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Abstract - This paper describes a tool for interactive
learning that can be used as a teaching aid in cawol
systems theory. It can be used by students for prédm
solving and individual learning. It can also be a pwerful
tool for speeding up the development cycle for rohio
control systems. As there is no need to do any sjmc
programming or debugging, the students can focus othe
control items. The developed system is ready to used
allows testing different control methods. Usually,in
control theory classes, students face a system aefd only
as a mathematical equation. The developed applicati
allows them to control a realistic system with almst real
world dynamics. A friendly appearance based on 3D
graphics captivates the student's attention and ges
instant feedback on the controller performance. As case
study, an inverted pendulum is controlled while plaed
on an omnidirectional vehicle. The inverted pendulm
poses a classical control problem, a nonlinear and
unstable system, typical of a large number of devis such
as Segway Human Transporter and Rocket navigation.
Omnidirectional vehicles allow movements in every
direction and they are widely used in robotics soer
where the extra mobility is an important advantage.

Index Terms Control, Education, Virtual Laboratories.
INTRODUCTION

Virtual laboratories present advantages like lowstco
friendly user, interactivity, allow simultaneous Itiple users
and support individual learning [1]. The objectioé this
project is to develop a virtual laboratory thaballstudents
to learn and test control systems interacting wath3D

world composed by objects connected through joamd

simulate them. The simulation dynamics is based®t,

an articulated rigid body dynamics engine, whichludes
forces and collision treatment. As an example,pifesented
application supports the simulation of an invenemdulum
placed on an omnidirectional vehicle, shown inienidly 3D

interface.

User can interact with the application testing efiéint
behaviour for each control method such as stateesg@iD
and manual control. Noise addition in position arle,
packet loss as a real network and force saturdtioits
approach this simulator to reality.

This paper is organized as follows: Initially, ineerted
pendulum system and some applications are desciithexh,
system modeling equations where a State-Space agqipis
used is described. The next subsection explains how
feedback controller is made. The next section mitsskow
students can interact with the simulated world rea time,
where results are shown in the graphical interf&ieally,
last section rounds up with conclusions and futuek.

INVERTED PENDULUM OVERVIEW

An inverted pendulum is a pendulum having its cemte
gravity located above its pivot point. An inverteendulum
is therefore inherently unstable. When its cenfagravity is
directly above the pivot point, it may remain stafif the
pivot is static and the center of gravity is slighdisplaced
from the vertical position, the pendulum will neturn to its
original position but will tend to find a new egbiiium
position such that its center of gravity is atld&est possible
position. A feedback control system that posititims pivot
may be used to balance an inverted pendulum [3ineSo

graphical interface based on the open source GleScenapplications of the inverted pendulum are preseitethe

Graphics provide one of the most natural
communicating with a computer, since our highly @il 3D

pattern recognition abilities allow us to percearal process
pictorial data rapidly and efficiently. Interactiv@mputer

graphics thus permits extensive,
user-computer interaction. This significantly entesability
to understand data, to perceive trends and to Nasuaal or
imaginary objects [2].

means ofext subsections.

I. Segway

An inverted pendulum is present in devices suchthas

high-bandwidthunicycle and the Segway Human Transporter, illtistrdn

Figure 1. In these devices, the pivot of the pemauls the
axle of a wheel or pair of wheels. In a unicycle thheel is
powered by the rider. In a Segway Human Transpotter

The developed Virtual Laboratory world behavior andwheel is powered by an electric motor. Motion of thheel,
graphics are based on open source platforms. Dynamor pair of wheel, is controlled so that the pendulis

engines like Newton Dynamics, Beyond Virtu#ADEYet

dynamically balanced [4].

Another Dynamic Engine and ODE-Open Dynamics Engine

are powerful tools that allow programmers to creagysic
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FIGURE 1
SEGWAY HUMAN TRANSPORTER
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The K values are the feedback gain vector obtained in
the following subsection II.

I. System Modeling

Controlling the inverted pendulum is a classicahtool
problem because the pendulum dynamics is both mesnli
and unstable [10]. The dynamic equations of mof@rthe
control system are linearized, although the sinedatystem

There is also another version of Segway, the Segwajy realistic and based on the Dynamics Engine.

