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The object of this study is the technological
operation of removing the oxide film from the
surface of the metal melt, foundry production of
commercial lead, zinc. To carry out the robotization
of this technological operation, it is proposed to use
a manipulation robot with a spherical coordinate
system. A kinematic structure of a manipulation robot
with six degrees of mobility and two arms is proposed.
On the first arm of the manipulation robot, a movable
blade is fixed, and on the second arm, a rotary blade
is fixed. With the translational movement of the first
hand, the movable blade rakes the oxide film onto the
rotary blade. Further, the oxide film collected on the
rotary blade is thrown into a special container with
a rotational movement. Restrictions are introduced
on the values of generalized coordinates, velocities,
and accelerations for each degree of mobility of
the manipulation robot. Taking into account these
limitations, for the implementation of this process,
software trajectories have been developed for the
degrees of mobility of the manipulation robot, which
are approximated by quadratic polynomials. Each
program movement is divided into three sections, in
the first section acceleration with a given acceleration
is carried out, in the second section movement with a
given speed, in the third section braking with a given
acceleration. To assess the reliability of the developed
software trajectories, simulations were carried
out in the MatLab software environment, version
R2015b. The resulting graphs of program trajectories
coincide with the calculated values of the generalized
coordinates, time intervals, speeds, and accelerations
of change in the generalized coordinates in terms of
the degrees of mobility of the manipulation robot.
The period of time required to remove the oxide
film is 15.88 s. On the basis of the results obtained,
a cyclogram for controlling a manipulation robot
was built to perform the technological operation
of removing the oxide film in the production of
commercial lead, zinc

Keywords: oxide film, manipulation robot,
trajectory planning, program trajectory, quadratic
interpolation

u =,

Received date 02.06.2023
Accepted date 12.08.2023
Published date 30.08.2023

‘ DOI: 10.15587/1729-4061.2023.286463 |

PLANNING TRAJECTORIES

OF A MANIPULATION

ROBOT WITH A SPHERICAL
COORDINATE SYSTEM FOR

REMOVING OXIDE FILM
IN THE PRODUCTION OF

COMMERCIAL LEAD, ZINC

Akambay Beisembayev

PhD, Associate Professor*

Anargul Yerbossynova
Corresponding author

Doctoral Student*

E-mail: a.yerbossynova@stud.satbayev.university
Petro Pavlenko

Doctor of Technical Sciences, Professor

Department of Applied Mechanics and Materials Engineering

National Aviation University

Liubomira Huzara ave., 1, Kyiv, Ukraine, 03058
Mukhit Baibatshayev

Doctor of Technical Sciences, Associate Professor®
*Department of Automation and Control

Satbayev University

Satpayev str., 22, Almaty, Republic of Kazakhstan, 050013

How to Cite: Beisembayev, A., Yerbossynova, A., Pavlenko, P., Baibatshayev, M. (2023). Planning trajectories of a manipulation robot
with a spherical coordinate system for removing oxide film in the production of commercial lead, zinc. Eastern-European Journal of
Enterprise Technologies, 4 (2 (124)), 80—89. doi: https://doi.org/10.15587/1729-4061.2023.286463

1. Introduction

2. Literature review and problem statement

Commercial lead and zinc are produced in the form
of castings called ingots. Metal melts of lead and zinc are
poured into molds on carousel-pouring machines. During
the pouring of liquid lead or zinc in open air, the surface
of the melt is oxidized with the formation of an oxide
film [1, 2].

To remove the oxide film from the surface of the metal
melt, a technological operation (TO) is performed to collect
the oxide film. This TO is monotonous and refers to low-
skilled labor; it is performed under conditions that are harm-
ful to the health of the worker. Therefore, in order to carry
out the robotization of this TO, it is necessary to conduct re-
search on the development of the kinematics of manipulation
robots (MR), planning its software and necessary control
sequences. The relevance of the work relates to the need for
robotization of TO for the collection of an oxide film from
the surface of lead and zinc melts.

Paper [3] reportd the results of a study into the TO of
collecting an oxide film from the surface of lead and zinc melts
as an object of robotization. This process is considered at var-
ious levels, strata. In particular, a hydrodynamic stratum, a
description of the process of pouring liquid metal into molds,
a heat engineering stratum, a description of the crystallization
process of metal poured into molds, a metallurgical stratum,
and a description of technological regulations for conducting
this TO are singled out. Stratified representation is used as a
means of consistently deepening the description of the system,
its detailing. The lower we go down the hierarchy of strata, the
more detailed the disclosure of the system becomes. The higher
we rise, the clearer the meaning and meaning of the whole
system becomes. In this case, the casting process is considered
as the process of pouring liquid metal into molds, a hydrody-
namic stratum. Further, this is the process of cooling the liquid
metal poured into the mold, as a result of heat exchange with




the mold and the environment. As a result, a solidified ingot, a
commodity metal ingot, a heat engineering stratum is obtained.
It is necessary to comply with the technological regulations for
conducting technological processes, the metallurgical stratum.
However, MR kinematic structures have not been developed to
perform this TO for collecting an oxide film from the surface of
lead and zinc melts.

