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Abstract: This paper discusses the conception and development of a bal-on-plate
baancing system based on mechatronic design principles. Redization of the design is
achieved with the sSmultaneous condderation towards condraints like cogt, performance,
functiondity, extendibility, and educationd meit. A complete dynamic system
invesigaion for the bal-on-plate sysem is presented in this paper. This includes
hardware design, <sensor and actuator  sdection, system  modeing, parameter
identification, controller design and experimentd testing. The system was designed and

built by students as part of the course Mechatronics System Design at Rensselaer.

1. MECHATRONICS AT RENSSELAER

Mechatronics is the gnergigtic combination of
mechanicd  engineering, dectronics, contrd  systems
and computers. The key dement in mechatronics is
the integration of these aeas through the design
process. The essentid characteritic of a
mechatronics engineer and the key to success in
mechatronics is a balance between two sets of sKills:
modeing / andyss skills and experimentation /
hardware implementation  skills. Synergism  and
integration in desgn st a mechatronic system apart
from a traditiond, multidisciplinary  system.
Mechanicd enginears are expected to design with
synergy and integration and professors must now
teach design accordingly.

In the Depatment of Mechanicd Engineering,
Aeronautical Engineering & Mechanics (ME, AE &
M) a Rensdaer there are presently two senior-
dective courses in the fidd of mechatronics, which
ae dn open to graduate dudents Mechatronics,
offered in the fal semester, and Mechatronic System
Design, offered in the spring semester. In  both
courses, emphasis is placed on a badance between
physcd undersanding and mahematicd formadities.
The key areas of study covered in both courses are:

=

Mechatronic system design principles

2. Modding, andyss, and control of dynamic
physica systems

3. Sdection and intefacing of sensors, actuators,
and microcontrollers

4. Andog and digitd control dectronics

5. Red-time programming for control

Mechatronics covers the fundamentals in these aress
through integrated lectures and laboratory exercises,
while Mechatronic System Design focuses on the
gopliction and extenson of the fundamentds
through a design, build, and tet experience
Throughout the coverage, the focus is kept on the
role of the key mechatronic aress of study in the
overdl desgn process and how these key aess are
integrated into a successful mechatronic  system
design.

In mechatronics, baance is paramount. The essentid
characterigic of a mechatronics engineer and the key
to success in mechatronics is a baance between two
kill sets:

1. Modding  (physicd and  mahematica),
andysis (closed-form and numericad
smulation), and control desgn (andog and
digita) of dynamic physica systems, and



vdidetion of modds and
andyss (for computer smulation without
experimental verification is & best
questionable, and a word usdess), and an
underganding of the key issues in hardware
implementation of designs.

2  Expeimentd

Figure 1 shows a diagran of the procedure for a
dynamic sysem investigation which emphasizes this
baance. This diagram serves as a guide for the study
of the various mechatronic hardware systems in the
courses taught at Renssdaer. When students perform
a complete dynamic system investigation of a
mechatronic  system, they devdop modding /
andyss <ills and  obtan  knowledge of and
experience with a wide variety of andog and digitd
sensors and  actuators that will be indispensable as
mechatronic design enginears in future years. This
fundamental process of dynamic system
investigation shall be followed in this paper.

2. INTRODUCTION: BALL ON PLATE SYSTEM

The bdl-onplate bdandng system, due to its
inherent complexity, presents a chdlenging design
problem. In the context of such an unconventiond
problem, the reevance of mecharonics design
methodology becomes apparent. This paper describes
the desgn and devdopment of a bal-onplate
baancing system that was built from an initid design
concept by a teem of primaily undergraduate
students as part of the course Mechatronics System
Designat Renssdlagr.

Other bdl-on-plate bdancing systems have been
designed in the past and some are dso commercidly
avalable (TecQuipment). The existing systems are
to some extent, bulky and non-portable, and
prohibitively expensve for educationd purposes.
The objective of this design exercise, as is typicd of
mechatronics design, was to make the bal-on-plate
bdandng system ‘better, cheaper, quicke’, i.e, to
build a compact and &ffordeble bal-onplate system
within a dngle semester. These objectives were met
extremely well by the design that will be presented in
this paper. The system described here is unique for
its innovativeness in terms of the sensng and
actuation schemes, which are the two mogt critica
issuesin this design.

The fire mgor chalenge was to sense the bdl
postion, accurately, rdiably, and in a non
cumbersome, yet inexpensve way. The various
options that were conddered are listed below. The
relative merits and demerits are also indicated.

