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Abstract

Magnetic suspension techniques applicable to precision motion control systems
are investigated. Linear and nonlinear control techniques, electromagnetic actua-
tor designs, and mechanical system designs appropriate for magnetic suspensions
are presented. A class-room demonstration of nonlinear magnetic suspension
control, and a linear magnetic bearing system are developed in the laboratory. A
magnetic bearing X-Y stage system is (leveloped in theory.

In the classroom demonstration, a 2.54 cm diameter, 67 gm steel sphere is
suspended below an electromagnet consisting of 3100 turns of #22 wire wound on
a 2.5 cm diameter, 10 cm length core. Position of the sphere is seused optically.
The sphere position is controlled with an 8088/8087 based single board computer
with a sampling rate of 400 Hz. The control laws implement nonlinear terms
which compensate for the electromagnet and sensor nonlinearities, which were
measured experimentally. Implementing such nonlinear compensation allows the
system stability and dynamic response to be essentially independent of operating
point.

In the linear bearing system, a 10.7 kg platen measuring about 12.5 cm by
12.5 cm by 35 cm is suspended and controlled in five degrees of freedom by seven
electromagnets. Position of the platen is measured by five capacitance probes
which have nanometer resolution. The suspension acts as a linear bearing, allow-
ing linear travel of 50 mm in the sixth degree of freedom. In the laboratory this
bearing system has demonstrated position stability of 5 nm peak-to-peak. This
is believed to be the highest position stability ever demonstrated in a magnetic
suspension system. Performance at this level confirms that magnetic suspensions
can address motion contro! requirements at the nanometer level.

The experimental effort associated with this linear bearing system is described
in detail. Major topics are the development of models for the suspension, imple-



mentation of control algorithms, and measurement of the actual bearing perfor-
mance.Suggestions for future improvement of the bearing system are given.

The X-Y stage is designed for precision control of planar motion and is capable
of providing travel in X and Y on the order of 300 mm with nanometer resolu-
tion while simultaneously providing Z-axis travel on the order of 1 mm. This
capability makes such a stage ideal for applications such as the X-Y positioning
of semiconductor wafers for photolithography.

A key subsystem of this X-Y stage is a linear motor capable of simultane-
ously controlling forces along the motor axis and normal to the motor axis. The
electromechanics of this motor are developed to demonstrate that such control is
possible. The design of the X-Y stage and the linear motor subsystem embody a
novel approach to the control of planar motion.

Thesis Supervisor: Dr. James K. Roberge
Professor of Electrical Engineering
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Chapter 1

Introduction

Precision motion control at the nanometer level is required in many contempo-
rary applications. Requirements for even higher precision in future applications
are pointed to by the sub-Angstrom resolution demanded of scanning tunneling
microscope stages. This thesis presents techniques for high-resolution motion
control through the use of magnetic bearings. These techniques are applicable to
any fine-motion control system, such as the stages which position semiconductor
wafers for photolithography. Additional applications of the technology developed
in this thesis are envisioned in areas such as scanned-probe microscopy of large
structures, the production of masks for integrated circuits, surface profilometry,
and in other areas where precision control of large planar motion is required.

Extremely high resolution magnetic bearing positioning stages have been pro-
posed on paper [Slocum and Eisenhaure 1988], but this thesis represents the first
time that magnetic bearing positioning resolution at the nanometer level has
been demonstrated in a laboratory implementation. Specifically, a linear bearing
system has been constructed in which five degrees of freedom are controlled, and
which has demonstrated 5 nanometer position stability. This experimental result
verifies that it is possible for magnetic bearing systems to address positioning
tasks with nanometer resolution requirements.

Additionally, this thesis proposes a magnetic suspension technique which is
capable of controlling planar motion with travel on the order of 100-300 mm in
each of the two axes lying in the plane, as well as small motions out of the plane.
This suspension uses only a single moving platen to realize planar motion control,
and thus is far simpler than earlier systems which use crossed-axis linear slides.
This approach is thus a viable solution for many precision positioning tasks which
require planar motion control. In conjunction with the systems described above,
the thesis also contributes to an understanding of the application of nonlinear
control laws appropriate to magnetic suspensions.

17



1.1 Statement of the Problem

This section gives a brief review of the approaches which have been used for
precision positioning, in order to provide a context for the work of this thesis.

For small ranges of motion, flexure systems can satisfy many positioning re-
quirements. Current scanning tunneling microscope stages are based on flexures,
and realize 10~2nm resolution but with only about 1000 nm travel. Their dynamic
range is therefore on the order of 10°. Flexure systems become more difficult to
employ as the travel is increased to above 1 mm. Further, flexures inherently
allow control of only a single degree of freedom, and must be compounded to
allow control of multiple degrees of freedom. In such compound flexures, it is
difficult to control error motions and cross-coupling between axes. Another dis-
advantage is that it is difficult to make flexures stiff in all but the desired degrees
of freeedom. Hence the use of flexures tends to introduce resonances which make
such positioning systems difficult to control.

Large-travel motion control requires much higher dynamic range than can
be provided with flexures. A system with 1 nm resolution and 100 mm travel
requires a dynamic range of 108. Currently, large-travel precision motion con-
trol systems such as the diamond turning machine described by [Donaldson and
Patterson 1983] are based on bearings coupled with separate actuators. The
bearings constrain motions to the desired degrees of freedom, and the actuators
provide the forces which control motion within these degrees of freedom. Several
problems limit the precision attainable via current techniques.

Firstly, mechanical bearings introduce disturbances due to roughness of the
bearing elements. Roughness can be reduced, but not eliminated, by expensive
hand-finishing operations. Carefully constructed machines such as the Nanosurf
2 described by [Lindsey and Steuart 1987] can achieve sub-nanometer smoothness
of motion, but it is doubtful that the polymeric bearings used in this design can
provide a long life, or that such a design can readily be reproduced for production
applications. Gas and liquid fluid bearings as used in [Donaldson and Patterson
1983] eliminate surface contact and extreme finishing operations, but it can be
difficult to control the dynamics of such bearings. They require a source of gas
or fluid at pressure, are sensitive to contamination, and are unsuitable in a high
vacuum environment.

Secondly, it is impossible to perfectly align the actuator/bearing pair, and
difficult to design a coupling between the actuator and bearings which does not
transmit undesired actuator motions. Thus, the application of control forces via
the actuator results not only in forces in the desired directions but in forces in
undesired directions as well. These forces are constrained by the bearings, but
necessarily result in error motions. Although the resulting errors can be made
small by careful design, for high precision systems the above problem presents a
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severe challenge.

The actuator alignment issue can be resolved by using a flexural coupling
which is designed to be compliant in all but the direction of actuation. However,
it is difficult to design a coupling which is stiff in the direction of actuation, yet
sufficiently compliant in all other degrees of freedom. The compliance between the
actuator and the load introduces resonances which greatly increase the difficulty
of the control system design.

Fine motion control with large travel is sometimes addressed by designing
systems with cascaded coarse/fine positioners. For instance, a fine motion con-
troller realized with piezoelectric actuators can be mounted on a coarse motion
controller realized with conventional electromagnetic actuators and mechanical
bearings. The combination is driven to control motion of a sample carried on
the fine motion stage. This approach has the disadvantage of requiring a more
complex mechanical system and associated controller.

Suspension with magnetic bearings can potentially solve these problems. Be-
cause there is no surface contact, the problems of mechanical roughness and
expensive hand-finishing are eliminated. Also, this thesis demonstrates that it is
possible to use magnetic suspensions to simultaneously provide the functions of
bearings and actuators with very high precision. This is achieved through the
design of a linear motor which can be used to control linear motion over large
travel and simultaneously control linear motion normal to the plane of the mo-
tor’s magnetic air-gap. This linear motor thus performs as a combined actuator
and bearing. By this means, the alignment and coupling problems described
above can be eliminated. As well, it is then possible to design a single-stage
sytem wherein fine motion control and large dynamic range are realized with a
single set of magnetic bearings. This eliminates the difficulties of the conventional
two-stage, coarse-fine systems described above.

Magnetic bearings seem to be the only support system in which the suspension
properties can easily be controlled on-line. The stiffness of a magnetic suspension
can be made essentially infinite at iow frequencies, and can be tailored as a
function of frequency and time by choice of the control algorthm. Also, in the
suspension of a six-degree-of-freedom system, the cross-coupling between modes
can be controlled and minimized by utilizing fully-multivariable control laws.
This theory is well developed in the literature at the current time. Additionally,
nonlinear bearing behavior and the variation of the plant inertia matrix as seen
by the suspension can be addressed throught the use of nonlinear control laws.
It is difficult to envision achieving such control of cross-coupling and nonlinear
terms in the other types of bearing systems discussed above.

For linear and planar motion, mechanical and fluid-type bearings tightly con-
strain motion to lie in the bearing plane. Thus, for these conventional bearings,
to achieve motion out of the plane (such as Z-axis focusing in a wafer stepper)
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requires the use of additional stages of motion control carried on top of the X-Y
stage. However, the planar magnetic bearing motion control system developed in
this thesis can readily provide motion of several millimeters in the Z-axis while
simultaneously controlling motion in the plane. Only one moving part is required
to realize this control, resulting in a much simpler mechanical system, the struc-
ture of which can more readily be made stiff to allow high-bandwidth motion
control.

For the reasons stated above, magnetic bearing systems are an attractive
solution for many motion control problems. Further, the control theory and the
electronics used to implement suspension control algorithms have progressed to
the point that the difficult control problems posed by magnetic bearings can
be readily solved. Magnetic bearings impose critical demands on the control
implementation, but in return offer many performance advantages.

