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This paper describes the construction and operation of an easy-to-use, low cost rotor test
platform that is suitable for acquainting practicing engineers with active magnetic bearing
(AMB) technology. In particular, it demonstrates the potential of AMB technology for
reducing, or relocating, the vibratory response of high performance turbomachines.

A major contribution of this work is the use of an open source real-time operating system
(Real Time Linux) in the controller. RTLinux® allows greater flexibility than is usually
found in proprietary operating systems, e.g., it allows the parameters of the control law to
be changed “on-the-fly”.

BACKGROUND AND INTRODUCTION

One of the most demanding applications of real time control is the active magnetic bearing (AMB). Suspending a
rotating shaft in a magnetic field with a gap of .015 inches requires precise, reliable control of the magnetic field.
This paper presents work at Tufts University which uses open source Linux to control an AMB.

There are several advantages for magnetic bearings that justify their use. The major advantage is that magnetic
bearings eliminate physical contact between the shaft and the support, minimizing friction and eliminating wear
inherent with conventional bearings. This must be balanced against the perceived disadvantages such as system
complexity and cost. These tradeoffs are documented by NASA for turbine engines in [1].

Many early AMB patents were assigned to Jesse Beams [2] [3] at the University of Virginia at the time of World War
Il and are concerned with ultracentrifuges [4] used for separation of the isotopes for the manufacture of the first
nuclear bombs. AMB technology did not attain commercial viability until the emergence of solid state electronics
and modern computer-based control technology with the work of Habermann [5] and Schweitzer [6]. The First
International Symposium for Active Magnetic Bearings (ISMB-1) was held in 1988 [7] and has been held at two
year intervals since then.

Kasarda [8] reviews the history of AMB in depth. She notes that the first commercial application of AMB’s was in
turbomachinery. The AMB allowed the elimination of oil reservoirs on compressors for the NOVA Gas
Transmission Ltd. gas pipelines in northern Canada to reduce fire hazard allowing a substantial reduction in
insurance costs. The French company S2M, formerly the Société de Mécanique Magnétique, founded in 1976, was
the first to commercially market AMB’s. More recently, the technology has matured to the point where advanced
texts have appeared that have significant or entire content devoted to the design and build of AMB’s [9] [10].

THE TEST SETUP

Each bearing (see Figure 1) consists of four pole pairs of laminated stator assemblies with individual windings on
each pole. Each pole pair forms a closed flux path through the rotor. The net force on the rotor is controlled by
regulating the flux in these paths. These bearings support a two foot long shaft driven by a brushless DC motor.
The bearing assembly includes inductive gap sensors at the centerline of each pair of diametrically opposed poles.
The controller uses the signal from the gap sensor conditioner to adjust the current from the power amplifiers

U-14 SAVIACT78 28Sept2007 Prepublication Draft, Subject to Revision Page 1 0f8



PREPUBLICATION DRAFT, SUBJECT to REVISION

that drive the magnetic coils to keep the rotating shaft centered
in the gap. A photo of the experimental test rig is shown in
Figure 2 and a physical schematic of the complete test setup is
shown in Figure 3. The total weight of supported rotor structure
is 3.5 Ib.

The coil drive current is supplied by conventional class A
amplifiers with a bias set at 1 ampere with offset currents, Al,
of equal magnitude but opposite sign. This creates unbalanced
magnetic fluxes in opposite pole pairs which exert a net force
on the rotor along each of the orthogonal axes of the two pole
pairs and linearizes the magnetic bearing behavior. This allows
the net force exerted on the rotor, Frotor, to be modeled as a
simple linear equation where K, is a force constant, K, is a
“negative spring” constant and x is the rotor displacement:

Froror = KiAl + K;x 1)

Figure 1 — Active Magnetic Bearing showing  For the AMB in this experimental rig K; is 6.7 Ib/amp and K, is
Flux Paths. 410 Ib/in.

To mitigate the effect of unmodeled foundation resonances a base with a triangular cross-section was fabricated.
This raised the primary structural resonance of the base from 161 Hz for a conventional flat rectangular plate to
above 500 Hz.

Figure 2 - Photograph of Test Rig Setup in Lab at Tufts.
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Figure 3 — Physical Schematic of Test Rig.

