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positioning achieved by PZT actuators. Similarly, [5] demonstrates a six degree-of-
freedom, permanent magnet levitated linear motor delivering r.m.s. positioning as
low as 5 nanometers. Extensive research is being pursued in the field and linear
motors with peak forces as high as 20 kN are available. These examples show that
linear motors are also proving to be promising for precision positioning applications.

Thus, magnetic leadscrews and linear motors are the two competing technologies
among magnetic suspension systems both taking advantage of their contactless
property. Linear motor technology is, however, expensive. With their advantages
in terms of performance, they also bring inherent undesired properties (e.g. force
ripple) which make their control more difficult than rotary motors [4]. Special drive
circuits are required for linear motors as against the standard rotary motor drives
required for magnetic leadscrews. Increasing the span-length of linear motors is
expensive since it requires additional magnetic tracks to be stacked adjacent to each
other. Further, each magnetic track requires separate cooling arrangement which
makes it even more expensive to achieve longer travels. Magnetic leadscrews do not
suffer from these limitations of linear motor drives. As mentioned before, they can
be driven with conventional rotary motor drive circuits. Increasing their span-length
amounts only to replacing the leadscrew with another having greater length, which
is a much more economical affair as compared to linear motors. Also, resolution of
the drive can be improved by improving the thread ratio between the nut and the
leadscrew. Typically, they can deliver forces of the order of 400 N and higher peak
forces may be achieved. In summary, magnetic leadscrews offer a cheaper option for
precision positioning applications delivering the desired properties of linear motors.

However, due to their contactless nature, magnetic leadscrews exhibit very low
damping. Friction between the transmitting parts is virtually eliminated resulting in
a lightly damped system which exhibits more vibration than conventional (contact-

type) drives. This is an undesirable property inherited by these drives due to their
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contactless nature, and, active control schemes must be resorted to for meeting the
stringent positioning demands on them. This is the issue addressed in this work.

Active control finds many applications like aircraft panel vibration control,
machinery vibration control, active noise control, etc. A summary of various appli-
cations can be found in [6]. Although active control has been employed for decades,
there is a renewed interest in this field because many control algorithms that were
difficult to implement earlier are now feasible with the availability of low cost, high
bandwidth Digital Signal Processors (DSPs). In a typical active control effort,
vibrating modes of the plant are identified first using a frequency sweep test or a
white noise excitation test. An algorithm is then devised for cancellation/control of
each of these modes. Both single-mode and multimode control can be performed and
has been demonstrated in the past, see e.g. [7]. A comparison of different algorithms
for independent modal space control (IMSC) may be found in [8].

This work addresses the issue by developing a learning controller. A neural
network is used to obtain suitable feedback components. The controller requires
only a rough idea about the location of the vibrating modes. Lead Zirconate, Lead
Titanate, Piezoelectric Ceramic (PZT) actuators are employed for the dual purpose
of controlling and/or injecting vibration at the resonant modes. PZTs have many
desirable properties such as high stiffness, precise controllable motion, high force
and high bandwidth. They are gaining wide acceptance as actuators for active
vibration control. Note however, that other actuators are also being examined for
their potential as actuators for vibration control, e.g., [9] demonstrates positioning

down to +1nm using a voice-coil actuator used as secondary actuator in the system.



1.3 General System Description
Instrumentation on the nut is as shown in Figure 2.1 while a cross-sectional view of
the nut is shown in Figure 2.4. The drive is supported by a combination of externally
pressurized air journal and thrust bearing on one end and by the nut on the other
end. The nut moves along a slide through a rectilinear air bearing. A capacitive
sensor and an accelerometer are mounted on the nut to measure the vibration in the
axial (z) direction. Two stacks of PZT actuators are mounted on either side of the
nut to inject or control the vibration as required. High voltage amplifiers (HVAs) are
employed to provide the drive power for the PZTs. The controller is implemented in
a PC-DSP data acquisition and signal processing board which uses the TMS320C31
floating point DSP from Texas Instruments. Figure 1.1 shows a basic block diagram

of the system.
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Figure 1.1 Basic Block Diagram of the System
Detailed hardware description of the system follows in Chapter 2. Chapter 3
explains the theory behind the neural network based controller and also the overall
controller structure. Software development is the subject of Chapter 4. Test results

and discussions are included in Chapter 5.



