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Abstract

This paper describes a Windows/C;4-based pc en-
vironment for simulating and animating an inverted
pendulum under automatic control. The program
consists of four modules: (i) a program user-interface
module, (ii) a simulation module, (iii) a graph-
ics/animation module, and (iv) an education mod-
ule. The program user interface module allows the
user to interact with the program. More specifically,
this module permits the user to select the desired
pendulum model structure, model parameters, con-
trol law structure, control law parameters, reference
commands, disturbances, initial conditions, integra-
tion routine, and integration routine parameters. The
simulation module is responsible for generating a nu-
merical solution for the closed loop dynamics. The
graphics/animation module updates plots and anima-
tion on the screen using data generated by the sim-
ulation module. The education module provides the
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user with interactive lessons designed to teach fun-
damental systems and controls concepts. Designed
to communicate with MATLAB via DDE files, it is
shown how this environment may be used to analyze
many “what if” scenarios - observing system dynam-
ics both graphically and through animation, making
the environment a very useful tool for teaching con-
trol 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 [6], 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 [3]. 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 [4], [5], [13], [17], [18], [19],
[20]. This paper describes the development of an in-
teractive inverted pendulum 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 or-



ganized as follows. Section 2 describes the different
inverted pendulums which are available to the user.
Mathematical models are discussed in this section.
In Section 3, features within the inverted pendulum
environment are described. Section 4 then demon-
strates the utility of the environment as an educa-
tional tool. Finally, Section 5 summarizes the paper
and presents directions for future research.

2 System Description: Models

The inverted pendulum environment currently per-
mits the study of two inverted pendulum systems:
i. an inverted pendulum with a fixed base, and
ii. an inverted pendulum on a moving cart.
Fach system is now described.

Inverted Pendulum with a Fixed Base. The
model for theinverted pendulum with a fixed base
was derived from first principles and results in a sec-
ond order nonlinear dynamical system. This model
does not capture motor dynamics or pendulum flex-
ing. The only system input is a torque applied at the
base. A linear model is also available to the user. Of
interest here is maintaining the pendulum upright in
the presence of a disturbance or the pointing of the
pendulum given a desired attitude. The critical vari-
able here is thus the angle which the pendulum makes
with the vertical. The nominal nonlinear fixed-base
pendulum dynamics are given by:

P 1
0 = 73m9+ WT

(1)

where 6 denotes the angle which the pendulum makes
with the vertical and is measured in radians, 7 de-
notes the torque applied at the base and is measured
in Newton-meters, m denotes the mass of the pendu-
lum measured in kilograms, ! denotes the length of
the pendulum measured and g denotes the accelera-
tion due to gravity measured in meters per second?.

Inverted Pendulum on a Moving Cart. The
model for the inverted pendulum on a moving cart
was derived from first principles and results in a
fourth order nonlinear dynamical system. This model
does not capture motor dynamics or pendulum flex-
ing. The only system input is the force applied to
the cart. A linear model is also available to the user.
Of interest here is maintaining the cart at a desired

position with the pendulum upright. The nominal

cart-pendulum nonlinear dynamics are give by [14,
pp. 104-107]:

(M +m)i + micost § — mlsinf 6> = F (2)

(3)

where = denotes the position of the cart, 8 denotes
the angle which the pendulum makes with the verti-
cal and is measured in radians, F' denotes the force
applied to the cart measured in Newtons, m denotes
the mass of the pendulum measured in kilograms, [
denotes the length of the pendulum measured in me-
ters, and g denotes the acceleration due to gravity
measured in meters per second?.

Other, more complex, pendulum systems will be
considered in the future (e.g. double inverted pendu-
lum).

cos & + 10 = gsind

3 Description of Environment

The inverted pendulum environment is written in
Windows/C4+ [1], [2], [8], [10], [16], [21]. It consists
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
provides an interface between a user and the in-
verted pendulum environment program. Written in
Windows/C 4, the environment provides pull-down
menus which permit the user to select which pendu-
lum system model to use. Menus also permit the
user to modify critical system parameters in real-
time. These parameters include, for example, mass
properties, moments of inertias, cart properties, etc.
Timers are used to implement this feature [1], [2], [7],
[8]. The user may also select amongst different con-
trol laws (e.g. proportional, PD, PI, PID, and mod-
ern). Initial conditions, reference commands, distur-
bances, 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 use live pendulum video
as well as examples from robotics are also 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. The simula-
tion module contains routines required by the dif-
ferent pendulum systems, control laws, integration
methods, and data storage routines. All of the envi-
ronment’s pendulum models and control law routines

are included in this module.

Graphics/Animation Module. The main purpose
of the graphics module is to use data provided by the
simulation module and update graphics (i.e. plots)
and animations on the screen. Data and plots are
displayed within child windows [9], [15]. Animation
is created using high quality bitmaps generated with
Corel’s CorelDRAW and CorelPHOTO-PAINT !.

Education Module.
tains routines which implement interactive multime-

The education module con-

dia lessons. The lessons use text, audio, video, and
animation to convey ideas. Users answer questions
via interactive menus. Correct answers are supported
with a multimedia explantion - including “supportive
audio.” Incorrect answers are followed up by hints,
partial explanations, and additional chances.