#define PERIODIC_FREQ HZ 10000.0
#define FRAME_PERI OD|
pthread t periodic_thread;
void *Periodic function entry(...)
{
pthread_make_periodi
//Initialize various parameters.
while (1)

{

// real time code loop here

pthread wait np();

}
}
int init module (void)
{
// create the thread
pthread_create(
pthread_wakeup_np(
}
void cleanup module (void)
{

pthread_delete_np(
exit (0);

}

Figure 4 - Snippet of Code showing Overall
Structure of Real Time Module.

U-14 SAVIACT8 28Sept2007 Prepublication Draft, Subject to Revision

THE REAL TIME OPERATING SYSTEM

Linux, an open source operating system (OS) distributed
under a General Public License (GPL), was chosen for this
work. The heart of the Linux system is the kernel, which
provides the features and functions common to all
contemporary computer operating systems such as
multitasking, memory management and allocation, file
system supervision, 1/O drivers and networking. To
accomplish this, the Linux OS controls the CPU to maximize
throughput and optimize use of system resources.

Areal time OS, on the other hand, must ensure that a specific
task executes at a fixed rate regardless of the many system
level demands that burden the OS. This is sometimes called
“hard” real time in the literature. To meet this requirement,
two different versions of Linux were developed: RTLinux
and RTAI [11], RTLinux, developed by Michael Barabanov
and Victor Yodaiken in 1996, is now marketed by Wind
River Systems [12] and currently a free version of RTLinux
is available from that company .

Conceptually, RTLinux splits the OS into user-space and a
real-time kernel. This may be thought of as two separate
cities, walled off from each other and able to communicate
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with all its friendly utilities such as the vi
editor, the gcc compiler and the shutdown
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: . . i . . . . 1 environment which executes the real time
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init_modulecreates the entry point for the
: : : : : i : : : : ] real time module and allocates the RT-
Chil 5.00V 00V M| 200ps] A Chl 7 —3.00V _FIFO’s that communicate with user space;
it allows the parameters of the control law
Figure 5 - Test of Real Time Software with Analog to Digital to to be changed “on-the-fly” and furnishes
Analog Conversion (Unity Gain Filter). access to variables within the real-time
code as it executes.

DIGITAL CONTROLLER IMPLEMENTATION

The digital controller is implemented on an Intel Pentium3 personal computer (PC) operating at 1 GHz with a six
slot PCI bus. The system was procured as a customized desktop PC with Redhat Linux version 7.2 pre-installed. In
the laboratory the personal computer is not networked. Version 3.1 of RTLinux® was installed from an archive
downloaded from FSMLabs. The software implementation of this work was published in the Linux Journal [13].

There are three approaches for selection of the digital acquisition and control (DAC) boards:

1. Write the required board driver software.
2. Obtain a driver from an open source [14].
3. Use vendor supplied driver software.

Option 1 requires a high level of sophistication and expertise with Linux and data acquisition programming. Option
2 reflects the open source nature of the Linux system and also requires a moderate level of sophistication and
expertise with Linux and the selection of vendors is limited and the latest products are often unavailable. Option 3,
although it requires the least expertise, places the user at the mercy of the board vendor. The vendors supplying and
supporting the necessary drivers are limited and quite often use the same sources as the second option. The third
option was chosen and two PCI bus multi-channel DAC boards were purchased from United Electronics Inc. [15]

To test the real time software operation a module was coded to read input from a signal generator, convert itto a C
variable, then convert it back to an analog signal, essentially programming a unity gain digital filter. The results are
shown in Figure 5 for a triangular wave of 1000 Hz running through a filter with a sample rate of 10 kHz. In this
figure, the output shows the classic zero-order-hold step of digital converters.

THE LOW ORDER PLANT MODEL

A low order model of a non-rotating shaft, which includes only the first mode with lateral translation using lumped
masses and springs, was developed for symmetric loads applied to the rotors at the AMB locations (Figure 6). As
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shown in this figure, the mass m, represents the central disk, the mass m, represents the rotors, the stiffness k;
represents the ‘negative’ stiffness of the AMB, and the stiffness k, represents the bending stiffness of the shaft.
Three parameters are introduced for this model that give insight into the dynamic behavior of the rig. The first, o,
is the natural frequency of the central disk on the shaft with pinned joints:

k
2 2
= 2
o 3 )
The second, ;, is the natural frequency of the unsupported (“free-free”) shaft and rotors:

- K2(m;+m.) ?)

mam:

It is useful to note that w,” is always greater than o;>. The third, o, is the natural frequency of the rotor on the
magnetic bearing without the mass of the central disk:

2_ ki

s = @

1

The response of the rotors for a symmetric force applied in phase at the bearings is then given by:

F(s) S+ o) (5)

Xile) = m. (5" +s (@~ o)~ 05)

The roots of the numerator of (5) give the zeros (anti-resonances) of the plant:
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Figure 6 - Low Order Model of Rotor with Bearings.