1 Some sort of touch sensng scheme not enough
information available, maybe hard to implement.

2 Ovehead digitd camera with image grabbing
and processng software: expensive, requires the
uee of additional software, requires the use of a
super-structure to mount the camera.

3  Resdive grid on the plae (a two dimensiond
potentiometer): limited resolution, excessve and

cumbersome wiring needed.

4. Grid of infrared sensors  inexpensive, limited
resolution, cumbersome, excessve  wiring
needed.
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5 3D-moetion tracking of the bal by means of an
infrared-ultrasonic  transponder  atached to the
bal, which exchanges sgnds with 3 remotdy
located towers (V-scope by Lipman Electronic
Enginexring Ltd): vey accurae and deen
measurements, reguires an additiona
gpparatius  dtogether, very expensive, specid
attachment to the bl hasto be made

Based on the above liged menits and demerits
associged  with eech choice, it was decided to
pursue the option of using a touch-screen. It offered
the most compact, reliable, and affordable solution.
This decison was followed by extendve research
pertaining to the sdection and implementation of
an appropriate touchrsensor.

The next mgor chdlenge was to design an
actuation mechanism for the plate. The plate has to
rotate about its two planer body axes, to be able to
bdance the bdl. For this desgn, the following
optionswere considered:

1 Two linear actuators connected to two corners
on the base of the plate that is supported by a
bdl and socket joint in the center, thus
providing the two necesary degrees of
motion: very expensive

2  Mount the plate on a gimbd ring. One motor
tuns the gimbad providing one degree of
rotation; the other motor turns the plae
rlaive to the ring thus providing a second
degree of rotation: a nonsymmetric set-up
because one motor has to move the entire
gimbd dong with the plate thus experiencing
a much higher load inertia as compared to the
other motor.

3 Use of cable and pulley arangement to turn
the plate usng two motors (DC or Stepper):
good ides, has been used earlier

4. Use a spatid linkage mechanisn to turn the
plate using two motors (DC or Stepper): This
comprises two four-bar pardleogram
linkeges, each driving one axis of rotation of
the plae an innovative method never tried

before, design hasto verified.
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Figure 2 Bdl-on-plate System Assembly

In this case, the find choice was sdected for its
unigueness as a desgn never tried before. Figure 2
shows an assembly view of the entire system
incuding the spatid linkage mechanism and the
touch-screen mounted on the plate.

3. PHYSICAL SYSTEM DESCRIPTION

The physica sysem consists of an acrylic plate, an
actuation mechanism for tilting the plate about two
axes, a bal postion sensor, instrumentation for
sgnd processing, and red-time  control
softwarehardware.  The entire system is mounted
on an duminium base plate and is supported by
four verticd auminium beams. The beams provide
shape and support to the system and aso provide
mountings for the two motors.

3.1 Actuation mechanism

Figure 3. The gatid linkage mechanism used for
actuating the plate.

Each motor (O1 and Oz) drives one axis of the
platerotetion angle and is connected to the plate by
a spaid linkage mechanism (Figure 3). Refering
to the schematic in Figure 5, each side of the spatid
linkage mechenian (OrP1-A-O and O2P»-B-O) is
a four-bar pardldogram linkage. This ensures that
for smdl motions around the equilibrium, the plate
agles (@ and @, defined laer) ae equd to the
correponding  motor angles (gn: ad Qmy. The
plate is connected to ground by means of a U4joint
a O. Bdl joints (a points P, P, A and B)
connecting  linkeges and rods provide enough
freedom of motion to enaure that the system does
not bind The motor angles are messured by high
resolution optical encoders mounted on the motor
shafts. A dua-axis inclinometer is mounted on the
plate to messure the plate angles directly. As shall
be shown later, for small motions, the motor angles
correspond to the plate angles due to the kinematic



condraints imposed by the pardldogram linkages.
The motors used for driving the linkage are smple
brushed DC motors

3.2PWM Servo-amplifiers

The motors are operated in current mode for esse
of modding and controls A pulsewidth
modulated  sarvo-amplifier  operating in  voltage-to-
current  amplification mode is employed for this
purpose. The amplifiers are powered by a 24v DC
power supply.

