
Abstract Fast-paced i ndustry technol ogi es ori ginal l y
demanded more of a mechatronic education than the academic
arena was easil y and comprehensibly able to provide:
traditional curricula in mechanical, electrical and computer
engi neeri ng are mutuall y exclusive, and wi thi n these
disciplines the area of control system design is largely spli t
between them, resulting in ei ther a highly special i sed or
disparately-bridged educational experience. However,
emergi ng  t echnol ogi es  i ncreasi ngl y  demand
conceptuali sation, communication, design and fabrication
skill s in each field simultaneously. As a polytechnic institute,
Rensselaer is meeting this challenge by augmenting students’
educational experience wi th the necessary principles of
mechatronic design and recruiti ng industry to provide direct
motivation through interactive col laboration on relevant,
current-day probl em sol uti ons under the mechatroni c
paradigm. In this paper we present some of the tactics and
examples we have successful ly used to extend the practical
knowl edge and ski l l s of our graduates to f luency and
proficiency in synergistic, mechatronic design.

1 MECHATRONICS EDUCATION AT RENSSELAER

1.1 Expanding the Curriculum for Mechanical Engineers

What constitutes a winning design? As engineering educators,
we strive to address these questions through the courses we
teach, since good design skill s are paramount to engineering
success. From a design point-of-view, mechatronics is the
synergistic combination of precision mechanical engineering,
controls engineering, electronics, and real-time computer
programming, all i ntegrated via the design process. From an
industrial point-of-view, successful mechanical engineering
graduates must possesses all these ski lls to some degree of
suff iciency.

What constitutes a successful design? Starting with design and
continuing through manufacture, mechatroni c designs
optimise the available mix of technologies to produce qualit y
precision consumer products in a timely manner with features
the customer wants. If winning designs are to be produced in
today' s environment, it i s imperative that electronics and
computer control be included in the design process at the same
time the basic functions and properties are defined. The real
benefi ts of a mechatronic approach to design are shorter
development cycles, lower costs, and increased qual i ty,
reliability, functionality, and performance. 

A t Renssel aer Pol ytechni c I nst i t ute  we prov i de our
engineering students with a comprehensive methodology for
winning design, at both the undergraduate (last or senior year)

and graduate (first post-graduate year) levels, and continue to
develop one of the most aggressive mechatronics education
curricula in North America. Wi thin the Department of
Mechanical Engineering, Aeronautical Engineering and
Mechanics, inter-disciplinary design ski lls and inter-active
problem-solving in project teams are stressed. During the last
four years, we have introduced three paramount and very
popular elective courses to the mechatronics curriculum at
R.P.I.; these are Mechatronics, Mechatronic System Design,
and Digital Control System Design and Implementation. These
courses integrate well not only with existing strengths in our
design curriculum, but also attract significant attendance by
pupil s in electrical , industrial and operations engineering,
business management, and computer science. In these courses
we seek to: stimulate interactive learning and problem-solving
between students with diverse educational backgrounds; teach
students f undamental ski l l s in control system design,
electronics, mechanical engineering and computer science, as
well as reverse engineering and product design techniques;
and solicit pertinent problems from industrial sponsors for
mechatronic solution by student teams. The coursework is
chal lenging and rewarding, and heavi ly laboratory- and
proj ect-based, i n  cl ose col l aborati on wit h the R.P.I .
Mechatronics Research Laboratory and R.P.I. Active Materials
and Smart Structures Laboratory. Other project-oriented
courses and research faci liti es at R.P.I. are inspired by the
mechatronics curriculum, as are several local corporations and
influential national industry organisations. This is evidenced
in part by direct industry interest through consultation requests
and the specific hiring of Mechatronics graduates from R.P.I.,
research grants demanding mechatronic component and
system design, and interest in on-going mechatronics research
at R.P.I. by prospective matriculants from other prestigious
universities around the world.

1.2 Our Mechatronics Curriculum in Brief

I n Mechatronics ,  a mi x of students – predomi nantl y
mechanical engineers, with the good remainder electrical
engi neers, computer sci enti sts, industrial and process
engineers, and business management majors – are taught the
fundamentals of mechatronic design: reverse engineering
techniques; analogue and digital control system design in both
the time and frequency domains, and related design issues;
analogue and digital electronics; electronics, microprocessor
and minicomputer interfacing issues; actuator and sensor use,
and control system i ntegrati on; data analysi s tools in
MATLAB and SIMULINK and control programming using C
on both minicomputers and microcontroll er boards. This
course builds on other required courses at R.P.I. (modell ing
and anal ysi s of  dynami c  systems,  el ect roni cs  and
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i nstrumentation, basic feedback control , and embedded
control appli cations). Throughout the course mechatronic
design principles are stressed and are reinforced through the
reverse engineering of successful mechatronic products and
systems. This course is heavil y laboratory based, and material
is presented such that information discussed in lecture is
immediately reinforced in the laboratory. A premium is placed
on interactive learning through: student-team formation in the
lectures and the discussion of design-related issues, hands-on
laboratory exercises involving industrial-quali ty hardware,
computer-aided design involving the latest computer control
and design sof tware, and the encouragement of cri ti cal
thinking throughout the course. [1]

In Mechatronic System Design, a limited-enrolment course for
the more enterprising undergraduates out of Mechatronics,
sponsors in the engineering industry are sought to provide real
problems needing mechatronic solutions; students form teams
balanced according to individual skil l areas, and generate a
project solution, from the conceptual design stage to product
delivery, in direct collaboration with their industry sponsor: in
short, a complete, real-world mechatronic design experience at
the undergraduate level. [2]