The remainder of this thesis is described in the following section.

1.2 Thesis overview

This thesis develops an understanding of the use of magnetic suspensions for
precision motion control, from the perspectives of applied control theory and
electromechanics. As a foundation, Chapter 2 surveys the problem background
in the literature, and issues which are relevant to all tractive-type magnetic sus-
pensions are presented in Chapter 3.

As the main contribution of this thesis, a number of magnetic suspension
designs are investigated in theory, and two of these designs have been constructed
and tested in the laboratory.

The first design demonstrates the utility of nonlinear control laws for large
travel magnetic suspensions. It served as the initial impetus for this thesis, and
was used as a classroom demonstration. In this system a 1 inch diameter steel ball
bearing is suspended below an electromagnet at an 0.4 inch air gap. Nonlineas
control techniques are used to achieve stability essentially independent of position
for motions of £0.3 inches about the nominal air gap. The nonlinear control laws
are implemented at a 400 Hz sampling rate on an 8088/8087 based single-board
computer. This control laws associated with this system are described in more
detail in Chapter 3. In this context we also investigate issues relating to the
implementation of the nonlinear control laws in discrete time.

The second design studies a precision magnetically-suspended linear bear-
ing which grew out of the Angstrom Resolution Measuring Machine (ARMM)
proposal by [Slocum and Eisenhaure 1988]. In the author’s implementation, a
10.7 kg platen is suspended and controlled in five degrees of freedom by seven
electromagnets. Position of the platen is measured by five capacitance probes
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which have nanometer resolution. The suspension acts as a linear bearing, al-
lowing linear travel of 50 mm in the uncontrolled degree of freedom. The control
design associated with this linear bearing suspension addresses the challenges of
controlling five coupled degrees of freedom. In the laboratory this bearing system
has demonstrated position stability of 5 nm peak-to-peak. This is believed to be
the highest position stability ever demonstrated in a magnetic suspension sys-
tem. Performance at this level confirms that magnetic suspensions can address
motion control requirements at the nanometer level. Control of Angstrom-level
motions via magnetic suspension will be possible as adequate measurement tech-
nologies become available. It is expected that laser interferometric techniques
will be able to address this level of resolution with adequate bandwidth in the
near future. Thus one can readily envision the use of a magnetic suspension stage
for performing scanning tunneling microscopy of large objects such as molecules
or integrated circuit structures.

The mechanical and electromechanical details of the linear bearing design
and photographs of its laboratory implementation are presented in Chapter 4,
and the nonlinear and linear mechanical dynamics of the suspended platen are
developed in Chapter 5. The development of linear models, control theory, in-
strumentation and power amplifiers for this system are presented in Chapter 6,
and the experimental performance of the linear bearing system is given in both
Chapters 6 and 7. Suggestions for ways in which the linear bearing design could
be improved are presented in Chapter 8.

The third design studies the precision control of planar motion on magnetic
bearings. This design has been developed on paper to provide travels of 300 mm
in X and Y with nanometer resolution. A key subsystem of this X-Y stage is
a linear motor capable of simultaneously controlling forces alorg the motor axis
and normal to the motor axis. The electromechanics of this motor are developed
to demonstrate that such control is possible. The design of the X-Y stage and
the linear motor subsystem embody a novel approach to the control of planar
motion, and a patent covering this design has been applied for. The linear motor
and X-Y stage designs are given in Chapter 9.
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Chapter 2

Literature Review

This chapter reviews literature relevant to magnetic suspension systems.

2.1 Prior Art in Precision Machines

The work of this thesis draws on previous research in precision machine design and
control. Areas where useful references may be found are in scanning tunneling
microscopy (STM), precision mechanically suspended linear slides and x-y stages,
and diamond turning machines. These areas are discussed below.

The field of STM is well developed at this point. Current STMs differ sig-
nificantly from the magnetic suspension systems developed in this thesis in that
their dynamic range is much more limited, on the order of 10*, with scans cov-
ering about 1000 A range. This dynamic range can be addressed with the use
of piezoelectric actuators which offer the advantage of high stiffness and fine res-
olution (< 0.1 A). A good overview of the STM field is given in [IBM 1986a)
and [IBM 1986b] which are complete issues of the IBM Journal of Research and
Development devoted to STM. Many new types of scanned-probe microscopes
have evolved from the technology developed to realize the STM, as described in
[Wickramasinghe 1989]. Among these are the atomic force microscope, the laser
force microscope, magnetic and electrostatic force microscopes, scanned thermal
microscope, scanning ion conductance microscope, and scanned near-field opti-
cal microscopes. [Hansma et al 1988] gives a good overview of applications of
the scanning tunneling microscope and the atomic force microscope. All these
systems rely on piezoelectric actuators to provide the scanning motion.

Piezoelectric actuators are not suitable for the current purposes because of the
long travel required in the main axes (50-300 mm). Another reason that magnetic
bearings have been used is that they allow multiple actuators to apply forces to
a platen in independent directions with little cross-coupling among actuators.
It is very difficult to design a piezoelectric actuator to be stiff in one direction
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of actuation, yet uncoupled to orthogonal motions. Thus we have been lead
to develop a linear magnetic bearing with variable reluctance actuators, and an
electromagnetic motor structure, both of which are capable of the long travel
required. At least three of these motors are used to suspend and stabilize the
X-Y stage which is described in more detail in a later section.

Mechanically supported stages have been widely used to provide precision
x-y positioning. Examples of this use are as wafer steppers in the semiconduc-
tor industry, coordinate measuring machines, and precision profilometers as de-
scribed by [Lindsey and Steuart 1987]. In wafer steppers, planar motion control
is achieved through the use of crossed-axis designs in which the Y-stage is carried
on top of the X-stage. Further, the mechanical bearings used in these designs re-
quire expensive hand-finishing operations. Additionally, the Z-axis focus control
is implemented via a separate mechanical subsystem. In the magnetic suspen-
sion system which we propose in this thesis, control of all three axes of travel
is achieved with only one stage with a single moving part, greatly simplifying
the stage mechanical design. Coordinate measuring machines typically use air
bearings. It is difficult to control the stiffness of air bearings as a function of fre-
quency, and resonant modes can result in the measuring machine. The precision
finishing operations and polymeric bearings used in the linear slide of [Lindsey
and Steuart 1987) preclude its use in more than specialized applications.

Precision mechanical design and control has been well developed in the area
of diamond turning machines used for producing optical lenses and mirrors [Don-
aldson and Patterson 1983]. This machine uses laser interferometers for the high
resolution position measurement required, over the 32-inch radius by 20-inch
length working volume of the machine. Machine accuracy is predicted to be ap-
proximately one microinch rms (25 nm). The system uses fluid bearings in order
to carry large loads with low friction. The mechanical design uses a vertical Z-axis
carriage carried on an X-axis carriage. There is much to learn from this design in
terms of the implementation of precision machines. However the specific machine
geometry is specialized to single-point diamond turning of optics up to 64 inches
in diameter and 3000 pounds weight, and thus is not directly suitable for the
control of planar motion which is desired in the current application.

2.2 Prior Art in Magnetic Suspensions

Previous work in magnetic suspensions spans many ields, and a large volume of
literature is extant. We choose to classify the magr.etic suspension literature into
the following broad areas:

o General overview and bibliographic compilations.
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e Early efforts.

e Single degree of freedom suspensions.

e Multiple degree of freedom suspensions.

e Transportation applications.

o Wind tunnel suspensions.

e Replacement/augmentation of mechanical bearings.
o Electrodynamic suspensions.

These classes are discussed in detail below.

2.2.1 General overview and bibliographic compilations.

Several studies provide overviews of the general area of magnetic suspensions and
a large number of bibliographic references. [Geary 1964] gives an overview and
a large bibliography, which well summarizes the work to that time. [Jayawant
1981a] gives a good review of the various uses of magnetic suspension and levi-
tation and an extensive bibliography. His largest emphasis is on transportation
applications, but many other areas are covered as well. The studies by [Covert
et al 1973] and [Bloom et al 1982] survey the use of suspensions in wind tunnel
applications, and a comprehensive bibliography of this area is given by [Tuttle et
al 1983].

The literature above is primarily survey in nature. More detailed techni-
cal studies of suspension systems are given in the books by [Laithewaite 1977),
[Jayawant 1981b], and [Sinha 1987], with major emphasis on transportation ap-
plications, and the book by [Frazier et al 1974] with major emphasis on suspension
of gyroscopes for inertial guidance.

2.2.2 Early efforts.

The results of [Earnshaw 1842] and [Braunbek 1939] are of fundamental impor-
tance in understanding magnetic suspension techniques. As stated by [Basore

1982):

Samuel Earnshaw proved in 1842 that any fixed arrangement of
freely suspended point particles whose forces vary as the inverse square
of distance cannot exist in a state of stable equilibrium. Later, in
1939, Braunbek used an energy argument to extend Earnshaw’s re-
sult to conclude that the stable suspension of a finite body in a static
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magnetic {or electric) field is impossible unless diamagnetic material
is present. Superconductors are often included in this category, as
their ability to shield out magnetic fields can be interpreted as an ef-
fective permeability of zero. Braunbek’s result, known as Earnshaw’s
theorem, applies only if all conductors in the system carry a constant
current. If the current is allowed to change upon displacement of the
body, then the theorem no longer applies and stability is possible.
This is the more natural explanation for the stabilizing influence of
superconductors, and this reasoning extends to conventional conduc-
tors also.

Early suspension systems predate the emergence of electronics for automatic
control, and typically rely on fixed magnets for support. Since, as discussed
above, not all degrees of freedom can be simultaneously stabilized by a passive
system, they typically use mechanical bearing elements to constrain some motions
of the suspended member. An example is the watt-hour meter spindle support
bearings developed by [de Ferranti 1890], and [Pratt 1902].