3.3Ball postionsensor

A resdive touch sendtive glass screen (TouchTek
from MicroTouch) that is actudly meant to be a
computer touchscreen was used for sensing the ball
position. It provides an extremey relidble (less
than 1% error), accurae (1024X1024 points across
the screen), and economica solution to the bal
postion sensing problem.  The screen condsts of
three layers. a glass shedt, a conductive coaing on
the glass sheet, and a hard-coated conductive top-
sheet. An externd DC voltage is applied to the four
corners of the glass layer. Electrodes spread out the
voltage on the gless layer cregting a uniform
voltage field. When the top layer is pressed by the
weight the bdl, the top sheet gets compressed into
contact with the conductive coaing on the glass
layer. As a result, current is drawn from each side
of the glass layer in proportion to the distance of
the touch from the edge. This generates a set of
four voltages a the corners of the glassshest.
These four voltages are filtered and subsequently
usad for computing the bal postion coordinates (%,
ad vy, usng smple linear relationships. The
response time of this sensor is 8-15 ms which is
fast enough for this gpplication. The bdl rolls on
this touchrscreen, which in turn is mounted on the

acrylicplate.
34 Real-Time Controls | mplementation

A Mala/Smulink  bassd  red-time  control
prototyping  application dSpace is used for
implementing the controller design for this system.

4. PHYSICAL SYSTEM MODH.ING AND
ASSUMPTIONS

The following asumptions ae used in the
modeling the above-described physica system:

1 It is assumed tha the diding friction between
the bal and plate is high enough to prevent the
bal from dipping on the plate. This limits the
degrees of freedom of the sysem and dso
meakes the equations of motion Smpler

2 The rotation of the ball about its verticd aisis
assumed to be negligible.

3 Rdling friction between the bal and the plate
isneglected.

4. 1t is assumed that there will be smal motion of
the plate about the equilibrium configuration.
This ensures that the plae angles will be
gpproximately equal to motor angles.

5. The plate is assumed to have masssymmetry
about its ¥z and y-z planes. This ensures that
there are no non-diagond terms in the inertia
matrix for the plate.
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Figure 4. Physcd Modd of the bal-onplate
system

A physcd modd of the bal-on-plate system is
provided in Figure 4, where xy-z is the ground
frame. The plate has two degrees of freedom and
its orientation is defined by two angles (g; and @)
that constitute a body (1-2) rotation. Frame X' -y”-
Z' is a plate fixed reference frame, while X-y’'-Z' is
an inter-mediate frame. All angles are defined to be
positive in the CCW sense.

5 MATHEMATICAL MODEL
6.1 Kinematic Analyss

A linkage diagram of the spaid linkage is shown
Fig. 5. The L- shaped link (A-O-B) is rigidly
attached to the base of the plate and is connected to
the ground by means of a Ujoint at O. O and Q
are the points where the two motors are connected
to links OrP1 and O2P2 respectively, hence these
are simple pin joints. The joints a A, B, Rand B
are bdl and socket joints.



Table 1. List of symbolsused in this paper

Variable/Parameter Symbol

Mass of Ball Mp

Radius of Ball M

Inertiaof Bal about its own center Ib

Inertia of plate about its x-axis lx
w.r.t. point O

Inertiaof plate about its x-ads lyy
w.r.t. point O

Offsat distance of the plate from O h

Plate angles thand gz

Motor angles Om1and Qma

Ball position with respect to the plate (%, Yb)

O: U-joint A

!-—rl—J Pl

Figure 5. Plate actuation spatia linkage mechanism
Degree of fresdom calculation

Number of rigid bodies (n) =5
Number of pinjoints (p) = 2
Number U-joints (u) =1

Number of bal n" socket joints=4

No. of redundant degrees of freedom (r) =2
(Note that the rotations of the two vertica links A
P, and B-P, about ther respective axes conditute
two redundant degrees of freedom, since they do
not influence the system state in any way)

Hence overdl degrees of freedom of the sysem =

6(n) —5(p) —4(u) -3(b) -1 =2

Thus the plate and spetid linkage mechanism has
two degrees of freedom, which is as expected. This
is dso equal to the inputs to the system, the two
motor angles.

Reationship between motor angles and plate
angles:

From the above discussion, it is evident that out of
the four varidbles (Qm1, Gn2, G1 and @), only two are
independent since the mechanism has two degrees

of freedom. Thus, there exig the following two
kinematic congtraint equations that relate the motor
anglesto the plate angles.

