Rocky Mount ain High

n this issue of IEEE Control Systems MagazindCSM we

speak with Prof. Lucy Pao of the University of Col-

orado. Lucy is active in both the American Automatic
Control Council (AACC), as program chair of the 2004
American Control Conference (ACC), and the IEEE Control

Bows. ..
CSM: Thank you for speaking with IEEE CSMI can see from
your many projects that we have a lot to talk about!
Lucy: It will be a pleasure! | always look forward to the
latest issue of CSM but | never imagined being interviewed
in the OPeople in ControlO column.
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CSM: Well, just think of this interview
as a miniature OThis Is Your Life!O And,
please donOt hesitate to use this oppor-
tunity to give us your views on any
aspect of control technology. So let me
start by asking about your days at Stan-
ford. As an undergraduate there, how
did you get interested in control? Was it
through a course with Gene Franklin,
who later became your advisor?

Lucy: One of the first faculty mem-
bers | met when | arrived at Stanford
was Prof. Gene Franklin, who was
assigned to be my undergraduate acade-
mic advisor. When | enrolled in the
undergraduate signals and systems
sequence, it turned out that Gene
Franklin wasnOt going to be teaching it
that quarter, but instead Martin Hellman
was the instructor. So most of my under-
graduate-level understanding of signals,
systems, and feedback came from Prof.
Hellman, who was an excellent teacher.

, et e R (A A Having been a transfer student to
Lucy Pao and her husband, Leo Radzihovsky, and their children Matthew and Sarah Stanford, and Stanford being such a
on a hike in Boulder, Colorado. Lucy is a professor of electrical and computer wonderful place, | wasnOt quite ready to
engineering at the University of Colorado at Boulder. She works in the areas of control leave after my senior year there. | stayed
of flexible structures, multisensor data fusion, and haptic and multimodal visual/ on at Stanford for graduate school,

haptic/audio interfaces.

Systems Society (CSS), as a member of the Board of Gover-
nors. CSMspoke to Lucy about her diverse research inter-
ests and numerous organizational activities.

CSMalso spoke with Bill Geisler of General Electric
Company in Loveland, Colorado. As hydro controls prod-
uct line manager, Bill has marketing and commercial
responsibility for the Hydro Controls product line in GE
Energy. CSMspoke to Bill to learn more about GEOs role in
global power generation projects.

CSMintroduces Vikram Kaplia as the corresponding
editor for new products.

where Gene Franklin became my Ph.D.

advisor. | took digital control with Prof.
Franklin, and control courses from professors Arthur Bryson,
Stephen Boyd, and Thomas Kailath. | spent the summer
between undergraduate and graduate school at Hughes Air-
craft Company (which had been bought by General Motors a
few years prior), working on antilock braking and active sus-
pension projects. | spent the summer after my first year of
graduate school working at AT&T Bell Laboratories on a
robotic hand project. These experiences, along with the chal-
lenging and intriguing courses | took at Stanford, convinced
me just how interesting and interdisciplinary controls sys-
tems could be, and | was hooked.
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CSM: My impression is that your Ph.D. research focused on
hard disk applications. CSM has published a lot on that

topic, especially the history paper by Danny Abramovitch

and Gene Franklin. Is there anything you wish to add to what
theyOve written on that subject? What | really would like to
know (for my personal stock investments) is whether you

believe that cheap RAM will make hard disks obsolete.

Lucy: My Ph.D. research was on developing robust and
near time-optimal controllers for flexible structures. One
major application was certainly hard disk drives. Danny
and Gene did an excellent job on their CSMdisk drive his-
tory paper, and it was great to see them win the CSM Best
Paper Award. As their article indicates, there are many
challenging control problems with hard disk drives. The
disk drive control problem that | dealt with is the seek
control. Since the read-write arm is not perfectly rigid, and
since users desire OseeksO to occur quickly, the resulting
OfastO actuator commands often excite the flexible modes
of the read-write arm. These problems occur in many
types of flexible structures, ranging from the highly flexi-
ble structures used in space applications to robotics to
information storage systems such as disk drives and tape
drives. In high-density tape drives, on which | have also
worked, the trend is toward thinner and thinner tape
media to allow more data to be stored in a given volume.
The thin tape media is essentially a flexible structure.

I®m hesitant to give you financial advice, so, to be a
little more secure in my answer, | checked with one of
my graduate students, Brian Rigney, who works in the
disk drive industry. There are many groups pursuing
solid-state RAM as a storage solution, and it is a threat
to disk drives but currently only in low-capacity mar-
kets. Solid-state RAM is a competitive solution, in both
price and performance, for applications such as
portable music players, cell phones, and even laptops.
Disk drives still hold an extreme advantage in the high-
capacity markets, such as disk array server storage,
high-end desktop computing, and multimedia applica-
tions requiring storage of streaming audio and video.
There is no technology on the near-term horizon that
can achieve these large capacities (>200 GB) at a price
competitive with disk drives.

