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Abstract

This paper describes a Windows/C'y ; -based pc envi-
ronment for simulating and animating a PUMA 560
robot under automatic control. The program consists
of four modules: (i) a program user-interface module,
(ii) a simulation module, (iii) a graphics/animation
module, and (iv) an education module. The program
user interface module allows the user to interact with
the program. Specifically, this module permits the
user to select model parameters, control law struc-
ture, control law parameters, reference commands,
disturbances, initial conditions, integration routine,
and integration routine parameters. The simulation
module is responsible for generating a numerical so-
lution for the closed loop dynamics. The graph-
ics/animation module updates plots and animation
on the screen using data generated by the simula-
tion module. The education module provides the
user with interactive lessons designed to teach fun-
damental systems and controls concepts. Designed
to communicate with MATLAB, it is shown how this
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environment may be used to analyze many “what if”
scenarios - observing system dynamics both graph-
ically and through animation, making the environ-
ment a very useful tool for teaching control system
design concepts.

1 Introduction

The recent revolution in personal computing has seen
computing power soar while prices have dropped. As
a result, powerful pc’s are now commonly available.
Given this, it is now possible to exploit the new tech-
nology to significantly enhance the way in which sys-
tems and controls education is delivered. Because of
today’s computing power [8], for example, complex
simulations - not long ago considered formidable -
can now be easily performed. Recent trends in com-
puter speed have also made fast animation of dynam-
ical systems a possibility [4]. In short, today’s pc
technology now permits the development of new in-
teractive graphical visualization environments which
could revolutionize the teaching of systems and con-
trols. This opportunity, has permitted the authors to
develop such environments [6], [7], [16], [22], [23], [24],
[25]. This paper describes the development of an in-
teractive robot manipulator environment. It is shown
how many fundamental system and control concepts
may be readily observed and understood with such
an environment.

The remainder of this paper is organized as fol-
lows. Section 2 discusses the mathematical model de-
scribing the PUMA 560 system. In Section 3, features
within the robot arm environment are described. Sec-



tion 4 then demonstrates the utility of the environ-
ment as an educational tool. Finally, Section 5 sum-
marizes the paper and presents directions for future
research.

2 System Description: Models

The robot arm environment permits the study of a
Unimate PUMA 560 robot. The mathematical mod-
els used to describe this system are now discussed.

PUMA 560 Robot: Nonlinear Model. In this
work, a 12" order nonlinear dynamical model, relat-
ing six joint angles to six joint torques, is used to
describe the motion of the PUMA 560. Lagrangian
techniques were used to derive the model [28]. While
this model is appropriate for simulation, it is too com-
plex for analysis, design, and the introduction of basic
systems and controls concepts.

Single Free Joint: Nonlinear Model. Given the
above, we decided to focus on a simplified PUMA
560 configuration in which all joints, but one, are
assumed to be locked. This simplifies the system dy-
namics considerably. The resulting dynamical model
may be described by the following 2"¢ order nonlinear
ordinary differential equation:

JO + BO — mglsind = 7 + 7, (1)
where 6 denotes the angle which the free joint makes
with respect to the vertical and is measured in radi-
ans, 7, denotes an applied equilibrium joint torque
and is measured in Newton-meters, 7 denotes an ap-
plied joint torque deviation with respect to 7, and
is measured in Newton-meters, J denotes the effec-
tive moment of inertia and is measured in kilogram-
meters?, B denotes the effective joint friction and is
measured in kilogram-meters? per second, m denotes
the effective mass of the rotating elements and is mea-
sured in kilograms, [ denotes the distance between the
effective center of mass and the axis of rotation and
is measured in meters, and g denotes the acceleration
due to gravity measured in meters per second?.
While this model does not capture motor dynam-
ics or link flexing, it is appropriate to illustrate fun-
damental control system design concepts. Of interest
here is maintaining the free joint angular orientation
given a desired angle or angle command. Given this,
it follows that the joint angle is a critical variable.

The end-effector position is another important vari-
able.

Single Free Joint: Linear Model. When Equa-
tion 1 is linearized about the equilibrium point (6 =
0,7 = —7,), one obtains the following 2°¢ order linear
ordinary differential equation:

JO + B —mglh = 7 (2)
Other, more complex, robot arm configurations and
models will be considered in the future (e.g. two link
robot arm). It should be noted that the simulator
described contains a full six degree of freedom non-
linear model, a nonlinear sliding mode controller, and
a trajectory generator [5], [26], [28]. These however
are beyond the scope of this paper.

3 Description of Environment

The robot arm environment is written in
Windows/C 4 [1], [3], [10], [12], [20], [29]. It con-
sists of four modules:

e a program user interface (PUI) module,
e a simulation module,

e a graphics/animation module, and

e an education module.

The environment was divided into modules to facili-
tate updates and enhancements created by different
programmers.

Program User Interface Module. The PUI pro-
vides an interface between a user and the robot arm
environment program. Written in Windows/Cy 4,
the environment provides pull-down menus which al-
low the user to modify critical system parameters in
real-time. These parameters include, for example,
mass properties, moments of inertias, joint friction,
etc. The user may also select amongst different con-
trol laws (e.g. PID, state feedback, sliding mode, and
LQR/LQG). Initial conditions, reference commands,
disturbances, and integration routines (e.g. Euler,
Runge-Kutta, etc.) may be selected by the user from
a menu. Other menu options for data storage and
plotting exist. Data storage routines automatically
format saved simulation data for use within other
environment modules as well as external programs



(e.g. MathWork’s MATLAB and Microsoft’s Excel).
User-selected variables saved from an earlier simula-
tion may be plotted against current simulation data.
Multimedia lessons, which the use audio and video
will be accessible through the PUIL

Simulation Module. The main purpose of the sim-
ulation module is to accurately solve the appropriate
set of ordinary differential equations.
tion module contains routines required by the trajec-
tory generator, different robot configurations, control
laws, integration methods, and data storage routines.
The robot arm environment’s models, trajectory gen-
erator, numerical integration, and control law rou-
tines are included in this module.