Digital Control System Design and Implementation is a new
course specif i cal ly targeted toward graduate mechanical
engineers with a concentration in control systems, and stresses
digital design and hardware implementation issues not
covered in typical mechanical engineering curricula; here the
material presented in Mechatronics is brief ly reviewed and
then extended to include: emulated and direct digital control
system design using z-transform methods, again in both the
time and frequency domains; discretisation and quantisation
error effects; digital and analogue anti -ali asing f ilt ers;
continuous and digital gain plot techniques; reali stic numerical
and temporal computation and control issues (such as time-
delay effects, system bandwidth and sampling time selection);
active material technologies; time- and frequency-domain
system identification techniques; and real-time hardware and
software control techniques. All advanced classroom topics
are reinforced by demonstration in simulation in MATLAB

and, insofar possible, on actual hardware. Small design teams
are formed to address a control problem and/or design of
choice, which is presented in detail to the cl ass at the
semester’s end (a selection of projects from this course are
featured in section 3).

1.3 Transforming Disparate Theory into Unified Practice

Many students entering the mechatronics arena with a strict
mechanical engineering background find that what most keeps
them from being able to turn enterprising design ideas into
realisable practise is their unfamil iarity with basic elements of
electronics and computing. The mechatronics curriculum at
R.P.I. is, in some fundamental sense, intended to alleviate this
distress. Mechatronic product design is a current-day realit y,
and many students interested in design, manufacturing, and
production – the means by which final products are created –

reali se the need to expand their working familiarity with basic
electronics and computer applications.

At Rensselaer, computer-aided design and other computing
skills are developed at the basic engineering level (comprised
of newl y matriculated students) using the Renssel aer
Computing System, a fairly new campus-wide network made
possible in part by donations from International Business
Machines. Students learn to use Pro/Engineer (a professional
CAD package), Maple (a symbolic algebra manipulation
envi ronment) ,  M A T L A B  (a numer i cal  computat i on
environment), and SIMULINK (a control systems design and
simulation toolbox), and have full access to the Internet via
NetScape (a web browser) and other protocols. Computer
programming, however, is typicall y reserved for computer
science majors, unfortunately.

Fundamentals of electronics are taught in an embedded
controls laboratory, where circuit-buil ding and -testing is
performed interactively with the computer at students’ own
pace. This course introduces basic component technologies
and circuit integration skil ls, yet inadvertently sacrifices some
theoretical attention for the sake of extensive laboratory
experience.



Despite the supportive learning environment, students enter
Mechatronics at qui te vari ed level s of el ectroni cs and
computing experience: some students come from respective
core departments, others arrive with the cunning of good
hobbyists or the savvy of on-the-job experience in these non-
mechanical fields, yet sti ll a good number of Mechatronics
students begin the coursework wi th some tepidity. We
therefore introduce/review basic electronics, programming
and interfacing theory in order to ensure everyone is on a
compatible level; then team partners are assigned in suit with a
balance of appropriate skills for each group.
There is certainly a challenge in bridging the inter-disciplinary
gaps in students’ education, particularly when a mechatronics
curriculum is generated from within a traditi onal engineering
discipli ne, and this si tuation presents unique chal lenges to
mechatronics educators and students alike. We have found this
to be a challenging but nonetheless very successful manner of
rounding out the set of design and communication tools
available to mechanical engineers, thus transforming them into
true mechatronics engineers.

Students within the mechatronics curriculum at R.P.I. are
excited by the inter-discipl inary experience, which they feel
gives their course-of-study a rejuvenating feel, and a sense of
progressiveness. Since the inception of our programme,
enrolment demand has increased faster than the resources we
are able to supply, Mechatronics being one of the most popular
senior-year elective courses, despite its challenging reputation
(already our laboratory space has trebled over the past four
years!).

2 INDUSTRY-MOTIVATED MECHATRONICS

Five dynamical systems are available to students engaged in
the study of digital control design. Two of these systems – an
electromechanical positioning test bed and an electrohydraulic

positi oning test bed – are systems used primaril y for funded
research projects, whi le the remaining three systems – an
inverted pendulum, a magnetic levi tator, and a ball -on-beam
balancer – are systems bui lt expressly for educational use.
Each of the five systems is used regularly in the mechatronics
curriculum for the demonstration of class-related topics.

2.1 Electrohydraulic Positioning Test Bed [3]

Figure 1: Electrohydraulic Positioning Robot.

An inexpensive mechatronic positioning robot was built in the
Mechatronics Research Laboratory at R.P.I. to position heavy
parts wi th cri t i cal accuracy, based on speci f i cati ons
commissioned by the Xerox Corporation of an actual
industrial manufacturing process. The robot has two li nearly-
actuating hydrauli c arms, spaced apart and connected at their
base to the robot’s workstation by revolute joints. These arms
join at their tips to form a single joint able to move in a planar
workspace by extending one or both the arms, and the amount
of extension is measured directly by linear incremental optical
encoders fed into a microcomputer.