Here, magnets were used to reduce loading and hence friction on the mechan-
ical spindle bearings, resulting in higher meter accuracy. These bearings were
limited by the available magnetic materials, and did not see practical use until
better materials were developed [Geary 1964].

2.2.3 Single degree of freedom suspensions.

These systems are such that only one degree of freedom of the suspended body
is actively stabilized. Typically the other degrees of freedom are either stabilized
passively by the shape of the suspending field, or are unimportant due to symme-
try of the suspended object. This represents one of the earliest classes of actively
controlled suspensions.

The early work in this area is described by [Sinha 1987]:

The explicit feedback mode using d.c. excitation was first proposed
by Graeminger in his conceptual letter-carrying system where the cur-
rent in the magnet winding was controlled through a mechanical lever
..... Although a slightly modified version of this scheme was later pro-
posed, .... owing to the absence of subsequence [sic] reference in the
literature, it is not clear whether any experimental model or full-scale
prototype was built to assess the performance of Graeminger’s de-
sign. An alternative configuration was proposed about a decade later
by Anschutz-Kaempfe in the context of floating gyroscopic motors
.... However, the first prototype system using active feedback of posi-
tion resembling the configuration of modern suspension systems was
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built a decade later by Kemper. The heaviest model which Kemper
successfully suspended by using thermionic valves weighed 210 kg re-
quiring 270 watts when operating at an airgap of 15 mm .... Kemper’s
work was aimed at demonstrating the feasibility of a radical wheel-less
train.

See [Graeminger 1912], [Anschutz-Kaempfe 1923, 1926], and [Kemper 1937, 1938].

Kemper’s results were closely followed by those of [Holmes 1937]. He built an
axial magnetic suspension using a controlled electromagnet to stabilize a vertical
6 gm ferromagnetic needle. Position was measured optically. His interest was
in developing a low torque suspension for instrumentation purposes, and torsion
constants down to 7 x 10~® dyne-cm/radian were reported. This was the first in
a long line of magnetic suspension research at the University of Virginia.

[Beams et al 1946] used a magnetic suspension to spin small steel spheres in
vacuum up to their bursting speeds. The balls were driven as the rotor of an
induction machine by two pairs of external drive coils, and were spun about the
vertical axis of the suspension. The bursting speeds of various sized ball bearings
were in good agreement with theoretical predictions based on the strength of the
bearing steel. Speeds in excess of 20 million rpm were achieved for balls on the
order of 1 mm diameter. In the evacuated chamber the decay rate of speed was
remarkably small; for a ball of 1.59 mm diameter spinning at 7.2 million rpm,
at a pressure of about 10~° mm Hg, it required roughly two hours to lose one
percent of the ball’s speed.

Position of the ball was sensed inductively, and schematics for the vacuum-
tube based control circuits are given. This appears to be the first use of the idea
of immersing part of the magnetic circuit in oil in order to effect viscous damping
of the radial moticns of the rotor. See also [Beams 1954].

Magnetic suspensions can provide a near-ideal support in terms of freedom
from friction and other disturbances. This capability is dramatically illustrated
in [Beams 1947]. Here, rotors suspended in a vacuum were shown to be sensitive
to the pressure of a light beam falling on them. In experiments, including one
using light from a 100 W arc lamp focused on a 1.59 mm diameter rotor in air at
a pressure of 107 mm Hg, rotors were observed to accelerate when driving light
was applied.

[Beams et al 1955] describe the use of a magnetic suspension as an analyt-
ical balance. The material to be weighed is attached to a ferromagnetic body
suspended beneath an electromagnet. Changes in the nonferromagnetic masses
of the suspended bodies are determined by the resulting changes in the current
through the solenoid necessary to keep the bodies freely suspended at a fixed
position. Masses from 10° gms to 2 x 107® gms were suspended. Weight changes
down to 5 x 10" gms in a suspended weight of 2.3 x 10~ gms were measured.

See also [Clark 1947).
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[Beams 1954] presents the use of a magnetic suspension as an ultra-centrifuge.
The core of the suspension solenoid is hung by a wire in an oil-filled cup in
order to create damping of the suspended rotor in ihe radial degrees of freedom.
Schematics for the suspension circuits are given, as well as a review of over fifteen
years of magnetic suspension work at the University of Virginia. [Beams 1963]
presents a double magnetic suspension system in which two concentric rotors are
suspended. This of course requires two solenoids and two position sensors to
control the two degrees of freedom.

The idea here is to spin both rotors at the same speed in order to reduce
frictional drag on the inner rotor to a minimum. The vertical position stability
of the inner rotor was shown to be better than a wavelength of the 5460.7 A
line of mercury. This was accomplished by arranging the rotor as the end mirror
of a Michelson interferometer, and observing the clearly defined fringing pattern
which resulted.

More recently, suspensions similar to the ones discussed above have been
implemented using digital control techniques. Typically, this simply invelves
the replacement of an analog scheme with its digital approximation, and thus
offers little new insight. Many of the control schemes are somewhat ad hoc and
not grounded in the solid theory which exists for digital control systems. See
[Carmichael et al 1986], [Histani et al 1986}, and [Scudiere et al 1986]. [Williams
et al 1989] use the backward difference approximation to transform standard
continuous-time proportional-derivative controllers into discrete-time controllers
for active bearings suspending a flexible rotor. They then study theoretical and
experimental results for the resulting bearing stiffness and damping at various
sampling rates and with several controllers.

[Sinha and Hulme 1983] describe the application of adaptive control tech-
niques to a one degree of freedom magnetic suspension problem. The design is
studied via simulation only, with no experimental verification.

Single degreee of freedom magnetic suspension systems have also been widely
used as examples in control system textbooks, primarily in the context of the lin-
earized analysis of nonlinear systems (see [Roberge 1975], [Woodson and Melcher
1968], [Franklin and Powell 1980], [Franklin et al 1986], and [Kuo 1987]). As
well, the single degree of freedom magnetic suspension problem is used as a lab
excercise and classtoom demonstration in several courses at M.I.T and at other
universities.

A single degree of freedom system has been developed by the author for use
as a classroom demonstration. A one inch steel ball bearing is suspended below
an electromagnet consisting of 3100 turns of #22 magnet wire wound on an
one inch core. The system is digitally controlled by an 8088/8087-based single-
board computer and data acquisition system. The control law uses a nonlinear
compensation scheme to linearize the magnetic force relationship. This allows the
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stability of the closed-loop system to be essentially independent of the operating
point. The control law for the linearized system is then developed via classical
techniques applied in the discrete-time domain.

Position is sensed optically, and nonlinearities in the relation between pusition
and sensor output are corrected in software. The magnet force-relationship was
verified experimentally via construction of a balance for measuring the magnetic
force on the ball. The effects of saturation at high currents were apparent. This
system is further described in the context of nonlinear control in section 3.4.2 in
the next chapter.

2.2.4 Muilti-degree of freedom suspensions

The systems described above actively stabilize only one degree of freedom. It
appears that the first system to successfully stabilize more than one degree of
freedom was developed by [Jenkins and Parker 1959], and [Fosque and Miller
1959]. Theoretical results pertaining to suspension of a steel sphere in three
actively controlled dimensions are presented by [Jenkins and Parker 1959]. This
paper derives conditions for electro-magnet arrangements in which the three mag-
netic forces are mutually perpendicular and uncoupled. The paper points out
that many arrangements are possible, but gives two examples which seem readily
apparent.

The first of the two arrangements was constructed, and the experimental re-
sults are described in [Fosque and Miller 1959]. Although this is a short article,
many useful insights are provided as to the practical issues invloved in implement-
ing this suspension. Details of the mechanical, magnetic, optical, and electronic
aspects are presented.

Many recent applications involve control of multiple degrees of freedom. For
instance magnetic suspensions for trains and in wind tunnels are of necessity
multi-axis. The same is true for suspensions used for magnetic bearings for
machine tools, and in vibration control. These applications are discussed below
in their respective sections.

2.2.5 Wind tunnel suspensions

Suspension of models in wind tunnels is another area where the unique properties
of magnetic suspensions may be exploited. There are two chief advantages. First,
the model may be suspended without any mechanical contact, which can interfere
with the airflow. This allows more accurate measurement of the forces and mo-
ments acting on the model. Secondly, if properly calibrated, the suspension may
be used to measure the aerodynamic forces and moments acting on the model,
thus replacing the balances used in conventional wind tunnels where the model
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is mounted on a stinger. Systems of this type are referred to as magnetic sus-
pension and balance systems. Typical working cross-sections are on the order of
five inches to one foot. The studies by [Covert et al 1973] and [Bloom et al 1982]
survey the use of suspensions in wind tunnel applications, and a comprehensive
bibliography of this area is given by [Tuttle et al 1983].

[Covert et al 1982] investigates roll control techniques, i.e., torque generation
and position measurement in the model roll component. They found that the
roll information could be derived from the electromagnetic position sensor (EPS)
already in use at MIT for over a decade. Use of microprocessor control was
recommended but not implemented.

[Britcher et al 1979] gives an overview concerned with issues of system relia-
bility and the problems associated with various model position sensing systems.
[Britcher 1983] focuses on the issues of generation of roll torque and of suspension
reliability. It also provides a useful discussion of the current state of the art and
directions for future research. [Britcher 1984] discusses recent developments and
current research efforts leading toward realization of large-scale (i.e. four foot
cross-section) wind tunnel magnetic suspensiocn and balance facilities. [Britcher
et al 1984] describes the design and testing of a superconducting core for aircraft
model wind tunnel suspensions. The core is in a dewar of helium contained within
the model, which can keep the core superconducting for about one half hour be-
fore the helium boils away. While superconducting, the core maintains a constant
current to generate 2 magnetic field on which the wind tunnel suspension acts.