The proposed kinematic structures of MR, in which it
is proposed to collect the oxide film using the translational
movement of the movable blades on the rotary blades, is the
most appropriate and practically feasible method. However,
the location of the collection container opposite the MR, in the
case of a lead and zinc foundry, is not applicable. This is due to
the fact that the carousel filling machine has a circular design,
which excludes the location of the container opposite the MR.

Therefore, the development of the kinematic structure of
MR requires the coordination of the process of collecting the
oxide film from the surface of the metal melt with TO regu-
lations. It should be possible to collect, dump the collected
oxide film into a special container, which must fit into the
structure of the carousel casting machine.

In the case of a kinematic structure, it is necessary to
develop program trajectories according to the degrees of
freedom of MR. This problem is solved with the given design
and energy constraints of MR elements.

The use of MR, which has 3 degrees of mobility of transla-
tional hinges, is proposed in [4]. In the same work, the location
of the oxide film collection tank above the MR was proposed,
which allows its use as part of a carousel casting machine.
Also, the oxide film is dropped into a special container under
a special container almost perpendicular to the bottom sur-
face, which in practical use cannot guarantee the complete
removal of the oxide film. It should also be noted that the use
of translational hinges from the point of view of practical im-
plementation is a more complex design problem [5].

Automatic generation of program trajectories of MR mo-
tion, under conditions of uncertainties, which are refined using
an explicit description of the set of relationships of objects in
the workspace, are considered in [6]. Based on a meaningful
description of the existing objects in MR workspace, using log-
ical algorithms, their explicit geometric description is carried
out. Using this description, a set of possible variants of program
trajectories of movement of the working body is developed with
the fulfillment of the condition of non-collision with existing
objects in the MR workspace.

Work [7] proposes a heuristic approach to planning the
trajectories of MR motion, taking into account the obstacles
described approximately in the working space, taking into
account which the inverse kinematics problem is solved. The
use of the approaches proposed in [6, 7] is advisable in the
case of a change in the movements of the manipulation robot,
and in the case under consideration, the program trajectories
do not change. Therefore, this approach is redundant.

Training methods, in which the movement of the opera-
tor’s hand is copied and then reproduced by the exoskeleton,
are considered in [8]. This is of interest from the point of view
of reproducing the movements of the operator to remove the
oxide film from the surface of the metal melt. However, in this
case, the cost of developing an exoskeleton, which is much
more complex than the proposed MR, will be significant.

In [9], a method for tracking the trajectory of the robot’s
movement is considered, using the method of learning and
realizing the movement, using the ideas of the LFD meth-
od. Tracking the robot’s trajectory is performed using a

three-layer neural network, minimizing position and speed
errors in real time. This work is interesting from the point of
view of adjusting the MR motion trajectory in case of chang-
ing the parameters of the technological operation. However,
in the foundry, the motion paths remain unchanged.
Optimal tracking of software trajectories using differential
evolution (DE) optimization methods and a set of MATLAB
tools with an applied robot operating system (ROS) is consid-
ered in [10]. This makes it possible to develop software trajecto-
ries of movement without colliding with existing obstacles in the
workspace of the manipulation robot. This approach is interest-
ingin the case of existing obstacles that change their position. In
the case of foundry production of commercial lead, zinc, all ob-
stacles are known in advance and their positions do not change.
Paper [11] considers approaches to planning the program
trajectories of MR passing through the nodal points with
minimization of time and energy costs. Quintic NURBS
curves adapt to match the software trajectory to the anchor
points while maintaining continuity in position, velocity,
and acceleration. This approach can be applied to develop a
program MR trajectory with a complex configuration of the
motion trajectory. In the case of movement to remove the
oxide film from the surface of the metal melt, the trajectories
of movement consist of separate sections in which only ac-
celeration, movement at a given speed, and deceleration are
required. The complication of the program trajectory is pos-
sible when using a manipulation robot with a more complex
kinematic structure, which is a separate scientific problem.
The use of finite impulse response filters for the devel-
opment of a MR program trajectory scheduler was proposed
in [12]. In this case, the program trajectory is divided into
several separate sections, and for each section its own poly-
nomial is compiled, which takes into account the restrictions
on speed, acceleration, while minimizing the time of move-
ment. This approach is interesting in case of changing the
tasks of movement along different trajectories, in the exam-
ple under consideration the trajectory remains unchanged,
therefore this approach is redundant in its capabilities.
From the analysis of works [4, 5], we can conclude that it
is necessary to develop kinematic structures of MR that meet
the requirements of the foundry production of commercial lead,
zinc. The use of approaches 6, 7, 9, 12] for solving the problem of
planning MR program trajectories for removing the oxide film
from the surface of lead and zinc melts is redundant, due to the
certainty of MR motion trajectories. The development of an exo-
skeleton [8] for performing TO of removing an oxide film from
the surface of lead and zinc melts is a separate complex problem.
Therefore, it is expedient for the robotization of TO to
remove the oxide film from the surface of lead and zinc melts
using the simplest kinematic structures of MR that meet the
requirements of the foundry production of commercial lead and
zinc. To assess the compliance of the developed kinematic struc-
ture with the requirements of the foundry production of com-
mercial lead, zinc, develop software trajectories, conduct their
simulation, with further development of a control cyclogram.
This will make it possible to evaluate the possibilities of the
developed kinematic structure of MR for robotization of TO of
removing the oxide film from the surface of lead and zinc melts.