CSM: You seem to be quite active in haptics. How is that
field progressing? What do you view as the critical advances
needed in that field? Is the field on the verge of mushrooming?
Lucy: Despite popular belief, haptics involves more
than the tactile receptors of your skin. In particular, hap-
tics involves kinesthesia, the sensation of joint motion and
acceleration. For instance, when using a hammer, you
know that youOve hit the nail not only from the pressure on
and shearing of your tactile receptors in your hand but
also from the joint motion sensors in your wrist, elbow,
and shoulder. Now, a haptic interface allows users to feel,
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touch, and manipulate remote or virtual objects. A simple
example of a haptic interface is a force-reflective joystick,
which not only allows users to manipulate a virtual object
on a computer screen but also allows the user to feel the
forces that the virtual object experiences when the object
collides with other virtual objects. The quality of the force
feedback can range from simple vibratory feedback to
high-fidelity six degrees-of-freedom (DOF), or 6-DOF, x-y-z
force, and roll-yaw-pitch torque feedback.

The field of haptics is growing, and various haptic inter-
faces have been used in the gaming, automotive, and other
industries where vibratory or force information is fed back to
a knob or handle held by the user. Higher quality 5- or 6-DOF
haptic interfaces have also been developed, and several
research groups and companies are exploring applications in
surgery, computer-aided design, and scientific visualization
where the availability of multi-DOF haptic feedback is impor-
tant. Currently, high-quality 5- or 6-DOF haptic interfaces are
quite expensive (on the order of US$50,000). Therefore, for
use in broader applications, it is necessary to develop low-
cost yet high-quality multi-DOF haptic interfaces.

Another important issue is the need to improve our
understanding of human haptic perception. Much more is
known about human visual perception in terms of guiding
the development of visual displays. For instance, it is
known that having screen refresh rates higher than 80 Hz
is not really needed, since few humans can distinguish
between a refresh rate of 80 Hz and one of 200 Hz. Hence,
there is no need to have a higher-quality visual interface.

There is certainly knowledge regarding perceptual lim-
its in haptics, but how humans interact with haptic inter-
faces is so complex that much still remains to be learned
about human haptic perception in regard to high-end hap-
tic interfaces. What we do know is that the requirements
for haptic interfaces that are dictated by human haptic
perception are very difficult to meet. Vibration sensitivity
in the fingers increases with frequency up to about 300 Hz
and then decreases. This frequency dependence indicates
that the closed-loop, force-tracking bandwidths in haptic
interfaces should be at least 300 Hz, which means that the
sampling rates need to be at least 3 kHz. Consequently,
sampling, computing Jacobians, calculating the required
forces and torques, and other calculations depending on
the application must be done for a 5- or 6-DOF interface at
rates higher than 3 kHz in a low-cost manner. Of course,
the controller must also be designed with a highly variable
human-in-the-loop who is holding onto the haptic interface
and may do so tightly or loosely, leading to a very different
dynamical system in each case.

Until haptic interfaces are sufficiently low cost to be easi-
ly accessible and high quality enough to be useful in diverse
applications, such interfaces will not be widespread. My col-
league Dale Lawrence and | have been collaborating on sev-
eral haptic interface projects over the last ten years. We
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have developed haptic interfaces, carried out user studies
to better understand some aspects of human haptic percep-
tion, and investigated the use of combined visual, haptic,
and audio interfaces in scientific visualization. For example,
we are interested in knowing whether users can more effec-
tively understand large, complex, multidimensional data
sets such as vector and tensor fields by both seeing and
feeling the data rather than only seeing the data.

g

A prototype 5-DOF haptic interface using bow spring and ten-
don actuators along with integrated stepper motor/optical
encoder units developed at the University of Colorado at
Boulder. These haptic interfaces allow users to interact with
virtual or remote objects in three translational and two rota-
tional degrees of freedom.

One of the main foci of our current work is to address
the gap in low-cost-yet-high-quality haptic interfaces. Look-
ing at currently available, but very expensive, high-end
6-DOF interfaces, it is clear that much of the cost of such
interfaces is in the high-end components (six actuators/
motors and six encoders). So we wondered whether it
would be possible to use low-cost components and still
obtain a sufficiently high quality interface by compensat-
ing for the lower-performance hardware components
through signal processing and control methods. In doing
so, weOre taking advantage of the existing, though still lim-
ited, knowledge on human haptic perception. The hope is
that ultimately, if the price is reasonable, users will want
haptic interfaces as part of their desktop computers.

