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Comparison 11: SCARA Robot

C11 - SCARA Robot, is the 11th comparison on
simulation software and modelling techniques. It is the
6th comparison of continuous type and deals with the
handling of implicit systems.

Background: Mechanical and mechatronic systems
often result in an implicit second order model descrip-
tion of the type
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with a state-dependent mass matrix M, an acceleration
vector r&&q and a generalised force function r

g.

Simulators often impose restrictions for this type of
model descriptions. Only a few simulators accept the
description as given above, some allow a description as
an implicit first order system
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and some require the explicit description given by
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The symbolic derivation of the explicit form is only

possible with reasonable effort for very small systems
or systems with a simple-structured mass matrix.
Therefore it is common practice to carry out the inver-
sion of the mass matrix numerically.

Another interesting question is, whether a simulator
that permits implicit descriptions breaks the implicit
loop before integrating the states or uses an implicit in-
tegration scheme to solve the system directly. Few
simulators offer so-called DAE solvers for the second
method, sometimes with restrictions with respect to
other features like linearisation, event handling etc. In
general, advanced features like implicit description,
DAE solvers, algebraic loop solvers etc. result in higher
computation times and in some computational over-
head. Therefore it has to be checked whether it is worth
to use such a tool or to work "conventionally" by setting
up an explicit system description. In order to investigate
this class of problems, a model for a SCARA robot (Se-
lective Compliance Assembly Robot Arm) as shown on
the title page of this SNE issue was chosen.

Mechanical System (Task a)
A three-axis SCARA robot as indicated in Fig.1 is

investigated. This robot type has two vertical revolute
joints and one vertical prismatic joint. The axes of all

three joints are vertical (parallel to the z-axis in Fig. 1).
The joint vector r

q consists of the joint angles q1 and q2
and the joint distance q3.
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The equations of motion of can be written in the follow-
ing compact form
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The mass matrix M is block-diagonal and can be easily
inverted symbolically.
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Several elements of M depend on the joint variable q2
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The calculation of the moments of inertiaΘ i is based
on the assumption that the two physical links are rods of
mass m1, m2 with homogeneous mass distribution along
the length L1, L2. The stator mass of the vertical drive
motor is m3A,the moment of inertia of the rotating parts
is Θ 3mot and the mass of the load is m3L.
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The right-hand side of the dynamic equations is
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with the joint torques T1(t), T2(t) and the joint force
T3(t). Numerical data for the geometric and mass pa-
rameters of the SCARA robot are given below:
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Servo Motor and PD-Control (Task b)

The electrical relationship of the armature of a robot
servo motor is given by a first order differential equation
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where Uai(t) is the applied armature voltage. The result-
ing armature current Ii is limited to maximum value
Ii

max that can be calculated from the maximum permit-
ted torque Ti

max
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The joint torque (force) Ti of a motor is proportional to
the armature current Iai and given by
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2
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Numerical values for the motor constant kTi, the gear
ratio ui , the resistance Ri and the inductance Li for each
motor are given below. Note that u3 includes the trans-
formation from the rotational to the linear motion and is
not dimensionless.
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In order to control the point-to-point motion of the ro-
bot a rather primitive single-axis PD-control is em-
ployed. For a given target joint position vector r$q
position errors( $ )q qi i− can be calculated. From the po-
sition errors and the joint velocities &qi the control volt-
age Uai is determined by
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Proportional gains Pi and derivative gains Di are given
for each controller. In regular operation mode the arma-
ture voltage shall be limited by U i reg

max . However, in an
emergency situation U i max

max may be used (see task c).