CHAPTER 2
HARDWARE DEVELOPMENT

This chapter describes the hardware platform for the project. An overview of the
system is given first followed by the description of each of the individual components.
The PC-DSP development system is explained in detail. A description of the exper-
imental setup consisting of the magnetic leadscrew, and the sensors and actuators,
along with their relevant interfacing circuitry, is given next. Parameter specifications

of individual components are included in Appendix A.

2.1 System Overview
Figure 2.1 shows the experimental setup of the system.
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Figure 2.1 Experimental setup of the system
The system consists of a nut and a leadscrew which are magnetically coupled to each
other. The nut is mounted on a slide at the bottom and travels in the axial i.e. the
z-direction as shown. The system uses PZT actuators to control the nut vibration.
Two separate PZT stacks attached with the desired proof mass are mounted on either

side of the nut as shown. Each stack can serve the dual purpose of injecting the test
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disturbance into the plant (nut) or producing the control motion to cancel /control the

disturbance. A low G accelerometer and a capacitive sensor measure the vibration.

Figure 2.2 shows the functional block diagram of the system.
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Figure 2.2 Block diagram of the system

The controller is implemented on a PC-DSP development platform which uses the
“Model 310 Data Acquisition and Signal Processing Board” from Dalanco Spry.
The board uses the TMS320C31 floating point DSP from Texas Instruments and is
designed for the ISA (PC-AT) bus of the host PC which has an Intel Pentium-MMX

CPU running at 166 MHz.

2.2 Components

2.2.1 PC-DSP Development System

The DSP board has 128 kword on-board RAM with provision for additional
expansion. It is interfaced to the ISA bus of the PC. The RAM is dual ported

and therefore is accessible by both the PC, as well as, the DSP. It is interfaced to the

16-bit ISA bus via a bus interface. Figure 2.3 shows a block diagram of the board.
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Figure 2.3 Block diagram of the DSP board

A four channel differential multiplexer on the input side facilitates four 14-bit
ADC input ports while the output side has two 12-bit DAC ports. Simultaneous
Write cycles on the DAC ports in the same cycle are also possible. The voltage
range on both ADC and DAC ports is £ 5V. A programmable gain amplifier (PGA)
on the board enables low amplitude signals to be read. Gain ranges from 1 to 1000
with fixed intermediate values provided by the manufacturer. Note that the ADC
and the DAC are not dual ported in that they are accessible only by the DSP and
not the PC. The DAC can output data with a maximum rate of 140 kHz while the
ADC can read at a maximum rate of 300 kHz. The sampling rate for the ADC is
programmed from the C31.

The board can be mapped in the PC’s I/O space on 8-byte boundaries.
Programming may be done in both C as well as assembly. The DSP board is

compatible with the Texas Instruments Optimizing C Compiler for the C31 [11].
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In addition, two user written libraries are used which contain the C code along
with optimized assembly fragments for certain routine functions. This facilitates

complete isolation of the programming environment from the architectural details of

the board.

2.2.2 C31 Features

The TMS320C31 is a 32-bit floating point DSP from Texas Instruments which
combines both system control and mathematical processing functions on a single
chip. Key mathematical processing features of the C31 include single cycle MAC
(multiply + accumulate) instruction, 32-bit barrel shifter, independent multiplier
and ALU units, eight external precision registers with 32-bit mantissa and 8-bit
exponent, for intermediate storage of operations and two independent Auxiliary
Register Arithmetic Units (ARAUs) for fast address generation in all addressing
modes. The separate multiplier and ALU units both handle 32-bit integer and
40-point floating point data. The key system control features which make the C31
a stand-alone single powerful processor include: on-chip 64-word instruction cache,
two 32-bit wide on-chip banks of 1 kword RAM and one 32-bit wide on-chip bank
of 4 kword ROM, two 32-bit memory-mapped timers, a full-duplex, bidirectional,
memory-mapped serial port and most importantly, an on-chip memory-mapped
DMA controller. The DMA controller is used to achieve CPU operation concurrent
with I/0. The DMA controller handles data transfers between the different on-chip
memory resources thereby relieving the CPU of I/O responsibilities. It also performs
memory-to-memory transfers and can access any on-chip/off-chip memory address or
memory mapped peripherals. The on-chip memory blocks can perform two memory
accesses in a single cycle. The serial port can transfer data as 8-bit, 16-bit, 24-bit
or 32-bit words. In the present system, the on-chip timer is used as a triggering

signal for the ADC conversion cycle. A toggle on the TCLK pin gives a “Start of
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Conversion” to the ADC. After “End of Conversion”, data is sent from the ADC to

the serial port. A read operation copies the data in the CPU.

