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Eric Maslen 
 
A lot has happened in ROMAC in 
the past year and this annual 
newsletter tries to highlight this 
activity.  Some feature develop-
ments include: 

♦ Guoxin Li's flywheel test 
rig successfully imple-
ments speed scheduled  µ 
control, passing through 
numerous structural modes 
and the first bending mode 
of the rotor to reach 17,000 
RPM,  

♦ Bob Brechting has suc-
cessfully increased the 
testing speed of the bear-
ing test rig from 2250 rpm 
to 7840 rpm with a con-
comitant increase in static 
load capability,  

♦ Minhui He's program 
MAXBRG has been re-
leased in a beta version. 

♦ Alexei Filatov's program 
ROTLOSS has been re-
leased as version 1.0 

 
As we discussed at the annual 
meeting in San Diego, we have 
another dues increase this year to 
complete the phased increase to 
$16,000.  With this, we reach a 
sustainable funding level which 
should hold us for the next couple 
of years.  
 

The 2002 annual meeting in San 
Diego at Humphrey's Half Moon 
Inn was well attended and a re-
sounding success, both in terms of 
venue and content.  We thank all of 
the industrial members who helped 
by providing excellent and pro-
vocative papers.  If you were not 
able to attend, please see our web 
site (http://www.virginia.edu/
romac/).  If you go to the "Annual 
Meetings" link, you can view the 
schedule which provides links to 
the visual materials of most of the 
talks.  We also especially thank So-
lar for their very gracious hospital-
ity including a fascinating plant 
tour and a spectacular bay cruise 
aboard the company yacht. 
 
A number of organizational issues 
arose at the San Diego meeting and 
I'd like to report on our progress.  
As you may know, there has been 
some difficulty in organizing com-
pletion of the improvements to Ro-
torLab.  These problems are nearly 
resolved as of press date and we 
hope to roll out the new version by 
next summer.  This will include 
restructuring to permit more flexi-
bility in evolving the solvers for 
the code as well as a number of 
valuable usability improvements 
pushed by ExxonMobil. 
 
Another issue which came up was 

the possibility of ROMAC operat-
ing an electronic bulletin board 
forum for exchange of ideas and 
tips on use and development of 
the ROMAC software.  We audi-
tioned a number of software pack-
ages and have identified a product 
with the right combination of cost 
and performance.  This bulletin 
board is now functional and can 

be accessed through the ROMAC 
web site.  Note that it’s on the se-
cure site so you have to log in  us-
ing your company’s ID and pass-
word.  Please give us feedback on 
this new service! 

 

Message from the Director 

Dr. Eric Maslen 
Associate Professor of Mechanical and 
Aerospace Engineering and Director 
 of ROMAC 
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Rotating Machinery Stability Test 
Rig 

Student:  C. Hunter Cloud 
Advisors: Lloyd Barrett, Eric Maslen 
Project Start Date: January 1990 
Sponsor: ExxonMobil 

Project Objectives: 

 
With stability of turbomachinery be-
ing a major concern, this project is 
focused on avoiding these problems 
in the future by conducting research 
in the following two areas: 
 
a.  Determining test techniques which 
are suitable for accurately measuring 
the stability of a rotor/bearing system 
 
b.  Examining how tilting pad bear-
ing characteristics and common phe-

nomena such as unbalance influence 
the actual stability levels and thresh-
olds versus modeling predictions 
 
    To investigate these issues, a test 
rig is being constructed which will 
simulate the dynamic behavior of 
many types of turbomachinery such 
as pumps, compressors and steam 
turbines.  Magnetic actuators will 
supply excitations in the form of de-
stabilizing cross-coupled stiffness 
and non-synchronous forcing (sine 
sweep, impulse, etc.).  Several bear-
ing designs will be tested with the 
base design being a 5 pad, load be-
tween pad bearing with L/D = 0.75, 
0.3 preload, center offset rocker back 
pivots. 
 
Progress in the Past Year:  

 
 Test rig is 99% mechanically com-
plete.  Current efforts are focused 
on instrumentation  as well as ac-
tuator cross-coupling and excita-
tion control system development.  
Rotor and pedestal modal testing 
has been completed.  Initial testing 
to begin by  year-end.  

 Next year’s annual meeting will be in Charlottesville at the Omni Hotel (as in 2001).  Details of the site and 
the emerging schedule are provided in a short article on page fourteen of this newsletter.  Plan now to attend 
and consider making a technical presentation, especially if you haven’t done so in a while.   

As always, we (the ROMAC faculty) solicit your comments on our program and hope that you’ll share them 
either directly with the directing faculty member or with me.  We look forward to seeing you next June in 
Charlottesville. 

Rotordynamics 

Message from the Director Cont. 

Test rig is 99% 
mechanically 

complete! 
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API 617 Performance Standard 
Emulation through Mu analysis 
 
Students: Jee-uk Chang, Chanjung 
Kim 
Advisors: Eric Maslen, Tetsuya Iwa-
saki, Hyeong-Joon Ahn 
Project Start Date: December 2000 
 
Project Objectives: 
 
The rotordynamic performance of 
API 617 standards provide two pri-
mary requirements. First, the stan-
dard stipulates system damping near 
the expected operating speed range. 
This takes the form of a combination 
of damping requirements and separa-
tion margins, depending on where the 
system critical speeds lie relative to 
the operating range. (Separation mar-
gin requirement) Second, the stan-
dard requires a specific bound on 
worst case unbalance response at 
critical clearances. (Unbalance re-
sponse requirement) 
  
The problems this poses for machine 
designers are 1) feasibility: can bear-
ings be designed for a given rotor to 
meet API 617 and 2) if so, how can 
these bearings be designed? This pa-
per examines the feasibility problem. 
One possible approach to assessing 
feasibility would be to pick bearings, 
model the final machine (including 
bearing) and to assess the resulting 
API 617 compliance. The problem 
with this approach is that the choice 
of bearing dictates the outcome and it 
may be difficult to select an optimal 
bearing for API 617. Consequently, 

failure of this test does not imply 
non-feasibility.  
 