MECHANICS ELECTRONICS

COMPUTERS CONTROLS

COMPUTER-
AIDED

ELECTRO-
MECHANICS

DIGITAL
CONTROL
SYSTEMS

CONTROL
CIRCUITRY

DESIGN
SIMULA-

TRANS-

TION

DUCERS

MECHATRONICS

MODEL
SYSTEM

MICRO-
CONTROL

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

z
x

hydraulic
piston

joint



The microcomputer controls two three-positi on valves to
extend or retract each hydraul ic arm individual ly, which
together can direct the robot’s tip position with an accuracy of
better than 0.025mm. On-off and pulse-width modulation
control schemes are used, eli minating the need f or an
expensive hydraulic servovalve. The robot, originally buil t for
proof-of-concept, is now the centrepiece of one of the student
workstations in the R.P.I. Mechatronics Education Laboratory. 

2.2 Electromechanical Positioning Test Bed [4]

The Active Materials and Smart Structures Laboratory at
R.P.I . is in its fourth year of f lexible-structure vibration-
suppression research. Current research work includes active
flexible-beam position- and trajectory-tracking control, and
“smart” machine-tool development. The demand for smart,
adaptive control of structures is reali sed by thei r of ten
complex composite assembly, sl ight variations in structural
dynamics between parts off the same assembly li ne, random
and non-random disturbances during control, and thermal and
other (more permanent) loading effects incurred during
mani pul ator  use. Recentl y,  the  advent  of  st ructural
sensor/actuator embedding technologies (active materials) has
greatly enhanced the rejectability of these adverse effects and
thus the controll ability of many structures of interest.

Figure 2: Mechanical Positioning Test Bed with Flexible 
Beam Attachment.

For controll er design and proving purposes a mechanical
posi tioning test bed was special l y designed to faci l itate
investigating the effects of stiction, compliance and backlash
in rotating machinery. Specific dynamic structures can be
examined by affixing them to the rotating spindle on the test
bed, and sensor and actuator signals li nked via a 12-channel
sli p ring to a dedicated computer for data-acquisiti on and

control purposes.

Recently, active beam mode cancell ation was successfully
achieved using surface-mounted PZTs during a slewing
motion induced at the clamped beam end (the hub) by a high-
torque DC-motor. In this experiment, a f lexible beam is
attached to the spindle, and control signals are sent to four co-
located piezoelectric transducers while data is obtained from
six co-located strain gauges along the beam and three co-
located optical encoders along the drive shaft.

This test bed configuration all ows investigation of active
material use within smart structural mechanisms, in this case
piezoelectric transducers with a flexible beam. We are thus
able to prove by experiment a good number of control
appli cations heretofore tested only in simulation, and couple
related areas of tradi tional investigation directly. In this
particular case, for example, we successfully demonstrate not
only the increased controll abilit y of a flexible structure using
active materials, but also the extent of instabil ity introduced by
unmodeled drive-train effects. The approximation of such a
system to the realistic industrial situation of, say, a robot with
f lexible modes, compli ant joints and f riction, is naturall y
much better than one unable to simultaneously mimic these
non-linearities. [5]

We therefore also use the test bed as a tool for graduate study 
outside of research, where the test bed is used to demonstrate
and investigate more complex dynamical geometries and
smart structure integrations. One such current project is
control of a rotary inverted pendulum, a student-designed
attachment to the system: in this case the test bed allows full
rotation of the pendulum, unli ke li near inverted-pendulum
experiments, as well as concurrent examination of the realistic
disturbance eff ects of Coulomb f ri cti on, backl ash and
compliance. The device lends i tself well to a demonstration
variety of classroom examples and its use for educational
work is encouraged.

2.3 Other Industrial Projects

Rensselaer continues to foster student-industry interaction
using the mechatronics curriculum as a motivational vehicle.

One team designed, tested, and built a self-contained solenoid
testing station for a manufacturer. The team was largely self-
governing, met regularly with their industry sponsor, and
ordered and assembled the necessary equipment on their own.
The result was more than a learning experience for the
students, who had to design and interface mechanical ,
electronic and software components from scratch; in fact, the
manufacturer was so pleased with the increased eff iciency and
cost savings created by the students’ product that they
extended job offers to the team members before the semester
was even over.
In Rensselaer’s Mechatronics Research Laboratory, a number
of industry-sponsored mechatronics projects are evolving,
including: acoustic signature cancel lation and acoustic
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enclosure sound insulation using piezoceramics, smart
machi ni ng  systems  devel opment ,  and  automated
manufacturing process control are among them. All these
projects involve the appl ied integrati on of el ectroni c,
mechanical and computing skills.

Other proj ects spawned via industry consul tati on are
concerned with the development of completely new smart
material sensor systems not even yet in existence, such as
active distributed pressure and shape measurement and control
sensor/actuator combinations. Such intrinsically co-located
input-output transducers are of particular interest because it is
these which make a structure “active”. Control algori thm
development, and subsequent downloading of the tested
design onto microcircuits make it “ smart” . These two key
elements are at the focus of R.P.I.’s successful drive in meeting
the kinds of product specifications sought by industry today.

3 MECHATRONIC CLASS PROJECTS

An equal number of interesting mechatronic projects are the
result of in-class participation and team project development.
The Mechatronics Education Laboratory hosts a number of
independent work stations, among which student teams rotate
on a weekly or bi-weekly basis. These include the hydraulics
robot described in section 2; pneumatics control; dc motor
control; stepper motor control; analogue filt ering and digital
l ogi c;  A /D  and  D /A converter  i nter f aci ng, to  both
minicomputers and microcontrol lers. In Digital Control
System Design and Implementation, students are encouraged
to select published control projects for digital implementation;
two of these projects are showcased in the foll owing sections
for ill ustrative purposes. Notice in particular the practical
issues involved in designing these mechatronic systems: each
requires skill s in dynamics, electronics, computing and
interfacing; mastery of both traditional and modern control
techni ques i n  the anal ogue and di gi tal domai ns; and
theoretical design concurrent with actual implementation,
along with the inevitable practical pitfalls and constraints.