In this direction, we have recently demonstrated that a
low-cost stepper motor and a low-resolution (50-line) opti-
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cal encoder, together with high-speed digital signal pro-
cessing, can achieve high torque levels with low ripple as
well as accurate position and velocity sensing. While more
involved electronics and signal processing are required,
the cost of these components continues to decrease com-
pared to the cost of motors and sensors, making the over-
all design feasible and economical. We have also
developed a novel bow spring and tendon actuator design
for a haptic interface that provides high-bandwidth force
transmission to the fingers, with a large range of motion.
The combination of the bow spring and tendon actuator
with the low-cost stepper motor and low-cost optical
encoder should lead to low-cost haptic interfaces that are
also quite compact (in terms of footprint).

We have a 1-DOF working prototype, which weOre
extending to a 5- or 6-DOF prototype over the next year.
We hope that this work will bring haptic interfaces one
step closer to being more widely used. Numerous applica-
tions exist in rehabilitation and education, areas which
usually do not have large amounts of money to invest in
expensive equipment.

CSM: Thanks for that tutorial on haptics! To change the sub-
ject slightly, your Subaru Teaching Excellence Award shows
your dedication to teaching. Do you have a philosophy that
guides you?

Lucy: | really enjoy teaching and interacting with stu-
dents. | think one of the main philosophies that guides me
is to care about the students. | always try to learn the
names of all the students in my classes (though sometimes
it takes a few weeks in large classes). By getting to know
them to at least this small extent, | usually find that 1&m
more in tune with their expressions (thank goodness not
always blank) during class, and | can address them directly
if they seem to be puzzled.

IGve also had fun trying out some new educational tech-
nologies. Two new methods 1Ove tried over the last year
are OclickersO and a digital capture tool.

CSM:What do you mean by OclickersO?

Lucy: 1tOs always challenging to teach large core
(required) courses. In required courses, there are always a
few students who are not interested in the material and
are taking the course only because it is required for their
major. In a large course, it is difficult for the instructor to
have a sense of whether students are following a discus-
sion or lecture, since many students are generally too shy
to ask questions in larger classes. | tried using OclickersO
for my first time in our ECE junior core course on signals
and systems. Clickers are personal infrared transmitters
that help instructors of large classes gauge the classroom
understanding. Instructors ask multiple-choice questions,
students respond using their clickers to register their
answer, and then the instructor can assess whether the
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students understand the material well or whether there
are conceptual gaps in their understanding.

At the University of Colorado at Boulder (UCB), clickers
are regularly used in the freshman physics, chemistry, and
calculus courses, where the enrollments are very large
(500+). At UCB, clickers were rarely used in junior-level
courses, but | decided to try them in spring 2005 and
found them to be quite useful in gauging the students®
understanding of important concepts. Student comments
also indicated that they felt more engaged, and | certainly
felt that there were more questions and discussion during
lectures than when | had previously taught the same
course. (More information about clickers can be found at
http://www.colorado.edu/physics/Educationlssues/HITT/
HITTDescription.html).

| also tried another educational technology tool when |
taught our graduate digital control course. Because practic-
ing engineers often enroll in digital control, this course is
offered not only in a classroom on campus but also at the
UCB Center for Advanced Engineering and Technology Edu-
cation (CAETE) network to engineers around the United

States. In Fall 2004, | tried UCB CAETEOs digital capture tool.

This tool allowed everything | wrote down to be digitally
captured (along with video and audio of the lecture) and
made available through the Web to all on- and off-campus
students. Most of the students in the course liked this tool,
which enabled the students to easily download lectures.

Teaching college courses certainly has changed quite a
bit with technology!

CSM: As a woman, youOre clearly active in organizations
that help support women in developing their careers. How
do you view the climate changing with regard to opportuni-
ties for women?

Lucy: 1Om very happy to see more and more women at
conferences, which indicates that more women are enter-
ing our field. Overall, | believe that the climate is slowly
changing and improving for women. | do want to empha-
size the word slowly though, and the slowness is some-
times frustrating. However, since most changes are
cultural, time is needed for change to occur. On the
whole, | think that the environment is generally pretty
good. Most policies, decisions, discussions, and com-
ments do not overtly cause trouble for women. However,
there are often subtle issues and comments that cause
women some trouble or frustration. These issues and
comments are usually not meant to hurt women, but
because of the slowness of cultural change, sometimes
such inadvertent comments or incidents do occur. For
instance, on my hallway of the Engineering Center office
tower, | am the only woman faculty member. When my
colleagues and | have our office doors open, | am much
more often interrupted by visitors or students asking for
directions or to use my stapler. | believe this situation
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occurs due to the fact that students and visitors are more
likely to think that IOm an administrative assistant than a
professor.