3. The aim and objectives of the study

The aim of this study is to plan program trajectories ac-
cording to the degrees of mobility of MR in the robotization



of the process of removing the oxide film from the surface
of lead and zinc melts. This will make it possible to robotize
low-skilled workers’ labor in the process of removing the
oxide film from the surface of lead and zinc melts.

To achieve these goals, the following tasks were set:

— to develop the kinematic structure of the manipulation
robot with the practical implementation of the process of re-
moving the oxide film from the surface of lead and zinc melts;

—to develop program trajectories according to the de-
grees of mobility of the manipulation robot, in the form of
quadratic polynomials;

— to evaluate the reliability of the obtained program tra-
jectories by modeling them in MatLab;

— to develop a cyclogram for controlling a manipulation
robot to perform the technological operation of removing an
oxide film from the surface of lead and zinc melts.

4. The study materials and methods

The object of our study is the TO of removing the oxide
film from the surface of foundry melts of commercial lead,
zinc. Based on the analysis of production processes, the TO
of removing the oxide film from the surface of lead and zinc
melts was determined as an object of robotization. Taking
into account the specific features of the TO of removing the
oxide film from the surface of lead and zinc melts, it is neces-
sary to develop the kinematic structure of MR.

After the kinematic structure of MR is selected, a se-
quence of movements is developed according to the degrees
of mobility of the MR. Next, the limits of change in the gen-
eralized coordinates are determined, which ensure the per-
formance of MR and TO of removing the oxide film from the
surface of lead and zinc melts. Restrictions are imposed on
the values of speeds, accelerations according to the degrees
of mobility of the manipulation robot.

Based on these data, program trajectories are formed
according to the degrees of mobility of the manipulation ro-
bot, which, depending on the complexity of the implemented
trajectories, can be approximated by various algebraic poly-
nomials. However, it is necessary to take into account the
practical feasibility of the developed kinematic control laws.

To check the reliability of the obtained software trajec-
tories, it is advisable to simulate them, for example, in the
MatLab software environment. According to the simulation
results, adjustments can be made to the mathematical de-
scription of the program trajectories.

Further, based on the results obtained, it is possible to
build a MR control cyclogram for performing the technolog-
ical operation of removing the oxide film from the surface of
the lead, zinc melt.

5. Results of investigating the problem of robotization of
the technological operation of removing the oxide film
from the surface of lead and zinc melts

5. 1. Kinematic structure of the manipulation robot
and practical implementation of the process of removing
the oxide film from the surface of lead and zinc melts

The oxide film from the surface of the metal melt is pro-
posed to be collected using MR. The proposed version of the
MR is a two-armed manipulator with fixed blades, having
6 degrees of freedom, the general view of which is shown in

Fig. 1. A distinctive feature of this MR, in contrast to the
MR proposed in [4], is the maximum use of rotational joints,
which are structurally simpler than translational joints and
can realize sufficiently high values of the developed moments
and forces [5].

