) = Z(380) =0.037

xmin(t) = x(37) =-0.175
ymin(t) = y(09) =-0.876
Zmin(t) = 1(16) =-1.180

g1 € 10; ]

xmax(t) :x(OIO) =1.481
ymax(t) = J’(44O) =0.500
zmax(t) = 1(430) =0.050

xmin(’) = X(44) = *0500
ymin(t) :y(lo) =-0.875
zmin(l‘) = 1(15) =-1.187

Fig. 5 shows a fragment of the program in Mathcad, which
simulates the movements of the UAM gripper, taking into ac-
count the listed restrictions.

Fig. 6 shows the projections of the reach of the manipula-
tor grip, built in Mathcad, based on the results of mathemati-
cal modeling, taking into account the listed restrictions. In this
case, the reach of the manipulator grip is projected onto the
coordinate planes of the associated movable coordinate system
0.X,Y,Z;

2
x(t)
—_ 04
y(©) r
Rl
2(1) -04 ...' 1’
L I .

RYY RALLEFPRE ‘
=2
0 125 25 375 5

x_max:= DihM(x,t0,dt,5) y_max:=DihM(y,t0,dt,5) 2z max:=DihM(z2.5,dt,5)

(o0 | 28 T
MBS 481 Y= o197 = 0,037

Fig. 5. Modeling in Mathcad the movement of the grip of a uni-
versal anthropomorphic manipulator, taking into account
the limitations

The developed software makes it possible to carry out
mathematical modeling of UAM movements, taking into ac-
count the restrictions, to calculate the reach of the gripper and
to build the working area of the manipulator.

Conclusions. The authors completed the first stage of de-
signing the UAM as part of a robotic complex for eliminating
the consequences of natural and man-made emergencies. The
kinematic scheme of the manipulator is selected. Software for
mathematical modeling of manipulator movements has been
developed. A software method for the kinematic analysis of
the manipulator has been created to determine the reach of the
gripper pole of the manipulator in the presence of the con-
straints of the generalized coordinates. Mathematical model-
ing allows optimizing the geometric parameters of the kine-
matic scheme of the manipulator, the laws of change in gener-
alized coordinates, the design and characteristics of the kine-
matic pairs.
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Fig. 6. Projections of the reach of the manipulator grip, built in
Mathcad:

a — on the coordinate plane O X,Y\; b — on the coordinate plane
0,X,Z;; ¢ — on the coordinate plane O,Y,Z,
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Based on the simulation results, programmatically in real
time, it is possible to determine the permissible configurations
of the manipulator, to synthesize the optimal trajectory, to
correct the target function of the adaptive control system, to
synthesize control actions on the actuator drives and to imple-
ment software technological operations, despite the arisen
limitations of the generalized coordinates.

The implementation of the proposed method ensures the
preservation of operational characteristics when using the robot
in extreme conditions and ensuring the reach of the manipula-
tor grip, despite the limitations of the generalized coordinates.
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MopemoBaHHS MeX JAOCSIKHOCTI CXBATY
MaHimyJagaTopa 3 ypaxyBaHHAM OOMeKeHb
y3araJibHeHUX KOOpAMHAT
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Merta. 30epexeHHs] eKCIUTyaTallilHUX XapaKTepUCTUK
MPY BUKOPUCTAHHI poOOTa B eKCTpEeMaIbHUX YMOBaX i 3a0e3-
TEYeHHST MeX TOCSIKHOCTI CXBaTy MaHIMyJIITOpa, He3BaXaro-
Yy Ha 0OMEXXEHHSI y3araJlbHEeHUX KOOPIUHAT.

Metoauka. KiHemMaTUUHUIi aHATi3 MaHIMyJaaTOpa MPOBO-
IIUThCS Ha MiACTaBi MEPETBOPEHHSI KOOPAMHAT MeToaoM Jle-
HaBUTa-XapTeHOepra. Po3rmisigaloTbesl moiHOMiaIbHI 3aKO-
HM 3MiHM y3araJbHEHUX KOOPIMHAT 3 YpaxyBaHHSIM OOMe-
JK€Hb Y BUKOHABYMX MTPUBOIAX KiHEMAaTUYHUX TIap.

Pesyabratn. Po3poGiieHi aaropuTMu KiHEeMaTUYHOTO
aHaJi3y MaHIITyJIsITOpa 3 ypaxyBaHHSIM 0OMeEXeHb y3araibHe-
HMX KOOPAMHAT, 110 B PEXUMi PeabHOro 4acy A03BOJSIIOTh
CKOpETYBaTH Kepylodi BIUIMBU HA BUKOHABUI MPUBOIU TSI
YCHIIIHOI peatizallii MporpaMHUX TEXHOJIOTIUHUX OTepalliii.

HaykoBa HoBM3HA. 3ampoNOHOBaHA METOAMKA PIillIeHHS
3aBIaHb KiHEMAaTWKW MaHIiMyJsaTopa 3 ypaxyBaHHsSIM oOMe-
JK€Hb MHOXWHM JOIMyCTUMUX 3HAYeHb, TIOTYXKHOCTi IPUBO-
niB i Koe(illieHTIB TepTs 3a BCciMa y3araJbHEHUMU KOOPAU-
HaTamu. Lle no3Bossie, Ha BiAMiHY Bil BiTOMMX METOIUK, BU-
3HAYaTU B PEXUMi peaslbHOTrO yacy (akTUYHiI KOOPIWHATH,
TOYHICTb MO3UILIOHYBAaHHS 1 MEXi TOCSIKHOCTI CXBaTy, pea-
JIi30BaHi 3 ypaXyBaHHSM BUHUKIIMX OOMEXEHb y3aralbHEeHUX
KOOpPIWHAT.

IIpakTuuna 3HaunMicTb. Pe3ynbTaTu OCTiAXEHb MOXYTh
OyTH BUKOPUCTaHi Ha eTarli MpOeKTYBaHHSI, BIIPOBAIKEHHS,
MOJEpHi3allii Ta ekcrulyaraiiii MadimyasTopiB. Ha erami
MPOEKTYBAHHSI MOJEIIOBAHHS PYXy MaHIITyJIsITOpa 3 ypaxy-
BaHHSIM OOMEXEHb Yy3arajJbHEHUX KOOPAMHAT HO3BOJISIE
ONTUMIi3yBaTH MapaMeTpu KiHeMaTUYHOI CXeMU MaHiIysi-
Topa. JIJ1s1 aBTOHOMHUMX MaHiMyJsUiifHUX MOOiTBHUX POOO-
TiB, IO MiIOTh B €KCTPEMAILHUX YMOBaX, po3pobieHe mpo-
rpamHe 3a0e3redyeHHsT J03BOJISIE MPOBECTH KiHEMaTUYHUIA
aHaJli3, CKOpEeTyBaTH LJIbOBY (DYHKIIiIO alalITUBHOI CUCTEMU
KepyBaHHsI, CMHTe3yBaTH Kepyloui BIUIMBM Ha BMKOHAaBYi
MPUBOAU 1 peastizyBaTu MpOrpaMHi TEXHOJIOTIYHI omnepailii,
HE3BaXXalouMd Ha BUHUKII OOMEXEHHS y3araJbHEHUX KOOp-
QIVHAT.

KitouoBi ciioBa: maninyasmop poboma, KinemamuuHa cxe-
Ma, noarc cxgamy, nepemeopeHHst KOOpouHam, po6ouui npo-
cmip, mexci docsdcHocmi
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