There are, however, blatant issues that come up from
time to time, and these can be difficult to deal with. One of
the larger issues that affected me was when a program
manager called a review meeting to be held while | was
pregnant with my second child. The location of the pro-
gram review meeting required that | travel by air, and the
timing of the program review was two weeks prior to my
due date. My physicianOs medical recommendation was
not to travel within three weeks of my due date, and air-
lines policies generally do not allow pregnant women that
close to their due date to fly. Nonetheless, it was neces-
sary to negotiate for over two months with the program
manager to OallowO® me to not physically attend that pro-
gram review (I ultimately attended by videoconference).
Needless to say, that was a stressful experience, which
required delicate negotiation with a tough program man-
ager who had a reputation for cutting off funds to principal
investigators. | was a junior faculty member at that time,
and the possibility of angering a program manager and
having my funds cut off was a major concern. | was pleased
to hear a few years later that another pregnant woman
researcher in that program was allowed to not physically
attend the program review meeting without the hassle |
experienced.

Clearly, major and minor issues do continue to arise.
However, with some effort and persistence on everyoneOs
part to improve the climate, progress can be made.

CSM: One of the challenges of the CSS is to increase its glob-
al inclusiveness. Do you have any ideas on how that can be
accomplished?

Lucy: This inclusiveness is a tough challenge . . . | think
that your efforts to highlight control conferences held in
countries around the world has been a good step. Other
ideas include occasionally having feature articles on indus-
trial control issues that are dominant in various countries
or regions. | agree with Rick Middleton, whom you inter-
viewed for the June 2005 OPeople in ControlO column, that
the CSS sometimes inadvertently operates in a U.S.-centric
mode. | asked some of my current and past research stu-
dents their thoughts on this matter, and one of their sug-
gestions was to create an online directory of CSS members
working in various areas of control. While most
researchers and engineers at universities have Web pages,
those in industry usually do not (and, hence, they donOt
always turn up on Google searches). Such an online direc-
tory might provide a way to improve our networking with
those across the globe.

CSM: Thank you for speaking with CSM
Lucy: It was my pleasure!
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...and Flo ws

CSM: Thank you for speaking with CSM Before | ask about
the various projects youQre involved in, | was wondering if
you could tell me about your engineering education and
experience.

Bill: Although | do not view myself as a control engi-
neer, | work extensively with control engineers from
across GE. | have a bachelor®s degree in engineering
physics from Rensselaer Polytechnic Institute (RPI) in
Troy, New York. Engineering physics is essentially a com-
bination of electrical and mechanical engineering, with a
nice dose of physics added in. | have my masterOs degree
in nuclear engineering, also from RPI.

| became interested in engineering because | enjoyed solv-
ing problems and | enjoyed tearing apart electronics, figuring
out how they work, and putting them back together  to work

CSM:What are your responsibilities at GE?

Bill: 1 am the product line manager for our Hydro Con-
trols product line. This position is a combination of mar-
keting, new product development, and product support.

CSM: What kinds of control-related technology is GE
involved in to support hydropower?

Bill: Our technology in control spans a breadth of appli-
cations. We offer control solutions for both new units and
for retrofit projects that include custom-engineered digital
control systems in simplex, duplex, and triplex redundan-
cies; mechanical products, including the FC20000 flow con-
trol valve; plug-and-play upgrades to enable digital
functionality without a traditional control upgrade; excita-
tion control for all types of hydro turbines; and application
support, installation, and commissioning as well as start-

up services.

CSM: The Three Gorges project is
one of the largest engineering pro-
jects in history. Can you give us
some sense of scale and scope in a
project of this type?

Bill: Launched in 1993, the
Three Gorges Project is being built
on the middle reaches of ChinaOs
longest waterway, the Yangtze
River. When it is completed in
2009, the Three Gorges Project will
consist of 26 generators with a
combined energy generation
capacity of 18,200 MW and will be
able to generate 84.7 billion kWh of
electric power annually. This pro-
ject is one of multiple contracts
that GE Energy has recently won in
conjunction with ChinaOs Gas Tur-

Bill Geisler with his wife Erika at the Great Sphinx in Giza, Egypt. Bill travels
worldwide as GE EnergyOs product line manager for Hydro Controls.

better. For example, when | was about ten years old, | took
apart a Star Trek walkie talkie, found a power supply on my
dad®s workbench, and hooked it up to the roof antennaN|I
jacked up the power and talked to my dad three miles away!