The roots of the denominator in (5) are quadratic in s> which give the poles (resonances) of the plant:
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Figure 7 - Empirical Fit of Plant Model with Multiple Runs.

There are always two real values and two imaginary values for s in equation (7). An empirical fit of this plant
model, shown in Figure 7, is expressed by the transfer function:

545000s2 + 4.273x101°

Figure 8 - Root Locus of Low Order Plant Model and

8)
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A decentralized control strategy is used, i.e. the four
wor axes are controlled independently of each other. The
o control law is a double pole phase lead filter with a
a0} parallel integrator to eliminate steady state error. The
resulting control law has the form:
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£ Inserting appropriate values for the pole and zero and
N, ( the gains in equation TBDL after some algebraic
4 manipulation gives the expression:
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¥ ‘ f’"? v Al ‘ for the controller transfer function. This is then
o v R e ’ ™1 transformed to the discrete time z-domain and

formulated as a difference equation using a bilinear
transformation (see [16] for details).

Controller showing Gains of 30 (square), 40(star) and

50(circle).
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CLOSED LOOP RESPONSE

The system behavior can be explored with classic root locus techniques using equation (8) for the plant and equation
(10) for the controller (see Figure 8). For low system gain, K. in (10), the closed-loop system poles (i.e. the roots of
the closed-loop characteristic polynomial) are near the open-loop poles; the controller poles and the plant poles
consist of two on the imaginary axis due to the plant mechanical resonance and two on the real axis due to the
magnetic bearings, one of which is in the right half of the s-plane.  As the gain increases, the roots of the
characteristic polynomial change altering the system response. The system is stable when all the poles are in the left
half of the s-plane. It should be noted that for sufficiently high gain the dominant poles are not associated with the
open-loop resonance but with the poles from the magnetic bearing, which in the end, converge to the plant zeros at
the anti-resonance frequency.

EXPERIMENTAL RESULTS

The experimental response of a non-rotating shaft to simultaneous in-phase sine excitation at both the rotors is given
in Figure 9. This is implemented in the digital controller by summing the control signals from the gap sensors with
a sine input from the test signal generator shown in Figure 3. The quantitative and qualitative correlation between
the experimental frequency response and
10 the SIMULINK® generated root locus are
reasonable for low frequencies and low
gains as expected for this low order plant
- 16Jun06, K=30 model. For example, with a loop gain of
-=-19Jun06, K=40 30 and frequencies less than 100 Hz the
~— 20Jun06, K=50 experimental data shows a prominent peak
at about 30 Hz and the prediction shows a
peak at about 27 Hz, a difference of ten
percent. Note also that for a gain of 40 all
the poles in figure TBDL are heavily
damped and this is reflected in the almost
flat frequency response of Figure 9. In
terms of minimizing the dynamics of this
rotor system, a gain of 40 is a judicious
choice.

Response

ot 1 1 10 ' 1000
Frequency (Hz)

Figure 9 - Measured Closed Loop Response of a Non-Rotating Shaft
for Three Controller Gains.

CLOSURE

The closed loop poles of Figure 8 can be divided into two categories: those originating at the open loop resonances
of the rotor (plant), which are conventionally called critical speeds, and those originating at the open loop
resonances of the controller and AMB. Hence, the highest pole on the imaginary axis of the root locus plot (Figure
8) is a critical speed and the root locus shows that this critical speed decreases in frequency and becomes more
heavily damped as the loop gain is increased. In fact, the critical speed becomes so heavily damped that it
contributes very little to the system frequency response. This welcome result is compromised by the appearance of a
lightly damped controller/AMB pole and it is this pole that dominates the response at low loop gain.

This is an example of the old saying that solving one problem always engenders another one.

Nevertheless, it is reassuring to realize that setting the loop gain to 40 results in damping out the effect of both poles.
Gains that are greater than 40 make the controller pole slightly damped and it again dominates the frequency
response. So in this case, and one supposes in most cases, it is important to find and use the optimum value of loop
gain. It is also of practical interest to realize that the rotor response may be governed by the dynamics of the
controller and the AMB rather than the rotor critical speed.
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