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Abstract: The goal of the presented paper is to compilecalittk model of manipulator and control the movetngfithe

basket mounted at its end-effector. Authors focmsausing MSC Adams in simulation of the motion ofwa-link

manipulator model. Attention is paid to kinematiadynamic analysis of the manipulator, its modeglland control.
The capability of MSC Adams Control Toolkit is useddesign a control system which keeps the baskite end-
effector in horizontal position. Finally, the retsubbtained by computer simulation of the modelesaduated.

1 Introduction
A significant advantage of computer simulation of
prototype models is the ability to immediately \abne
modifications of design variants as well as the
consequences of these changes on the behavier erfitine
system.
Computer simulation allows to create a virtual
prototype of a device and adjust it or create naxawts of
it without actually producing the real device. T¢tenge
of behavior of these different variants of the nman be I I
studied. By simulation we can also display the psegl
model in its work cycle thus revealing possibldismns
of its elements and evaluate different parameteargerest
and visualize them in the software. The operatibthe
model can understood and subsequently verified i
efficiency. During the simulation the values offeient
parameters can be checked in respective outpuagsspf
the simulated model in real time [1,3-7].

Figure 1 Model of the two link manipulator

The next figure (Figure 2) shows the model of a two
ink manipulator created in MSC Adams [8,22]. Ihetsts
% two links of length 4 and §, with weights m and m.
We consider two degrees of freedom of movement. The
arms are connected by rotating kinematic pairsatche
other and by another rotating kinematic pair to lthse.
. The drives are placed in respective kinematic pdite
2 'V'Ode| of manlpu!ator ) angle of rotation in kinematic pairs is denotedabglesd,

The aim of the paper is to analyse the compiledehod,nqg,. Kinematic equations describing the position @ th
of a two link manipulator shown in the figure (Figul). apq point M of the manipulator (Figure 2) dependimy

From the kinematic point of view the manipulatousture  the angles of rotatiod andd. are expressed as follows [2].
is represented by an open kinematic chain [2-8].

The manipulator consists of two arms mounted on a Xy=ljcos6;+l;cos(8,+6,) 1)
solid base. The base ensures the manipulator istahil A 17
operation. The working tool, which in our case Isaaket, e 2)
is firmly attached to the end-effector of the maiepor.
The manipulator then performs a working cycle vitib
basket. Our goal is to describe the motion of thd-e
effector. The next chapters describe the kinenastatysis
of the motion of the end-effector [2-8,22].

b,v:y\/

Figure 2 a) Model of the two link Imanipulator, bpde! of the
two link manipulator in MSC Adams/View
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The driving torques Mand M are triggered by servo ~ Next we focus on controlling the position of thesket
drives in individual kinematic pairs. They ensulee t during the motion. The basket can be used for nodatipn
movement of the manipulator arms. The notation aif materials of various kinds, namely solid, butkiquid.
dynamic equations of motion of the manipulator (fggl) The control was performed in MSC Adams. It offdrs t

can be briefly written according to [3-8]: possibility of creating a control system using eliéint
s . , types of controllers. In our case, we use a proguat
M(6)6+V(6,6)+G(6)= ®) controller with gain K.

The compensating torque in Figure 5 is needed to
control the current position of the basket withpexs to the
desired position during motion. The SFORCE_1 torque
secures the position of the basket in a horizgodaltion
2o and thus prevents the loss of stability duringrttegion.

whereM () is the inertia matriV(68) is the Coriolis-
centripetal vector, @] is the gravity vector andis vector
of actuator torques.

Equation (3) in our case represents a model witbf
freedom of motion, a system of two 2nd order défdial
equations. The motion of the mechanism of the two |
manipulator takes place in vertical plane, for thsson the
influence of gravity is also taken into account.eTh
equations of motion do not take into account tlkéyand
friction effects in the individual kinematic pairsor the
elastic deformations of the individual arms of the
manipulator [9-13]. We consider the change of tleégim
of the basket due to the load of material preserthée
basket [22]. b

3 Computer simulation .

A 3D computer model of a two link manipulator is
created in MSC Adams. Modelling elements and - .
procedures for the creation of bodies and theierkiatic Figure 5 Compensating Torque SFORCE_1
bonds were used. After proposing the model, the
functionality is verified and the simulation isi$éal Figure
3[1,3-8,22].