An alternative approach is to convert 
the API requirements to an optimiza-
tion cost function. With this ap-
proach, it is not necessary to pre-
design or pre-select the bearings: we 
can determine directly whether a 
bearing set exists that satisfies the 
cost function. In this case, feasibility 
won't imply that a given type of bear-
ing (fluid film, rolling element, ...) 
can meet the API standard, but it 
does imply that the requirement can 
be met through some mechanism 
(perhaps a magnetic bearing). There-
fore, our primary effort in this re-
search is to convert the API require-
ments to an optimization cost func-
tion for a bearing design. This per-

mits direct assessment of 

the feasible design problem as well 
as providing a means to synthesize 
optimal bearing dynamics. In addi-
tion to providing synthesis of mag-
netic bearings, the resulting bearing 
transfer functions give direct guid-
ance to selection of more conven-
tional fluid film or rolling element 
bearings. 

Progress in the past year: 
 
Although the unbalance response re-
quirement can easily be converted 
into a formal H-infinity performance 
measure, the separation margin re-
quirement is not analytic so it is not 
easy to directly formulate this re-
quirement as a linear system analysis 
problem. We found from the last 
year's research that the separation 
margin requirement is essentially a 
pole placement problem: relatively 
large damping within the operating 
range. This pole placement problem 
can be approximated as a robust sta-
bility problem with frequency shaped 
uncertain modal damping. Since the 
unbalance response requirement can 
already be expressed as an H-infinity 
problem, the two API 617 require-
ments can be cast as a single mu-
analysis problem. However, this ap-
proach can be applied only to the 
controller synthesis of AMB with a 
heuristic way due to the restriction of 
the modal transformation. Now, we 
are seeking a more general cost func-
tion for the separation margin and 
trying to synthesize AMB controllers 
with frequency shaped uncertain mo-
dal damping to try to automatically 
(and optimally) satisfy API 617. 

Rotordynamics Cont. 

 

“An alternative approach is to convert 

the API requirements to an 

optimization cost function.” 
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Advanced Balancing Methods for 
Rotors 
 
Student: Costin D. Untaroiu and 
Guoxin Li 
Advisor: Paul Allaire 
Project Start Data: January 2001 
Industrial Contact: William Foiles 

Project Objectives: 

The conventional influence coeffi-
cient balancing method has some dif-
ficulties in application because in 
many cases the calculated correction 
weights may have excessive magni-
tude or can’t be applied in the loca-
tion of the balance planes (this may 

be due to a large amount of correc-
tion weights from previous balancing 
or thread fault of balancing plane 
holes). Also in many cases for resid-
ual vibrations, we need to limit the 
level at some locations and to mini-
mize their level at the critical loca-
tions (for instance the seal locations). 
The objective of this research is to 
develop a new generalized approach 
to rotor balancing using the influence 
coefficient method with an LMI opti-
mization technique.  

Progress in the Past Year: 

An optimization algorithm that theo-
retically minimizes the level of vibra-

tion at some critical locations was 
developed. Residual vibration in 2-
norm or infinity norm as well as the 
correction weights bound were for-
mulated as the constraints of semi-
definite programming. An initial de-
velopment in Matlab provided a code 
that solves the LMI optimization 
problem. The code was tested in sev-
eral numerical examples. A general-
ized C code is being developed to 
provide a user friendly interface and 
computational efficiency. The code 
will be verified both numerically and 
experimentally. Many industrial 
members are interested in the results. 

 

cant numerical advantages. It also 
permits detection of effects that ma-
terially increase the system order, 
such as substructure effects, which 
are not well handled by other updat-
ing methods.  One of the limitations 
of our method is that we need very 
good engineering models. While 
most of the models have some uncer-
tainties, we have to consider uncer-
tainty models in the reconciliation 
process. This year, we introduced ro-
bust control synthesis methods into 
the reconciliation process.  A MAT-
LAB code for accomplishing the rec-
onciliation is completed and will be 
used as a prototype for later develop-
ment of hard coded solutions that 
will be accessible to ROMAC mem-
bers.  Numerical experiments with 
simulated data show good results.  
We will soon have data from Hunter 
Cloud's stability test rig with which 
to test and develop this method. 

Model Reconciliation 
 
Student: Qingyu (Flofish) Wang 
Advisor: Eric Maslen 
Project Start Date: January 2000 
(1995) 
Report Numbers: 432, 444 
 
Project Objectives: 
 
Model reconciliation is a technique 
which improves analytical models by 
modifying existing engineering mod-
els to make them match experimental 
data. It is proposed that models of 
real systems can be composed of a 
high confidence nominal model com-
bined with certain unknown dynamic 
mechanisms acting at specific loca-
tions. The  objective of the recon-
ciliation process is to identify the 
transfer functions of the unknown 
dynamic mechanisms. Because there 
always exist some uncertainties in 

the model and the data, this effect 
should be considered in the recon-
ciliation process.  The  product of 
this research should be software tools 
that allow engineers to meld existing 
models with available experimental 
data to produce an enhanced model 
that more accurately describes real 
hardware.  Interestingly, this also 
serves as a valuable paradigm for 
analysis of test results in test appara-
tus, particularly for identification of 
bearing and seal properties. 
 