The simula-

Graphics/Animation Module. The main purpose
of the graphics module is to use data provided by the
simulation module to update graphics (i.e. plots) and
animations on the screen. Data and plots are dis-
played within child windows [11], [19]. Animation is
created using one of two methods: polyhedral approx-
imations of robot links or high quality bitmaps of the
robot.

e Polyhedral Approximation. The polyhedral ap-
proximations for robot links are created using
modified techniques and routines from a C,
animation toolkit [3]. Polyhedrals are used to
represent each link of the robot in an animation
of simulation data from the 12" order nonlinear
model or as required by the education module’s
lessons.

e Bitmaps. High quality bitmaps are created
with Corel’s CorelDRAW and CorelPHOTO-
PAINT !. Bitmaps are used for animations of
simulation data from simplified robot configura-
tions. Therefore, bitmaps are primarily used for
the education module’s lessons.

Education Module.
tains routines which implement interactive multime-
dia lessons. The lessons use text, audio, video, and
animation to convey concepts. Users answer ques-
tions via interactive menus. Correct answers are
supported with a multimedia explantion - includ-

The education module con-

1CorelDraw and CorelPHOTO-PAINT are trademarks of
Corel Corp. CorelDraw is a general purpose drawing/graphics
manipulation utility. CorelPHOTO-PAINT is a general pur-
pose image processing utility.

ing “supportive audio.” Incorrect answers are fol-
lowed up by hints, partial explanations, and addi-

tional chances.

4 Educational Utility

The utility of the environment as an educational tool
is now demonstrated. Several examples of the sin-
gle robot link system will be presented. Additional
examples will be presented at the 1997 ICSEE.

The model parameters J, B, and [ were found
by solving a linear least squares problem using sim-
ulation data obtained from the 12" order nonlin-
ear PUMA model. The model parameters used for
the single link robot system were: m = 27.29 kg,
J = 1.9852kg — m?, B = 2.0267&%, 1 =0.0293 m,
and g = 9.8 2

sec? *

The controller used was as follows:

T=Kie
e=r—Ky0
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where k; = 9.9260, ks = 1.1082,

Ks(s) = ka(s +0) [ ] (6)
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+ 9 _ 95617,

TSR (7)

and b = 0.9024 were used as design parameters. The
pole at s = —100 in K3 was introduced only to make
K> proper.

With a second order plant and “essentially” a first
order compensation scheme, three dominant closed
loop poles result. The design parameters were se-
lected such that the dominant closed loop poles were
at

s=—2+ j1,—2.5617. (8)

Here, the last root is a pole of the plant linearized
about the equilibrium point (8 = 0,7 = —7,). Select-
ing the zero of K to be s = —a = —2.5617 fixes one
of the closed loop poles at s = —2.5617.
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Figure 1: Single Link Robot Command Following (r = 25,50, 75,

100 degrees)
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Figure 3:

Single Link Robot Command Following (r = 175 degrees)




Given this, one then obtains the following design
equation for the other compensator parameters:

kiks B B2 mgl
R Ry B Vv et

Figure 1 shows a screen dump of the environment
for different reference commands: r = 25,50, 75,100
degrees. Both linear and nonlinear plots are given
for 0, x, y, and 7. The plots show that the linear
and nonlinear models agree quite well for the smaller
reference commands. As the reference commands get
larger, the maximum error between the nonlinear and
linear models for the joint angles approaches 10 de-
grees. The end-effector coordinates x and y each
approach a maximum error of approximately 8 cen-
timeters between the models. The maximum error
between the nonlinear and linear joint torque is ap-
proximately 5 Newton-meters. This error is caused
by the small angle approximation (sinf ~ 6) used in
deriving the linear model. Because of this, the linear
model doesn’t show the reduced torque requirement
to keep the arm at @ =~ 180 degrees (i.e. almost down-
ward).

Figure 2 shows a screen dump of the environment
for a reference command of r = 50 degrees. Both
linear and nonlinear plots are given for 6, x, y, and
7. The linear data closely approximates the nonlinear
data in the 6, x, y, and 7 plots for the r = 50 degrees
reference command.

E1kab
1—;:52+45+5 (9)

Figure 3 shows a screen dump of the environment
for a reference command of r = 175 degrees. Once
again, both linear and nonlinear plots are given for
0, x, y, and T plots. The error between the models
improves for each 6, x, and y plots as time increases
and the steady state values are approached. However,
the error between the models in the 7 plot does not
improve. This error is the result of the small angle
assumption made in deriving the linear model.

5 Summary and Directions

The single robotic manipulator environment de-
scribed in this paper provides a flexible educational
tool for teaching control system design concepts.
Currently, more complex models and control laws
(e.g. motors, saturations, anti-windup, etc.) are be-
ing implemented. JAVA (http://java.sun.com) and
VRML implementations are also being developed
[14], [15]. Future work will focus on the continued
development of lessons for the single link robot and
development of the double link robot with appropri-
ate interactive lessons. The goal is to obtain an in-
teractive multimedia environment which can be used
to build open-ended problem solving skills while en-
couraging exploration and self discovery.
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