[Fortescue and Bouchalis 1981] investigate digital controllers which are used
to replace and directly mimic (i.e. samez transfer function) analog controllers
from two channels of a model suspension and balance system. The control was
implemented in fixed-point arithmetic.

[Britcher et al 1987] presents digital controllers for magnetic suspension and
balance systems. A general overview of the hardware and controllers at NASA
Langley and University of Southampton is given. A double lead compensator
is described both theoretically and in terms of its performance in actual model
suspension tests. Some nteresting aspects of the position sensor systems are also
presented. Specifically, iong photodiode arrays are used to detect shadow lines
from toe illuminated model.

This articlz also discusses methods for on-line identifcation of the suspension
parameters (i.e. force vs. current, etc.) by applying sinusoids of varying fre-
quency. This technique is refered to as ‘dynamic calibration’. Currently, it is
accurate to about 2%, which is enough for control purposes (i.e. achieving ro-
bustly stable suspension), but not accurate enough for aerodynamic measurement
purposes. Further research is required in this direction.
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2.2.6 Transportation applications

Magnetic suspensions for transportation applications have seen a tremendous
amount of development, dominating other applications in the volume of literature
which has been published. It is also likely that this is where magnetic suspensions
will initially see their largest commercial application.

As noted recently in Time magazine [Benjamin 1988], maglev train systems
for commercial use are being developed in both West Germany and Japan. The
Japanese system is being built by Japan Railways Group, and is a repulsive sys-
tem utilizing superconducting magnets for suspension. The German system,
known as the Transrapid, uses conventional electro-magnets in an attractive
mode. Both systems use linear induction motors for propulsion. The German
system is farther along in development, with a route planned in Germany, and
the possibilty of a high-speed Los Angeles-Las Vegas line is being explored.

A 25 m.p.h. maglev people mover is already operational in Birmingham air-
port in England, and ground has been broken on 50 m.p.h., 1.3 mi. transit
system in downtown Las Vegas. U.S. maglev transportation efforts were termi-
nated in 1975, however there has been a recent resurgence of interest in maglev
transportation within the U.S.

The review article by [Jayawant 1981a), and the books [Laithewaite 1977]
and [Jayawant 1981b], provide a good overview of transportation applications for
magnetic suspensions. The book by [Sinha 1987] also gives an overview as well
as greater technical details. Of particular interest is the flux feedback technique
which allows linearization of the suspension position dependence.

This technique is also discussed in [Jayawant et al 1974], and [Jayawant et al
1976a). [Jayawant et al 1974] describes the control system design for suspension
of a 1-ton, 4-passenger vehicle. A flux sensor is located on the pole-face of the
suspension magnet. A minor feedback loop is closed on flux which linearizes the
dependence of magnetic force on position. The force still goes as the square of
flux, so an additional square root linearization is still required. They mention
the idea of using an analog multiplier to compute the ratio i/z, which would
allow elimination of the flux sensor. However, this technique was prone to drift
and noise, and was abandonded. The problem of coordinating the four actua-
tor/sensor pairs corresponding to the four corners of the vehicle is also considered.
The flux feedback scheme is described in more detail in [Jayawant et al 1976a).

[Jayawant et al 1976b] reviews the vehicle, guideway and electromagnetic dy-
namics relevant to control systems for magnetically suspended vehicles. [Jayawant
and Sinha 1977] study the control of a one degree of freedom suspension which
simulates the behavior of a transportation vehicle suspended below a guideway.
They built a rig which used a hydraulic cylinder to vibrate a guideway which the
suspension was attempting to follow. The layout of this rig is shown. They also

30



discuss the allowable vibration power spectral density for passenger ride comfort.

[Gottzein et al 1977] presents the control aspects of a high-speed test vehicle
running at speeds up to 400 km/hr. The vehicle was accelerated with a rocket
sled, and contained no independent traction generation. Power for on-board elec-
tronics and the magnet drives was supplied by on-board batteries. The controller
is based on using observers to estimate the state of a linearized version of the
system. Vehicle and guideway bending modes were considered, and a reduced
order model developed. They discuss the issues of controlling the five vehicle
degrees of freedom with a greater number of actuators.

This is apparently an overview of the results of an extended program of in-
vestigation. It is a well written and solid paper and thus the other work given
in their references would bear reading if further information was needed on the
application of magnetic suspension to transportation systems.

A unique transportation system utilizing magnetic suspensions is the semi-
conductor wafer transporter presented by [Morishita et al 1986], [Azukizawa et al
1986], and [Takagi et al 1987]. This system is used to carry semiconductor wafers
between processing stations in ultra clean rooms in semiconductor manufactur-
ing plants. The system is arranged as a track which is attached to the ceiling
of the clean room. The wafer carrier contains the wafers in an enclosed cassette
which is electromagnetically suspended below the track. The suspension magnets
are powered by on-board batteries, thus allowing suspension with no electrical
or mechanical contact required. The batteries are recharged when the carrier
is stopped at a processing station. In order to conserve power, the suspension
magnets incorporate a permanent magnet which supplies the static suspension
force, and thus control current is required only to stabilize the carrier about this
equilibrium. That is, the magnet gap setpoint is varied in a closed-loop fashion so
as to drive the average current in each magnet to zero. Thus, even when the load
weight is varied, the power required to suspend the carrier is minimized. This
idea has frequently been used in flywheel suspensions for energy storage where
low power operation is also essential.

Electromagnets are located at each of the four top corners of the carrier. The
electromagnets act on a pair of guide rails which hang from the ceiling. Each
electromagnet has an integral sensor which measures the gap between the magnet
and guide rail. The current in each of the four electromagnets appears to depend
only on the measured gap associated with that electromagnet. Standard state
feedback techniques are used to stabilize each of the four localized loops. The
magnets are arranged in pairs on pivoting bogies to prevent overconstraint on
the four gap lengths and allow each magnet to reach a gap at which its average
current is zero. Auxilliary wheels are used to catch the carrier in the event of a
failure.

The suspension magnets actively control the gap length. Lateral positioning
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of the carrier on the guide rails is achieved passively by making the guide rail
about the same width as the electromagnet. Thus lateral offsets result in a
restoring force which recenters the electromagnet on the guide rail.

Propulsion of the carrier is accomplished by locating a linear induction mo-
tor structure in the center of the guideway between the two rails. This linear
induction motor acts on a copper reaction plaie carried on the top of the carrier.
No iron backing is used behind the reaction plate in order to minimize attractive
forces resulting from the linear induction drive, as these forces would appear as
disturbances to the suspension control loops. Linear induction motors are located
at the beginning and end of straight sections of track and at switching points and
on curved sections. The induction motors are used to control the speed and po-
sition of the carrier in a closed-loop fashion while it is under a particular motor
section. In between motors, the carrier moves freely under its own inertia at near
constant velocity. This motion is possible due to the low friction realized via
magnetic suspension.

The system is advantageous in that it generates little noise or vibration which
would disturb the wafers or processing equipment in the clean room. Further,
since there is no mechanical contact, no dust is generated by movement of the
carrier. Thus the carrier system can be used even in clean rooms where no
human operators are permitted. The system is reported to be operational in a
semiconductor manufacturing plant in Japan.

2.2.7 Replacement/augmentation of mechanical bearings

Magnetic suspension techniques have wide applicability for replacing or augment-
ing conventional mechanical bearings. Areas in which magnetic suspensions have
been applied include: centrifuges, turbines, machine tools, gyroscopes for inertial
navigation, momentum wheels, linear bearings, and for vibration control.

Linear slides

The linear slide proposed by [Slocum and Eisenhaure 1988] provided the initial
impetus for this thesis. Here, they propose a linear slide with Angstrom reso-
lution, suspended by magnetic bearings in five of its degrees of freedom, which
they refer to as the Angstrom Resolution Measuring Machine. These five degrees
of freedom are to be regulated to near zero displacement. The sixth degree of
freedom is linear translation along the long axis of the suspended member. This
axis is to be actuated with a piezoelectric inchworm driver to allow positioning
over a 50 mm travel with Angstrom resolution. Position is to be measured with
laser interferometry on all six axes. Capacitive or inductive sensors are to be
used to give a zero reference to initialize the laser interferometer.
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A version of this slide has constructed by the author as part of this thesis.
The slide is described in detail in following chapters. It differs from [Slocum and
Eisenhaure 1988] in that the inchworm driver was not be used. Rather, a linear
motor has been studied on paper which has the capability to provide control over
the sixth axis translation as well as one of the other five degrees of freedom. This
version is described in more detail in a subsequent section. In the laboratory
implementation, due to time constraints, no control was implemented for the
long axis of travel; only five degrees of freedom were actively controlled via the
seven electromagnets. Position stability of 5 nm has been demonstrated in the
laboratory using this slide system.

Another interesting application of magnetic bearings to a linear slide is pre-
sented by [Matsuda et al 1984]. A contactless linear guide for manufacturing is
described. Six electromagnets and five sensors are used to control five degees
of freedom of the guide which remains free to move in the sixth degree (z axis)
of freedom. The guide rides upon two parallel steel rods on which the magnets
act. Position is sensed relative to these guides, and thus accuracy of position is
dependent upon their accuracy and stiffness.

Linearized equations of motion for the electromechanical system are presented,
and a controller is developed based on these linear equations. The controller is
multivariable and designed with standard LQ theory, where the weighting matrix
Q has been chosen by trial and error. Experimental and theoretical results show
that the slide control loop has a 100 Hz bandwidth.