2.2.3 Magnetic Leadscrew

A cross-sectional view of the contactless drive is shown in Figure 2.4.
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Figure 2.4 Magnetic Leadscrew

The drive is based on the principle of aerodynamic/magnetic suspension. In conven-
tional drive systems, the nut and the leadscrew are mechanically coupled. In the
present system, however, magnetic coupling is applied between the two to align the
threads of the nut and the leadscrew. This avoids any physical contact between
the leadscrew and the nut and eliminates the so-called “hard” nonlinearities such
as backlash, hysteresis and surface friction, present in contact-type (mechanically

coupled) drives. Superior performance is achieved as a result, giving high resolution,
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longer life due to lower wear and tear, lower cost as compared to the conventional
ball screw drives and also a wide range of travel. “The leadscrew and nut are made
of soft magnetic material with fine rectangular thread. Their spacing is filled with
non-magnetic epoxy. Permanent magnets are joined to the nut to supply energy to
the magnetic circuit formed by the leadscrew and nut pair. The operating point
and the subsequent performance of the permanent magnets depend on both the
physical installation of the magnetic circuit and the magnetization of the magnetic
circuit after assembly. As shown in the cross-sectional view above, the aerostatic
leadscrew system is supported on one end by a combination of externally pressurized
air journal and thrust bearing. It is also supported by the nut, with the nut acting
as an externally pressurized air journal bearing. The nut moves on a slide through
a rectilinear air bearing. High resolution linear movement is achieved by the pitch,

which is 0.1 mm in the present system.”(1]

2.2.4 PZT and High Voltage Amplifier

The system uses the Lead Zirconate Lead Titanate (PZT) class of actuators to
inject/control the vibration of the nut. PZT belongs to the class of induced strain
actuators (ISAs). Among other members of this class are electrostrictive actuators,
magentostrictive actuators and also shape memory effects {10]. The multilayer stacks
of PZTs used in this system exhibit high force and low displacement. Since the
displacement (vibration) of the nut is within & 25 microns, the stiffness requirement
of the PZTs is not as high as that for span-lengths exceeding hundreds of microns.
[2] Two separate piezoelectric stacks with suitable proof mass are mounted on either
side of the nut. One stack (PZT1) is used to inject test disturbance while the other
(PZT2) is used to produce the control motion. These functions can be interchanged.
The PZTs require high voltage of the order of hundreds of volts to provide the desired

control motion. The control inputs (from the DAC) and disturbance inputs (from
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the signal generator) are therefore fed to high voltage amplifiers with an amplifi-
cation factor of 100. Outputs of these High Voltage Amplifiers eventually feed the
command to the PZTs.

2.2.5 Sensors
As shown in Figure 2.1, two sensors are used to measure the vibration of the nut. A
low G accelerometer and a capacitive sensor are mounted on the drive as shown to

measure the axial (z-direction) acceleration and displacement the nut, respectively.

2.2.5.1 Capacitive Sensor: The capacitive sensor has a range of & 25 microns
which corresponds to half rotation of the nut. A charge amplifier is used to convert
the capacitive sensor’s output to a dual polarity voltage signal. The resulting sensi-
tivity is 0.4 V/micron. Parameter specifications are given in Appendix A.3.
Mounting of the capacitive sensor is a critical implementation issue. In the
present system, a magnetic stand is used to hold the capacitive sensor. The stand
is mounted on the same slide on which the nut travels. This reduces any common
mode disturbances that may be present. However, because of the magnetic stand,
the overall assembly is similar to a cantilever beam with the result that the vibration
modes of the magnetic stand also appear in the frequency spectrum obtained from
the capacitive sensor. If these modes “mix” with those of the nut then it becomes
difficult to identify the “true” modes of the nut. It is extremely important to identify
the correct resonant modes if proper cancellation is desired. Confronted with this
situation, we take the following precautionary steps: First, the capacitive sensor is
mounted as low as possible on the magnetic stand. This reduces the stand vibration
significantly. In addition, the frequency spectra as obtained from the capacitive
sensor and the accelerometer are compared. The accelerometer is mounted directly

on the nut and therefore does not introduce any erroneous modes in its spectrum.
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Lastly, the magnetic stand is placed at various positions and the position where the
spectra obtained from the two sensors are in agreement, is selected. Sensor placement

is an extremely critical part in the hardware implementation of this system.