2 : : 2 12
(rlcosql' rlcosqni) +(rls|nql- rlanml-'-ll) _|1

. - 2
(I’2 snq,,- r,sn q2005q1+|2)

+(r, cosq, - rzcosqng)2 +(r,sing, sinq ) =1, 2

It is noticed tha, in generd the plate angle gy is
rdated to the motor angles gm ad ¢n by the
highy non-liner equations presented  above
Neverthdess, for smdl motions adbbout the
equilibrium, it can essly be shown that the above
expressons  reduce to the following linear
relationships,

0, =0y (Alwaystrue)

g, @, (True for small motion)

This is the ‘smdl angle’ assumption that was listed
earlier in this paper. The validity of this assumption
is dso veified experimentdly. It is found that for
the rdevant range of operdion, the correspondence
betwen the encoder reading (motor angles) and the
indinometer  reading (plate angle) is vey
satisfactory.

6.2 Dynamic System Analysis

The equations of motion for this sysem can be
derived using dther usng Newton's Laws
Lagrange's equations. For this case, both the
methods were used to verify the fina results. The
complete non-linear and coupled set of equations is
givenby:

x - direction:

m,g r,sin g cosq - mr, [ +r,) ¢, - y,G,sinq,
- %G, - x,0,sin?qg,+(h+r,) §’sing, cosq,
- 2y,.8nq, +X,]1- 1,((X,/r,)+d,)=0

y - direction:
(mgr,sing,)+mr,[x (G sing, +, ¢, cosa,)
- (h+1) (4 cosq, - ¢, ¢;sing,)
+0,d, (h+r,)sing, - y,a,] +x ¢ g, cosq,
+2x.4,sinq, +V,]
+1((% /1) - G,cosq, +d, g sing,) =0

The equetions of motion in this non-linear form are
of little use in terms of designing a controller based
on lineer controls theory. Hence, these equations
ae linerized about the operating point, which is
the equilibrium configuration (01 = g2 = % = yb =
0). Interestingly, linearizetion aso decouples the
two modes of motion.
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particular set of parameter values:
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6.3 Control System Design

From the linearized set of equations, it is seen that
% is dependent on ¢ only, while y is dependert
on ¢ only. Thus the system can be treated as two
different systems operating simultaneoudy. Hence,
smilar but independent controllers can be used for
controlling each coordinate of the bal motion. The
design of only one contraller is discussed here. The
other oneis exactly the same.

Based on the liner modd, a prdiminary controller
is designed with the scheme of a ‘loop within a
loop'. The first step involves the design of an inner
loop where the encoder feedback is sent to the DC
motors to achieve a servo podtion control. A
simple PID controller is adequate to obtan a very
high response speed which is idedly desired for the
inner loop.

The inner loop is then placed in an outer loop that
controls the bal podtion. The next dep in
thecontrol system design is to obtan a controller
for the outer loop, based on the transfer function
between bdl postion and the corresponding plate
age (b Vvs (. Usng root-locus desgn
techniques, an appropriate lead controller is easly
designed toachieve this objective.

The overdl control scheme can be explaned as
follows. While the controller in the outer loop
computes the angle by which the plate should move
to bdance the bal, the inner loop controller
actualy moves the plate by that agle Idedly, the
inner loop should do this ingtantaneoudy, which is
not possble in redity. Neverthdess, it is dedrable

q, desired

to keep the speed of the inner loop much higher
than that of the outer loop. This smple scheme is
extremely effective in  achieving the desred
objective of baancing the bl (Figure 7).

7.RESULTSAND FUTURE WORK

Usng the red-time control prototyping tool
dSpace, the control scheme discussed above was
actudly implemented on the bal-onplate system.
Despite being based on a linearized modd, the
controllers  performed  extremdy  well  with the
nonlinear system. When the system is in operation,
the bal can be commanded to stay bdanced a any
point on the plate. It can aso be directed to move
from one point to another, and stay there. In fact,
usng this control scheme the bdl can even trace
avy desred path on the plate, for example a circle
oo a figure eght. (See the webdte
http:/mww.meche.rpi.edu for amovie)

The sysem once built and tested can be further
used as an excdlent test-bed for testing various
other control schemes. An optima controller using
ful-sate feedback can be designed to achieve yet
better performance. Although controllers based on
the liner modd perform extremey wdl, it will
interesting to apply the principles of non-linear
controls and seek any further improvements in the
system performance.

Figure 6. The bal-on-plate system in operation
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Figure 7. Control Scheme