Vibration control

[Ellis and Mote 1979] describe an intriguing application of magnetic techniques
to vibration control of a saw blade. The idea here is to allow the use of thinner
saw blades which achieve lateral stiffness via active control of a magnetic bear-
ing. Such a thinner blade will waste less material in the cut allowing greater
production yield. A pair of electromagnets and a saw blade lateral position sen-
sor are arranged to act on the blade of a circular saw in the region which is
exiting from the material being cut. The electromagnets are driven in a closed-
loop fashion so as to regulate out lateral displacements of the saw blade. Good
results are reported on increasing the stiffness and damping of test disks in the
laboratory. Tests in a production environment showed at least no deterioration of
the saw performance. The control is implemented with a proportional-derivative
controller.

In [Gondhalekar and Holmes 1984] a shaft spinning on conventional bearings
is stabilized in vibration by an electromagnetic bearing. Thus the electromag-
netic bearing does not support the weight of the shaft, but just controls its
dynamic behavior. Pole-face flux measurements are used to linearize the position
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dependence of the electromechanical system, and a piecewise linear square root
approximation is used to eliminate the variation of force as the square of flux.
This linearization is shown to result in improvements in the polar force diagram
as seen by the shaft.

In order to effect control in the x ard y directions, the magnet uses six poles
at 60 degree angles - three with coils at 120 degrees spacing, and three flux
return poles. The control law is simply a time varying proportioning of the x
and y errors among the three actuators, which runs synchronously with the shaft
rotation. An analysis is given of how the shaft modes shift with changes in the
control law stiffness.

[Nikolajsen et al 1979] study the area of transmission shaft vibration con-
trol. A controlled electromagnet is used to regulate the radial vibrations of a
transmission shaft, a technique which they refer to as electromagnetic damping.
The control electromagnet has four poles arranged at a 90 degree spacing. The
electromagnetic damper allows operation through the critical speeds of the shaft.

Rotating machinery

In some environments such as vacuum systems or corrosive atmospheres, mag-
netic bearings allow applications which would be difficult using conventional bear-
ings. Also, magnetic bearings are attractive for very high speed machinery such
as the ultracentrifuges described by Beams and his collaborators.

[Schweitzer and Ulbrich 1980] give a general review and brief specific descrip-
tion of the design of a suspension for the rotor of a centrifuge in a vacuum. Other
application examples are cited in machine tools and turbomachinery. The con-
troller design is based on a linearized model of the plant (5 degree of freedom).
The controller is designed by optimal control techniques with no essential details
given. Velocity is estimated by an observer and by differentiation of measured
position. The observer is shown to give smoother response.

In [Traxler et al 1984] a magnetic bearing support for a rotating shaft is
described. The shaft mass is 13.5 kg, and its length is 1.2 meters. The bearings
run at 10 mm air gaps, and control radial motions of both ends of the shaft.
Axial motion of the shaft is dealt with separately and not described here. A
motor attached to the center of the shaft is used to spin it.

The system was built for an exhibition to demonstrate magnetic bearing tech-
nology. The design of the microprocessor-based controller, electromagnetic actu-
ators, optical position sensors, and switched power amplifier is described. The
nonlinearity of the bearing force relationship is linearized within the micropro-
cessor. The bearings are controlled in a decentralized fashion, and the individual
control laws are based on state feedback techniques.
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Flywheel energy storage

The theses by [Johnson 1985, 1986}, and [Downer 1980, 1986], describe the use
of magnetic bearings for a Combined Attitude, Reference, and Energy Storage
system for spacecraft use. The purpose is to use a single magnetically suspended
flwheel which can be gimballed through a large angle to provide energy storage,
inertial reference, and attitude control for a space craft.

The theses by [Basore 1980, 1982] investigate techniques for stabilizing perma-
nent-magnet, radially-active magnetic bearings using a control concept which re-
quires only coils of wire for transducers. These systems sense the radial velocity
in two orthogonal directions as control inputs. A 7.4 kg magnetically suspended
flywheel was built using velocity- feedback control, and required only 100 mW
of power in the steady state. This low power dissipation is important for energy
storage applications for which this flywheel is designed. A notation for combin-
ing two symmetric orthogonal axes into a single complex-valued function of the
Laplace transform variable s is introduced. This notation allows classical control
theory to be applied to the design of radial magnetic bearings. Flywheel energy
storage systems are also investigated by [Milner 1979].

[Groom and Waldeck 1979] study the control of an annular momentum wheel
which is supported by magnetic bearings, to be applied for energy storage. The
annular momentum wheel is difficult to stabilize, because it exhibits vibration
modes, while they have modeled it as a rigid body, and the controller does not
consider its distributed nature.

They also use a nonlinear correction law to address the inverse square law
magnet behavior. The nonlinear compensation was implemented with analog
multiplier and square root circuits. They also suggest that, due to the negative
magnet spring constant, there is a minimum control-loop bandwidth required to
stabilize the magnetic suspension, but offer no proof of this result. In the following
chapter, we explain in detail why this minumum-bandwidth result holds for any
practical magnetic-suspension control loop.

2.2.8 Gyroscope suspensions

Magnetic suspensions have played a critical role in achieving near ideal supports
for gyroscopes for inertial navigation. Work in this area has been ongoing at
the Draper Laboratory since the mid-1950’s. The book by [Frazier et al 1974]
describes this development, providing many useful technical details which have
applicability to a wide range of magnetic suspensions.
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2.2.9 Electrodynamic suspensions

Electrodynamic suspensions operate quite differently from the suspensions de-
scribed above. They function by using an alternating field to induce currents in
the object to be suspended. This creates a repulsion which levitates the object.
Further, a stabie equilibrium is possible here without closed-loop control, whereas
attractive-type suspensions are always unstable in at least one degree of freedom,
except in the presence of diamagnetic material.

Electrodynamic suspensions have been used to simultaneously levitate and
melt an electrically conductive material, as in [Arnold and Folan 1987). See also
[Geary 1964], [Jayawant 1981a), and [Jayawant 1981b]. Electrodynamic suspen-
sions will not be considered further in this work.
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Chapter 3

Fundamental Issues

This chapter considers issues which are fundamental to all tractive-type magnetic
suspensions, i.e., all suspensions which act as variable-reluctance devices. First,
a model is developed from first principles for a one-degree-of-freedom suspension.
Then this model is linearized and normalized. The normalized model is used as
a vehicle to study linear control issues such as the minimum bandwidth limit for
magnetic suspensions, stability robustness, and disturbance rejection. Then the
nonlinear model is used to study nonlinear controllers, and their implementation
in discrete time. In this context we describe the implementation of a single degree
of freedom suspension which was constructed as a classroom demonstration.

3.1 Nonlinear Suspension Model

In this section, the open-loop dynamics for a simple one-degree-of-freedom sus-
pension are presented. This system exhibits the essential issues faced in the
design of tractive type suspensions, that is, suspensions which operate as vari-
able reluctance devices. I have drawn my example system from [Woodson and
Melcher 1968] pgs. 22-23, 84-86, and 193-200. The only change is that the system
is inverted such that gravity acts to open the air-gap. This system is shown in
Figure 3.1.

The details of the electromagnetics are worked out in [Woodson and Melcher
1968]; for our purposes, the important details are the coil voltage

_ 2wdpoN?*di 2wdpoN*idz |
“=gete & (orepd T -

and the force on the plunger

. 2
fz = —wdpoN? (;;%) + Mg — fa, (z>0) (3.2)

37



— ¥
— &

c’ N tumns,
coil resistance = R

Highly permeable
magnetic material.
Nonmagnetic Depth d perpendicular
Sleeve to page.
g 0 90

Figure 3.1: Single degree of freedom suspension.
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where the first term is the electromagnet force, the second term is the gravita-
tional force on the plunger, and the third term is a disturbance force acting on
the plunger in the direction the electromagnet force. The nonmagnetic sleeve is
assumed to exert no frictional forces on the plunger.

If we define
u = v,
C = 'lDdﬂoN2
zy = T+ go, (z1 > o)
T, = I

then the state equations for the open-loop suspension are

.'il = T
. C (i\° fa
T = —r (;‘;‘) +9 - I (3.3)
;oo o Rew | ow
Iy 20 2C )

3.1.1 Second order system

If the coil current is assumed to be the control input, then the suspension state
equations are reduced to second order.

Ty = Iy

: C i\ fa
Ty = i ('z'l-) +g—ﬁ (3.4)

These equations will adequately model the system if the coil current is controlled
by a high-bandwidth current loop with sufficiently high voltage-drive capabilities.
In applications, it is most typical to drive the coil with such a current loop, as
this essentially eliminates the dependence of position-loop performance upon the
electromagnet coil resistance and inductance. Thus, this second-order model will
be used for most of the analysis which follows.

3.2 Linearized Suspension Model

In this section, we develop a linearized model for the second-order suspension (3.4).
To begin, write the suspension state and inputs in terms of operating point plus
incremental quantities. That is let ¢, = &; — &;, Tp = T — &5, 1 = 1 + ¢, and
fi = fi+ fi. The overbar indicates the operating point value, and the tilde
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indicates the incremental value of the variable. The minus sign is used in the
definition of the incremental siate quantities so that the linearized plant transfer
function from i to #; will have a positive sign in the numerator. In physical
terms, this corresponds to using a sensor which provides an tncreasing voltage as
the air-gap closes.