The stability of the basket is ensured with a antr
circuit by means of a balancing torque which sizéxd the
basket during the motion. A feedback control cirdsi
provided, i.e. a torque controller to keep the bask
® horizontal position during the motion of the arn?]2
There is a diagram of a closed feedback basketiqosi
control system with a proportional controlleg id the next
picture (Figure 6) [14-22].

T
Kp [ MODEL

eerro

edesired

Mﬁ.av

Figure 6 The control te ith proportional feack
Figure 3 Views of the rendered model gur conirol system with proportion

The control system ensures that the compensating
gue keeps the end-effector in horizontal pasitind the
loss of stability of the basket during the motiohtloe
manipulator is prevented. The control circuit af 8ystem

Figure 4 shows the simulation of the model with th?or
compensating torque [9-14].

¥ - % is designed according to the diagrams in Figuren® a
= > o . Figure 7.
L]
o L. T R S !
Figure 4 Views of the rendered model
~42 ~
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The control difference between the desired and the
actual angle is defined in tlsmming junction blocg).
Subtracting the current angle value from the ddsaregle
of the basket during the motiortigeta_errorand is written
to theDatabase Navigator.

The gain block provides the u signal amplificatfon
control of the basket position compensation torque
(SFORCE_1). The input for the gain blocklieta_error
variable created in the previous section. Aftetirsgtthe
amount of gain and its input, an elemaotque_gain is
added to th®atabase NavigatofFigure 9).

After assigning the created function the variatades
written and displayed in th®atabase NavigatorThe
content of the variables is in (Figure 9):

z
MOTION_1

z l
mechanical
system

|

y

theta_actual

X

L—>] SFORCE_1 f—>]

theta_desired

Figure 7 Scheme of control system with proportiamatroller

The mechanical system is controlled by the variable
according to the following equation:

u=K,.e 4)
where in the diagram in Figure 7: gravity Gravicy_Fisld
. . . ZFORCE_1 Zingle_Component_Force
*u _torque ContrOI aCtIOI’] Varlable (torque_gd[ﬂ) SFORCE_1_ force_graphic_1 Force_Graphic
compensating torque (SFORCE_1), + Last_Tun Analysis

Analysis_flags ADAME Analysis_Flags

Material

» X — desired angle (theta_desired = 0°),
» y —measured controlled variable (theta_actual),

steeal

SFORCE_1 MEAZSULE Measure_ Object

» e —difference (error) in the adding block: = Heasure Pt
. a easure
theta_sum = theta_desired - theta_actual, Torq 3 mar_angslar_acceleravion Meseure POTNT
ez —fault quantity (prescribed movement of the Torg_J_mar_omegs Heasure_POINT
H v M Measure POINT
mechanical sygtgm). . g S
After compiling the block diagram of the control M Measure_POTNT
system we need to define the following elements: T Heasure_POINT
. . Last_Sim Simulation Script
o DeS|gn Vanable + theta actual controls imput
* State Variable + theta desired controls input
+ theta error controls_sum 1
° Measure + torgue gain controls gain =

¥ Fiter |

All Objects hd

Figure 9 Database Navigator of the model of marafoid

We define the control system in MSC Adams using tt | Modsing

Controls Toolkit. Its control blocks menu is shown
Figure 8 [22].

s ool Bk : . Interactive  simulation and visualization allows
fz I K| X |wa B)| | fo)iZ | K| k|5 [ 6m] 2 |[K] ] o 32 comfortable simulation of the model, model modificas
48|58 | ro| - 455 | o) < prclk ol ) e and visualization of results. The graphs of outfutables
Neme: | .mobitobot_D4_KP_stal_ginpul_1 Neme: | mabiLobol_D4_KP_starl_g.sum_1 Nome: | mobiLiobot_04_KP_sar_ggain_1 enable Viewing the current VaIUeS Of the measure d
. . . variables in real time during the actual simulatio its
C—| W (5 | visualization (Figure 10).
Input Z: Bain:
Al I Trajectory of point M
500.0
400.0
~ 3000
E
SRR ETRR T | TR I
ok | b | e | ok | eeb | ome | [ I ~ 1000
Figure 8 Controls Toolkit — Create Controls Block 00
H : H : H -100'000 150.0 300.0 450.0 600.0
The first input signal to the summation block i th T e

desired value of the anglésied between the x axis “Figyre 10 The animation of the simulation and disgment of
defined on the end-effector and the axis of theebas the end-effector

reference system, which is zero. In the Create Gbnt

Blocks dialog box (Figure 7) we select the inpgnsil f;
and define the desired input variableeta_desired We
set the required value of the angle to 0°.

