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ABSTRACT

Magnetic bearings have been used in a variety of pipeline
applications, but have not yet achieved industry wide
acceptance. They continue to be installed in more
innovative and challenging applications which take
advantage of the efficiency gains and other information
they make available to end users. Despite the promise
offered by the technology, issues concerning cost and
reliability remain the primary concern among end users.
This sets the stage for a discussion of recent operating
experience, and advancements currently underway to
address the cost and reliability issues. Such
advancements include digital control, simplified control
hardware, feed forward algorithuns and on-line
diagnostic capability.

MAGNETIC BEARINGS
Overview

Magnetic bearings have been applied to a number of
different types of machinery ranging from small, high
speed turbomolecular pumps and spindles which, for the
purposes of this paper, will be defined as less than 50
kW, through centrifugal pumps, electric motors,
turboexpanders and fans of mid-range size (50 kW -5
MW) to large centrifugal compressors, steam and gas
turbines (> 5 MW). In industrial turbomachinery, the two
most common applications to date have been
turboexpanders and centrifugal compressors.
Applications are now growing rapidly in pumps due to
more stringent environmental regulations, the
advantages associated with eliminating bearing
lubrication systems and in some cases, shaft sealing
systems.

The literature includes many papers which explain the
operating principles of magnetic bearing systems [1, 2, 3]
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and will not be covered in this paper. However, for the
purposes of reference Figure 1 shows the basic hardware
components of a typical 5-axis magnetic bearing system
used in industrial turbomachinery applications,
including; two radial bearings, one axial or thrust
bearing, position sensors, and an emergency coast down
system for use in the event of power failure to the
bearings. This hardware is provided with power from a
control system which takes shaft position signals from the
sensors, compares them with those specified, and adjusts
position as necessary by power supply to the appropriate
electromagnet.

Figure 1 - 5-Axis Magnetic Bearing System Hardware
Magnetic Bearing Applications and Design Advantages

Figures 2 through 6 show several different configurations
of magnetic bearings in different turbomachinery
applications. These include an overhung compressor, a
beam-type compressor, a turboexpander and a multi-
stage pump. As with most applications to date, each of
these applications have some unique design features
which have added to the value of the magnetic bearing
system in the specific application.

Figure 2 shows a typical beam-type centrifugal gas
compressor with the impeller between the two radial
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bearings. In this case, the thrust bearing is located
inboard of the radial bearing but can be outboard
depending on the design and rotor dynamics . Position
sensors for each radial magnetic bearing are located
adjacent to the magnets. The auxiliary landing system
can also be seen and is used to support the rotor when the
system is de-levitated. The auxiliary bearing closest to
the thrust bearing is also designed to support thrust
loading. This configuration typifies the standard
application of magnetic bearing technology to centrifugal
compression equipment.

Figure 2 - Beam-Type Centrifugal Compressor

Figure 3 shows an overhung centrifugal compressor
equipped with magnetic bearings. Overhung
compressors experience larger thrust loads than
otherwise equivalent beam-type designs during
pressurization and subsequent start-up of the unit. This
is caused by process pressure acting over the exposed
area of the overhung shaft and can result in forces
exceeding the capacity of the thrust bearing, regardless of
its type; fluid film or magnetic.

To overcome this force, the configuration shown utilizes a
thrust balancing device, comprised of a single stage dry
gas seal within a cylindrical enclosure on the overhung
end of the shaft. A closed loop control system uses the
magnetic thrust bearing signal to regulate gas pressure
within the enclosed tube at the end of the shaft and
thereby minimize the thrust bearing load. During startup
the control system depressurizes the enclosure; the thrust
direction is towards the drive end of the compressor. As
operation begins and differential pressure across the
compressor increases, the net thrust load shifts to the
non-drive end; pressure inside the enclosure is increased
to reduce the thrust load.

The design shown significantly reduced the maximum
thrust force from over 20 tons (~ 45,000 Ibs.) to less than 4

tons (~ 9,000 lbs.), enabling a much smaller bearing to be
specified and procured. This development took
advantage of the information made available by magnetic
bearing technology to improve a specific design challenge

[4].

This concept of thrust load reduction was then applied to
beam-type compressors [4]. Figure 4 shows the cross-
sectional layout of a compressor with magnetic bearings
and a ‘balance seal’. The control loop takes
measurements from the thrust magnetic bearing and
controls the gas pressure between two dry seal stages of
differing diameters. This creates an envelope of

INLEY PIPIRG

iy
-—3- o BRI AL
anie
cas FLOV

———

THRIST REDUCIR
Ay

\_ [
O — Al

Figure 3 - Overhung Centrifugal Compressor

load which is used to balance thrust forces. The need for
a balance piston is thereby eliminated along with the
losses associated with balance line gas recirculation.
Compressor efficiency is thus increased by this same
amount. Finally, the overall length of the shaft can be
reduced for improved rotor dynamic behavior. This
approach demonstrates how integration of the technology
can improve compressor efficiency and rotor dynamics.
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Figure 4 - Thrust Reducing Balance Seal
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which have resulted in reliability and availability now
reaching 99.9% system-wide over the last year.

The NOVA experience provided the basis for a study by
the Electric Power Research Institute (EPRI) which
examined the factors involved and made a number of
recommendations to its member utilities considering the
implementation of magnetic bearing technology [10].

It is worthwhile examining a number of the operating
problems encountered directly by the authors, to better
understand the relationship of the technology to the
problem, the impact upon cost and reliability, and how
they are now being addressed.

A number of these problems were manifested through
the bearing system, although their source lay elsewhere
in the machine or system. They illustrate the value
magnetic bearing technology is adding to the industry, in
terms of better understanding equipment operation.
They include various overload shutdowns which lead to
identification of problems with surge control systems,
machine design, fabrication and assembly deficiencies.