4 Educational Utility

The utility of the environment as an educational tool
is now demonstrated. Two demonstrations will be
presented: one for the fixed-base pendulum system
and one for the cart-pendulum system. Additional
demonstrations will be presented at the 1997 ICSEE.

Fixed Base Pendulum Demonstration. The
model parameters used for the fixed-base pendulum

LCorelDraw 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.

demonstration were: m = 0.1 kg, [ = 0.5 m, and

g =9.8."5. The controller used was as follows:
T = K1€ (4)
e=1r— K (5)
s+a
Ki(s) =k [——] (6)
100
K =k b 7
2(8) = ka(s+ 1) [ o | ™

where k1 = 0.1250, k2 = 1.6854, a = ﬂ = 4.4272,
b = 0.5933 were used as design parameters. The pole
at s = —100 in K> 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
selected such that the dominant closed loop poles
were at

s=—2+ j1,-4.4272. (8)

Here, the last root is a pole of the plant linearized
about the vertical (i.e. # ~ 0). Selecting the zero
of K1 to be s = —a = f\/? = —4.4272 fixes one
of the closed loop poles at s = —4.4272. Given this,
one then obtains the following design equation for the
other compensator parameters:

k1kab
ml2

kik
32+[12 g]

_ o2

s (9)

Figure 1 shows a screen dump of the environment
for a reference command of » = 50 degrees. Both lin-
ear and nonlinear plots are given for § and 7. Figure 2
shows a screen dump of the environment for different
reference commands: r = 20,40, 60, 80 degrees. Once
again, both linear and nonlinear plots are given for
0 and 7. The plots show that the linear and nonlin-
ear models agree quite well for the smaller reference
commands. As the reference commands get larger,
the maximum error in the angle plots approach 10
degrees while that in the torque plots approaches a
steady state maximum of about 0.2 Newton-meters.

Cart-Pendulum Demonstration. The model pa-
rameters used for the cart-pendulum demonstration

were: M = 2 kg, m = 0.1 kg, [ = 0.5 m, and
g=98""%.




Fiied Pendulum

LController 3

Controller 3

Cairt Pendulurn
Seezan

Model Parameters..
Acquisitondhotuation

Beference Command...

Model Farameters
Aoquistiondbohuation

Eeference Command...

Pendulun orgis

=eepaii by Hazrence Corrriand

=10]
Ly

ns i
T i
P
J [
oot §
g { \
3] /
= / §
L i
E 0
7o \
i L
[
_zar Solid -
Mernesr Jasiad
04 o~
n 3 £

 Elaprsed Tinnes

Real Time

Simulated Time

Ratio

Run LCart
Parameters Pendulum
Rezet Track

Stop Zoom

[_[O[x]

Help/Instruct

= Data Flot 1
Pondullrn Ay Re:
2
B
w &
3 .
& ™
] J
130 !
C S ¢
E o !
3.2 /
F Y, !
& !
J
Lt
e line
[SHIHE
1 2 A Z [ 7
Tire 5ec)
* Reference Comma
[ O[]
Frequency
5  Cunstanl
coe
i lo.ros |
475 sec. * Square Ware
- " Triangular Amplitude
1 hdRE %
 Manual [Mouse)

Figure 1: Fixed-Base Pendulum Command Following ( r = 50 degrees)
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Figure 2: Fixed-Base Pendulum Command Following ( r = 20,40, 60,80 degrees)
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Figure 3: Cart-Pendulum Command Following ( » = 0.5 meters)
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Figure 4: Cart-Pendulum Command Following (r = 0.1,0.3,0.5,0.7 meters)



The control law used was as follows [14, pp. 787-795]:
F=—[g1 g2 g5 gaJ [r—x & 6 6]" (10)

with design parameters g1 = 163.1, go = —73.4, g3 =
—298.2, and g4 = —60.7 selected such that the closed
loop poles were at

s = —2=+ j3.464, —10, —10. (11)

Figure 3 shows a screen dump of the environment
for a reference command of r = 0.5 meters. Both
linear and nonlinear plots are given for z, 6, and F'.
Figure 4 shows a screen dump of the environment for
r = 0.1,0.3,0.5,0.7
For small reference commands the linear

different reference commands:
meters.
and nonlinear responses are in close agreement. Fig-
ure 4 shows that for large reference commands, the
responses differ greatly - the “actual” nonlinear re-
sponse going unstable. This occurs, because of the
destabilizing 2 nonlinearity which is not captured in
the linear state feedback design (Equation 10). Once
again, both linear and nonlinear plots are given for
x, 0, and F.

5 Summary and Directions

The inverted pendulum environment provides a flex-
ible educational tool for teaching control system de-
sign concepts. Currently, more complex models and
control laws (e.g. motors, saturations, anti-windup,
etc.) are being implemented. JAVA and VRML
implementations are also being explored [11], [12].
Future work will focus on more complex pendulum
systems (e.g. double inverted pendulum, etc.) and
the continued development of lessons. The goal is to
obtain an interactive multimedia environment which
can be used to build open-ended problem solving
skills while encouraging exploration and self discov-
ery.
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