Robotic Mobility Platform (RMP), that is a modifiegrsion
of the Segway Human Transporter (HT) designed éwige
scientists and engineers a mobile base to use hptios
research [5].

Il. Rocket Navigation

The inverted pendulum control model is similarhie tocket
launch [6]. It was believed that, in flight, thecket would
‘hang’ from the engine like a pendulum hanging fr@m
pivot. The weight of the fuel tank would keep thecket
flying straight up as long as the fuel lasted. Heeve this
belief is incorrect, such a rocket will never fly a straight
line and will always turn and crash into the grosondn after
launch. This is what happened to Goddard’s rock@t [
Nowadays, Rockets use Inertial Navigation to soflies
problem. Inertial navigation employs accelerometarsl
gyroscopes to determine speed and position. [8].

INVERTED PENDULUM CONTROL

Feedback control may be defined as the use ofrdifte
signals, determined by comparing the actual vabfeystem
variables to their desired values, as a mean ofralting a
system. An everyday example of a feedback contrstes
is an automobile speed control, which uses theewdiffce
between the actual and the desired speed to varyugl
flow rate [9]. To achieve the systems feedback robrit is
necessary to specify its characteristics, usualipwn as
system model represented by differential equatibomsrder
to use linear control methods, those equations nmast
linearized. A way to represent these equationdds state
space form, as a set of state variables such asmpeed and
position and pendulum angular speed and positiodoged
loop diagram system is shown in Figure 2.
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Controlling the 2D inverted pendulum (placed on an
omnidirectional vehicle) is similar to control two
one-directional inverted pendulums placed on camsing
along right angle axles. The final force can benfbby the
sum of each individual force. By this way, a fiagiproach of
one-directional inverted pendulum control is présen

The inverted pendulum system consists of two moving

parts:
¢ The Pendulum
e The cart

The dynamic equations of motion for the system are
linearized assuming that pendulum does not movee ri@n
a few degrees away from the vertical. One imporigsue to
emphasize is that cart wheels dynamics is ignaredther
words, their mass and moment of inertia are cons@laull.
The actuator and sensor dynamics are also despised.

The modeled system is shown in Figure 3.

FIGURE 3
INVERTED PENDULUM SYSTEM
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The constants and variables for this case study arBhe controller objective is to compute the appliedte that

defined as follows:

M mass of the cart &g

 mmass of the pendulum8L kg

»  bfriction of the cart GL N/mv/s

e | length to pendulum center of mass2
e linertia of the pendulum.87 kgn¥t

* Fforce applied to the cart

* Nreaction force applied to the cart
e xcart position coordinate

e ygravitation direction

e 0 pendulum angle from vertical

e ggravity acceleration.8 m/s’

The pendulum moment of inertia is shown in (1).

| =1m2
3

stabilizes the pendulum in the vertical for a degiposition.
The force applied to the cart can be given by ttees
feedback vector presented in (7).
X
X 7
F =k Ky kg ky] o @
0
Having the system described in State-Space, the K
values (closed loop gains) can be found by (8).[12]

K=[0o 0o 0 Jma(A) (8)

Where a(s) is the characteristic equation, presented in
(9) and Q is the controllability matrix, given biQ).

a(s)=(s- p;)ds— p,)ds - p3)ds - pa) 9

1)

The linearized system equations can be represented

State-Space form, as shown in the next equatiakis [1

+BLu

Q. O X X

Y andu are the output and input signals. The simplified
A, B and C matrixes are presented in (4), (5) &d (

0 ( 1 2) 2O , 0
0 —|+/1ml b m)lgl 0
A=
0 0 0 1
0 -mlb mgl(M + m) 0
A A
0
I +ml? b

B= A

0

ml

A

1 000
C=
0010
Where A = 1(M +m)+Mmi?

Il. State-Space feedback controller
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Q:[B AB AZB A3B] (10)

The p, P ps and p values are the desired closed loop
(2) poles that define the system dynamics.

INTERACTIVE REAL TIME SIMULATION

Real-Time Simulation is a powerful tool that alloessalysis

and improvement of systems behavior in responsetions
(3) and events, reducing human errors, accidents astkray
damages. Some time ago, simulation tools were maéxt
based, nowadays, computer graphics developmenvstio
make great scenarios like 3D rendering, cameraiposig
and freedom textures captivating student’s attentlo has
also been well established, within the literatubewt agents
and robotics, that simulation can be a powerfull timw
speeding up the development cycle for robot corgystems
[13]. The difficulties of operating and testing oib, whether
it is from limited debugging tools or the need tnstantly
change batteries, make simulation an appealingttospeed
up the development cycle [14].