The proposed MR consists of a fixed base with a turnta-
ble 1, which implements a rotational hinge specified by the
generalized coordinate gy. On it, the second rotary platform
2 is installed, which implements a rotational hinge specified
by the generalized coordinate g5. On this platform 2, a roll-
ing mechanism 3 is installed, which implements a rotational
hinge specified by the generalized coordinate g3. The rolling
mechanism 3 is connected to the first arm 4, which is a
translational hinge of the linear movement of rod 5. Movable
blades 9 are attached to rod 5, the position of which is de-
termined by the generalized coordinate g4. On the first arm
4, the second arm 6 is also fixed in the form of a rotational
hinge, the position of which is given by the generalized co-
ordinate ¢gs. Rotary hinge 7 is attached to rotary hinge 6,
on which rotary blades 8 are fixed, the position of which is
determined by the generalized coordinate gg.

Fig. 1. Manipulation robot for removing the oxide film from
the surface of the melt: 1 — fixed base with a turntable, 2 —
second turntable, 3 — rolling mechanism, 4 — translational
movement mechanism of the first hand, 5 — rod, 6 — swivel
joint of the second hand, 7 — rotary hinge of the second
hand, 8 — rotary blades, 9 — movable blades

From the analysis of movements by degrees of freedom
of the MR, it can be concluded that the drives from 1 to
4 degrees of freedom are electric, and the drives of 5 and
6 degrees of freedom are pneumatic. Consequently, program
control systems from 1 to 4 degrees of freedom are positional,
and 5 and 6 degrees of freedom are cyclic.

The practical implementation of the process of removing
the oxide film in the production of commercial lead, zinc is
shown in Fig. 2-5.

In the initial position of the MR, the movable and rotary
blades are located in extreme positions relative to each oth-
er (Fig. 1). The rolling mechanism 3 is rotated clockwise at a
predetermined angle, MP’s arms are raised above the mold.
Next, the rolling mechanism is rotated counterclockwise by



an angle at which the arms of the MP take a horizontal posi-
tion, corresponding to Fig. 2.

)

Fig. 2. The starting position of the manipulation robot

At the next step, by the translational movement of the
movable blade, the oxide film from the melt surface is col-
lected on the rotary blade. In this position, the rolling mech-
anism rotates the arms clockwise by a given angle, which
corresponds to Fig. 3.

Fig. 3. Position of the manipulation robot with the collected
oxide film

Then, at the same time, arm 1 begins a reverse transla-
tional movement, and arm 2 of MR rotates clockwise at a
given angle, which corresponds to Fig. 4.

Fig. 4. Position of the manipulation robot with the collected
oxide film

With a clockwise rotation, the oxide film is dropped
from the rotary blade into a special container, this process is
shown in Fig. 5. Now at the same time the rotary vane and
the second hand turn counterclockwise, the MP returns to
its original position.

The problem is considered when an ingot of commercial
lead or zinc has the following geometric dimensions of the
surface: length 0.6 m, width 0.4 m (Fig. 6). If the dimensions
of the blades are equal to 0.12 m, and the distance between
them is 0.07 m, then in this case, in two passes 1 and 2, the
oxide film is collected from the surface of the metal melt
poured into the mold [3].

Fig. 5. The position of the manipulation robot when the oxide
film is discharged into the container

Fig. 6. The geometrical dimensions of the mold and the
layout of the blades of the two-armed manipulation robot for
removing the oxide film from the surface of the melt:

1 — the position of the molds during the first pass;

2 — the position of the molds during the second pass

This will completely collect all the resulting oxide
film from the surface of the metal melt poured into the
mold.

5. 2. Construction of program trajectories according
to the degrees of mobility of the manipulation robot, in
the form of quadratic polynomials

For each degree of MR mobility, the limits of change
in the values of generalized coordinates, velocities, and
accelerations, limited by the design conditions and energy
characteristics of the drives, are set as follows:
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When planning trajectories, we approximate the motion
in degrees of mobility of the MR by quadratic polynomials.
In this case, the condition for the coincidence of the values of
velocities and accelerations at the nodal points of conjugation
of sections of the MR motion trajectory is provided [4, 5].

The initial position of MR is given by the values of
the generalized coordinates by degrees of mobility
41.1=0.258 rad, g21=-0.258 rad, ¢34=0.209 rad, ¢41=0.6 m,
q5,=0rad, g6 1=—1.57 rad.

At the first step, the process of lowering the blades to
the surface of the melt is carried out to collect the oxide
film. This process is carried out by changing the value of
the generalized coordinate according to the 3rd degree of
mobility of MR ¢31=0.209 rad to the value g3 =0 rad, then
the increment of the generalized coordinate is:

Agy; =G5, =45, =—0.209 rad.

In this case, you must first accelerate, then perform
braking with maximum acceleration. Then the time intervals
and increments of the generalized coordinate for acceleration
Ag}, and deceleration Agy, are:

A
931 _ _0.1045 rad,

Agy, =

Ag
Agl = ZM =—0.1045 rad.