Progress in the Past Year: 
 
In the past year, we have derived 
some theories for the reconciliation 
and performed a series of simula-
tions. In contrast to common updat-
ing methods, which improve the 
quality of models through direct 
modification of existing M, C, and K 
matrices, our method requires far 
fewer sensors and provides signifi-

 

Rotordynamics Cont. 
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Passive Electrodynamic Magnetic 
Bearings for Flywheels 
 
Project start date: September 2000 
Students: Alexei Filatov  
Report: #481 
Advisor: Eric Maslen 
 
Project Objectives:  
Using electromagnetic forces to sus-
pend rotating objects (rotors) without 
mechanical contact is often an ap-
pealing technical solution. However, 
in real life, magnetic suspensions 
have to satisfy many engineering per-
formance requirements beyond the 
simple compensation for the rotor 
weight. These typically include ade-
quate load capacity and stiffness, low 
rotational loss, low price, high reli-
ability, and manufacturability. With 
recent advances in permanent-magnet 
materials, the magnitudes of the re-
quired forces can often be obtained 
by simply using the interaction be-
tween permanent magnets. While a 
magnetic bearing based entirely on 
permanent magnets could be ex-
pected to be inexpensive, reliable and 
easy to manufacture, a fundamental 
physical principle known as Earn-
shaw's theorem maintains that this 
type of suspension cannot be stati-
cally stable. Therefore, some other 
physical mechanisms must be in-
cluded. 
 
One such mechanism employs the 
interaction between a conductor and 
a non-uniform magnetic field in rela-
tive motion. Its advantages include 
simplicity, reliability, wide range of 
operating temperature and system 
autonomy (no external wiring and 
power supplies are required). The 
disadvantages of the earlier embodi-

ments were high rotational loss, and 
low stiffness and load capacity. It 
was realized, however, that rotational 
loss, load capacity and stiffness de-
pend strongly  on the topology of the 
conductors and the magnetic fields.   
 
In theory, the rotational loss in the 
equilibrium position in the absence 
of external loading can be made zero 
by designing a system such that no 
electric field develops in the conduc-
tor during the rotor rotation. In our 
work, we introduced the term "Null-
E" to describe this condition. In the 
earlier embodiments, the Null-E con-
dition could not be satisfied exactly.  
 
Load capacity and stiffness can be  
maximized also through choosing 
shapes of the conductors and the 
fields. From this point of view the 
field and the conductor shapes used 
in the so called Null-Flux Bearings 
were found to be advantageous: the 
conductors were shaped as planar 
loops with central openings and the 
fields were orthogonal to the loop 
planes and periodic in the direction 
of the conductor motion.  
 
To reduce rotational losses an addi-
tional restriction was imposed on the 
field shape (i.e., the “Null-Flux” con-
dition): the flux variation within each 
loop had to be zero at equilibrium.   
This condition lowered the average 
value of the electric field in the con-
ductor, but the topology did not al-
low making it zero everywhere. The 
satisfaction of the “Null-Flux” condi-
tion was extremely sensitive to 
manufacturing inaccuracies.  
 
We proposed a novel type of mag-
netic bearing stabilized by the field-

conductor interaction. In contrast to 
the other bearings based on this prin-
ciple, the proposed design allows ex-
act satisfaction of the Null-E condi-
tion in the equilibrium regardless of 
the conductor shapes and even in the 
presence of an axial loading. Because 
of this, we refer to it as the Null-E 
Bearing. Null-E Bearings also have 
potential for higher load capacity and 
stiffness than Null-Flux Bearings. 
Finally, their performance is highly 
insensitive to the manufacturing inac-
curacies.  
 
The Null-E Bearing in its basic form 
can be augmented with supplemen-
tary electronics to improve its per-
formance. The power rating of the 
electronics in this case can be much 
lower than in conventional active 
magnetic bearings. Depending on the 
degree of the electronics involve-
ment, a variety of magnetic bearings 
can be developed ranging from a 
completely passive to an active mag-
netic bearing of a novel type. 
 
Our report contains theoretical analy-
sis of the Null-E Bearing operation, 
including derivation of the stability 
conditions and estimation of some of 
the rotational losses. The validity of 
the theoretical conclusions has been 
demonstrated by building and testing 
a prototype in which non-contact sus-
pension of a 3.2-kg rotor is achieved 
at spin speeds above ~18 Hz. 
 
Progress in the past year:  
 The work has been completed, re-
sulting in Alexei Filatov's success-
fully defended PhD dissertation.  The 
dissertation was made into ROMAC 
Report Number 481. 
 

Flywheels 
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Magnetic Bearing Finite Element 
Loss Computer Program 

Student: Robert Rockwell 

Advisor: Paul Allaire 

Project Objective: 

A 3-D finite element computer code 
is under development for magnetic 
bearing configurations.  It includes 

the effect of the moving magnetic 
material in the rotor to evaluate the 
eddy currents generated in the rotor 
and the power losses.  It will be capa-
ble of modeling both heteropolar and 
homopolar bearings.  Eddy current 
losses in laminated rotors are mod-
eled using an analytical solution for 
the magnetic vector potential in the 

rotor.  This analytical solution will 
be coupled to the finite element solu-
tion in the rotor to allow for a full 
solution of the eddy currents in each 
lamination.          

Magnetic Bearings 

losses will occur in the boundary 
layer between the rotating journal 
and the surrounding gas or fluid.  
The analysis assumes that the mag-
netic field distribution is identical in 
each lamination of the journal stack, 
but allows the field to vary across the 
thickness of each lamination.  Fur-
ther, it models the stator as a fixed 
distribution of potential: no analysis 
of the field distribution in the stator 
or of field distortion at the poles is 
carried out.  These assumptions per-
mit a very quick analysis whose ac-
curacy is consistent with the likely 
accuracy of the parameters of the 
constitutive model.  Experimental 
results are presented which tend to 

corroborate the analysis. 
 
Progress in the past year:  
  
The work has been completed, adapt-
ing an earlier analysis code written 
by David Meeker to now include ap-
proximate hysteresis effects.  Re-
leased as program ROTLOSS, the 
manual is ROMAC Report #480.  
The code is compatible with the RO-
MAC GUI (shell) and has supporting 
editing scripts for both English and 
SI units. 
 

