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Abstract

This paper describes a software environment for sim-
ulating, visualizing, and evaluating robust multivari-
able controller performance for a cart-pendulum-seesaw
system. Di®erent simulation and animation models
may be selected by the user. Users are also able to
alter model and controller parameters on the \°y" -
thus allowing them to quickly examine di®erent sce-
narios. Microsoft Direct3D three dimensional graphics
are used for animation. Graphical indicators and real-
time plotting are also employed to help users abstract-
out key phenomena. The environment also accommo-
dates data exchange with MATLAB. The interactive
MoSART Cart-Pendulum-Seesaw (CPS) Environment
is shown to be a valuable tool for enhancing both re-
search and education. Examples are presented to illus-
trate its utility.

1 Introduction: The Need for Interactive
Visualization Tools

Today's a®ordable PC technology, objected oriented
programming languages, and other software devel-
opment tools now permit the development of new
interactive graphical visualization environments -
environments which could revolutionize systems and
controls analysis, design, research, and education.
These technologies have been exploited by MoSART
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researchers at ASU to develop several system-speci¯c
environments for a variety of systems [4]-[6],[8]-
[10],[13],[14]. This paper describes the development
of an Interactive MoSART Cart-Pendulum-Seesaw
Environment.

The Need For Design Tools. Because of in-
creased performance requirements, the need for system-
atic multivariable control system design techniques [16]
which suitably accomodate multiple-input multiple-
output (MIMO) cross-coupling e®ects and uncertainty
have become essential.

Since control system design is a highly iterative process,
tools which facilitate the evaluation and \visualization"
of MIMO control laws would be invaluable to designers.
Given this, tools which simultaneously accomodate in-
teractive modeling, simulation, analysis, graphical visu-
alization, animation, design, and real-time control fea-
tures are of particular use to designers. Only until very
recently, the development of such tools has been re-
stricted to mainframe and workstation platforms.

Contributions of Work. This paper demonstrates
how a®ordable state-of-the-art PC technologies may
be combined to develop high quality system-speci¯c
Interactive MoSART Environments which are use-
ful for enhancing the research and education pro-
cess. Speci¯cally, this paper describes a PC/Windows
NT/95/Visual C++/MATLAB/SIMULINK-based In-
teractive MoSART Cart-Pendulum-Seesaw (CPS) En-
vironment. This environment permits control system
engineers and students to analyze, design, and visualize
the performance of controllers for complex mechanical
systems via real-time and faster-than-real-time anima-
tion.

Outline. The remainder of this paper is organized as
follows. Section 2 describes the mathematical model
and control laws that have been implemented within the
Interactive MoSART Cart-Pendulum-Seesaw (CPS)
Environment. In section 3, the environment's key fea-
tures are described. In section 4, the utility of the en-
vironment as a research and educational tool is demon-
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Figure 1: V isua liz a tio n o f C a rt-Pe ndulum-Se e sa w Sy ste m
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Figure 2: Blo c k D ia g ra m V isua liz a tio n o f C PS-Sy ste m

strated. Section 5 summarizes the paper and presents
directions for future research.

2 The CPS Model and Control Laws

This section describes mathematical models and con-
trol laws which are implemented within our Interactive
MoSART Cart-Pendulum-Seesaw (CPS) Environment
. Mathematical models include a nonlinear model (in-
cluding actuator dynamics) as well as a corresponding
linearized model. A linear MIMO H 1 controller is im-
plemented within the environment. The H 1 design
methodology weighting functions may be altered within
the environment to redesign the controller (using MAT-
LAB's robust control toolbox [2]).

Description of System. The system to be considered
in this work may be visualized as shown in Figure 1.
The system consists of two mobile carts which are cou-
pled via rack and pinion mechanisms to two parallel
tracks mounted on parallel seesaws. The seesaws are
joined and are free to rotate in unison about the pivot
point indicated in Figure 1. One cart carries an inverted

pendulum which is free to fall. The other cart serves as
a counterbalance. Forces are applied to each cart via
DC motors. Each motor is controlled with a voltage.
The goal is to use these voltages to independently con-
trol the seesaw angle (µ) and the pendulum-carrying
cart position (x2) while keeping the pendulum upright.
The natural instabilities and MIMO nonlinear coupling
associated with this system make this task impossible
for a human being. This provides motivation for an
automatic control system.