Hence:
2 2
G, (At 1.047 (At
Aq31:—7qs( ) g qos52 L047(A)
' 2 2
At} =0.45s,

where Aff, — time to accelerate to the 3rd degree of mobility
of MR;

Gy =G;At], =047 rad/s, ¢,—q,Aty, =0, At} =0.45s,

where At;; — time to braking to the 3rd degree of mobility
of MR.

Therefore, the trajectory of movement in 3 degrees of
mobility will be as follows:

(t=0: G5, =0.209 rad,

2
vte[0,0.45]: g7, = 0.209-%,

)
2
Ve [0.45,0.9]: 5, =0.1045-0.47¢ +%’

£=0.9:4,,=0rad.

Next, the oxide film is collected from the surface of
the melt due to the translational movement of the movable

blade onto the rotary blade. To implement this movement,
the value of the generalized coordinate for the 4" degree
of mobility of MR changes from ¢41=0.6 m to g4»=0 m,
then:

AG 1 =q,,— 4, =-0.6m.

In this case, first, acceleration to a given speed is carried
out, then movement at a given speed, and at the end, braking
to zero speed is realized. Acceleration is carried out from
zero speed to a value ¢, =0.3m/s, since the movement of the
movable blade at a higher speed can lead to splashing of the
melt, then:

q,=q4,At},, Atl;=05s,

where A¢f, — time to accelerate to the 4th degree of mobility
of MR.
Hence:

i, (acr)
Agly=———— =0.075m,

where Ag}, is the value of the increment of the generalized
coordinate for acceleration along the 4th degree of freedom
of MR.

In the case of the braking process, the initial speed is
equal to ¢,=0.3m/s, and the final speed is equal to zero.
From these considerations:

G, =G,At), 0.3=0.6-At", ALl =0.5s.

where A}, —time to brake at the 3rd degree of mobility of MR.
Hence:

G, (A,

>
Aqiy = qAt, _2')7 Agy,=0.075m,

where Agy; is the value of the increment of the generalized
coordinate for deceleration according to the 4" degree of
mobility of MR.

In this case, the value of the distance of movement at a
given speed ¢, =0.3m/s is equal to:

Agt =Ag;, —Aq,, —Aq,, =—0.45m.

Then:

-0.45=-0.3-At{,, At} =15s,,
where At;{l is the time of movement at a given speed
G,=0.3m/s according to the 4th degree of mobility of MR.

From here, the trajectory of movement along the fourth
degree of mobility will take the following form:

(¢=0.9:¢,,=0.6m,

2
vee[0.9,1.4]:q7, =0.6- O'gt ,

Vte[1.4,2.9]:q{,=0.525-0.3t, 5)

2
Vte[29.34]: 47, =0.075-0.3¢ + 0'(2” ,

[t=34:q,,=0m.



At the next step, the process of lifting the blades is carried
out, then the program trajectory of movement along the 3
degree of freedom, similar to the derivation of expression (4),
takes the following form:

[¢=3.4:q,,=0rad,

1.0472¢2

Vte[3.4,3.85]:45, 5

(6)
2
Vie[3.85,4.3]: 47, =0.1045+ 0'47“%’

£=0.9:¢,,=0rad.

Next, the reverse translational movement of the movable
blade is performed, then the program trajectory of movement
along the 4th degree of mobility, obtained similarly to ex-
pression (5), is written as follows:

[t=43:¢,,=0m,
2
Vie[4.3.48]:q7, = O'gt ,
Vte[4.8,6.3]:¢f,=0.075+0.3¢, (N
0.6¢>

Wee [6.3,6.8):47, =0.525+0.30 -,

£=6.8:¢,;=0.6m.

In parallel with movement (5) along the 4" degree of
freedom, the movement is performed along the 5th degree
of freedom — turning counterclockwise to the angle value
q5.2=1.36 rad. In this case, the time of the start of movement
along a given degree of freedom should ensure the condition
of mutual non-collision of the rotary and movable blades.
The trajectory of movement along the 5th degree of freedom
of the MR, taking into account the pneumatic drive, which is
not controlled by acceleration, taking into account the speed
value given by expression (2), is described as follows:

t=5.0:q;,=0rad,
Vte[5.0,5.43]: g5, =3.14¢, ®)
t=5.43:q;,=1.36T1ad.