Rotating Losses in Magnetic Bear-
ing Journals, Including Hysteresis 
Effects 
 
Project start date: August 2001 
Students: Alexei Filatov  
Report: #480 
Advisor: Eric Maslen 
 
Project Objectives:  
 
Program ROTLOSS is aimed at pre-
dicting the iron losses in a rotating 
magnetic bearing journal.  It includes 
the effects of eddy current production 
and hysteresis.  It does not include 
windage losses as would occur if the 
bearing is not run in a vacuum: shear 

 
Real Time Control of High Speed 
Magnetic Bearing Systems 
 
Students: Bin Huang, Guoxin Li 
 
Advisors: Paul Allaire, Zongli Lin 
 
Project Objective: 
 
Computer control of magnetic 

bearing systems requires high speed 
real time control.  The computer 
system must have high throughput 
rates that should be modular in 
nature.  Newer and faster computers 
are continually coming online and 
other components such as A/D and 
D/A devices are improving as well.  
A methodology is being developed 
for implementation of high speed 

magnetic bearing real time controls 
using Unix based systems which can 
include new, more advanced 
hardware as it comes along while 
only a minimum of software changes 
need to be made in the system.   
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Performance Limitations and Self-
Sensing Magnetic Bearings 
 
Student: Dominick Montie 
Advisors: Eric Maslen and Tetsuya 
Iwasaki 
Project Start Date: Fall, 1993 
Report Numbers: 387, 397, 414 (We 
will produce a ROMAC report of the  
dissertation on this research in Janu-
ary, 2003.) 
Project web site: http://www.people.
virginia.edu/~dtm7e/research.html 
 
Project Objectives:  
The experimental objective of this 
research has been to develop a high-
performance method of rotor position 
estimation using the magnetic actua-
tor itself, without the use of discrete 
position sensors. The primary bene-
fits of this technology are increased 
reliability and decreased space re-
quirements. Increased reliability is 
achieved by reduced wire and part 
count in the bearing environment, as 
well as incorporation with actuator 
fault tolerance. Decreased space re-
quirements (primarily axial rotor 
length) result from eliminating the 
necessary rotor sections used as posi-

tion sensor targets. This has the 
added benefit of reducing rotor flexi-
bility and the control effort and com-
plexity needed to compensate for 
these dynamics. 
 
The theoretical objective of this re-
search has been to address perceived 
performance limitations of strongly 
periodic systems when analyzed with 
linear, time-invariant (LTI) models.  
Specifically, the structurally impor-
tant periodicities of a certain class of 
systems may be used to provide an 
alternative input-output signal path to 
the one derived from an LTI model.  
This new relationship can be shown 
to have drastically better robustness 
properties than its time-invariant 
counterpart.  Traditionally, self-
sensing magnetic bearings suffer 
from poor robustness due to inherent 
structural properties. Such perform-
ance limits, however, are a result of 
implementing an estimation scheme 
that closely matches LTI system the-
ory techniques. Using the inherent 
periodicities of the system, such 
theoretical and actual limitations 
have been shown to be substantially 
reduced.  
 

Progress in the Past Year: 
  
Using recent developments in the lit-
erature for the analysis of linear peri-
odic systems, we have demonstrated 
the improvement in a specific meas-
ure of performance that is commonly 
used in LTI system analysis.  This is 
relevant to a self-sensing magnetic 
bearing when it is described by a lin-
ear periodic (LP) model; when mod-
eled as an LTI system, it apparently 
suffers from fundamental perform-
ance limitations. In our research, we 
propose that a typical magnetic  
bearing should be modeled as an LP 
system, and as such can achieve bet-
ter performance than commonly be-
lieved.  Furthermore, we identify a 
system parameter that has a direct 
influence on the level of performance 
enhancement desired and the trade-
offs associated with it.  
 

requires high machining speed and a 
large depth of cut. Active magnetic 
bearings provide a solution for this 
kind of  high-speed machining. How-
ever,  due to the onset of chatter, 
large depth-of-cut may be difficult to 
achieve. The aim of this research is 
to develop controller techniques for 
active magnetic bearings to achieve a 
large depth of cut and be free of chat-
ter at high speed.  
 

Chatter Control with Active Mag-
netic Bearing    
 
Student: Min Chen 
Advisor: Carl R. Knopse 
Project Start Date: September 1999 
 
Project Objectives: 
Increasing the metal removal rate in 
machining has been continuously 
gaining interest in manufacturing in-
dustries.  A high metal removal rate 

Progress in the Past Year: 
Work in the past year has focused 
mainly on the identification of cut-
ting dynamics and on controller de-
sign. We conducted a series of cut-
ting experiments on the lathe with 
our test rig and investigated the rela-
tionship between the cutting force 
and different cutting conditions 
(depth of cut, spindle speed, dimen-
sion of the workpiece, etc.).  The re-
sults verify that the cutting process is 

 

Magnetic Bearings Cont. 

Visit our project 
web site: http://

www.people.
virginia.edu/

~dtm7e/
research.html 
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a delay system where the delay con-
stant is the spindle rotating period. 
We also deduced a formula for the 
stiffness and damping in the cutting 
process from the experimental re-
sults.  In order to overcome the speed 
limit of the lathe, we designed a 
multi-tooth cutting tool that can be 
used to simulate the dynamics in 
higher speed cutting. Cutting experi-
ments with the multi-tooth tool will 
be conducted soon. 
 
For the controller design, we up-
graded our calibration method so that 
we can calibrate the magnetic bear-
ing in a wider operating region. A 

look-up table and a carefully-tuned 
feedback linearization scheme have 
been used to compensate the nonline-
arity of the magnetic bearing. As a 
result, we can use a linear model for 
the nonlinear actuator with only 5% 
over the entire operating region.  Ex-
perimental results show that µ-
synthesis can provide controllers 
with significantly better performance 
under this improved feedback lineari-
zation scheme. 
 
Other improvements on the test rig 
were also made in the past year.  We 
modified and extended the band-
width of the power amplifiers and the 

anti-aliasing filter;  built an optical 
isolator circuit and shielded the digi-
tal controller to reduce noise and ap-
plied new start and switch schemes 
to inhibit large, undesirable tran-
sients during power-on/off and con-
troller algorithm swapping.  