The operating point values of the state variables are

= 0

Mg+ f4
\/——Z;— (3.5)

Taking the appropriate Jacobians and evaluating them at the operating point
yields the linearized system equations as

._(:]' ' ~. .gil

~ ~

ry = T,

:_ 2AMg+f) . WOCWMg+f). 1

Z; = M z + YED t+ i fa. (3.6)
Thus the transfer function from current to position is given by

Xi(s)  ao

I(s) s —w}f (3.7)
and the transfer function from disturbance force to position is given by
X](S) _ 1/M
Fy(s) — 82 —uw} (38)
where _
2\/C(Mg + fa)
ap = M (3.9)
e 2(Mg + )
2 _ g Jd
W = Mf]_:l . (3.10)

Both transfer functions have real axis poles at s = tw;. The pole at 4wy is of
course unstable.

It is interesting to note that the disturbance force f; affects both the gain
and the pole locations. Thus any linear controller designed for this plant must
be robust with respect to variations in the incremental plant dynamics, as well
as stiff with respect to disturbance forces. If this variation of dynamics with
disturbance force is not considered, it is possible that the closed-loop system will
be destabilized by a disturbance force of sufficient magnitude.
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Another point to note is that if the operating point disturbance force is set
to zero then the open-loop pole locations depend only upon the operatiug point
air gap and the acceleration of gravity. Specifically, in this case, wy = 1/2¢/Z;.
This points out a fundamental trade-off in magnetic suspension design between
air-gap and loop bandwidth. As we shall investigate in a later section, the higher
the unstable open-loop natural frequency, the harder it is to control the system.
Thus extremely small air gaps are undesirable. On the other hand large air gaps
reduce the electromagnet power/force efficiency. Thus extremely large air gaps
are undesirable. For this reason, suspension air gaps are typically chosen to be
on the order of 0.5-1 mnm. This results in open-loop natural frequencies wy on
the order of 100-200 rad/sec, and loop crossover frequencies on the order of 600-
1000 rad/sec. It is difficult to obtain loop crossovers higher than this due to
high-frequency effects in the magnets and the mechanical structure. This simple
formula allows one to estimate the time constants of a suspension from just the
knowledge of the operating point air gap.

The critical assumption in the analysis of the previous paragraph is that the
suspension electromagnet is supporting all of the gravity load on the suspended
member. In space applications or where permanent magnets are used to carry
the gravity load, and where the electromagnets are arranged in push/pull pairs,
it is possible to circumvent this air-gap/bandwidth tradeoff by operating the per-
manent magnets at large air-gaps, and the electromagnets at small air-gaps with
low bias currents. This approach is discussed in more detail in the suggestions
given in Chapter 8.

3.2.1 Normalized plant

In this section, we present a normalized model for the suspension linear dynamics.
This model is used as a vechicle to investigate the open-loop eigenstructure,
and to develop the design of linear controllers in the following section. Use of
such a normalized model greatly reduces the analytical overhead, while retaining
generality. We also obtain a simple overview of the important issues without
cluttering the analysis with specific numerical values.

With proper scaling, the plant given in (3.4) can be normalized without loss
of generality to the form

3 = &
Iy = & +i+fa (3.11)

where the hats indicate normalized incremental quantities. For this system the
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transfer function from normalized current to normalized position is given by

jﬁ(s) 1
I(s) s*-1

(3.12)

and the transfer function from normalized disturbance force to normalized posi-
tion is given by )
Xl(S) _ 1
Fys) $2~1

Eigen-analysis for this system yields eigenvalues A; = 1 and A\, = —1. The
eigenvector associated with A, is v; = [1 1], and the eigenvector associated
with A\; isv, = [1 —1]'. Interpreting these modes develops a physical feel for the
suspension open-loop behavior. The mode associated with A\, grows exponentially
with time and corresponds to an initial condition where velocity and position are
of equal magnitude and sign. That is, the suspended member is moving away
from the equilibrium point. As it moves away from equilibrium, the force driving
it away from equilibrium increases linearly with position. Thus the divergence is
exponentially increasing with time.

Conversely, the mode associated with A, decays exponentially with time and
corresponds to an initial condition where velocity and position are of equal mag-
nitude and opposite sign. That is, the suspended member is moving toward the
equilibrium point with the proper velocity such that the velocity will decay to
zero just as the equilibrium point is reached. As it moves toward equilibrium, the
force driving it away from equilibrium decreases linearly with position. Thus the
convergence to the equilibrium position is exponential with time. This is perhaps
the harder mode to understand physically, since it is stable. We know that this
trajectory will never occur in the laboratory, since it predicts settling at the un-
stable equilibrium point. The influence of even a small disturbance or noise will
eventually force the system off of the pure A, mode and drive the system onto
the unstable mode associated with ;. The unstable mode will then dominate
over times long compared with one second. However, note that both modes are
required to satisfy initial conditions with arbitrary position and velocity.

(3.13)

3.3 Linear Control Issues

In this section the normalized model developed above is used to study various
options for controlling the suspension with a linear compensator. The open-loop
unstable plant dynamics impose a number of constraints on acceptable com-
pensators. We start by designing a compensator by pole-placement. The loop-
transmission shapes which result from this design technique show that the issues
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of robustness and disturbance rejection are vitally important. In this context we
argue that all reasonable compensators must have crossover frequencies signifi-
cantly higher than the open-loop unstable frequency wi. We also describe why
this is a physically reasonable constraint. Finally, we present the design of a
lag/lead compensator, and investigate its robustness, disturbance rejection, and
settling-time characteristics.

3.3.1 Pole-placement design

In pole placement design it is considered conservative to place the poles at loca-
tions nearer to the origin than the plant open-loop poles. In many contexts this
axiom holds true, however in the current situation this approach does not lead
to an acceptable design. The reasons for this are best shown by example. In the
following, we assume that both states are available for measurement.

The poles of (3.11) can be placed by the following state-feedback law

2 = kl(ﬁ,- - 531) bl kzi)g (314)

where 1, is the normalized reference input and k; and k; are the state-feedback
gains. The error @, — &, is formed prior to multiplying by k, in order to increase
the rejection of disturbance forces fd.

Uxnder this feedback law, the closed-loop state equations are

1 = :22
2 = (1=k)&; — koo + kit + fu. (3.15)

8>

8>

For this closed-loop system the transfer function from normalized reference to
normalized position is given by

Xa(s) _ ky

U(s) +ks+k—1

(3.16)

and the transfer function from normalized disturbance force to normalized posi-
tion is given by R

Xl (8) _ 1

Fy(s)  $*tkas+ly—1
Note that the disturbance is attenuated by a factor of k, relative to the reference
input.

The system will be closed-loop stable if k; > 1 and k; > 0. This corresponds

to paralleling the suspension open-loop effective negative spring rate with a stiffer
positive spring rate, and with a dashpot with positive damping coefficient. Thus

(3.17)
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the requirements for stability appear to be quite simple and allow the closed-loop
poles to be located anywhere in the the left-half of the s-plane.

However simply achieving stability is by no means sufficient in a realistic
design setting, even if the closed-loop pole locations appear to be quite ‘stable’.
This is so because the closed-loop pole locations give no indication as to the
stability robustness or control performance of the resulting design. This point is
best illustrated by example.

Consider the system of (3.15) where we take what appears to be a conser-
vative approach and place the closed-loop poles at s = —0.1. Thus the desired
characteristic equation is s? + 0.2s 4 0.01. This can be realized by k; = 1.01 and
k; = 0.2. Thus the design is a success in this limited context. However, when
the issues of stability robustness and disturbance rejection are considered, the
design is seen to be wholly inadequate. These issues are best studied from a loop
transmission viewpoint.

The negative of the loop transmission for (3.15) is given by

(k2/k1)s + 1
(s+1)(s—1)

Evaluating this expression we find a crossover frequency of 0.101 rad/sec with a
gain reduction margin of 1.01 and phase margin of 1.1 degrees. By gain reduction
margin we mean that the system will be on the verge of instability if the gain is
reduced by this amount.

Thus a 1% reduction in loop transmission gain or a decrease in phase of 1.1
degrees would be sufficient to bring the loop to the brink of instability. The
lack of adequate gain margin can also be seen by looking at the characteristic
polynomial s? + k,s + k; — 1. Reducing k; below 1 will invert the sign of the
last term, thereby pushing a closed-loop pole into the right-half plane. Finally,
disturbances are only attenuated by a factor of 1.01 relative to the reference
input. Thus, this design is wholly unacceptable.

We can learn several points from this design exercise. First, for good dis-
turbance rejection and acceptable gain and phase margins, the constant k; must
be made large. Once a sufficiently large value of k; is chosen, then k; is set to
realize an acceptable damping ratio. If k; is chosen large, then the loop must
cross over at a frequency large compared to the open-loop unstable frequency
wy; in this normalized case wy = 1 rad/sec. If crossover is at a frequency well
above wy then a good model of the loop dynamics is required to frequencies above
wg. Put another way this requirement means that the model must be accurate
to time scales shorter than the open-loop unstable time constant, and that the
control loop must be capable of responding in times shorter than the unstable
time constant. This requirement supports the intuition that if the system is ca-
pable of exponentially diverging from equilibrium in 7 seconds then the controller

—L.T. = k, (3.18)
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must respond in times faster than 7. The bottom line is that there is a definite
lower frequency limit for crossover. This is in marked contrast to the controller
design for a stable plant where crossover can be made arbitrarily low with proper

compensation.
As an example which does achieve good performance and robustness, consider
a design in which the poles are placed at s = —10, ten times further from the

origin than the open-loop poles. This can be realized by k, = 101 and k; =
20. For this design, the performance and stability robustness are quite good as
indicated by the plot of the negative of the loop transmission magnitude and
phase versus frequency shown in Figure 3.2. Crossover is at about 20 rad/sec,
the phase margin is approximately 76 degrees, and the gain reduction margin is
approximately 101.