P P P

D D D

1 2 3

1 2 3

1000 1000 5000

10 25 10

= = =
= = =

V V V

Vs Vs Vs

, , ,

, , ,

, , ,max max max

max

U U U

U

1 2 3

1

100 75 90reg reg reg

max

V V V= = =

= 230 230 230V V V2 max 3 max, ,max maxU U= =

Obstacle definition and collision avoidance
manoeuvre (Task c)
An elevation profile for the x-y plane is given by
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with a straight borderline at xobs, separating the elevated
area hobs from the area with zero elevation. The border
represents an obstacle for the tool-tip of the robot arm.
Contact has to be avoided when the robot tool-tip moves
from the starting point to a target position in the ele-
vated area. Possible contact must be detected during ro-
bot motion and control of the rotational drives must be
changed until the tool-tip has cleared the obstacle
height. Maximum voltage U i max

max may be used in this
situation for motors 1 and 2 to obtain maximum decel-
eration. An obstacle sensor shall measure the distance
from the robot tool-tip to the borderline and shall trigger
an emergency manoeuvre if the distance d falls below
the critical distance dcrit = 0.1 m.
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The x-position of the tool-tip can be calculated from
x x L q L q qtip = = + +3 1 1 2 1 2cos ( ) cos ( ) .

The following tasks should be performed:

Task a) Modelling method. There are several ways
to formulate and implement the model, depending on
the simulator's features, e.g.
i) "manual" symbolic manipulations for setting up ex-

plicit model equations, implementation of the ex-
plicit model description,

ii) derivation of explicit equations using software for
symbolic calculations, implementation of the ex-
plicit model description,



iii) using special features of the simulator far deriving and 
simulating the equations (mechatronlc modules, etc.), 

iv) implementation of the implicit equations, using al
gebraic loop breaking features of the simulator, 

iv) implementation of the implicit equations, using an 
implicit solver of the simulator, etc. 

The simulator's features for this type of models 
should be sketched briefly by giving (parts of) the 
model description of at least one (but preferably of 
some) of the above given methods. In case of alterna
tive modelling appraaches the effectiveness should be 
compared, taking into account preparation time, neces
sary knowledge for certain alternatives, etc. 

Task b) Simulation of a point-to-point motion, con
tralled by a single axis PD-contral shali be performed. 
No obstacle is present for this task. 
Initial values at t =0: 

q,=q2=q3=0, 1]1=1]2=1]3=0 

Target (terminal) values at t: 

q, =q2 =2, q3 =0.3m, eIl =q2 =q3 =0 
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• Fully integrated submodel capability simplifies 
the simulation of complex systems. 

• Elegantconstructs support simple descriptions 
and efficient processing of discontinuities. 

• Powerful mouse/menu controlled graphical 
interface creates system block diagrams, 
generateserror-free simulation models, executes 
the simulation, and displays graphical results. 

• Real-time distributed simulation. 

As results graphs of the joint positions should be 
plotted. In case of alternative model descriptions simu
lation times are to be compared. 

Task c) CoJlision avoidance may cause difficulties 
in the models descriptions. Based on the point-to-point 
control of task b), now an obstacle has to be avoided 
(see problem definition). Extend the model description 
by a collision avoidance feature of the proposed type, 
using for instance state-dependent control, state event 
mechanism, etc. 

For documentation·the program extensions are to be 
outlined and a plot of X1ip(t), (q3(t) - hobs ) and Xobs over t 
is to be given. 

References: R.J.Schilling, Fundamentals of Robotics, 
Prentice-Hall, 1990 
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E5L - THE LANGUAGE OF 51MULATION 

Over ten years development maturity makes ESL THE 
language of simulation for simple or advanced applications. 

Developed to meet the simulation requirements of the 
European Space Agency: used by such leading companies 
as British Gas, Lucas Aerospace, BNFL, British Aerospace. 

ESL otters a fun range of simulation facilities. Whateverthe 
system er process. if it can be modelIed, it can be simulated 
by ESL. Its features include: 

• Post-simulation graphics display package.
 

• Interpretive running for testing, or compiled
 
FORTRAN for optimum speed.
 

• Eight integration algorithms, including improved
 
Gear/Hindmarsh methods.
 

• Hardware supported includes: IBM-PC, SUN,
 
Silicon Graphics, HP, IBM RS/6000, and DEC
 
Unix workstations; VAX workstations, Encore
 
Unix systems.
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