 
 
 

Magnetic Bearings Cont. 

supporting base. The stiffness of the 
SDF system has been measured. 
Tests done on the shaker show that it 
is a linear actuator with a bandwidth 
higher than 600Hz. Necessary sen-
sors such as an accelerometer, dis-
placement sensor, hall probe, and 
current sensors, have been calibrated 
and are ready to use as needed. A 
few circuits have also been built to 
improve the data acquisition process. 
Our main effort now is focussed on 
the testing of the non-laminated mag-
netic actuator that is machined from 
a solid piece of Carpenter’s Hiperm 
49, a magnetic alloy with very low 
hysteresis and high permeability. 
Static properties of the magnetic ac-
tuator have been tested in experi-
ments. Static finite element analysis 
has also been carried out and pro-
duces results matching the experi-
mental results very well. Dynamic 
properties of the magnetic actuator 
have also been carefully tested. Here, 
the experimental results show very 
clearly the effects of eddy currents.  

Finite element analysis, however, dif-
fers strongly from experimental data. 
Further investigation on this point 
has now begun.  
 
A few theoretical results have been 
derived for the performance limits of 
non-laminated magnetic levitation 
systems, which can be well presented 
as linear fractional order systems. 
The results show a general bound for 
fractional order systems with unsta-
ble poles, and have some useful con-
troller design implications.  

Control of Non-laminated Mag-
netic Levitation Systems 
Student: Lei Zhu 
Advisor: Carl Knospe 
 
Project Objectives:  
 
The objectives of this project are to 
develop control algorithms that pro-
vide stiff, high servo bandwidth, 
magnetic suspension for systems 
with non-laminated actuators, and to 
quantify the performance limitations 
for these systems. 
 
Progress in the Past Year: 
 
 A carefully designed test rig has 
been built. It is a single-degree-of-
freedom (SDF) system, which in-
cludes an iron beam; a compliant alu-
minum flexure supporting the beam; 
an electrodynamic shaker connected 
to the beam on one end; a magnetic 
actuator, whose flotor is attached to 
the other end, and whose cylindrical 
stator facing the flotor is fixed on a 

 

The aim of this research is to 
develop controller techniques for 

active magnetic bearings to 
achieve a large dept of cut and be 

free of chatter at high speed. 
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Control of High Speed Gyroscopic 
Rotors with AMBs 
 
Student: Guoxin Li 
Advisor: Paul Allaire, Zongli Lin 
Project Start Data: January 2000 
 
Project Objectives: 
For some rotors, such as flywheel 
rotors, gyroscopic effects are signifi-
cant due to the high polar-inertia to 
bending-inertia ratio as well as the 
high operating speeds. Control of a 
strongly gyroscopic rotor over a wide 
speed range with magnetic bearings 
is a very challenging problem. Two 
dominant issues must be addressed in 
the control design. First, the dynam-
ics of the rotor vary with the operat-
ing speed, and a single linear time 
invariant controller often cannot sta-
bilize the system over the entire oper-
ating range. Second, high robustness 
is required to handle the uncertainty 
of the rotating system. Additionally, 
gyroscopic effects couple the two ra-
dial directions and the natural fre-
quencies are split into forward and 
backward modes. Advanced multi-
variable robust optimal controls, H� 
and µ-synthesis, provide systematic 

tools to achieve system robustness. 
To address the speed dependent dy-
namics, two approaches are being 
investigated: the piecewise µ-
synthesis and the gain scheduled con-
trol, in particular, the linear parame-
ter varying (LPV) approach. In piece-
wise µ-synthesis design the operating 
speed range is divided into several 
regions. Each controller is designed 
to cover a certain speed range where 
the gyroscopic effects are treated as 
uncertainties. Overall control is im-
plemented by switching between 
controllers as speed varies from one 
region to another. A bumpless trans-
fer scheme is implemented to guaran-
tee smooth transition between con-
trollers. In the LPV design the gain 
scheduling problem is formulated in 
the context of convex semidefinite 
programming by linear matrix ine-
qualities (LMIs). The LPV controller 
is obtained by solving the LMIs us-
ing interior point methods. 
 A test rig was constructed as a plat-
form for investigating different con-
trollers. First, an accurate nominal 
model including the substructure 
modes was developed from physical 
laws and refined by experimental 

data. An uncertainty representation 
and a performance criterion were de-
veloped for the model AMB system. 
The influence of gyroscopic effects 
on the stability and performance of 
the AMB system under a MIMO con-
troller was analyzed. 
 

Progress in the Past Year: 

The piecewise µ-synthesis controller 
was successfully implemented. The 
test rig spun to 17,000 rpm passing 
several substructure modes and the 
first bending critical speed of the ro-
tor. The switching between control-
lers over a wide speed range (up to 
12,000 rpm) is very smooth. Several 
LPV controllers were developed. The 
LPV controllers are being tested at a 
constant speed. Several different gain 
schedule approaches are being inves-
tigated to further reduce the conser-
vatism of the current design. An LPV 
model reduction and controller re-
duction method was developed. Effi-
cient real time control algorithms are 
being developed to implement the 
gain scheduled controller over a wide 
speed range. The performance of the 
piecewise µ-synthesis and the gain 
scheduled design is being compared. 

result for cross damping, but is not so 
good at other dynamic coefficients. 
The key approach is to use more con-
trol volumes to a better representa-
tion of the stress force and velocity 
of the flow field in the seals. The 3-D 
CFD code Tascflow, by AEA,  will 
be  used to get a better boundary con-
dition description for each of the laby 
configurations. 
 
Progress in the Past Year: 

Labyrinth Gas Seal Code/Program 
Development  
 
Student:  Jie Zhou  
Advisors: Paul Allaire, Ron Flack 
Project Start Date: Sep. 2000 
 
Project Objectives:  
 
Develop a new gas labyrinth seal 
analysis program named  LABY4, 
which will replace the current code 
LABY3,  which gives out a decent 

Some experimental results available 
in the literature have been simulated 
with full 3-D computational model-
ing to achieve a better understanding 
of the flow details.  Some results of 
the inlet pressure loss and exit pres-
sure recovery coefficients were ob-
tained. A new fluid flow equation set 
is under development using the best 
features of several existing modeling 
methods for laby seals. 