3.1 Electromagnetic Levitator

This project is designed to investigate the implementation of a
digital control system for a magnetic levi tation device.
Anal ogue devi ces are used more fr equently  f or such
applications due to the high bandwidth required to compensate
for the inherent instabil iti es and non-li nearities. However, if
implemented carefully, a digital system can yield adequate
performance. This study is intended to explore the obstacles
and di f f i culti es associated with implementing a digital
compensator for such a system in which an analogue device is
of ten better sui ted. Thus, some of the l imitati ons and
di sadvantages of digi tal control systems (speci f i call y,
quantisation and sampli ng rate l imitations) are clearl y
identified and studied.
Our control objective is to keep a ferro-magnetic object
suspended in midair by controll ing the current through an
electromagnet. The electromagnetic force must be adjusted to

counteract the wei ght  of  the obj ect and account f or
disturbances. This is accomplished by sensing the location of
the object and adjusting the current in the electromagnet in
order to maintain the object at a predetermined vertical
displacement (a regulator control problem).

The starting point for this design is a magnetic levi tation
project described in [6]; this reference includes an appendix
with a general hardware overview, a mathematical model of
the associ ated system dynamics, and a corresponding
analogue control system design, for an existing and working
novelty device. Based on this description, a similar hardware
devi ce  was  bui l t  wi th  a matchi ng anal ogue cont rol
implementation. A digital compensator was then designed and
implemented, and its performance compared with the original
analogue system.

An analytical model of the system dynamics was developed,
the requi red analogue control system hard-wi red, and a
corresponding digital control system implement and interfaced
via microcontrol. Comparisons between the analogue and
digital systems as well as limitations due to quantisation and
sample rate are discussed. A more thorough presentation is
available [7].

3.1.1 Physical System and Dynamics

Figure 3: Magnetic Levitator.

The physical system consists of three primary parts; an
infrared proximity sensor, an electromagnetic actuator, and the
analogue/digi tal control and interfacing circuitry. The object
to  be l ev i tated i s suspended i n  mi d-ai r  bel ow  the
electromagnet. The sensor is oriented in a way that allows it to
feed back the vertical position of the object. The controller
uses thi s  sensor si gnal to  adj ust the  current  i n  the
electromagnet and thus suspend motion of the hanging object.
The sensor system consists of an infrared diode (emitter) and a
phototransistor (detector). They are placed facing each other
across the gap where the object was levitated, in an electric
eye configuration: infrared light emitted by the diode is sensed
at the base of the phototransistor, the intensi ty of which
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induces a roughly proportional current f low through the
phototransistor coll ector-emi tter path. When the object
completely blocks the visual path of the electri c eye, the
corresponding current f low is ni l, and conversely, with the
obj ect compl etely removed fr om the path, some pre-
determined maximum amount of current f lows through the
sensor circuit . The current f lowing through the transistor
generates a voltage potential across a resistor downstream
which is proportional to the vertical position of the mass in the
gap, thus serving as the input voltage to the control system.
This sensor differs from that presented in [6].

3.1.2 Actuator System

The actuator consists of a home-made electromagnet and
power transistor combination. A long steel screw forms the
core of the electromagnet, and around i t  are wrapped
approximately 3500 windings (about 275 metres) of very thin
wire in a centimetre-length bundle. With current flow through
the electromagnet a magnetic field is generated, attracting the
ferromagnetic object to be suspended against gravity. The
transistor is set up so that changes in the base voltage of the
transistor cause proportional changes in the current f low
through the electromagnet, simi larly in configuration to the
sensor circuit. The electromagnetic field thereby controls the
position of the object, simply by adjusting the voltage at the
base of this transistor.

3.1.3 Analogue Control System Design (Hardware-Based)

Two different SISO compensators are implemented, one
analogue and one digital, which are selectable by a hardware
switch (thus facilit ating on-li ne comparison of the two
controllers).

The anal ogue control l er consi sts of a f i rst-order lead
compensator (two resistors and a capacitor). The control ler
gain is adjusted by an inverting operational ampli fier with a
variable feedback resistance. This variable potentiometer
resistance allows the calibration offset (the direct current gain
through the electromagnetic coil ) to be tuned for the control
circuit. The control input is the sensor voltage, and the control
output the voltage at the base of the power transistor.

The control system is cal ibrated by manual ly hanging or
supporting the object to be suspended and twiddl ing the
actuator D.C. gain until it is only just electromagneticall y
suspended. Once cal ibrated, the actual behaviour of the
operating hardware is found to agree extremely well with the
analytical ly-predicted system behaviour. This i s in part
because system identi fication of the feedback loop is used,
yielding a fairly precise model of the system dynamics about
the operating point. Predicted robustness characteristics are
also verified in the hardware: the system is able to levitate any
ferromagnetic object that fits beneath the electromagnet! This
remarkable robustness to mass variations is one of the key
features of analogue control, and is not as easily achievable in
its digital counterpart. 

3.1.4 Digital Control System Design (Software-Based)

The digital control ler consists of the same f irst-order lead
compensator approach, now interfaced to a microcontroller via
digital circuitry. Again, the input is the sensor voltage, which
is scaled to range between 0 and 5V, the limits of the 12-bit
A/D converter on our microcontroll er board. A di fference
equation is computed by the microcontroller and i ts output
sent through an 8-bit port to a D/A converter. The signal i s
subsequently scaled and offset, and then fed into the same
operational ampli f ier and potentiometer used to drive the
power transistor for the analogue controller.