2.2.5.2 Accelerometer: The system uses the model CXL04M3 triaxial accelerometer
from Crossbow Technology. The silicon micromachined accelerometer operates on
a single +5V supply and provides a direct analog output voltage which can be
interfaced to the ADC channels directly. It is epoxyed on the magnetic nut such
that the x-axis of the accelerometer is aligned with the z-direction of the nut. The
factory calibrated zero-G output on the x-axis is 2.475 G. Following relation is used

to calculate the output acceleration:
Acceleration = (Vout — zero— G of fset voltage) * (scalefactor) (G) (2.1)

Scale factor for the x-axis is 500 mV /G. Despite factory calibration, the accelerometer
was re-calibrated before any tests were conducted and the zero-G voltage from the
x-axis (after mounting the accelerometer on the nut) is 2.48 V. Note that the DC
offset is adjusted (nullified in software) before any operations are performed on the
data.

Due to ground vibration and other external mechanical vibration, the accelerometer
data is extremely noisy for low amplitude vibrations. In such cases, a simple inverting
amplifier stage with a suitable gain is introduced between the accelerometer and
the ADC as shown in Figure 2.5. Parameter specifications of the accelerometer are

given in Appendix A .4.

2.3 Anti-aliasing Filter
An analog low-pass filter precedes ADC in order to avoid aliasing effects. The
controller operates at a 2 kHz sampling rate. Hence, an analog low-pass filter with an

ideal cut-off at Nyquist Frequency of 1 kHz is desirable. However, a cut-off frequency
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Figure 2.5 Amplifier Circuit

lower than this frequency is desirable for two reasons. First, the accelerometer has
a first-order low-pass characteristic with bandwidth set at 100 Hz. And second, in
its present position, the dominant modes of the magnetic stand used to mount the
capacitive sensor are at 225 Hz and 256 Hz. Hence, an analog low-pass filter with a
cut-off lower than these frequencies will facilitate the identification and later cancel-
lation of the true modes of the nut. In the present system, the filter is designed to

have a cut-off frequency of &~ 200 Hz. Circuit diagram is shown in Figure 2.6.

1

fo= 2rRC (22)
Cr=v2xC (2.3)
Cy = —\-1[-2- «C (2.4)

1
=C = 2 ET, (2.5)

Choose Cy = 3.3uF which gives C; = 6.6uF.
Let C; = 6.8 F which gives: C =~ 4.67uF,
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Figure 2.6 Anti-aliasing analog low-pass filter

fo=200Hz R~ 170Q.
We choose R = 16092 which gives f, = 213Hz.
Parameter Specifications of the various components discussed in this chapter

are given in Appendix A.



CHAPTER 3
CONTROL ANALYSIS

This chapter explains the theory behind the neural network based controller. Plant
structure is explained first and a low-frequency equivalent model is derived via the
Hilbert transform. This is the model used for passband control. The Neural Mode
Separator (NMS) is discussed next. Overall controller structure along with experi-

mental procedure is given at the end.

3.1 Model Development

The magnetic nut has an open-loop response as shown in Figure 3.1.

20 T T T T T

61.5Hz

1 1 Il 1 i3
50 100 150 200 250 300
Hz

Figure 3.1 Open-loop response of the plant

We start by obtaining an approximate model for this response by implementing the
method of curve-fitting. This is done in Matlab on an iterative basis until the fit
matches/approximates the various slopes and breakpoints of the actual response. An
exact fit which includes the “weak” mode at 124 Hz results in a transfer function of
a very high order. Hence, only the two dominant modes at 61.5 Hz and 150 Hz are

used to obtain an approximate fit which is shown in Figure 3.2.

16
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Figure 3.2 Resonant modes of the nut for m = 0 kg

This fit results in an open-loop transfer function given in Equation 3.1.