2.1 CPS Nonlinear Model
Lagrangian methods [3] were used to derive an eight
order nonlinear dynamical model for the CPS-System.
This model may be visualized as shown in Figure 2 and
may be written as follows [12]:

_x = F (x; uf) uf = Kvfup ¡Kbex zp = Cx (1)

where the voltage control vector up 2 R2£1, the result-
ing force vector uf 2 R2£1, the state vector x 2 R8£1,
the internal feedback vector xf 2 R2£1, the output vec-
tor zp 2 R2£1, the reference command vector r 2 R2£1

and the feedback vector yp 2 R8£1 are de¯ned as fol-
lows:

up =
h

V1 ¡ v oltage ap p lied to m otor 1 (v olts)
V2 ¡ v oltage ap p lied to m otor 2 (v olts)

i
(2)

uf =
h

F1 ¡ for ce ov er car t 1 (n ew ton s)
F2 ¡ for ce ov er car t 2 (n ew ton s)

i
(3)

x =

2
6666664

µ ¡ seesaw an gle (r ad =sec)
x2 ¡ car t 2 p osition (m )
® ¡ p en d u lu m an gle (r ad )
x1 ¡ car t 1 p osition (m )
_µ ¡ seesaw an gle r ate (r ad =sec)
_x2 ¡ car t 2 v elocity (m =sec)
_® ¡ p en d u lu m an gle r ate (r ad =sec)
_x1 ¡ car t 1 v elocity (m =sec)

3
7777775

(4)

xf =
h

_x1 ¡ car t 1 v elocity (m =sec)
_x2 ¡ car t 2 v elocity (m =sec)

i
(5)

zp =
h

µ ¡ seesaw an gle (r ad )
x2 ¡ car t 2 p osition (m )

i
(6)

r =
h

µc ¡ com m an d ed seesaw an gle (r ad )
x2c ¡ com m an d ed car t 2 p osition (m )

i
(7)

yp =
h

r
06£1

i
¡ x (8)

In the above model, the internal feedback xf is a con-
sequence of back electromotive forces due to inductive
windings within the motors which generate the forces
F1 and F2. It should be noted that the above model
does not include motor dynamics (states); i.e. each
motor was modeled by a static map depending on the
motor input voltages V1, V2, the cart velocities _x1, _x2
and the actuator parameters Kvf and Kbe. The output
vector zp = [µ x2]T contains the variables which we
are interested in controlling. The feedback vector yp
contains quantities which are assumed to be available
to the control system.
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P ole
Descr ip tion

S y stem
(w ith actu ator )

S u b sy stem
(w /o actu ator )

P en d u lu m ¸1 = 6:0369 ¸1 = 6:9121
T op p lin g

S eesaw ¸2 = 3:0651 ¸2 = 3:6615
T op p lin g

Dam p ed -S eesaw ¸3;4 = ¡1:6859 ¸3;4 = §3:4932i
Oscillation §1:5444i

C ar t-P osition ¸5 = 0:0000 ¸5 = 0:0000
E q u ilib r iu m

C ar t-S p eed ¸6 = ¡9:4340 ¸6 = 0:0000
Dam p in g

P en d u lu m ¸7 = ¡17:8801 ¸7 = ¡6:9121
Dam p in g

S eesaw ¸8 = ¡5:0763 ¸8 = ¡3:6615
Dam p in g

Table 1: CPS-System (and Subsystem) Poles

2.2 CPS Linear Model
Linearizing the CPS-System about the equilibrium
point x = 0 and u = 0 (i.e. all states and voltages
equal to zero), results in the following linear state space
representation:

_x = Ax + Bup zp = Cx (9)

where A 2 R8£8, B 2 R8£2, and C 2 R2£8, and all
variables represent small perturbations with respect to
equilibrium values.