Note that this design with k; = 101 and k, = 20, and the earlier design with
k; = 1.01 and k; = 0.2 have identical loop transmission zero locations, i.e. at
s = —(ky/kz) = —5.05. Thus the two closed-loop systems can be found on the
root locus shown in Figure 3.3. The closed-loop poles for the first design lie at
the break-away point s = —0.1 on the right side of the circle, and the closed loop
poles for the second design lie at the re-entry point s = —10 on the left side of
the circle. The circle diameter is 9.9, and it is centered on the zero at s = —5.05.

Also note that the loop-transmission zero at s = —(k;/k2) = —5.05 does not
appear in any of the closed-loop transfer functions. This is so because the use of
state-feedback effectively locates the zero in the feedback path, whereby it does
not appear in the closed-loop transfer function. State feedback places no poles in
the feedback path; thus there are no closed-loop zeros associated with this design.
The zero in the feedback path does however attract a pole in the root-locus sense,
and thus for sufficiently high loop transmission magnitude a pole will be located
in the vicinity of the loop transmission zero at s = —5.05.

3.3.2 Series compensation

In the previous section we designed the compensator by pole placement under
the assumption that all states were available for measurement. In practical ap-
plications this is not often the case. In this section we study designs which use
series compensation to stabilize the suspension. This is the approach which is
generally used in practice as it only assumes measurement of position. First, in
the next section a design using only lead compensation is explored. It is seen
that the lead compensator should be located in the feedback path in order to
reduce control effort and to give an acceptable step-response. However the lead
compensator alone does not provide good disturbance rejection. Thus, in the
subsequent section we develop the design of a lag/lead compensator which gives
better disturbance rejection.
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Figure 3.2: Plot of negative of loop transmission magnitude and phase versus
frequency for the system (3.15) with k; = 101 and k; = 20.
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Figure 3.3: Root locus for both of the pole-placement design examples.
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Lead compensator

The lead network is arbitrarily chosen to have a pole-zero separation factor a =
10. The loop is designed to cross over at 10 rad/sec, and the lead time constant
7 = 3.16 x 107! sec is chosen to place the phase maximum at this frequency. The
plant is again the normalized suspension (3.11). For this plant and the chosen
lead network the loop gain must be multiplied by a, = 32 in order to set crossover
at 10 rad/sec. Block diagrams for the two loops studied in this section are shown
in Figure 3.4.

The loop transmission for the lead compensated systems is shown in Fig-
ure 3.5. Obviously this loop transmission represents both the loop with lead in
the forward path and the loop with lead in the feedback path. The phase margin
is approximately 55 degrees. The DC loop gain is about 30. This is too low for
many applications; the lag compensator given in the next section addresses this
issue.

For the forward-path lead compensated system the step response in position
and the corresponding transient in current are shown in Figure 3.6. The final
value of position is about 3% higher than the setpoint. This is due to the finite
DC loop gain of 30. The settled value is higher than the setpoint because the
loop is noninverting at low frequencies {positive feedback). This is due to the
suspension open-loop unstable dynamics.

The final value of current is approximately —1. Thus, the initial current is 300
times larger than the final value. This extremely large transient current demand
will likely saturate the current-drive amplifier and generates large transient forces
which can excite high-frequency structural modes. As well, the overshoot in
position is undesirable.

For the feedback-path lead compensated system the step response in position
and the corresponding transient in current are shown in Figure 3.7. Placing the
lead network in the feedback path reduces the peak current by a factor of 10 (the
alpha of the lead network) relative to the peak current when the lead network is
in the forward path. Additionally, the step response is overdamped, and there
is much less high-frequency energy dumped into the mechanical system. Note
again that the final position is about 3% higher than the setpoint. Since it has
unity DC gain, the location of the lead network will not affect the DC position.

Another way to achieve a smoother step response with lower peak currents
is to precede the loop with a command pre-filter. The pre-filter takes the form
of a low-pass filter with its time constant chosen so that if a step is input to the
pre-filter, the loop position setpoint rises slowly enough that the step response is
smooth. Prefilters of this type are frequently used in the control of mechanical
systems such as in the case of pointing an antenna for tracking spacecraft. Here
it is undesirable to subject the structure to high-frequency transients, thus by
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Figure 3.5: Bode plot of the negative of the loop transmission for the
lead-compensated system.
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Figure 3.7: Position step response and associated current response for the lead
compensated system with compensator in the feedback path.
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using a low-pass prefilter the setpoint is not allowed to take the form of a sharp
step. However, placing the lead network in the feedback path achieves this goal
without requiring the additional command prefilter, and thus without introducing
another pole into the closed-loop response.

To achieve higher positioning accuracy requires some form of lag compensa-
tion. This is taken up in the next section.

Lag/lead compensator

A block diagram for the lag/lead compensated system is shown in Figure 3.8.
The loop crosses over at 10 rad/sec, with a phase margin of about 37 degrees.
The loss in phase margin relative to the lead compensated system is due to the
residual phase of the lag network. This phase margin could be raised to 45
degrees by using a lead factor of 15. The disturbance rejection is very high at
low frequencies.

The closed-loop transfer function for this system is

X1(s) _ 9.986 x 10352 +3.476 x 10~ 1s + 1
U(s) T 3.277 x 10454 +1.037 x 10253 + 9.953 x 10~2s2 4+ 6.216 x 10~1 + 1
(3.19)
This transfer function has two zeros which are located at s = —3.164 and s =
—31.64, and four poles which are located at s = —2.236, s = —21.23, and s =
—4.090 £ 76.896.

The step-responses in position and current are shown in Figure 3.9. This step
response settles in about the same time as the lead compensated system, although
it is somewhat more complex. The damped ringing is due to the complex pair
at s = —4.090 £ ;6.896. The damping of this closed-loop pair could be increased
by increasing the loop phase margin. One way to accomplish this is to redesign
the lead network with a larger lead factor. The long-tail response is due to Lthe
doublet formed by the pole at s=-2.236 and the zero at s = —3.164. Because the
zero is located further from the origin than the pole, the doublet response takes
the form of an undershoot which slowly rises to the final value. This slow rise
is what limits the settling time. However, the settling time is comparable to the
lead compensated system discussed in the previous section.

The response settles to a final value of exactly unity. The use of the lag term
allows good disturbance rejection and position accuracy with little degradation
in the step response compared with lead alone.
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3.4 Some Nonlinear Control Issues

The linear suspension model investigated in the previous sections is only valid
for small motions about the operating point. Also it has been pointed out that
disturbance forces move the system poles and can destabilize the suspension. If
operation over large travel or with significant disturbance forces is required, then
nonlinear compensation techniques become attractive.

Nonlinear compensators have received only limited attention in the magnetic
suspension literature. [Jayawant et al 1974] describes the control system design
for suspension of a 1-ton, 4-passenger vehicle. A flux sensor is located on the pole-
face of the suspension magnet. A minor feedback loop is closed on flux which
linearizes the dependence of magnetic force on position. The force still goes as
the square of flux, so an additional square root linearization is required. They
mention the idea of using an analog multiplier to compute the ratio i/z, which
would allow elimination of the flux sensor. However, this technique was prone
to drift and noise, and was abandonded. This flux-feedback scheme is described
in more detail in [Jayawant et al 1976a]. [Groom and Waldeck 1979] study the
control of an annular momentum wheel which is supported by magnetic bearings,
to be applied for energy storage. They also use a nonlinear correction law to
correct the inverse square law magnet behavior. The nonlinear compensation
was implemented with analog multiplier and square root circuits. [Traxler et
al 1984] implement microprocessor-based linearizing transformations used in a
demonstration system.

In recent years, progress has been made in the theory of nonlinear control
systems, and in the sub-area of feedback linearization. Here, the work of [Su
1982] is of fundamental importance in that it presents the conditions under which
a system may be globally linearized. In a subsequent section Su’s results are
applied to the third order suspension (3.3). However, for a simple system, it
is often possible to construct the linearizing transformations by inspection. We
start then by demonstrating the idea of feedback linearization using the second
order system (3.4).

3.4.1 Linearization of second-order suspension

The basic idea of feedback linearization is to define transformations on the states
and input(s) such that the nonlinear system appears linear and operating-point
invariant in terms of the transformed representation. Then a controller can be de-
signed for the transformed variables. This allows the closed-loop system stability
to be made independent of operating point.

For the second-order equations (3.4), a transformation on the input is all
that is required to linearize the system. This transformation may be derived by
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inspection without using any formal mathematical machinery. That is, if the coil
current ¢ is made to vary as

(3.20)

1= T, C
then the suspension is globally linearized in terms of the new input v. The
notation for the auxiliary input v has been chosen to match the notation in [Su
1982).

Specifically, substituting from (3.20) into (3.4), the system state equations
become

Ii:l = I
Ty = v+g-—% (3.21)
These equations are linear, with an input v, and disturbance terms g and fj.

Here, v is a signal internal to the compensator which may be thought of as a
setpoint, for acceleration in the direction of increasing airgap. In operation, the
signal v will be computed within the compensator, and constrained to be less
than or equal to zero. Since the magnet can only supply accelerations in the
direction of decreasing air gap it would not be physically meaningful to ask for
acceleration in the direction of increasing air gap by setting v greater than zero.
Thus the term —v in (3.20) will always be greater than or equal to zero, and the
square root will yield a real number.