Before the digital compensator was designed, we found it
necessary to determine some additional key parameters in
order to best understand li mitations introduced by digital
control design. Primarily to keep the system portable and self-
contained (independent of a minicomputer system), i t i s
natural  t o  i mpl ement  the di gi t al  compensator  on a
microcontroll er. This introduces limitations in word size and
sample rate which had to be addressed in the control system
design, but all owed the system to better serve its intended
function as an educational instruction tool . Sample rate
selection and quantisation issues also become prominent
design factors in translation f rom the analogue to digital
domain.

The di gi tal control al gorit hm basical l y i mplements a
difference equation based on the z-transform. The minimum
achievable sample period of the microcontroller is found to be
3.5 mil liseconds, and a program flowchart used to map out the
C code eventually downloaded onto the controll er board. Both
emulated and direct digi tal designs are implemented on the
levitation device, for robustness comparisons.

Design by emulation refers to the technique in which a
classicall y-designed continuous compensator is transformed
directly into an equivalent digital compensator [8]. The Tustin
method (also known as the bi l inear transformation) wi th
frequency warping is the most commonly used transformation
associated with this approach, because i t best preserves
frequency response characteristi cs at the cri ti cal system
frequencies (those associated with the inherent system time
constants). It is also used often because it is much simpler to
simply emulate analogue controll er designs rather than re-
design them in the digital domain. This is particularly true of
real-world analogue systems which are “upgraded” to digital
control l abi l i ty. However, unl ess system dynamics are
sufficiently slow, pushing the performance boundaries wi ll
also push the system closer to instabi lit y. For this reason we
consider it insufficient to learn emulation techniques alone,
and rather  st ress the use of  emul at i on as a general ,
conservative indication of the system performance envelope.
Direct digital design is taught for those cases where emulation
does  not  sat i sf y  both per f ormance and robustness
specifications simultaneously.

In order for the digital compensator to behave similarly to the



continuous magnetic levitation compensator, it is found that a
sampling rate of about 20 times the closed-loop bandwidth is
desired. In our set-up this translates to a sampling period of
less than or equal to 0.78 milli seconds, whereas the minimum
possible sampling rate on the Blue Earth microcontroll er we
used is 3.5 mil li seconds, introducing a real-world constraint
into the theoretical design problem. Since the desired sample
rate is about 4.5 times larger than the achievable sample rate,
we discover that indeed the digital controller resulti ng from
the emulation design cannot, in this particular case, meet the
necessary performance for digital magnetic levitation control,
and, more seriously, may in fact result i n ful l y unstable
control . I t is sti l l informative, however, to complete the
emulation design in order to gather guidance and insight into a
realisable direct discrete design approach. Implementation of
the emulated control system with the analogue-equivalent
gains in fact did show the system to become unstable. A direct
digital design is thus necessary, and is implemented, in order
to obtain a stable control design meeting the desired system
specifications.

3.1.5 A Comparison of the Analogue and Digital Controls

I t is inf ormative to brief l y summarize the comparisons
between the digital and analog control systems. First, the
bandwidth of the analogue system was 400 rad/s and for the
digital system was 307 rad/s. The result is a more robust system
in the anal ogue domain, presumably due to the higher
bandwidth. The digi tal system could not achieve higher
bandwidth due to li mitations on the physicall y achievable
sampling frequency of the microcontroller.

Both systems are found to have reasonably good disturbance
rejection qual i ties. In fact, the direct digi tal system has
suff icient disturbance rejection to handle quantisation effects
in the sensing mechanism. The total disturbance rejection for
the digital control system is approximately -20 dB at low
frequenci es – not as good as the anal og system, but
nonetheless adequate for system performance.

Note that it is often the case that while pure emulated designs
may work under minicomputer control, which in some sense
assumes a digi tal machine fast enough to carry out the
required control computations through some input-output
hardware architecture, microcontrol lers, due to their relative
compactness, wil l typically exhibit much greater performance
constraints. Because microcontrol is impli ed in embedded
systems design, this is a key point we teach our students, and
is also the motivation behind our complementing thei r
classical controls background wi th a foundation in direct
digital control system design and implementation, as the titl e
of the class suggests. In the words of Frankl in, Powell and
Workman: “Carrying out the initial design using continuous
methods is a good idea independent of whether it will be used
in a subsequent emulation step or merely as a guide for a
direct discrete design.” [8]. In our case, the emulated design
approach offers valuable insight into the placement of the
compensator pole and zero, which subsequently can be

applied during the direct digital design of the compensator to
yield a final control design to successfull y balance the small
mass. 

The analogue system is ultimately more robust than the digital
system, but a digital system is found to nevertheless work
under the relat i vel y constri ct ive sampl ing fr equency
l imitations of the microcontrol ler. In order to minimise
quantisation effects, it is deemed useful to design the digital
compensator with a unity D.C. gain so as to uti lise the full
available output range of the 8-bit D/A converter.

There are two main techniques which could still be pursued
for future work, that may increase the robustness of the digital
system with respect to quantisation effects. Firstly, a di ther
signal could be summed with the controller voltage to combat
limit cycling between two neighbouring quantisation levels at
the D/A converter output, one technique known to increase the
stabil ity margins of a digital control system. Secondly, low-
pass f ilt ering of the control signal output can, and in fact
typicall y should, be used to smooth the control ler output
(eliminating potential aliasing effects on the system response);
the bandwidth of such a fi lter must be high enough so as to
minimise resultant phase lag in the control at low output
frequencies.