Linear Model Analysis. The poles of the CPS-
System are given in Table 1. In order to assist us in
our discussion, we have included the CPS-Subsystem
poles.

Poles. Associated with the CPS system are two (2)
right half plane poles. These poles correspond to the
natural \toppling tendencies" of the pendulum and see-
saw. The pendulum's natural toppling tendency is
greater and hence its associated pole is deeper in the
right half plane. Two complex conjugate poles corre-
spond to the seesaw's natural tendency to oscillate. As-
sociated with the carts we have a position equilibrium
(integrator) pole and a speed damping pole. These
poles (or modes) are characteristic of any body which
is undergoing translational motion through a viscous
medium. The pendulum and seesaw each possess (an-
gular velocity) damping poles. These poles (or modes)
are characteristic of any body which is undergoing ro-
tational motion through a viscous medium.

To fully understand the physical signi¯cance of the CPS
system poles (or modes), it is instructive to consider the
unactuated system; i.e. the CPS-Subsystem. One sees
that the e®ect of the actuator system (i.e. motors) is
to introduce damping into the system. The signi¯cant

impact which the actuator and speci¯cally, the internal
feedback gain kbe, has on the speed damping, pendulum
damping, and seesaw oscillation poles is clearly seen in
Table 1. Without the actuator, each of these poles lie
further to the right. The speed damping pole becomes
a pole at the origin and is referred to as a speed equilib-
rium mode. The seesaw damped oscillation poles move
onto the imaginary axis yielding an undamped seesaw
oscillation.

Transmission Zeros. The transmission zeros of the
CPS-System (up to zp) are identical to those of the
CPS-Subsystem (uf to zp). The system has two (2)
right half plane zeros and two (2) left half plane ze-
ros. The set is symmetric with respect to the imagi-
nary axis. The right half plane zeros indicate that the
CPS-System would be very di±cult to control if only
zp = [µ x2]T were available for feedback. The fact that
the right half plane zeros are close to right half plane
poles exacerbates this matter [7].

2.3 Control Laws.
Several control laws are implemented within our en-
vironment. With our MATLAB integration capabil-
ity, the user may seamlessly submit a model to MAT-
LAB, generate a design, and then simulate, animate,
etc. A user may also drive our animation module with
a SIMULINK block diagram. This makes the environ-
ment highly extensible.

Control System Structure. In order to focus the
exposition, this paper will restrict speci¯c discussions to
control laws having the structure indicated in Figure 3.

r -
P

z =

"
eT
up
zp

#

-

y = yp

¾K

u = up-

Figure 3: Control System Structure

In this Figure, P is the augmented plant model to be
controlled, K is the MIMO compensator (to be de-
signed) and eT is the tracking error, de¯ned as:

eT
d ef=

·
µc ¡ µ

x2c ¡ x2

¸
(10)

H1 De s ign . T he c o ntro lle r K in F ig ure 3 w a s de sig ne d by
so lv ing the fo llo w ing w e ig hte d H1 o ptimiz a tio n:

°°°°°

"
°WreT TreT

Wru Tru

Wrzp Trzp

#°°°°°
H 1

· 1 (1 1 )
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Initial 
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Menu
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Real Time
 Plots

Figure 4: Program User Interface

w ith,

WreT =
h
4 £ 1 0 ¡3 s + 1

s + 1 0 ¡4

i
I2£2 (1 2 )

Wru = 1 : 5 £ 1 0 ¡5 I2£2 (1 3 )
Wrzp = 1 £ 1 0 ¡5s2 I2£2 (1 4 )

° = 1 4 3 (1 5 )

2.4 A d va n ce d M od e ls : M A TL A B In t e gra t ion
M o re a dv a nc e d mo de ls ma y be de ¯ne d in
SIM U LIN K / M A T LA B a nd inte g ra te d into the M o SA RT
e nv iro nme nt v ia the A -La b fe a ture . With A -La b, the
po w e r a nd °e x ibility o f M A T LA B c a n be c o mbine d
w ith the 3 D a nima tio n c a pa bility o f the Interactive
C art-P endu lu m-Sees aw E nvironment.

