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Abstract

Robots are susceptible to malfunctions. A class of these malfunctions, known as singularities, occur
due to the mathematical nature of the robot’s control law. This paper proposes a means of measuring
the robot’s response in configuration, and operational space. In order to invite more research on tack-
ling the issue of singularity, we have developed a simulator in the labVIEW environment. The simula-
tor is able to plot configuration and operational space responses on a 2D graph, allowing the user to
easily observe how the robot responds when given a certain command. The user is able to cite singu-
larities, by simply pointing out specific abnormalities on the response graph.
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Osszefoglalas

Az altalanosan alkalmazott robotok hajlamosak meghibasodasra. A hibdk jelents része a
szinguralitasra vezethetd vissza, ami eredeztethetd a robot vezérlgjének matematikai sajatossagabol. A
tanulmany méréseinek alapjaul a robot konfiguracioja és annak munkatere szolgalt. Annak érdekében,
hogy mas kutatok is vizsgalatokat tudjanak kezdeményezni a szinguralitds témdjaban, egy sajat
labVIEW alapu szimuldcios kornyezet keriilt kidolgozasra. A szimulator képes 2D grafikonon abra-
zolni egy adott konfiguraci6é és annak munkateriiletén vald6 mikodését, segitve ezzel a felhasznalot
hogy tanulmanyozhat6 legyen a viselkedése a kiadott parancs fliggvényében. Ezzel a modszerrel képes
szinguralitast modellezni és kimutathatdak specifikus rendellenességekre a grafikon alapjan..

Kulcsszavak: szimguralitas, manipuldtor, labVIEW, szimulator, KUKA, vezérl, mérés, valaszidd

1. Introduction arc situated within the department’s robotic
laboratory, we developed a sustainable re-
search strategy. A sustainable research
strategy must be cost effective, flexible, and
extensible. Developing a simulator in the

This paper highlights several parts of
the department’s ongoing research on in-
dustrial manipulator singularities. Due to
the closed source nature of the KUKA KRS
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labVIEW environment is a significant part
of this strategy. The end goal of the simula-
tor development project, is a simulator that
almost exactly mimics the robot’s real-time
motion, allows modifications to be made
easily, and has a relatively simple graphical
user interface (GUI). At the time of writing
this paper, we had successfully built a func-
tional simulator. The simulator is based
upon a basic model of the KR5’s controller
unit.

2. The Robot’s Dynamics

2.1. Deriving the equations of motion
in configuration space

Synchronous servo motors are responsi-
ble for the motion of the robot’s joints. The
motors’ stator and rotor windings are resis-
tive in nature. It is also important to note
that friction exists between the relative mo-
tion of the stator and rotor elements. The
total mechanical dissipative forces, Rem,
acting at each joint may be derived as the
following,

(Fem) =7 = Bid, (1)
l
where, B; is coefficient of friction between
the i™ motor’s stators and rotors.
The extended Euler-Lagrange equation may
be written as,

AQg+bqq+gl@+r=t (2)

where, q is the joint displacements and
A(q) is the robot’s kinetic energy matrix, it
incorporates the robot’s mass properties,
and is obtained as follows.

2.2. Deriving the equations of motion
in operational space

One might ask the question. What is
operational space? Operational space coor-
dinates may represent any set of coordinates
defining kinematic mapping between con-
figuration space and operational space. Pay
attention to the fact that the model derived
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in the previous section, does not capture
constraint forces acting on the system.
Equations derived from modeling in opera-
tional space, in combination with those de-
rived previously in configuration space, will
produce a concise system of equations that
take into account the effect of the constraint
forces. The operational space configuration
vector, X, describing the position and orien-
tation of an arbitrary point on the system,
may be derived from the system’s kinemat-
ics. The system’s kinematics equates the
operational space configuration vector, as a
function of the generalized configuration
space coordinates.

x =§g = f(q) € RV )
The operational space velocities are the
time derivatives of x.
. _9f@ . _ 9@ mxn
x=L0g j-ADex @
where J(q) is the kinematic Jacobian.
The kinetic energy in operational space
is expressed as

T = %xTA(x)jc, A(x) € R™m (5)

where A(x) is the operational space kinetic
energy matrix.