The plant appears linear in terms of the new input v. This compensation of
the nonlinear term does not however stabilize the plant. To stabilize the system,
the nonlinear compensator is preceded by a linear compensator. The resulting
closed-loop system is shown in Figure 3.10. The compensator may be thought of
as having two parts, a nonlinear compensation section and a linear compensation
section. It is the function of the nonlinear section to implement (3.20) in order
to adjust ¢ as a function of z; and v such that the acceleration of the ball is equal
to v. It is the function of the linear section to specify the value of v as a function
of the error between the position setpoint and the measured position such that
the linearized plant is robustly stabilized and has good disturbance rejection and
settling time properties. The signal v forms the connection between the linear
and nonlinear sections of the compensator.

This combination of linear and nonlinear compensation sections stabilizes the
plant such that the loop dynamics are independent of operating point. Such oper-
ating point independence is the main advantage of using a nonlinear compensator.
Note that as viewed from the input to the nonlinear section, the incremental re-
lationship between v and z, is equal to 1/s?, independent of operating point.
Thus, the linear compensator can be designed to control a double integrator via
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standard linear techniques. If it is desirable to reject static disturbance forces
with no position error, then the linear compensator can be designed to include
an integral term. This integral term will adjust the value of v to balance gravity
and any low-frequency components of the disturbance f;.

In applications where large excursions or disturbance forces are anticipated,
the additional complexity of the nonlinear compensation approach is justified.
The major caveat is that we are assumning that the suspension model is accurate.
For the electromagnetics an accurate model can readily be developed, and thus
nonlinear compensation techniques are applicable. The nonlinear compensation
technique was used in the construction of a class demonstration system which is

described below.

3.4.2 Classroom demonstration implementing lineariza-
tion

In the Spring of 1988, I constructed a single degree of freedom levitation system
for use as a classroom demonstration which implemented the nonlinear compensa-
tion technique described in the previous section. As developed there, if the plant
state equations are given by (3.4), then applying the nonlinear compensation
law (3.20) results in a system which appears to be linear in terms of the interme-
diate signal v. The demonstration system uses a high-bandwidth current-drive
to regulate the electromagnet current, and thus (3.4) is applicable.

In the demonstration system, a one inch steel ball bearing is suspended below
an electromagnet consisting of 3100 turns of #22 magnet wire wound on an 1
inch diameter by 4 inch length steel core. The coil current is controlled by a
Bose-type switching regulator, with a hali-scale current switching frequency of
10 kHz, and a full scale current of 2 Amperes. The operating point current is
about 0.4 Amperes at a typical operating point air gap of 1 cm. The system
is digitally controlled by an 8088/8087-based single-board computer and data
acquisition system at a 400 Hz sampling rate. The control law for the nonlinear
compensation section uses (3.20) to linearize the magnetic force relationship.
This allows the stability of the closed-loop system to be essentially independent
of the operating point. The control law for the linear compensation section is
then developed via classical techniques applied in the discrete-time domain. The
position of the ball is sensed optically, and nonlinearities in the sensor output
versus position are compensated for in software.

In order to apply the nonlinear compensation technique, an accurate model
of the plant is required. For the classroom demonstration, this model is devel-
oped by measuring the force on the ball as a function of curient and position.
This measurement is accomplished by using a balance beam for measuring the
magnetic force on the ball. A 1 inch ball bearing is glued into one end of an
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aluminum balance beam of rectangular tubular cross-section measuring 1 inch
wide by 0.75 inches deep by 12 inches long. The beam pivots at the center on a
thin wire which is held by fixed side supports. Balance pans were hung from the
beam on both sides of the pivot midway between the pivot and the ends of the
beam. These pans are used to add or subtract weight carried by the suspension.
At the end of the beam opposite the ball, a micrometer was positioned to push
against the beam and thus provide a postion reference.

The idea here is that the ball glued into the end of the beam can be placed
into suspension. The beam thus provides a handle on the ball by which the force
applied to the ball can be varied. This is accomplished by putting weights into
the balance pans on either side of the pivot. The beam is made of aluminum, and
thus does not interact with the electromagnet. At the ball end, the beam is made
thin so as not to interfere with the optical measurement. The ball is attached to
the bottom of the thinned end beam in such a fashion that it interacts with the
optical sensor in the same fashion as a freely suspended ball.

The force relationship (3.2) was well fit by the experimental data with the
parameters C = 4.43 x 107 Nm?/A? and gy = 0.25cm. The mass of the ball is 67
grams. These parameters are used in the nonlinear compensation law {3.20). The
only deviation from the relationship (3.2) was at high currents (> 1A), where the
effects of magnetic saturation are apparent.

The optical position sensor is constructed as follows. A 24 volt, 5 watt in-
candescent lamp is used as the source, and a piece of cadmium sulfide photo-cell
is used as the sensor, in what is a standard position sensor for magnetic suspen-
sions. Using the balance beam described above, the sensor output is measured
for a number of ball positions. When the shadow-line cast on the sensor is in
the central region of the sensor, the sensor output is essentially linear with ball
position. However, as the shadow-line approaches the upper or lower edge of
the photo-cell, the sensor sensitivity begins to decrease. This nonlinearity in the
relation between ball position and sensor output is corrected in software in the
section of code which inputs the sensor voltage. The corrected position mea-
surement is then linear with actual ball position. It is this corrected position
measurement which is passed to the rest of the control loop.

The position sensor was found to have several defects which limit the system
performance. First, the incandescent bulb output decreases significantly as a
function of time. This is believed to be due to the evaporation of the filament.
Material driven off of the filament is deposited on the inside of the glass envelope,
thereby decreasing the bulb brightness. The second problem is that the cadmium
sulfide sensor is sensitive to any light falling on its surface, independent of the
source. Thus ambient lighting is indistinguishable from the light emitted by the
bulb.

Both of these effects cause problems in the nonlinear compensation law (3.20)
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and in the correction of the sensor nonlinearities. First, the decrease in bulb
intensity and any changes in average ambient light act as offset terms which
drive the system to incorrect points on the sensor correction curve and in the
magnet nonlinearity correction law (3.20). This offset deteriorates the system
stability. Secondly, the ambient light has a large component at twice the power
line frequency, especially in rooms with flourescent lighting. This signal at 120 Hz
acts as a large noise source which causes error motions in the ball position.

The above problems can be solved as follows. First, the light source needs
to be made more constant with time. This can be achieved by using a more
specialized incandescent bulb, or by switching to a semiconductor light source
such as an infra-red light emitting diode. The ambient lighting offset and noise
problems can be solved by either or both of two approaches which are classical in
their application to many problems. The first is to make the system narrow-band.
Commonly available IR diodes emit a relatively narrow-band optical signal; laser
diodes are narrower. In this case, an optical band-pass filter can be placed in front
of the sensor, so that only the emitted frequencies are sensed, and the ambient
lighting is greatly attenuated. The second approach is to switch the light-source
on and off at a high frequency and use synchronous detection to reject signals
which are not at the same frequency and phase as the source. The frequency
of switching must be made much higher than the cross-over frequency of the
position control loop, perhaps on the order of 10 kHz switching frequency. This
rate is easily within the capabilities of available electronics.

The results derived in the previous section for the nonlinear compensation
laws assume that these are implemented in continuous time. For discrete-time
implementation, the issue of sampling rate becomes important. This issue is
investigated in the next section.

3.4.3 Sampling rate issues

Due to the complexity of the transformations it is most likely that a linearizing
compensator will be implemented in discrete time. As an introduction to one
issue involved in discrete-time implementation, the effect of sampling rate on
the second-order suspension system (3.4) is investigated by simulation. For this
example, the suspension parameters have been been given the values developed
for the class demonstration system described above. These values are M =
67 grams, and C = 4.43 x 107* Nm?/Amp?.

The system was simulated assuming a nonlinear compensation law of the
form (3.20). The four graphs shown in Figure 3.11 indicate the system behavior
when a net 0.05g acceleration (v = —0.05 in (3.20) ) is specified. The lines labelled
‘ideal’ show that if the nonlinear compensation was perfectly implemented, the
force on the ball would be constant, and the graph of velocity vs. time would be
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Figure 3.11: The open-loop system with nonlinear compensation showing its
performance with sampling periods A& of 1 and 5 milliseconds. Position z is in
cm separation from the pole face, velocity v is in cm/sec, force on the ball is in
dynes, and current [ is in amps.
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a straight line. However, with any finite sampling rate this is not the case. The
system is open-loop unstable and uncontrolied between sampling instants. Thus
it ‘runs away’ during the interval in which the control current is held constant.
The graphs show the result of this process for sampling rates of 1 kHz and 200
Hz. To get reasonable behavior, it can be seen that a sampling rate on the order
of 1 kHz is required. In the class demo, due to computational speed limitations
a 400 Hz sampling rate was used. This was found to be adequate as long as the
ball was not allowed to approach too close to the pole face.

Another way to look at the effect of sampling rate is to examine the system
behavior under closed-loop position control. To this end, a linear proportional
plus lead compensator is designed in discrete-time to stabilize the nominal plant
which would result if the nonlinear compensation were perfect. That is, in the
ideal case, the nonlinear compensated system appears as a double integrator
independent of operating point. In the finite sampling time implementation, the
quality of this approximation deteriorates as the air gap closes. This can be seen
in Figure 3.12 which displays simulated step responses for the closed-loop system
at four nominal operting points and for the two sampling rates. Note that the
system with 200 Hz sampling goes unstable at the 0.5 cm and smaller air gaps,
whereas the behavior of the 1000 Hz sampled system only begins to deteriorate
when the air gap approachs 0.3 cm. The unstable response for 200 Hz sampling
is not shown for the 0.3 cm air gap.

The bottom line for this example is that the practical implementation of
these linearizing transformations may require very high sampling rates. Also,
what may <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>