3 De s crip t ion of M oS A RT C a rt -P e n d u lu m-S e e s a w
En viron me n t

Our Interactive M oSA RT C art-P endu lu m-Sees aw ( C P S)
E nvironment is a n inte ra c tiv e a pplic a tio n inte nde d to se rv e
a s a v irtua l te stbe d to fa c ilita te the a na ly sis, de sig n,
a nd e v a lua tio n o f hig h pe rfo rma nc e c o ntro l la w s fo r c a rt-
pe ndulum-se e sa w sy ste ms. T he so ftw a re runs o n a ny PC -
c o mpa tible c o mpute r running M ic ro so ft Windo w s '9 5 , '9 8 ,
o r N T . F o r o ptimum pe rfo rma nc e , a fa st Pe ntium pro c e s-
so r (3 0 0 M H z +) a nd 3 D -a c c e le ra te d v ide o c a rd is re c o m-
me nde d. We be g in o ur disc ussio n w ith so me de v e lo pme nt
ba c k g ro und. T he func tio na lity a nd c o nte nt o f the indiv idua l
mo dule s tha t ma k e up the e nv iro nme nt a re the n de sc ribe d.

T he Interactive M oSA RT C art-P endu lu m-Sees aw E nviron-
ment is o rg a niz e d into fo ur c o re mo dule s: T he Pro g ra m U se r
Inte rfa c e M o dule (PIM ), Simula tio n M o dule (SIM ), Gra phi-
c a l A nima tio n M o dule (GA M ), a nd the H e lp/ Instruc t M o d-
ule (H IM ). Ea c h o f the se mo dule s is no w disc usse d:

3.1 P rogra m Us e r In t e rfa ce M od u le ( P IM )
T he PIM pro v ide s the fa milia r M ic ro so ft Windo w ss inte r-
fa c e to the use r (F ig ure 4 ). T hro ug h this inte rfa c e the

use r c a n: se le c t/ e dit a simula tio n mo de l, se le c t a n a nima -
tio n mo de l, se le c t/ e dit the input sig na ls o f the simula tio n,
v ie w / c ha ng e the simula tio n pa ra me te rs, sa v e / lo a d the simu-
la te d da ta , o r po st-pro c e ss the simula te d da ta in M A T LA B.

T he a c tiv e child window c o nta ins a blo c k -dia g ra m re pre se n-
ta tio n o f the se le c te d sy ste m. T he use r ma y e dit pa ra m-
e te rs simply by c lic k ing the mo use o n the blo c k dia g ra m,
o r thro ug h the me nus. C o mmo n func tio ns a re a c c e ssible
thro ug h a °o a ting / do c k ing to o lba r, w hic h ha s a V C R-s tyle
c o ntro l pa ne l fo r c o ntro lling the simula tio n.

3.2 S imu la t ion M od u le ( S IM )
T he simula tio n e ng ine nume ric a lly simula te s a sy ste m w hic h
is ba se d o n a g e ne ra l blo c k struc ture . T he use r c a n spe c -
ify the use o f di®e re nt inte g ra tio n me tho ds, c o ntro l-la w s,
inputs, a nd o the r pa ra me te rs o f the sy ste m. U se r c ha ng e s
a re a c c e pte d e v e n a s the simula tio n is pro g re ssing . M o re
c o mple x simula tio ns ma y be de v e lo pe d to ta k e a dv a nta g e
o f dire c t a c c e ss to M A T LA B 5 .0 sc ripts a nd to o lbo x e s v ia
the M A T LA B e ng ine . F a ste r tha n re a l-time simula tio ns a re
po ssible o n sta nda rd pe rso na l c o mpute rs.