3.2 Ball-on-Beam Balancer

In the preceding study, digital design methods are used mainly
to compare anal ogue and di git al desi gn methods f or
ill ustrative purposes. In many more realistic situations, on the
other hand, digital control becomes the only feasible control
method for controlli ng certain system behaviours. Digital
control has two intrinsic and quite advantageous properties,
that analogue systems typical ly do not: modular, software-
controllable reconfigurability; and multi-taskability, the abili ty
to interleave independent functional objectives. The following
showcase is an example where robust system stability can only
be achieved under digi tal control , in spi te of the various
inherent limitations thereof discussed in the previous example.

A bal l-on-beam balancer is described with regard to further
issues in digital control system design and implementation. An
analytical model is again formulated, based on linearisation of
the physical system about i ts operational equili brium. The
pertinent parameters of the system are experi mentall y
determined to represent a more truthful mathematical model
of the actual system. Classical control methods are first used
to develop an analogue controller for balancing the position of
a ball i n the centre of a see-saw-li ke beam, which is then
implemented in hardware.

Sensor noise from the ball positi on sensor is recognized as a
performance limitation. A digital controller is thus developed
and implemented with the idea that the increased flexibility of
sof tware control al lows these sensor disturbances to be
rej ected. The di gi tal control system requi res greater
development effort, but indeed proves to be much more



effective at regulating the ball positi on over a wider range of
motion than is possible using analogue control . A more
thorough design treatment is given in [9].

3.2.1 Physical System and Dynamics

In a mechatronic system design, not only the mechanical
system, but also the sensors, actuators, and electronics, must
be modelled and analysed for design optimisation. Six major
components comprise the ball-on-beam system: a beam with a
ball constrained to rol l along (and ideal ly remain on) i ts
length, a ball -position sensor, a beam-angle sensor, a D.C.
motor, and associated control electronics.

Figure 4: Ball-on-Beam Balancer.

The beam angle is measured by a rotary potentiometer through
the “ sensor gear” as shown above. Because of this gear
reduction, the beam angle sensor resolution is increased by a
factor of four. The beam is wooden, centrall y hinged and
grooved to ensure unrestricted movement of the ball along the
full length of the beam. Along either side of the groove is a
NiChrome (a nickel-chromium alloy) wire, which together
interact with the bal l as a ball -posit ion sensor: a voltage is
placed across one of the nichrome wires, and the ball acts as a
bridge to the other wire, which registers a potential loss at one
end proportional to the li near displacement of the ball , in
eff ect acting l ike a li near potentiometer. This i s possible
because the NiChrome has a high resistance per unit length. A
diagramme elucidating the sensor circuit i s shown on the
following page. 

The control actuator is a D.C. motor connected to a bearing-
supported beam shaft via a gearing mechanism (to increase the
effective torque of the motor). The motor is driven by a power
(operational) amplifier.

3.2.2 Analogue Control System Design (Hardware-Based)

Once the system model is developed and all the parameters are
determined, a controll er is designed using classical control
methods. This controll er is cast as a regulator problem with
unspecific performance specifications other than a rise time
below five seconds (the length of time required for the ball to
naturall y roll from the equil ibrium positi on off the end of the
beam), with good disturbance-rejection characteristics. The
design and analysis of the control ler i s performed using
MATLAB. A root locus approach is used for this purpose.

Figure 5: Ball Position Sensor.

The implementation portion of the design consists of three
components: a filter stage, lead compensator, and gain circuit.
Filters are used to reduce high frequency noise from the power
supply and the NiChrome wire ball positi on sensor (because
the rolli ng ball was used as the contact between the wires, the
signal was very noisy due to inconsistency in the electrical
bridge). The sampling rate is ini tiall y chosen to be about 80
Hz, 240 times the closed loop system bandwidth. Given this
rather lenient margin, the first digital compensator is designed
via emulation, using MATLAB. The controller is subsequently
implemented both in hardware and software formats.

In practise it is found that when the ball nears either end of the
rotating beam and is about to spill off, noise in the NiChrome
position sensor cause the control ler to over-adjust in such a
way that the ball is often launched into the air (!). To reject
such noise discontinuiti es in the signal, a straightforward
filtering scheme is implemented in the software version: in the
event that the sensor voltage changes suddenly (greater than
10% between consecutive samples), the previous command
vol tage is i ssued and the most recently sensed voltage
discarded. Note that this implementation is possible only
under digital control, which provides a natural environment
for control scheduli ng, of which this particular control
solution is a perfect example.

Nonetheless, signal noise remains a constant problem simply
because of the rol ling motion of the ball , and quantisation
noise in the torque ampli fier input. Noise levels have a great
inf luence on how wel l an A/D converter performs, and can
cause instabil ity when input quantisation levels oscil late. In
this case, a persistent 300mV at about 250-Hz noise is
detectable in the input signal and the A/D converter wil l not
function properly until it i s removed from the signal. This is
easil y accompli shed using an analogue low-pass (anti -
ali asing) filt er with dynamics sufficiently low to remove the
unwanted noise, yet also sufficiently high to capture the range
of system and control dynamics.