Ground Faults and Faulty Wire Termination

One of the common problems seen by some end users of
magnetic bearing system is unit trips or intermittent
shutdowns due to ground faults and faulty or loose wire
terminations. With proper design, installation
procedures and maintenance practices these problem can
be eliminated but should not be overlooked when
applying magnetic bearings.

Auxiliary Bearing - Failures Resulting in Unit Damage

The auxiliary bearings are an area over which there is
much discussion and controversy. There have been
recorded cases where the auxiliary bearings have failed
resulting in damage to the machine including shaft and
impellers. To our knowledge 2ll of these cases are on
earlier version machines where the unit operation on the
auxiliary bearings was not properly understood or
designed.

Significant improvements have been made in this area
which include, for example, specially designed bearings
which have a built in dampening mechanism to limit the
bending of the shaft on impact. Improved rotor dynamic
capability and understanding to better model and design
the system on the auxiliary bearings have also helped
eliminate these problems.

In addition, many equipment manufacturers and
magnetic bearing manufacturers now have the capability
to perform a drop test at full speed to demonstrate the
shaft stability and deflections on the auxiliary bearings,
prior to installing them in the machine. This is an
expensive test but it helps to verify the design and rotor
dynamics as well as eliminate any concerns over the
effectiveness of the auxiliary bearings. If the unit design
and loads do not change this test should only be required
once per type of unit versus testing every unit produced.

As an example, the authors just completed a high speed
hydrogen compressor designed with magnetic bearings.
The shaft was dropped at least 9 times onto the auxiliary
bearing at different speeds during a pre-unit test prior to

being sent to the equipment manufacturer for installation.

Although the auxiliary bearings are only an emergency
back up system, this test demonstrated that there was no
concern should a full speed drop occur during operation.

Overload - Surge Control System

Field testing of selected compressors was conducted to
determine their response to surge, after four incidents on
other compressors where similar mechanical damages
occurred. It was revealed that upon shutdown, the units
experienced surge causing excess shaft movement.
Further investigation revealed the recycle valve and
associated piping was either undersized or too slow to
open.

Subsequent testing has provided data that suggests that,
provided recycle system sizing is correct, recycle valve
actuation to 100% open within 500 to 750 msec is
sufficient to keep the units out of surge and the resultant
rotor excursions from occurring. Modifications were
carried out to effect such a standard throughout the
system.

This case points to the need to understand the process
application well, and ensure overall system integration is
examined thoroughly at the design stage.

Overload - Balance Piston Sizing

In these cases, the overload occurred on the thrust axis,
after growing in proportion to the differential pressure
across the compressor. These overloads were discovered
during commissioning, and pointed to incorrect
assumptions about thrust loads resulting in inadequate
balance piston sizing.

Overload - Impeller/Shaft Interference Fits
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provide even more meaningful end user interfaces [12],
as shown in Figure 7. The acceptance of the PC as a
hardware standard combined with data capture during
alarms and shutdowns, plus the growth of networks, now
make remote analysis and support of such systems more
cost effective. Diagnosis of a perceived problem and
remote restart can substantially reduce expensive callouts
across large pipeline systems.

Digital Control

Completely digital control has been commercially
available for about three years [13], making the
standardization of magnetic bearing control system
hardware now complete. Application specifics can now
be handled by software changes, and a modularized
mating of actuator power requirements with a fixed
number of power amplifier ratings. This also automates
the record-keeping associated with tuning of the bearing
system for the specific application, resulting in improved
quality control

Open Loop Control

Digital control systems also make possible new types of
control algorithms which adjust themselves to changing
conditions in near-real time. So-called adaptive open
loop or 'feed-forward’ control can counter the effects of
imbalance by measurement of bearing forces and
direction on each axis and injection of equal but opposite
forces [14].

This has significant operating cost and reliability
implicationis for pipeline turbomachinery. Use of feed-
forward algorithms has the potential to increase the
allowable duration between major tear-downs on a
machine to correct rotor imbalance which builds up over
time, or correct damaged internal components. Also
implied is the potential to increase the useful operating
envelope of the machine, by canceling out the effects of
incipient surge or cavitation.

Single Board Controller

This advancement is aimed at improving the reliability
and reducing the capital cost of magnetic bearing control
systems, by collapsing the functionality required onto less
electronic hardware. Control systems are now available
with 75% fewer printed circuit boards than their
predecessors, resulting in a 50% price drop. Single board
controllers reflect the lower commodity cost of electronic
computation that has resulted from the stabilization and
acceptance of a number of hardware and software
standards throughout the world, including high-speed

digital signal processors, the Windows/Intel (Wintel’) PC
and ISA /PCI bus [18].

SUMMARY

Many new applications of magnetic bearings have taken
place in the past three years, with ever-increasing
reliability and availability. The majority of the existing
installed base is achieving reliability approaching 100%,
equal to or better than the oil systems they replace. This
success reflects appreciation of the factors affecting
technology development and implementation, including
process application, machine design, overall system
design, and effective operator education. The best results
involve an open and willing approach between the end
user, turbomachinery OEM, and bearing subvendor.
Through this approach high reliability and still further
advancements in technology are to be expected.

Magnetic bearing systems are now being recognized for
their reliability and realizable life-cycle cost savings. The
information they provide make further significant
reductions in turbomachinery operating costs possible.
Advancements recently achieved are now reducing the
capital cost and broadening the number and type of
applications. Further development of digital standards
will make ‘smart’ turbomachinery, able to detect and
adjust to adverse changes in process operating
conditions, a reality very soon.
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