3.3 Gra p h ics /A n ima t ion M od u le ( GA M )
T he a bility to v isua liz e the simula tio n is a k e y fe a ture o f this
e nv iro nme nt. Se v e ra l v isua l re pre se nta tio ns o f the simula -
tio n a re a v a ila ble to the use r, inc luding : re a l-time v a ria ble
displa y w indo w s, re a l-time g ra ph plo tting w indo w s, a nd 3 -
dime nsio na l a nima tio n w indo w s (F ig ure 4 ). T he 3 D a ni-
ma tio ns utiliz e M ic ro so ft D ire c t-3 D to pro v ide a te x ture -
ma ppe d thre e -dime nsio na l lig ht-sha de d po ly g o n re pre se n-
ta tio n o f the sy ste m. D ire c t-3 D a lso a llo w s the pro g ra m to
ta k e a dv a nta g e o f a ny a v a ila ble 3 D a c c e le ra tio n ha rdw a re
o n the c o mpute r pla tfo rm.

3.4 H e lp /In s t ru ct M od u le ( H IM )
T his mo dule a llo w s fo r the inc lusio n o f o n-line tuto ria ls a nd
ba sic he lp info rma tio n fo using the e nv iro nme nt. With di-
re c t link s to H y pe rte x t-M a rk up La ng ua g e (H T M L) fo rma t
do c ume nts, use rs c a n c a ll up he lp a nd info rma tio n dire c tly
fro m the e nv iro nme nt. T his a llo w s the c re a tio n o f de ta ile d
o n-line mo de l do c ume nta tio n, tuto ria ls, mo de l do c ume nta -
tio n, a nd pro je c t g uide line s.

4 Ed u ca t ion a l Ut ilit y

T he utility o f the e nv iro nme nt a s a de sig n, re se a rc h, a nd
e duc a tio n to o l is no w de mo nstra te d.

4.1 M od a l A n a lys is
T he re a re se v e n (7 ) na tura l mo de s a sso c ia te d w ith the C a rt-
Pe ndulum-Se e sa w sy ste m be ing c o nside re d (a bo ut the e q ui-
librium po int xp = 0 a nd u = 0 ). T w o o f the se mo de s w ill
be furthe r de sc ribe d

F ig ure 5 sho w s ho w the C PS-Sy ste m's P endu lu m Damp-
ing M ode ma y be simula te d fro m w ithin the Interactive
M oSA RT C art-P endu lu m-Sees aw E nvironment using the
line a r mo de l fo r the pla nt.

T he pe ndulum da mping mo de a nd the unda mpe d se e sa w
o sc illa tio n mo de a re e x c ite d by se tting the initia l c o nditio n

p. 4



o f the sy ste m to the e ig e nv e c to r (re a l pa rt) a sso c ia te d w ith
its re spe c tiv e mo de (se e ¸7 a nd ¸3;4 in T a ble 1 a nd turning
o ® the inputs, a llo w ing the sy ste ms's na tura l te nde nc ie s to
e v o lv e (no tic e tha t the a c tua to r w a s turne d o ® in the un-
da mpe d se e sa w o sc illa tio n mo de ). F ig ure 5 a nd F ig ure 6
indic a te tha t the pe ndulum da mping mo de is a da mpe d
e x po ne ntia l mo de a nd the se e sa w o sc illa tio n mo de is a n
unda mpe d sinuso ida l mo de re spe c tiv e ly . T he insta bilitie s
sho w n in the ḡ ure s a re due to the (e x pe c te d) nume ric a l in-
a c c ura c ie s w hic h o c c ur w ithin a ¯nite pre c isio n simula tio n
- ina c c ura c ie s w hic h e x c ite the sy ste m's na tura l to ppling
insta bilitie s.

Selecting To Work Open Loop, 
No Controller, No Reference

Selecting The Linear 
Model For The Plant

Instability
Due To Numerical
Error

Pendulum
Damping
Mode

CPS-System

Seesaw Angle

Cart 2 Position

Pendulum Angle

Cart 1 Position

Pendulum Angle

It oscillates, this is
a nonlinear model
feature.