A nother  i mportant  i ssue i n  di gi t al  cont rol  scheme
implementation is control law calculation delay and round-off
effects. Whereas f loating-point calculation imposes a huge
burden on a microcontrol ler without intrinsic f loating-point

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

beam

ball

motor sensor

ball position
sensor

geargear

drive
gear

NiChrome
wire

position
signalball

+V

axis of rotation
beam



computational capabili ties (such as a minicomputer with a
math co-processor), integer math, whil e faster, must be
careful ly managed to ensure sufficient control resolution is
maintained (in essence, round-off error can act like an internal
quantisation error). Tests show that the microcontroll er
employed in this project can sample at a maximum of 57 KHz
in a tight, dedicated loop, at 2 KHz using integer control law
computation, or at about 88 Hz with floating point calculation
of the control command signal. Since the ball-on-beam system
has a relatively low closed-loop bandwidth (about 0.3 Hz),
f loating-point calculation remains a feasible strategy for
maintaining computational resolution in this application. A
control system needing a higher sampling rate would be better
formulated as a combination of integer calculations.

In summary, great f lexibilit y can be achieved in a digi tal
control system because of the rapid changes in control
formulation al lowable by software implementation. The
system design presented shows digital control to be superior to
corresponding analogue control in terms of performance, but
inferior when measures of development time, simplicity and
cost are factored in, as might be expected.

3.3 Conclusions

The challenge of developing a system model corresponding to
a real pl ant, l ineari sing that model appropriately, and
implementing the resultant design in hardware are not part of
the traditional graduate automatic controls curriculum, yet
these elements are often the most challenging and instructive
components of a control systems case study. Mechatronics,
Mechatronic System Design and Digital Control System
Design and Implementation emphasise the importance of a
thorough mechatronic design methodology. I t is evident
during this process that the design, construction and testing of
a complete control system or mechatronic product from start-
to-finish allows analytical modelling information to contribute
constructively to control development without hindering
speci f i c opti mi sati on based on di rect di git al control
techniques, and that a comprehensive understanding of both
physi cal and electroni c dynami cal i nteraction greatl y
facil itates hardware implementation of working controls for
real systems.

4 TOWARDS THE FUTURE

This summer, Professors Stephen Derby and Kevin Craig are
overseei ng constructi on of the Center  f or A dvanced
Technology in Automation, Robotics and Manufacturing at
R.P.I. (CAT), a two-mil li on-dol lar project jointly sponsored
with the State of New York. This endeavour will li nk the
existing Advanced Manufacturing Laboratory, where students
have access to special f lexible manufacturing facil ities for
rapid prototype manufacture, to a new Mechatronics Resource
Laboratory, designed to promote: rapid response to new
product and process design; special ly-designed sof tware
l inking CAD software, C code and robotic instrumentation
control for modular manufacturing problem solution; a broad

student talent pool for implementing said solutions; and a
cutti ng-edge f aci li ty for hi gh-tech. i ndustrial trai ni ng
programmes.

The uniqueness of this latest development is evidenced by the
creation of an industri al envi ronment whi ch takes the
laboratory mechatronics experience one further step: here
students will i nteract in a truly interdiscipli nary environment
in teams, using actual high-tech. industrial manufacturing
equipment to solve real-world problems brought by industry.
This greatly extends the array of tools available to student
design teams previously working in educational laboratory
workstat i ons  al one and cl oses the gap between the
department’s well -established design and newly-developing
mechatronics curricula. Although R.P.I. is not a trade school
by profession, we have a very strong reputation within
industry because of our practical bent. The new CAT Center at
Rensselaer wil l provide us with the tools not only to bring
students a very practical industrial design and manufacturing
experience in a truly multi -discipli nary environment, but
rather  f ormul ate  compl etel y  new  and  i nnovat i ve
manufacturing strategies, via rapid-response, flexible design
and automation using high-technology industrial workcells
with integrated software and prototyping machine and robotic
assembly tools directly on the manufacturing floor.

5 CONCLUSIONS

Mechatronic design principles are well -suited to students with
a mechanical engineering background. These students have a
worki ng knowl edge and “ f eel ” f or dynami cal system
behaviour, and a classical (analogue, time-domain) controls
foundation which gives them some insight into controll ing
such behaviour. Theoretically, mechatronics represents a fairly
equal distribution of skil l s across the spectrum of design
(creative conception and computer-aided design skil ls),
engineering (mechanics, electronics and computers) and
production (materials science, manufacturing, assembly and
marketing), but in reality, the mechatronics engineer may only
possess these ski l l s to a degree suff i cient to promote
coordination and understanding throughout each of a project’s
production phases. Since mechanical engineers have some
mastery of the mechanical aspects due any given project, their
requi red knowledge of electrical engineering, computer
science and other aspects to the project need not be as
sophi st i cated. A f undamental worki ng knowl edge of
interfacing electronics and computer application skil ls, for
example, is suff icient for either direct implementation of the
necessary control algorithms or close collaboration towards
the same with an expert in the f ield; famil iarity with the
physical abil i ties and constraints of particular actuators and
sensors, along with a knowledge of the electrical equivalents
of mechanical components, simil arly opens up the f ield of
mechatronics to mechanical engineers, although in most cases
these ideas are equally instructive to disciples in other fields.
One of the interesting rami f i cations of the mechatronic
paradigm as a whole is the real i sation that mechatronics
demands, and therefore encourages, participation from a



number of engineering fields currently strong in existence but
relatively dissociated; in mechatronics we teach students how
to draw from experience in all these different areas and pull
them into a concerted, elegant, efficient and enriched design
exper i ence. These basi c  tenets are  espoused by the
mechatronics curriculum at Rensselaer Polytechnic, and form
our foundation for teaching mechatronic design to mechanical
engineers, as wel l as electrical and industrial operations
engineers, computer scientists, business and production
managers, and others.