Next,movementisperformedalongthe 6thdegreeof mobility,
turningcounterclockwiseatanangle gg ,=1.57 rad. Thisensures
that the oxide film is discharged into a special container. Next,
a clockwise rotation is carried out to the value gg3=—1.57 rad.
The trajectory of movement along the 6th degree of freedom
of the MR, taking into account the pneumatic drive, which is
not controlled by acceleration, taking into account the value
of the speed given by expression (2), is described as follows:

[t=5.43:¢,, =—1.57 rad,

Vte[5.43,6.43): g5, =—1.57+3.14¢,

t=6.43:q,,=1.57, 9
Vte[6.43,7.43): g5, =1.57—-3.14t,
£=6.8:¢;,=-1.57rad.

At the next step, movement is performed along the
5t degree of mobility, similar to expression (8), the program
trajectory of which is equal to:

t=7.43:q;,=1.36Tad,
Ve [7.43,7.86]: q5,=1.36-3.14¢,
t=7.86:¢;,=0rad.

(10)

After completing the movement in the 4™ degree of
freedom, it is possible, regardless of the movements for the
5% and 6 degrees of freedom, to transfer the MR to the 2"
trajectory for collecting the oxide film.

To do this, movement is carried out along degree of mo-
bility 1, similar to expression (4), the program trajectory of
which takes the following form:

[¢=6.8:¢,,=-0.258 rad,

2
Vte[6.8,7.37):q/, =—0.258+ 1'52” ,

1.57¢ an
Wre[7.37,7.94]:q; =090,

[£=7.94:q,,=0.258rad.

Further, movement is carried out along degree of mo-
bility 2, similar to expression (4), the program trajectory of
which will be written as follows:

(¢=6.8:¢,,=0.258 rad,

2
Ve [6.8737]):qf, =0.258 121
: 2
(12)
" 1.57¢*
Ve [737,7.94]: g =090+

[£=7.94:q,,=-0.258 rad.

Thus, it is possible to remove the oxide film from the
second part of the surface of the melt poured into the
mold. First, movement is carried out along the third degree
of mobility (4), at Vte[7.9, 8.84]. Further, the movement
is carried out along the fourth degree of mobility (5),
at Vte[8.84, 11.34]. At the next step, movement is car-
ried out along the third degree of mobility (6), with
Vte[11.34, 12.24]. Now it is possible to move along the
fourth degree of mobility (7), at Vte[12.24, 14.74]. In
parallel, movement is performed along the fifth degree of
freedom (8), at Vie[12.94, 13.39]. Further, the collected
oxide foam is dumped into the container, moving along the
sixth degree of mobility (9), at Vte[13.39, 15.39]. The next
step is to move along the fifth degree of mobility (10), at
Vie[15.39, 15.84].

At the next step, movement is carried out along the 1st
degree of mobility, similar to expression (4), the program
trajectory of which takes the following form:

[¢=14.74:¢,,=0.258 rad,

2
Vte [1474,1531] 141y =0.258— 1527t 7

1.57¢> )
Wee [1531,15.88]:q1, =090 ==,

[t=15.88:¢,, =-0.258 rad.

The program trajectory of movement along the 24 de-
gree of mobility, like expression (4), is described by the
following expression:



[¢=14.74:¢q,,=-0.258 rad,

2
Vte[14.74,15.31]: ¢}, =-0.258 + 157t :

1.57¢° o
Vee [15.3115.88 43, =090 = —,
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Thus, the removal of the oxide film from the surface
of the poured metal melt into the mold of the carousel
casting machine will be ensured over a period of time
equal to 15.88 s according to expressions (13), (14).

5. 3. Modeling of program trajectories according
to the degrees of mobility of a manipulation robot in
MatLab

To check the reliability of our expressions that de-
scribe the program trajectories in terms of the degrees
of mobility of MR, their simulation was carried out
in the MatLab software environment [6]. Program
trajectories for degree of mobility 1 are modeled using
the Tr_g1.m program and are built on the basis of ex-
pressions (11), (13). The simulation results are shown
in Fig. 7.

From the obtained simulation results (Fig.7), it
can be seen that the graph of the change in the value of
the generalized coordinate for degree of mobility 1 is a
monotonic function. The values of the generalized coor-
dinates and moments of time shown in Fig. 7 coincide
with the values given in expressions (11), (13).

Program trajectories for the second degree of free-
dom are modeled using the Tr g2.m program and are
built on the basis of expressions (12), (14). The simula-
tion results are

From the obtained simulation results (Fig.7), it
can be seen that the graph of the change in the value of
the generalized coordinate for degree of freedom2 is a
monotonic function. The values of the generalized co-
ordinates and moments of time shown in Fig. 8 coincide
with the values given in expressions (12), (14).

Program trajectories along the third degree of free-
dom are modeled using the Tr g3.m program and are
built on the basis of expressions (4), (6). The simulation
results are shown in Fig. 9.