Pendulum Damping Mode

Instability
Due To Numerical
Error

Figure 5: V isua liz a tio n Of C PS-Sy ste m's Pe ndulum
D a mping M o de On Line a r M o de l U sing Inter-
active M oSA RT E nvironment

Working Open Loop, 
No Controller,
No Reference

Selecting The Linear 
Model For The Plant

Instability
Due To
Numerical
Error

Visualization
Of  Seesaw
Oscillation
Mode

Seesaw Angle

Cart 2 Position

Cart 1 Position

Pendulum Angle

CPS-Subsystem

Undamped Seesaw
Oscillation Mode

Figure 6: V isua liz a tio n Of C PS-Subsy ste m's U nda mpe d
Se e sa w Osc illa tio n M o de On Line a r M o de l U s-
ing Interactive M oSA RT E nvironment

4.2 C on t rolle r De s ign
Our Interactive M oSA RT C P S E nvironment ha s be e n de -
sig ne d to a c c o mo da te c o ntro l sy ste m de sig n using w e ig hte d
H 1 o ptimiz a tio n [1 6 ]. T his is do ne using the e nv iro nme nt's
c o mmunic a tio n link w ith M A T LA B. U se rs a re pe rmitte d to
a lte r

² thre e w e ig hting func tio ns WreT , Wru, Wrzp , a nd,

² a pa ra me te r ° (the a lg o rithm use d se a rc he s fo r the
o ptima l °)

T he se c o ntro l sy ste m \ de sig n k no bs" ma y be use d to a lte r
lo w fre q ue nc y c o mma nd fo llo w ing a nd disturba nc e re je c tio n
pro pe rtie s, c o ntro l a c tio n, hig h fre q ue nc y ro ll-o ® c ha ra c te r-
istic s, a nd ro bustne ss pro pe rtie s. A n e x a mple o f suc h a
pro c e dure is sho w n in F ig ure 7 . T he w e ig hting func tio n
o f Se c tio n 2 .3 w e re fe d a s sho w n. T he re sulting fre q ue nc y
re spo nse s fo r TreT a nd Trzp me t the re q uire d de sig n spe c i-
c̄ a tio ns.

Accessing MATLAB Toolbox To 
Obtain The Frequency 

Response Of The New Design

Selecting Weighting Functions WreT
,Wru and Wrzp

Simulation Of Step 
Command Following 
Using The Environment

Executing MATLAB Script From
The CPS Environment To 
Design H Infinity Controller

Accessing MATLAB Toolbox To 
Obtain Step Command Following Of
The New Design

Figure 7: H 1 C o ntro lle r D e sig n a nd A na ly sis U sing C PS
Env iro nme nts' Link to M A T LA B

4.3 L in e a r M od e l C omma n d F ollow in g
A sq ua re w a v e c o mma nd is no w use d to e v a lua te the lo w
fre q ue nc y c o mma nd pro pe rtie s o f o ur pre v io usly de sig ne d
H 1 c o ntro lle r.

Linear Model Used
Cart 2 Position
Command Following

Acceptable Levels Of Forces

Good Command
Following At DC

Seesaw Angle
Command Following

p
Trz

Figure 8: Lo w F re q ue nc y C o mma nd F o llo w ing - Line a r
Pla nt, H 1 C o ntro lle r, r = [5 deg 1 0 cm]
Sq ua re Wa v e , T = 2 0 se c , C o mma nd F o llo w ing ,
Trzp F re q ue nc y Re spo nse , a nd C o ntro l F o rc e s

F ig ure 8 a nd F ig ure 9 sho w s the re spo nse o f the c lo se d-
lo o p sy ste m to a 1 0 c m sq ua re w a v e c a rt 2 po sitio n a nd 5
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de g re e s se e sa w a ng le c o mma nd (T = 2 0 se c o nds, f = 0 : 0 5
H z , ! ¼ 0 : 3 1 ra d/ se c ). T he fre q ue nc y re spo nse fo r TreT a nd
Trzp a re inc lude d to suppo rt o ur disc ussio n.