Related to my experience, | started off as a semiconduc-
tor engineer with IBM before | came to GE. | have been in
the power industry for 15 years and have lived all over the
country and worked all over the world. Working in GE
Energy has given me the opportunity to work on large
electrical power projects in fossil, nuclear, and, of course,
hydro plants. Control solutions is one of my favorite areas
because | get to look at the interconnection of hundreds of
components that make a working system.
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bine Power Plants Construction
Project.

CSM: What kinds of control-related
innovations is GE developing to make Three Gorges a success?
Bill: GE developed a customized control solution for

Three Gorges. We combined a Woodward MicroNet

triple modular redundant (TMR) electronic controller
with proprietary algorithms integrated with the
FC20000 flow control valve. This control solution will
have the capacity to process 23,700 I/min at 1,100 psi.

CSM: What are some of the technological challenges of the
project from a control point of view?

Bill: For a unit the size of Three Gorges, the biggest
challenge is valve control. The sheer size of the unit makes
it challenging to turn on/off the unit without wasting
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water. The solution was precision, making sure the preci-
sion control communicates with the control interface and
performs reliably, every time.

We had a solid product to build onKthe FC flow control
valveNbut the challenge was to scale the product to fit a
site the size of Three Gorges, which is why we developed
the FC20000.

CSM: IEEE CSMis read by many young engineers and stu-
dents. | was wondering if you had any advice that might be
useful to those embarking on a new career?

Bill: The best advice | can offer to students, and to
those just beginning their careers, is to be open and flexi-
ble to new opportunities. You might think you have your
future all mapped out, but then a new product may be
introduced or a customer might have a particular need
that requires a new solution to be designed to meet the
challenge. Any of these events, while they may be out of
your comfort zone, can give you the chance to work on a
project that can expand your skill set and broaden your
professional network.

The other area that IOve come to realize is nearly as
important as technical competency is solid communication
skills. You can have the greatest idea in the world, but if you
cannot articulate the benefits, your project may never get

funded. Also, technology teams in todayOs world are truly
global because our customers are global. There are people |
work closely with but have never met. To overcome the
geographic distances, IOve learned to compose thorough but
succinct communications, including e-mail and telecommu-
nications. The value of being able to communicate technical
information in simple terms to a broad audience, both in
spoken and written forms, cannot be stressed enough!

CSM: Do communication skills extend to learning foreign
languages?

Bill: Absolutely! |1 work for a company that does busi-
ness with companies and utilities located around the
world, which makes language skills almost more critical
than technical skills. Customers want to discuss their
issues and challenges in their local language. While almost
everyone speaks English, it may not be the language they
feel most comfortable communicating in. If you can speak
Spanish or Chinese, for example, you can help the cus-
tomer feel more comfortable, get better data from him or
her, and get the job done more quickly since information
is flowing more smoothly.

CSM: Thank you for speaking with IEEE CSM and we wish
you the very best of success!

New C orresponding Editor

IEEE Control Systems Magazinés pleased to announce that
Vikram Kapila has been named corresponding editor for
new products. Vikram received the B.

Research Experience for Teachers site in mechatronics,
and an NSF-funded GKb12 fellows project. Dr. Kapila has
held visiting positions with the Air Force

Tech. degree in production engineering
and management from the National Insti-
tute of Technology, Calicut, India, in
1988; the M.S. degree in mechanical engi-
neering from the Florida Institute of
Technology, Melbourne, Florida, in
March 1993, with specialization in
dynamics and control; and the Ph.D.
degree in aerospace engineering from
Georgia Tech in 1996, with specialization
in flight mechanics and control. In Sep-
tember 1996, he joined the faculty of
mechanical engineering at Polytechnic
University, Brooklyn, New York, where
he has held the rank of associate profes-

Research Laboratory in Dayton, Ohio.
His research interests are in cooperative
control; distributed spacecraft formation
control; linear and nonlinear control with
applications to robust control, saturation
control, and time-delay systems; closed-
loop input shaping; spacecraft attitude
control; mechatronics; and DSP/PC/
microcontroller-based real-time control.
He received PolytechnicOs 2002 JacobOs
Excellence in Education Award and a
2003 Distinguished Teacher Award. In
2004, he was selected for a three-year
term as a Senior Faculty Fellow of Poly-
technic UniversityOs Othmer Institute for

sor since 2002. He is the director of the
Web-Enabled Mechatronics and Process Control Remote
Laboratory, an National Science Foundation-funded
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Interdisciplinary Studies. He has edited
one book and has published more than 100 journal and
conference articles.
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