~ 43

It is also possible to display the model in therent
state and print the results prepared this way (Eidid).
Postprocessor is an integral part of the processrmaputer
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modeling of a prototype and it is a very comforgataol
for creating, processing, modifying and presentihg
results of simulation in the form of graphs [8-14]s also
possible to create the output of the simulationAMi

format.

4  Resulting kinematic parameters

The values of the calculated variables are displaye
a graphical form with the postprocessor. The magdei
of the torques in rotating kinematic pairs whenwlegghts
of the arms are p¥ 9.9779 kg, m= 7.1330 kg and the
weight of the basket g 0.9348 kg are in Figure 11 to

Figure 13.
Torque_at_Location_Joint2. Mag Torque_at_Location_Joint3_Mag
£ 600000 £ 15000
£ 45000.0 £ 1125.0
S 30000.0 g 750.u|
E 15000.0 E 375.0
0'%.3 07 11 16 20 D'%.B’ 07 141 1.6 20
Time (sec) Time (sec)
Torque_at_Location_Joint1Mag |Lsst-Run Time= 0.0000 Frame=000t
£ 1.8E+005
£ 1.3E+005
S 90000.0
% 45000.0 |'
=
O'B.Z 07 11 16 20
Time (sec)

Figure 11 The graph of the torque in the joinjdlnt 2 and
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Table 1 The magnitude of the MOTION_1

MOTION_1 (N-mm)

t=0.222 (sec) t=0.5 (sec)
my=0.9 (kg)| 838288.77 -156420.0
mp=5.0 (kg) | 84295.634 -234500.0
mp=10.0 (kg) 141230.! -330530.!

Table 2 The magnitude of the MOTION_2

MOTION_2 (N-mm)

t=0.5 (sec) t=1.0 (sec)
mp=0.9 (kg) | -52659.4247| 51970.7031
mp=5.0 (kg) | -88877.8319| 85194.0907
mp=10.0 (kg)| -133420.0 126050.0

Table 3 The magnitude of the SFORCE_1

SFORCE_1 (N-mm
t=0.638 (sec)| 1=0.818 (sec
ms=0.9 (kg)| 21060.8687 -1307.8291
mp=5.0 (kg) | 5677.3421 -6999.5562
mp=10.0 (kg) | 11354.7405 | -13999.1839

Before starting the simulation a change of the
magnitudes of individual moments in individual jmEns
expected, as well as change of the compensatingemiom

joint 3
of the end-effector [16,17]. The graphs obtainedthmy
. eronno—— MOTIAIL2 . tsonop—— SORCE! simulation are shown in (Figure 14 - 16). Only thigjues
Eossmol N ] | E A VA are pIottpd. Angular variables as acceleratlonectp_md
3 esodd 5 oo trajectories are not changed by the load. The tirgul
BS0008 507 11 16 20 8008507 11 16 20 graphs are in the foIIowmg flgures.
Time (sec) Time (sec)
MOTION 1 [Last_Run Time= 0.0000 Frame=0001
e 60000.0 I /\_ Sy 1 1E+005 MOTION_1 600000 MOTION_2
§ awoon) | U Y S‘ = v B e
T -1.2E+005 2 : 2 -
Z i 3E+00 B -13E+005 & -300000 \/
B Dlzriml.:sec:le 20 \/ 2AB003 557 14 16 20 600008 =57 11 16 20
N Time (sec) Time (sec)
Figure 12 The graph of the torque MOTION_1, MOTIQN SFORCE 1
and SFORCE_1 £ 15000 =
£ 7500 /\/\ /\/\
s 0.0
15E:006 theta_actual 15E:006 theta_eror ; -1_222.% \/ \/ \/
75E-007 75E-007 03 0.7 1.1 1.6 20
0.0 \/\/\V/\\/\/\ 0.0 Time (sec)
:gigg% :gigg% Figure 14 The graphs of the torques in the jowith weight of
: 3 07 11 16 20 : 3 07 11 16 20
Time (sec) Time (sec) the baSket B:Fogkg
[Last_Run  Time= 0.0000 Frarme=0001 15000 torque_gain
) MOTION_1 MOTION_2
750.0 2.5E+005 . 1.0E+005 T
0.0 £ [\/\ E 1.3E+005 g 50000.01
-750.0 \/ \/ s 0.0 AN s 0.0 T
100 g 3 1384005 U 3 -500000
i _ 5 2 2 2
\/ Time (sec) 25E+ 008 307 11 168 20 AOE+008 55711 16 20
Figure 13 The graph of the angle theta actualtatesror and Time (sec) Time (sec)
theta desired . 100000 SFORCE_
£ 5000.0
. . . . . & 0.0
The magnitudes of the moments in rotating kinemati, = 0000
. . . . =
pairs with increased arm and weight of the basket 9 -100004 3 07 11 5 20
Time (sec)

kg, my, = 5 kg and = 10 kg are calculated next. The
magnitude of the moments in joints are shown inldap