Command Scenario Cart 2 Position Tracking Error

Acceptable Levels Of Voltages

Small Tracking 
Error At DC

Tre
T

Seesaw Tracking Error

Figure 9: Lo w F re q ue nc y C o mma nd F o llo w ing - Line a r
Pla nt, H 1 C o ntro lle r, r = [5 deg 1 0 cm]
Sq ua re Wa v e , T = 2 0 se c , T ra c k ing Erro r, TreT

F re q ue nc y Re spo nse a nd C o ntro l V o lta g e s

T he re sulting c a rt 2 po sitio n a nd se e sa w a ng le re spo nse is
se e n to fo llo w the re fe re nc e c o mma nd w e ll w ith

² little o v e rsho o t (le ss tha n 1 0 %) a nd a
² se ttling time o f a bo ut ts ¼ 5

BW ¼ 5
0:8 ¼ 6 : 2 5 se c o nds.

T he g o o d ste a dy sta te c o mma nd fo llo w ing is e x pe c te d fro m
the fre q ue nc y re spo nse s fo r TreT a nd Trzp . T he o bse rv e d 5 %
tra nsie nt unde rsho o t is a c o nse q ue nc e o f the pla nt's rig ht
ha lf pla ne (no n-minimum pha se ) z e ro in the pla nt tra ns-
fe r func tio n a sso c ia te d w ith the c a rt 2 po sitio n a nd se e sa w
a ng le . Phy sic a lly , c a rt 2 a nd the se e sa w initia lly mo v e s o p-
po site to the c o mma nd (a lso se e initia l a pplie d v o lta g e o r
fo rc e ) in o rde r to g e t the pe ndulum a nd the se e sa w \ fa lling "
in the rig ht dire c tio n - the dire c tio n o f the c o mma nd. T he
c o rre spo nding c o ntro l v o lta g e s (a c tua to r input) a nd c o ntro l
fo rc e s (a c tua to r o utput) re spo nse s a re se e n to be a c c e pt-
a ble .

5 S u mma ry a n d F u t u re Dire ct ion s

T his pa pe r ha s de sc ribe d a so ftw a re e nv iro nme nt fo r sim-
ula ting a nd v isua liz ing c a rt-pe ndulum-se e sa w re la te d sy s-
te ms. A dv a nc e d v isua liz a tio n a ids a re use d to à bstra c t o ut'
c ritic a l be ha v io r. A use r frie ndly inte rfa c e pe rmits a use r
to a lte r the se e sa w mo de l, c a rt mo de l, pe ndulum mo de l, a c -
tua to r mo de l, o the r mo de l pa ra me te rs, c o ntro l la w , c o ntro l
la w pa ra me te rs, c o ntro l la w de sig n pa ra me te rs fo r c o ntro l
la w re de sig n v ia M A T LA B e ng ine a nd to o lbo x e s, re fe re nc e
c o mma nds, disturba nc e s, sha ping ¯lte rs, inte g ra tio n ro u-
tine s, a nd o the r sig na l a nd sy ste m pa ra me te rs. A mo da l
a na ly sis o f the c a rt-pe ndulum-se e sa w (C PS) sy ste m, a n in-
te ra c tiv e c o ntro lle r de sig n a nd a n H1 c o ntro lle r de sig n e v a l-
ua tio n w e re do ne to illustra te the utility o f the e nv iro n-
me nt a s a re se a rc h a nd e duc a tio n to o l. F uture w o rk w ill

inc lude the inc o rpo ra tio n o f a dditio na l M IM O c o ntro l la w s
(e .g . ¹-sy nthe sis, LQG/ LT R, LQR, g a in sc he duling , e tc ).
T he mo de ls w ill be furthe r de v e lo pe d to inc lude a c tua to r
sa tura tio n a nd de a dz o ne s. So me o f this w o rk ha s a lre a dy
be e n initia te d.
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