A
=1x103= 1
T(s) = 1x10°% (3.1)
where
A = —1.255* =267 x 10%s® — 4.11 x 10%°s® — 6.21 x 107s — 2.32 x 10°

B = s%+43.35 x 10%% +5.20 x 10857 + 6.02 x 10%s% + 5.18 x 10'%s% +

3 x 10%%s* +1.20 x 108s% + 3.75 x 10%°s? + 8.04 x 10%2s + 7.75 x 10%

The 9 order open-loop transfer function has

Zeros at:
—27.96 £ 7585.5,
—94.25 and
—62.83
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and poles at:

—28.65 3 j954.61,

—1053.69,

—1053.69,

—3.83 £ 5383.25,

—565.49 and

—303.48 £ 73.09 x 1075
Note that the transfer function is load dependent. In other words, whenever the
load on the nut changes, the transfer function in Equation 3.1 no longer holds in
its present form. This is because with change in the load conditions, the oscillating
modes of the nut shift to a different location. In other words, the plant dynamics are
variable. Hence, a controller based on an open loop transfer function of Equation 3.1
does not guarantee consistent performance which, in the present case, is stabilization
of the oscillating modes. It is, therefore, of general interest to seek a robust scheme

for the controller.

3.2 Passband Control

Vibration of the nut can be treated either as undamped/underdamped internal
dynamics of the plant or as external disturbance. The controller developed in this
work is based on the former approach and needs to have only a rough idea about the
number and location of dominant modes.

As mentioned in Chapter 1, the contactless drive is a lightly damped structure. Most
lightly damped structures have energy content in a number of separate passbands
which are band-limited. Each band can be considered to be a separate plant and a

modular structure can be obtained as shown in Figure 3.3.
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Figure 3.3 Modular plant structure

Band limited nature of passbands suggests the use of Hilbert Transform which
is known Communication Systems community for the key role it plays in bandwidth
conservation in Single Sideband (SSB) modulation [12]. Using Hilbert Transform, we
can determine the pre-envelope and the baseband complex-envelope of a given signal
as will be explained in later sections. Therefore, we look at each oscillating mode as
a separate narrowband modulation frequency centered around a carrier frequency.
Hilbert Transform can then be used to obtain an equivalent model in the baseband
for each of the individual modes of the plant (subsections of the controller). We

proceed by defining a linear plant and identifying the control objectives.

3.2.1 Plant Definition

The plant is assumed to be linear and time invariant given by:
& = Az + Bu (3.2)

z=Cxz (3.3)
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Let the transfer function be given by:

N
G(s)=C(sI—A)'B=> Gi(s) (3.4)

=1
where
C,‘l -+ CiQS
s2 4 2¢w;s + w?

This is the transfer function of the i*" subsystem of Figure 3.3.

G,(S) =

i=1,2,...,N (3.5)

Advantage of parallel decomposition is that all G;(s) are automatically decoupled in

the frequency domain [1]. Therefore, for the i** subsystem, we have,
Yi(s) = Gi(s)U(s) (3.6)

Since the open loop system is lightly damped, the output of each subsystem can be

written in time domain as:
yi(t) = Ai(t)sin(wit + 6;(t)) (3.7)
= yf(t)coswit — v (t)sinwit  i=1,2,...,N (3.8)

where y7(t),yi(t) € R are, respectively, the low-frequency in-phase and quadrature

components of y;(t).

Let amp(y;(t)) = \/ (y£(t))? + (yi(t))? be defined as the amplitude of y;(t) and let

vi ¢/ be defined as the reference signal. Let the regulation error be defined as:
ei(t) = amp(wi(t)) — i i=1,2,...,N (3.9)

Then the control objectives [1] are:

1. Stabilization:  (amp(y;(c0)) =0 i=12,...,N

2. Regulation: ei(00) =0 i=1,2,...,N
3. Robustness: Properties (1) and (2) hold under small parametric perturbation
in §,wi, ¢, and ¢;, where ¢t =1,2,...,N

Condition (2) implies condition (1) by setting y* to zero.
The 7™ passband has a bandwidth of 2(;w; and a center frequency of w] = w;/1 — 2¢2.

A low-frequency equivalent model is now derived.