Bearings and Seals 

Magnetic Bearings Cont. 
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Fluid Film Bearing Test Rig 
 
Student- Bob Brechting 
Advisors- Ron Flack and Lloyd Bar-
rett 
 
Over the past year significant ad-
vances have been made on the RO-
MAC fluid film bearing test rig. 
First, previous static and dynamic 
tilting pad bearing testing as a func-
tion of load angle has concluded and 
the results are presented in ROMAC 
Report #472, “Load Direction Effects 
on Measured Static and Dynamic Op-
erating Characteristics of Tilting Pad 
Journal Bearings”. Secondly, the on-
going redesign work and updating of 
hardware and sensors has led to an 
increase in maximum testing speed, 
from 2250 rpm to 7840 rpm. Along 
with the increase in speed came an 
increase in the maximum static load 
that can be applied to the test bear-
ing. 
 
Load Angle Testing 
Load angle testing of a five-pad tilt-
ing pad journal bearing with rocker 
back pivots and a preload of 0.314 
has concluded. Testing consisted of 
measuring static position as well as 
dynamic coefficients at the two com-
mon design load angles, load on and 
load between pads, as well as at vari-
ous points in between.  Updates to 

various testing procedures such as 
revision of the axial alignment 
method, the elimination of the hori-
zontal load system, sensor upgrades 
and the rotation of the bearing as op-
posed to the load vector led to sig-
nificant reductions in measurement 
uncertainty as well as increasing the 
accuracy and repeatability of the 
measurements. It was noted that 
maximum cross coupling occurred at 
load angles other than load on or load 
between pads. Also, the dynamic co-
efficients showed more dependence 
on the load angle at lower Sommer-
feld numbers. A rigid rotor stability 
analysis was done to see the effects 
of load angle on overall bearing sta-
bility. The calculated rigid rotor 
threshold speeds were found to be 
infinite for all load angles and load 
cases that were tested, showing that 
the rigid rotor stability was not com-
promised by varying the load angle 
for the bearing tested.  
 
High Speed Testing Effort 
After the load angle testing was con-
cluded the test rig was updated to run 
at higher journal speeds. Updates in-
cluded: overhaul of the lubrication 
system to handle up to ten gallons 
per minute, sensor and load cell up-
dates, replacement of journal support 

bearings with high precision higher 
speed ball bearings and the revision 
of various data acquisition codes. 
              
An investigation into the effects of 
pivot mechanism on the measured 
cross coupling in tilting pad journal 
bearings is currently under way. Ini-
tial static and dynamic testing of a 
five-pad tilting pad journal bearing 
with ball and socket pivots and a pre-
load of 0.337 has concluded. Journal 
speeds of up to 7840 rpm and static 
loads of up to 1000 lbs have been ob-
tained for static testing. Dynamic 
testing has currently gone as high as 
4900 rpm with maximum loads of 
300 lbs. Results will be available this 
winter in Bob’s Masters thesis. 
Current work consists of dynamic 
testing at journal speeds up to 7840 
rpm and defining the new rig limita-
tions. Future testing efforts will focus 
on the static and dynamic testing of 
the tilting pad bearings for the new 
rotor dynamic stability test rig. Dif-
ferent pivots types and preloads will 
be tested under a range of load and 
speeds. 
 

Project Objective: 
 
Develop a new finite element bearing 
code to accurately model fluid film 
journal bearings. The computer code 
MAXBRG utilizes the state-of-art 
TEHD theories and numerical meth-
ods. It can be used to analyze con-
ventional fixed geometry and tilting 
pad bearings, Leading Edge Groove 

TEHD Analysis of Fluid Film 
Journal Bearings (Computer Code 
MAXBRG) 
 
Student: Minhui He 
Advisors: Paul Allaire, Lloyd Bar-
rett, John Nicholas 
Project Start Date: September 1996 
Report Number: 458 
 

(LEG) and spray bar tilting pad bear-
ings, and pressure dam bearings. The 
bearings can be analyzed under 
flooded or starved oil feed condition. 
Or it may have axial flow and high 
ambient pressure.  
 
Progress in the Past Year: 
 
Major progress was made in the past 

 

Bearings and Seals Cont. 
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High-Speed Compressor Facility 
 
Students: Nathan Brown, Eric 
Buskirk 
Faculty Advisors: Eric Maslen, Ron 
Flack 
 
Project Overview: 
 
The initial objective of this work is 
to construct a test bed with which we 
can experimentally determine aero-
dynamic impeller loading for on and 
off design flow conditions to validate 
or improve existing computational 
predictions.   A later objective is to 
develop an active surge control algo-
rithm that is applicable to industrial-
scale centrifugal compressors.  
 
Both of these objectives will be real-

ized by the high-speed centrifugal 
compressor rig currently under devel-
opment, which employs an active 
magnetic bearing (AMB) system to 
support the rotor in five degrees of 
freedom. The active nature of the 
AMB system makes possible the 
real-time static and dynamic posi-
tioning of the rotor shaft, which al-
lows for straightforward modulation 
of the impeller tip clearance (please 
see “Surge Stabilization in Centrifu-
gal Compressors). The AMBs also 
allow for the direct calculation of the 
rotor reaction forces from which the 
static and dynamic impeller force 
may be determined.  The force meas-
urement uncertainty will be further 
decreased by using an array of Hall 
Effect sensors to measure the air gap 

flux density distributions within the 
radial and axial AMBs.  
 