From the obtained simulation results (Fig. 9), it can
be seen that the graph of the change in the value of the
generalized coordinate for the 3'! degree of mobility is
a monotonic function. The values of the generalized co-
ordinates and moments of time shown in Fig. 9 coincide
with the values given in expressions (4), (6).

Program trajectories for the fourth degree of free-
dom are modeled using the Tr g4.m program and are
built on the basis of expressions (5), (7). The simulation
results are shown in Fig. 10.

From the obtained simulation results (Fig. 10) it can
be seen that the graph of the change in the value of the
generalized coordinate for the 4th degree of freedom is a
monotonic function. The values of the generalized coor-
dinates and moments of time shown in Fig. 10 coincide
with the values given in expressions (5), (7).

Program trajectories along the fifth degree of mo-
bility are modeled using the Tr g5.m program and are
built on the basis of expressions (8), (10). The simulation
results are shown in Fig. 11.
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Fig. 7. Program trajectory according to the position of the first degree
of mobility of the manipulation robot
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Fig. 8. Program trajectory according to the position of the second
degree of mobility of the manipulation robot
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Fig. 9. Program trajectory according to the position of the third
degree of mobility of the manipulation robot
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Fig. 10. Program trajectory according to the position of the fourth
degree of mobility of the manipulation robot



14, Values of the generalized coordinate g5 [rad]
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Fig. 11. Program trajectories for the position and speed of
the fifth degree of mobility of the manipulation robot

From the obtained simulation results (Fig. 11), it can be
seen that the graph of the change in the value of the gener-
alized coordinate according to the 5™ degree of mobility is
a monotonic function. The values of the generalized coordi-
nates and moments of time shown in Fig. 11 coincide with
the values given in expressions (8), (10).

Program trajectories along the fifth degree of mobility are
modeled using the Tr_g6.m program and are built on the basis
of expressions (9). The simulation results are shown in Fig. 12.

From the obtained simulation results (Fig. 12) it can be seen
that the graph of the change in the value of the generalized co-
ordinate according to the 6 degree of mobility is a monotonic
function. The values of the generalized coordinates and moments
of time shown in Fig. 12 match the values given in expression (9).

Values of the generalized coordinate g6 [rad]
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Fig. 12. Program trajectories for the position and speed of
the sixth degree of mobility of
the manipulation robot

3. 4. Development of a cyclogram for controlling a
manipulation robot for removing an oxide film from the
surface of lead and zinc melts

Generalizing expressions (4) to (14), as well as the re-
sults sshown in Fig. 7-12, a cyclogram for controlling the
mobility of the MR for removing the oxide film was con-
structed, which is shown in Fig. 13. The y-axis indicates the
transitions in the degrees of mobility of MR. The abscissa
shows the time ¢, s.

As can be seen from Fig. 13, for the full cycle of the pro-
cess of removing the oxide film from the surface of lead and
zinc melts, 15.88 s is necessary, which coincides with the
obtained values of expressions (13), (14).
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Fig. 13. Control cyclogram according to the degrees of mobility of the manipulation robot for removing the oxide film:
M4y — turn counterclockwise of the 1st degree of mobility,
M, — turn clockwise of the first 15t degree of mobility,
M3 — turn counterclockwise of the 2" degree of mobility,
M4— turn clockwise 2 degree of freedom,
M5 — turn counterclockwise degree of freedom 3, Ilg — turn clockwise degree of freedom 3,
; — retraction of the movable blades of degree of freedom 4,
Mg — extension of the movable blades of degree of freedom4,
Mg — turn counterclockwise of degrees of freedom 5,
M4o — turn clockwise of the 5th degree of freedom,
44 — turn counterclockwise of the 6th degree of freedom,
42 — turn clockwise of the first 6th degree of freedom of the manipulator



6. Discussion of results of robotization of the process of
removing the oxide film from the surface of lead and zinc
melts

For robotization of the TO of removing the oxide film
from the surface of lead and zinc melts, a kinematic struc-
ture of a two-armed MR with 6 degrees of freedom, shown
in Fig. 1, is proposed. 1. In this case, the features of the
process of collecting the oxide film, described in [3], are
taken into account.

Of interest is the use of the kinematic structure of the
exoskeleton [8], which can open up new approaches to
collecting an oxide film from the surface of a metal melt.
In this case, the approaches to the development of pro-
gram trajectories proposed in [9, 10] will be useful. The
limitation of the use of the exoskeleton is its kinematic
redundancy and high cost. Therefore, it is necessary to
develop an exoskeleton focused on the performance of this
technological operation, which will simplify the kinematic
structure and cost of the exoskeleton.