In order to actuali se students’ mechatronic education we
augment classroom study with a chall enging and thorough
hands-on laboratory experience. This element takes the form
of fundamental exercises in electronics, computing and “ real-
world” analysis, and student-governed project-bui lding. We
find this approach truly indispensable, i f that is even strong
enough a characterisati on, because most mechatronics
students encounter new problems in the lab which they have
never had a chance to grapple with before. The laboratory
accelerates their apprehension of the key lecture concepts,
interests and motivates their learning experience, and exposes
them to real-life problems encountered only during the actual
physical realisation of theoretical design concepts, whether in
the form of a computer programme, electronic circui t or
assembly process. Similarly, industry-motivated and -selected
design projects give students the exact sort of experience their
job market is looking for, thereby obviously benefi ting the
reputation and working relationship of the mechatronics
curriculum and school on the whole. We stress that industry
originall y motivated the need for a mechatronics curriculum,
and thus we meet this challenge head-on by constantly seeking
their close and continued collaboration.

Advanced students, parti cularly Master’s and Doctoral
candidates, are, supposedly, in school because they are not
working in industry, and therefore we try to expand the
working knowledge they already bring into our programme.
At the same time, those advanced students matriculating
without the benefit of a programme of study in design as
comprehensive as that offered to the undergraduates at R.P.I.,
may nonetheless require a terser version of fundaments l ike
Mechatronics. The advanced mechatronics curriculum thus
includes some review of basic control design issues in greater
detail , and foll ows up with a comprehensive look at more
intricate design-related issues. For example, digital control is
emphasised here for obvious and immense practical reasons,
whereas in the undergraduate Mechatronics time does not
full y permit this. Students are encouraged to formulate
independent projects related to current publi shed work or
funded work in progress in our mechatronics laboratory
facilities. The extent to which a thorough grappling with, and
consequent mastery of, practical mechatronic control design
issues often not fully appreciated or understood during lecture
alone is unparalleled in this method of approach.
Thi s concl udes the outl i ne of a number of part i cul ar
educational formulations and techniques we employ at
Rensselaer Polytechnic I nstitute, which we are abl e to

generali se to an approach for proper mechatronics education
as a whole. Some of our conclusions are speci f ic to the
probl em that, as of yet,  onl y sel ect universi t ies of f er
mechatronic engineering as a sel f -contained curricular
programme; ours, f or example, rests mainly within our
Department of M echanical Engineeri ng, Aeronauti cal
Engineering and Mechanics. However, we believe our basic
philosophies and approach to the need for educating engineers
in mechatronic design techniques can be extended as key
principles. We attempt to outli ne these, namely the need for a
foundation in mechanics, electronics, computing and control
design theory and practise, and also provide examples of
successful i ntegration of these themes within our own
mechatronics curriculum. We f ind that the most effective
elements of successful mechatronic design include, roughly:
sensor and actuator use; control theory, particularly in the
digital domain; intense laboratory use and association with on-
going sponsored research programmes; multi -discipli nary
design fundamentals (electronics, computer programming and
appli cations use); and most importantly, strong collaboration
with industry, either through di rect industry contact or
industry-sponsored research grants. Rensselaer continues to
forge new industry col l aborations, motivate academic
i ni t i at i ves, and otherw i se spearhead i nnovat i on i n
mechatronics education.
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APPENDIX

The foll owing is a brief (but growing!) li st of mechatronics
and related courses currently offered within the Department of
Mechanical Engineering, Aeronautical Engineering and
Mechanics at Rensselaer Polytechnic Insti tute [10] (please
inqui re for further information, or look up our Internet
homepage):

Mechatronics (undergraduate).
First introduced Autumn of 1991 by Dr Kevin C. Craig.
Two or three teaching assistants; enrolment upwards of 90.
Eight weekly laboratories in groups of two per work station.

Creativity Workshop (open to community).
First introduced during Winter Interim of 1993 by Dr Burt L.
Swersey and Dr Larry Kagan, in cooperation with the R.P.I.
Visual Arts Department. No assistants; enrolment of about 25.
An intensive four-weekend workshop exploring creativity in
design and paradigm shifting through artistic expression.

Mechatronic System Design (graduate and undergraduate).
First introduced Spring of 1993 by Dr Kevin C. Craig.
Two teaching assistants; enrolment limited to 25.
Self-managed project schedule with weekly presentations.

Machine Diagnostics (graduate).
First introduced Autumn of 1994 by Dr C. James Li.
Two teaching assistants; enrolment of about 25.
Lecture and term project on di gi tal si gnal processi ng
diagnostics and control design of machine tools.

Digital Control Design and Implementation (graduate).
First introduced Spring of 1995 by Dr Kevin C. Craig.
No teaching assistants; enrolment of about 20.
Lecture concurrent with a serious, detailed term project.

(Management in) Creative Engineering Design (graduate).
First introduced Spring of 1995 by Dr Burt L. Swersey, in
cooperation with the School of Management.
Features guest entrepreneurs; enrolment popular but limited.
Creative weekly assignments, concurrent with product design
from conception to presentation, and possible patenting.

Design with Active Materials (graduate).
For introduction in Autumn of 1995 by Dr Kevin C. Craig.
Selected topics in novel sensor and actuator design and
application, with project using state-of-the-art lab equipment.