The presented system aims to help students in atontr
engineering courses. In the developed applicatibese are
no commands but buttons instead with a friendly 3D
graphical environment. The graphical based interact
interface, allows users to choose the closed loofesp
(5) Assuming that simulation time step is much fasteant

dynamics, it is possible to assure that it is atiooous time

model. A time step of 20 ms is enough to validdtes t

approach.

In next subsections, the interactive graphic apgbns

©) are described.
I. Inverted Pendulum Placed on a Cart

(4)

The developed application, presented in Figure libwa
users to interact with the simulated system. A hicgd time
evolution shows the cart position, speed and pemdangle
and a zoom feature is also implemented in orddighlight
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some details. A top and a frontal view, where usar place
the camera everywhere, show the 3D real world. dser

also change theetpoinf add noise to the sensors measure,

test nonlinearities and saturation.

Control Top
method view

AF 1 werted Pendulum Virtual Control Labi ratary.

Data acquisition
graph
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FIGURE 4

INVERTED PENDULUM SCREENSHOT
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FIGURE 6
STATE SPACE DYNAMIC CONTROLLER DATA GRAPH

As result, at 50 seconds, the cart set point isxgha
from O to 10 meters. A force is applied to the damrder to
balance the pendulum only a few degrees from thtcaé
Then an opposite force is applied in order to ket tart
position at 10 meters and the pendulum angle tocedr At
56 seconds, the cart arrived to its desired positmd
pendulums angle is stabilizing.

Il. Inverted Pendulum Placed on an Omnidirectiodahicle

The applied force is represented in the graphical

interface by an arrow. A detailed screen shot, garesl in
Figure 5, shows the inverted pendulum placed oartie its
initial position with its texture of scenario andheels.

FIGURE 5
DETAILED INVERTED PENDULUM SCREENSHOT

The wheeled omnidirectional robots have a minimun8 o
special wheels, which allow the robot to move irergv
direction. The movement of these robots does nut lhe

restraints of the differential robots, presentindpe t
disadvantage of a more complex control. Their aapilbns

nowadays are mainly in robotics soccer [15] andeltieirs

for disabled [16]. An example of the control of ianwerted

pendulum placed on an omnidirectional vehicle igvgh in

Figure 7.

A dynamic controller, based on a fourth order Besse

prototype [12] with a time settling of 10 secondsdaa

setpoint of 10m, presented in Figure 6, is implemented

where a=-0.40, b=0.51, c¢=-0.55 and d=0.17, with the

feedback gain vector, represented by:
K=[-0.26 -1.46 75.80 41.03].
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FIGURE 7

2D INVERTED PENDULUM SCREENSHOT

In the developed application the typical three WiiEg]

and four wheel [18] omnidirectional vehicles werged, as

shown in Figure 8 and Figure 9, where robots alleviing

the ball while controlling its inverted pendulumh& applied

forces are represented in the graphical interfgcartows.

FIGURE 8
INVERTED PENDULUM PLACED ON A 3 WHEEL OMNIDIRECTIONAL VEHICLE

Coimbra, Portugal

FIGURE 9
INVERTED PENDULUM PLACED ON A 4 WHEEL OMNIDIRECTIONAL VEHICLE

CONCLUSIONS AND FUTURE WORK

This paper has introduced an interactive learnimg for
automatic control courses, where it is desireddotrol an
inverted pendulum placed on a cart and on an
omnidirectional vehicle. The developed systems vallo
students to focus on the control theory, helpingnthto
improve their skills. The 3D visualization, textareand
animation effects are the most important advantége
students for a better understanding and enthusiasthe
physical systems study. The graphic, where are show
position, angles, velocities and applied force,sprts real
time data in a way that can be easily decodeduniesits.

As a future work, several educational experimerts c
be achieved with this tool, such as Humanoid ratwuitrol,
helicopter flight control, anthropomorphic robotracontrol
and car traction and brake control systems.
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