3. Version 1.0 of the Simulator

We chose to divide the controller unit
into three parts; trajectory planner, PID
controller, and servo drive. Although the
controller unit is made up of only three
parts, the simulator is made up of a total of
four parts. This additional part is the plant
model of the KRS5. The simulator was built
and tested on a Lenovo IdeaPad Y700, with
16 gigabytes RAM and a 2.6 gigahertz Intel
Corei7 CPU. LabVIEW’s Control Design
and Simulation Module was an integral part
of developing the simulator.

The simulator package consists of sev-
eral labVIEW virtual instrument (.vi) files;
a main .vi file, and a set of simulation sub-
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system files. A simple GUI is located in the
front panel of the main .vi file. The GUI
allows the user to tune the PID controllers,
plan trajectories in the world coordinate
frame, and observe the robot’s response to
the trajectories previously mentioned.

Fig. 1..Simulator’s Graphical User Interface (GUI)

4. Plant Model

The model was constructed within the
framework of the computed torque control
law. The plant model is a six jointed kine-
matic structure, where each joint is a revo-
lute type joint. Actuation of each joint is
achieved by torque generated from a servo
motor’s shaft. The shaft’s torque is con-
trolled by altering the servo motor’s electri-
cal current supply. This change in electrical
current generates enough electromotive
force (emf) to drive the motor. Torque is
analogous to the emf.

5. Servo Drive Model

A servo drive may be used due to the
fact that the robot’s actuators are servo mo-
tors (servo mechanisms). The servo drive is
a special class of an amplifier circuit. The
command signal of the drive represents a
desired torque, velocity, or position, and its

output is the required electromotive force
for driving the motor’s shaft. The servo
drive may be modeled in the following

manner,
v- gﬁ v‘-

Fig. 2. Simplified Circuitry of the Servo Drive
O=open loop gain, F=feedback loop gain.

Vour _ 0

Vin  1+(0+F) ©)
where, G is the closed loop gain and may
be regarded as the transfer function of the
servo drive.

Having  as Vi, O is then equal to
A(q), while F may be tuned online. The
servo drive features two sets of input Vj,, as
well as the feedback signal (velocity signal
from encoder).

6. PID Controller Model

The PID controller ensures smooth re-
sponse to a desired set point. This set point
may be a position, or velocity command,
depending on what you wish to control. If
one wishes to control velocity (which is the
case for our simulator), then the PID con-
troller’s output is acceleration. However, if
one wishes to control position, then the PID
controller’s output is velocity. Within the
labVIEW environment, the PID controller
model is developed as a simulation subsys-
tem and controls all six joints of the KRS.

7. Trajectory Planner Model

A trajectory planner as its name sug-
gests, allows the individual to plan trajecto-
ries for a robot. What does this mean? In
the previous section, we mentioned the ve-
locity of each joint is controllable. In fact,
all that we do have control over are the joint
velocities. Kinematic mapping enables one
to command the robot’s motion in opera-
tional space, by generating the necessary

333




Obinna Nwachukwu C., Erdei Timotei Istvan, Molnadr Zsolt,Szemes Péter, Husi Géza

joint velocities. The Jacobian matrix is a
kinematic mapping tool. Within the lab-
VIEW environment, the trajectory planner
model is developed as a simulation subsys-
tem. Although the trajectory planner may
be found in a subsystem, the calculation of
the Jacobian is found in a MATLAB Script
Node. In practice the Jacobian is usually
calculated numerically, but within our
simulator it is not. The complexity of calcu-
lating the Jacobian requires enough soft-
ware and hardware computing power. The
MATLAB Script Node launches a
MATLAB server,

8. Conclusion

The first functional version of the
simulator is currently available online for
further development, and educational
purposes. We have carried out several basic
tests in order to evaluate the performance of
the simulator. The criteria of these tests
include; error of the simulator from
expected values, observability of singularity
points. These tests showed us that the
simulator operates with a maximum and
minimum error of +2 mm from the
expected trajectory, and singularity points
are observable.
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