The oxide film is collected by the translational move-
ment of the movable blades onto the rotary blade, as pro-
posed in [4]. The geometric interpretation of the process
of collecting metal melt from the surface and dumping the
collected oxide film into a special container is shown in
Fig. 2. With the given dimensions of the lead, zinc ingot,
the collection of the oxide film is carried out in 2 stag-
es [4], which are shown in Fig. 6.

Also, a distinctive feature of the kinematic structure
of the proposed MR is the use of two rotational hinges,
instead of one translational lateral displacement hinge [4].
In this case, additional restrictions arise on the accuracy
of the mechanism and drives of the degrees of freedom of
the manipulation robot.

When collecting the oxide film by the translational
movement of the movable blade onto the rotary blade,
then lifting the collected oxide film from the surface
of the metal melt (Fig. 2, b) (Fig. 3), further return of
the movable blade may not guarantee the fall of some
fragments of the oxide film back into the mold. This
will require choosing a blade shape that avoids this
occurrence. This disadvantage will require additional
research in the field of hydrodynamics of the process of
collecting an oxide film from the surface of lead and zinc
melts.

The process of dumping the oxide film into a special
container also has its own difficulties. It is necessary to
ensure complete shedding of the oxide film; this may not
happen due to the build-up of the oxide film on the surface
of the turning blade. Therefore, it is necessary to select
such a material for the manufacture of a rotary blade on
which an oxide film does not stick.

To improve the process of dropping the oxide film
into the kinematic structure of MR, a rotary hinge
6 (Fig. 1) was added, which preliminarily raises the
blades to the horizontal position of the rotary blade
(Fig. 2, ¢) (Fig. 4). Then, by turning, the collected oxide
film is dropped into a special container (Fig. 2, d) (Fig. 5).
This is an addition to the kinematic structure of the MR
proposed in [4].

Program trajectories are described by algebraic poly-
nomials of the second order, taking into account restric-
tions on the position values, given values of generalized

coordinates, speed, acceleration for each degree of mo-
bility. Further complication of the kinematic structure,
for example, replacement of the translational joint with
two rotational joints, as in Delta robots, will lead to the
need to develop software trajectories using the methods
described in [11, 12]. At the same time, the complexity
of the rotational movements performed, and their high
accuracy should be noted. These limitations can be
eliminated by using high-precision drives and contour
control systems for the movement of a manipulation
robot.

The MR control cyclogram is a relationship between
the sequence of performing movements according to the
degrees of MR mobility and the time intervals necessary
for the implementation of this movement. It takes 15.88 s
for a full cycle. This is a fairly large time interval. This is
due to the fact that the removal of the oxide film requires
two passes over the surface of lead and zinc melts (Fig. 6).
The removal of the oxide film in one pass cannot be re-
alized with the given kinematic structure of MR. Even
in the case of an increase in the size of the movable and
rotary blades to a value of 0.4 m, this will complicate
the solution of the problem of collecting the melt from
the surface and dumping the oxide film into a special
container.

For this reason, it is necessary to conduct experimen-
tal studies of the proposed version of the kinematic struc-
ture of the MR, the design of the elements of which must
satisfy the condition of resistance to an aggressive envi-
ronment. An aggressive environment is formed by acid
vapors that remain in the metal melt. This disadvantage
will require the use of materials resistant to aggressive
environments. It is also necessary to devise approaches
to protect the drives of the manipulation robot from the
effects of aggressive environments.

7. Conclusions

1. To carry out the robotization of the considered
TO, a new kinematic structure of a two-armed MR is
proposed, which has 6 degrees of freedom, which, with
the help of blades, collects and dumps the oxide film into
a special container. A distinctive feature of this MR is
the use of rotary joints for lateral displacement, an addi-
tional rotary joint to improve the process of shedding the
oxide film.

2. Software trajectories have been developed for
6 degrees of mobility of the MR to perform the TO
of removing the oxide film from the surface of lead
and zinc melts, which are approximated by quadrat-
ic polynomials. Each program trajectory contains sec-
tions of acceleration, movement at a given speed and
deceleration.

3. The reliability of the developed software trajecto-
ries was assessed by modeling in MatLab. It showed that
the obtained graphs of program trajectories coincide with
the calculated values of generalized coordinates, time
intervals, velocities, and accelerations of change in gen-
eralized coordinates in terms of degrees of freedom of the
manipulation robot.

4. A cyclogram for controlling a 6-degree two-handed
MR has been constructed to perform TO for removing the



oxide film in the production of commercial lead, zinc: the Funding
execution cycle is 15.88 s.
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