Progress in the last year: 
 
Kobe Steel has kindly agreed to pro-
vide us with a custom designed aero 
section, which is rated for 52kW gas 
power at 23,000 RPM.  The magnetic 
bearings, test spindle, and bearing 
housing to be used with this com-
pressor have been designed and sub-
mitted for manufacture. The motor 
drive has been designed, manufac-
tured, and tested to 25,000 RPM.  
FIGURE 1: Test facility layout: 1-Motor Drive, 2-

Coupling, 3,8-Auxiliary Bushings,  

4,7-Radial AMBs, 5,6-Axial AMB, 9-Scroll Seal, 

10-Impeller, 11,12-Radial Sensors  

(Not shown are compressor housing, pedestal base, 
and axial sensors) 

Fluid Flows 

year.  A beta version was presented 
at the Annual Meeting in San Diego 
and released shortly after.  The code 
successfully calculates the conven-
tional fixed geometry and tilting pad 
bearings with thermal and elastic ef-
fects. Turbulence is automatically 
handled during computation. A new 
two-dimensional generalized energy 
equation was derived and applied to 
model axial flow and high ambient 
pressure applications. Two oil feed 
models were developed to simulate 

the inlet oil starvation. A coupled 
film-pad approach is used in tem-
perature calculation to improve nu-
merical robustness. Leading Edge 
Groove (LEG) bearings are modeled 
by triggered turbulence while a spe-
cial mixing model is employed for 
the spray bar bearing. For conven-
tional bearings, the numerical results 
have been extensively verified by 
published experimental data with 
good agreement. For the LEG bear-
ing, preliminary comparison showed 

very good agreement. The pressure 
dam bearing is currently under inves-
tigation. 
 
Future work: 
Finish the work on pressure dam 
bearing modeling. Verify the code 
for all bearings and operating condi-
tions. Include the suggestions from 
ROMAC members. Write a user’s 
manual. The final version will be re-
leased in January 2003. 
 

Bearings and Seals  Cont. 
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Surge Stabilization in Centrifugal 
Compressors 
 
Student: Dorsa Sanadgol 
Advisors: Eric Maslen and Hyeong-Joon 
Ahn 
Project Start Date: Fall, 2001 
Report Numbers: none so far 
Project web site: none so far 
 
Project Objectives:  
 
The useful range of operation in turbo 
compressors is usually limited at low 
mass flow rates by the onset of surge. 
Magnetic bearings offer the potential for 
active control of flow instabilities.  This 
capability is highly dependent on the sen-
sitivity of the compressor characteristics 
to blade tip clearance.  If the position of 
the shaft can be actuated with sufficient 
authority and speed, the induced pressure 
modulation makes control of surge possi-
ble.  Use of axial motion in centrifugal 
compressors distinguishes this work from 
related studies which examined radial 
motion of axial compressors.  The ability 
to modulate the mean tip clearance, 
rather than to induce a circumferentially 
periodic perturbation is a significant ad-

vantage of our work.  Ultimately, the 
methods developed in this project will be 
tested on the centrifugal compressor test 
stand presently under development at 
ROMAC. 
 
Progress in the past year: 
 
A theoretical model describing the sensi-
tivity of centrifugal compressor parame-
ters to tip clearance variations induced by 
axial motion of the rotor has been estab-
lished, and a one dimensional incom-
pressible flow model including the effects 
of tip clearance variation on the compres-
sor characteristic has been derived based 
on available measured effects of tip 
clearance on compressor efficiency.  
Having an unshrouded impeller, gener-
ally enhances this sensitivity.  With this 
model in hand, a new feasible control 
algorithm has been developed which is 
capable of substantially mitigating flow 
instabilities using a magnetic thrust bear-
ing as the servo actuator.  To do this, a 
proper Lyapunov function for feedback 
control was defined and a stability condi-
tion for mass flow feedback gain was de-
rived.  In addition, tip clearance offset 
has been integrated in the control in order 

to ensure zero steady state offset so as to 
maintain the efficiency of the compres-
sor.  The axial position servo loop is 
modeled a priori as a third order Butter-
worth filter to reflect reasonably achiev-
able performance of this subsystem. 
 
Results from simulation of the nonlinear 
model on a single stage high speed cen-
trifugal compressor show that mass flow 
and pressure oscillations associated with 
compressor surge can be quickly sup-
pressed and the stable operating range of 
the compressor can be increased signifi-
cantly.  Actuator slew rate and load ca-
pacity requirements appear to be well 
within the typical capacities of such sys-
tems. This highlights the principal advan-
tage of the proposed approach over con-
ventional surge control methods: in ma-
chines already equipped with magnetic 
bearings, the stable operating range can 
be extended by simply modifying the 
thrust bearing control algorithm, dispens-
ing with the need to introduce additional 
hardware. 
 

Fluid Flows Cont. 

Artificial Heart Pump. 
Artificial Heart Pump Project 
Students: Costin Untaroiu, Yi Wu, Yinjie 
Liu  
Advisors: Paul Allaire, Houston Wood, 
Zongli Lin 
Post Doctoral Fellows: Xinwei Song, 
Wei Jiang, Tingshu Hu 

Progress in the past year: 
 
The magnetic bearing supported artificial 
heart project has started on a new axial 
flow pump which is approximately 1.5 
inches in diameter and 4 inches long.  It 
is intended to be implanted in humans as 

a cardiac assist device.  This project is 
sponsored by the National Institute of 
Health with a $4,200,000 grant and is 
carried out jointly with the Artificial 
Heart Lab of the University of Utah 
and RK Engineering 

 

Physiologic Control of the Artificial 
Heart Pump 

Students: Yi Wu, 

Advisors: Paul Allaire, Milton Adams, 
Gang Tao 

Progress in the Past year: 

It is necessary to adjust the speed of the 
artificial heart motor to match the physi-

ologic needs of the human body.  Typical 
activities are 1) sleeping or resting, 2) 
sitting or other moderate activity, and 3) 
stair climbing or other highly active 
needs.  The adjustment of the motor 
speed to these activity levels should be 
carried out automatically, without patient 
intervention.  A model of the human cir-

culatory system, the artificial heart and 
a physiologic controller has been de-
veloped and is being improved.  It has 
been found that the controller devel-
oped so far can effectively control mo-
tor speed under certain conditions. 
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�CRTSP2 

   -Corrected a series of bugs when a third 
rotor is employed 

   -Scripted editor updated as well as part of 
these Rotor 3 problems 

�FORSTAB 

  -Increased number of possible flexible 
support transfer functions from 8 to 16 

�HYDROB 

  -Due to a major bug, use of the current 
version of this code is not recommended 

 -We are currently working toward 
correcting this problem and should have a 
workable version shortly 

�LABY3 

 -Maximum number of teeth increased to 
60 from 30 

 -Scripted editor now takes preswirl ratio as 
input instead of actual inlet swirl velocity.  
Using this swirl ratio, the actual velocity is 
determined based on the seal’s surface 
velocity. 