Table2 and Tabl&.
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MOTION_1
1.5E+005

5000§.§
-50000:
-1.5E+005

-2'5E+08$276 0.7071.138 1.569 2.0
Time (sec)

Newton mm

Newton mm

90000.0

MOTION_2
45000.0
00

-45000.0

-9000009276 0.707 1.138 1569 2.0
Time (sec)

8000.0

SFORCE_1

4000.0
0.0

SN

Newton mm

-4000.0
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N4

800076

0.707

Time (sec)

11

38 1.569 20

Figure 16 The graphs of the torques in the jowith weight of
the basket p+¥10kg

We also calculated the values of position, veloaitg
acceleration of the basket (Figure 17 - 19) [20].

o Displacement x_M of point M

o Displacement y_M of point M

Time (sec)

X 500
E 5250 B
£ E 3750
= 3500 = 2500
2 1750 11250
%80 05 10 15 20 2K 5 5 20
Time (sec) Tlme sec)
Position vector | I'_M | Df point M [Last_Run Time= 04980 Frame=| =0250
£ 7000
£ 550.0
= 400.0 b
%u 250.0 L ]
1008555 10 15 20 -

Figure 17 The graph of the position &nd w of the end-

effector
—_ Velocity v_xM of point M . Velocity v_yM of point M
$ 30000 g 25000
)
= 15000 /\ /\ 2 12500 A /\
£ A £ A A
E 0.0 E 00— ¥
é -1500.0 \/ \/ § -1250.0 \/
[ I
> -3000. %.0 05 10 15 20 > 2500%.0 05 10 15 20
Time (sec) Time (sec)
= Magnitucle of velomty vector |v M| |astRun Time= 0.0000 Frame=0001
3 3000.0
2
= 2250, 0
E 1500. 0
= 750 0
=
Tlme sec)

Figure 18 The graph of the velocitynand ym of the end-
effector

Acceleration a_xM of point M

[\
AR AV

19000.0
Sﬂﬂg.g
-7000:
3 07 11 16 20
Time (sec)

a_xM (mm/sec*2)

-20000%

a_yM (mm/sec*2)

Acceleration a_yM of point M

s meawa

15000.0
07 11 186

0.0
Time (sec)

-15000.0
-30000.% 3

20

26250.0
22500.0
18750.0

15000.(6

3 07 14

Time (sec)

la_M| (mm/sec*2)

16 20

=

D

Ma%nitude of acceleration vector [a_M||-asLFun
30000.

Time= 0.0000 Frame=0001

&

Nz

Figure 19 The graph of the acceleratioma@nd awm of the end-
effector

The aim was also to obtain results from the comifol

the end-effector and prove the ability and fundaildy of
the proposed regulator for the compensating torgbe.
obtained graphs of the actual and desired angleglthe
motion along the trajectory are shown in Figure The
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difference between these values is in negligibleges in
both cases which indicates a suitably designed and
functional end-effector position control system-[22].

Conclusions

The values obtained from both simulations confirmed
the increase and decrease of the acting torqubs joints
of the manipulator. An increase in the load alseaded an
increase in the torque required to move the badkay the
trajectory. The opposite is true when reducingdael.

MSC Adams works with a 3D model [22]. The
advantage is the possibility to simulate the motibnhe
prototype model and its control in the program
environment and verification of the functionality the
form of 3D visualization. Based on the results oiete
from the simulation it is possible to build a readdel and
design the drives. When designing drives for a rapicial
system it is necessary to pay attention to the mmaxi
magnitudes of the forces when handling variousdaad
so it is necessary to design the drive with thergmate
parameters for the specific purpose of use of the
manipulator.

The proposed control of the stability of the enfibetbr
by selecting the appropriate control system artthgethe
controller parameters is an important aspect
maintaining stability and managing load transfers&l on
the results of the simulation it can be stated tihat
proposed control system is functional and maintaives
necessary stability during the motion of the malaifur.
Simulation software is a suitable tool for desigaying
time and resources. It is also suitable for dedaitesearch
and investigation of mechanical systems in practice

for
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