�ROTLOSS 

 -Program ROTLOSS 
is aimed at predicting the 
iron losses in a rotating magnetic bearing 
journal.  It includes the effects of eddy 
current production and hysteresis.  It does 
not include windage losses as would occur 
if the bearing is not run in a vacuum: shear 
losses will occur in the boundary layer 

between the rotating journal and the 
surrounding gas of fluid.  The analysis 
assumes that the magnetic field distribution 
is identical in each lamination of the 
journal stack, but allows the field to vary 
across the thickness of each lamination.  
Further, it models the stator as a fixed 
distribution of potential: no analysis of the 
field distribution in the stator or of field 
distortion at the poles is carried out.  These 
assumptions permit a very quick analysis 
whose accuracy is consistent with the likely 
accuracy of the parameters of the 
constitutive model.  

 

  �THPAD 

    -Thoroughly reviewed code’s heat flow 
modeling in the FLOW and TEMP 
subroutines  

 -Corrected some errors which in very 
limited cases caused Tbabbit>Tfilm 

 

�THRUST 

 -Circular pad geometries added 

 

 

 

 

 

 

 

�TORTRAN3 

  -Georgraf plotting routines have been   
disabled within new version of 
TORPLOT3.  ASCII output files can be 
generated for use in plotting. 

 -Currently, efforts are underway to replace 
the GEOGRAPH plots with TECPLOT 
capabilities. 

 -TORTRAN3 scripted editor was modified 
to correct input units issue regarding 
torques. 

 -New scripted editor created for Element 
Property File which defines geometry, 
materials, stress concentration factors, etc. 
for the elements where stress and response 
are of interest. 

which is convenient to many restaurants, 
shops, and attractions.   

     The meeting will begin with a wel-
come reception on Sunday afternoon.  As 
usual, lunch and breaks will be provided 
during the week, as well as a dinner buf-
fet on Monday night.  Registration mate-
rial will be mailed out at the beginning of 
March.  Details are also provided on  our 

Charlottesville, VA –  

June 1-4, 2003 

 

     The 2003 annual meeting will be held 
in Charlottesville, VA at the Omni Hotel 
(www.omnihotel.com) at a nightly rate of 
$109.00 single/double plus taxes.  The 
Omni is located on the downtown mall, 

web at http://virginia.edu/romac/ .  Mark 
your calendars now and make plans to 
join us in Charlottesville! 

Annual Meeting 

Software Highlights 

New 
Code! 
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ROMAC participates in the common-
wealth of Virginia’s Equipment Trust 
Fund (ETF) Program, wherein the Uni-
versity is granted matching funds by the 
State, towards the purchase of new labo-
ratory equipment for use in its teaching 
and research missions.  This is one par-
ticular method in which ROMAC funding 
gets leveraged relative to our laboratory 
needs.  The fund matching from the state 
is typically one-for-one, thus making it 
possible, in essence, to purchase new 
equipment at the equivalent of “half-
price” to ROMAC.  This past year, we 
have purchased through the ETF a vibra-
tory shaker for calibrating our various 
accelerometers.  This device is a PCB 
Piezotronics model 394CO6 unit that can 
be used with the accelerometer heads of 
up to 210 grams, which covers virtually 
all of our instrumentation.   

    Requests for ETF recommendations 
are solicited early each Summer, and the 
School of Engineering’s total request is 
considered by the state in the following 
Fall.  A list of approved equipment is 
subsequently provided to each of the De-
partment Chairs, and purchase requisi-

tions are then placed near the end of the 
calendar year.  Although this is a long 
lead-time process, the significant finan-
cial benefit to ROMAC and its member 
companies makes it all very worthwhile.  
Individual items of capital equipment are 
also purchased directly on an individual 
basis by ROMAC during the academic 
year, on an “as needed” basis.  On a re-
lated note, we have just completed a ren-
novation of several pieces of test and 
measurement equipment, including gen-
eral purpose amplifiers and power sup-
plies, to be sure that any apparatus used 
by the students is in good repair and has 
reliable calibration.  An on-site service 
center in the UVA Physics Department 
has expert electronic technicians who 
assist us with these tasks.  A depot/
storeroom for our equipment is run by 
ROMAC Research Professor George Gil-
lies.   

    Another mechanism for equipment ac-
quisition is the donation of research hard-
ware to our laboratories.  Several of our 
member companies have provided us 
with test and measurement equipment, 
transducers and several other types of 

instrumentation in the past.  Long-term 
loans and gifts of equipment are very im-
portant to ROMAC Laboratories, and we 
encourage our members to consider this 
possibility when evaluating their own 
inventories of test and measurement hard-
ware and software, which might contain 
surplus items that could be of use to us.  
Of particular use to us over the coming 
year would be Bently-Nevada Digital 
Vector Filters for use with our bearing 
test rig. Please contact George T. Gillies 
at (434) 924-6235 for further informa-
tion. 

 

 

Recent Laboratory Equipment Acquisitions 

ROMAC 
(Rotating Machinery and 

Controls Laboratory) 
 

We’re on the 
Web: www.

Virginia.edu/
romac/ 

Mechanical and Aerospace Engr 
University of Virginia 
122 Engineer’s Way 
Charlottesville, VA 22904 
Phone: (434) 924-3292 
Fax: (434) 982-2246 
Email: romac@virginia.edu 


