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SUMMARY

This thesis reports the details of construction and testing of a

linear position measuring device and subsequent experimentation with

the system.

The design goals established were .to construct a measuring device
using established TTL devices, proven interfaces, wultra-reliable
noise-clean circuits, inexpensive. . components and to be Dbased on
. transmission of magnetostrictively generated pulses in " nickel wire.
In addition it was to be éble to operate in-a harsh enviromment (e.g.
underwater) wﬁere alternative devices would not function. While’ban
accuracy objective was not established, it was hbped to be  able to

push accuracy near to the theoretical resolution.

A . prototype measuring device was constructed consisting of a
stretched nickel wire threaded through a transmitting coil and three
receiving cdils togefher with transmitting, receiving, timihg and
interface circuitry. The nickel wire was mounted on an optical bench
with one receiving coil mounted to a moveable trolley. :This
configuration facilitated calibration and testing. The system was
interfaced to a microcomputer via an IEEE 488 GPIB controller .and
calibration, testing and position measurement performed with

appropriate computer programmes.

Testing, calibration and operation in a variety of physical
configurations and under varying environmental conditions verified
‘that. the measuring device fulfilled all design requirements. With
- clock circuits operating at 10MHz, resolution was O.5mm and without
electronic - error éorrection techniques, absolute accuracy was +
2.5mm. The system was demonstrated to operate at the limit of LS chip
technology of about 30MHz with a resolution of 0.17mm and the maximum
frequency at which it would operate was 42MHz. At the same time
calibration error was reduced to * lmm by applying the c¢alibration

error curve to correct the raw reading. This was possible since
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calibration error, once measured, was very predictable. T lmm was
considered the lower limit of total error and could only be achieved
with relatively complex counting circuits, since pulse detection by
threshold crossing introduced errors up to X 2mm. These special

counting circuits were demonstrated to reduce error as predicted.

It = was concluded that linear position measurement using
magnetostrictive wire is a viable alternative to many other methods
for distances up to about 60 meters and is decidedly superior wunder
adverse environmental conditions. Typical applications would include

positioning cranes and similar machines that operate on tracks.
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CHAPTER 1

'INTRODUCTION
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1.1 Rationale for the Investigation

Most linear position measuring devices suffer from some basic
limitation. Lasers are not effective under water or in obscured
atmospheres. Lead screws become mechanical nighthares when used for
extreme distances, require substantial support and are expensive to
produce and prone to wear. Inductive pickups are generally fragile,
and must be protected from-  industrial conditions such as swarf
accumulation. Calibration for most devices requires submittal to a
calibration'laboratoryvor time consuming work in the field. A need
was seen then for a robust, self calibrating, inexpensive, ' linear
position measuring device that could operate wunder conditions not

favourable to other devices.

1.2 "Design Objectives

The preliminary objectives were:

1.2.1 The design was to be inexpensive. It should wuse oﬁly
cheap, tried and true, components. The scale of
integration was to be limited to simple <chips such as

one-shots, counters, oscillators, buffers and the like.

1.2.2 Control should be effected by a microprocessor. However,
for the experimental version, a microcomputer would . be

used in order to enhance data taking and experimentation.
1.2.3 The system should be immune to electrical noise.

1.2.4 All logic should be TTL and generally LS devices were

preferred.

1.2.5 The principal of operation was to be transmission and

detection of magnetostrictively generated pulses on
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nickel wire. It was felt that the pulse velocity (approx.
5000 m/s) and the ability to produce a fast rising
leading edge would provide = the required accuracy and
measurement rate (10 per second) while use of a moderate
diameter nickel wire would produce a robust device. One
and one half and two millimeter diameter wires were

available.

1.2.6 The device was to operate in harsh- environments. The two
harshest environments considered were underwater and oil

‘soaked metallic swarf.

1.2.7 Negligible operator training would be necessary to obtain
measurements. The device would be self célibrating and
the set-up could be effected from a simple one page
diagram and instructions. In essence, the device was to

have immediate commercial applicability.

1.3 Design Considerations"

References (1), (2), (3) and (4) were used as background material in
order to establish  preliminary design approaches. Based on the
preliminary design objectives some preliminary design approaches were

considered and these included:

1.3.1 Since electrical noise immunity was desired, a 1low
impedance output preamplifier. would be placed on the.

nickel wire at the receiving coils.

1.3.2 A basic requirement is that velocity be uniform along the
length of the nickel wire. The velocity is dependent on,
among other things, temperature,' tension, magnetisation
and wire characteristics such as annealing or cold

working. The design should -make the system self
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calibrating and therefore errors will arise only from any
non-uniform properties of the wire. That this is so can

be demonstrated using Figure 1.3.a.

Transmitting Coil
/ ' /PU-1 [fixed) /PU—Z(moveuble) PU-3({fixed)
‘. |
d 2
Figure 13.a

As a linear approximation, the velocity of the.pulse can

be considered to be

<
1]

Vp + (VpC AC) + (VpCTAT)
Where

V - = Propagation velocity

Vy, = Base velocity (4700 n/s for annealed
Grade 200 at 40°C)

Ck = Velocity correction coefficient for
temperature (1/°C)
A\ C = Temperature difference from 40°C

Ct = Velocity correction coeficient for
tension (1/MPa)

AT = Tension difference from a base tension
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and only small deviations of temperature and tension are
considered. Referring to Figure 1.3.a, the time ty
required for the pulse to travel the distance d; is dl/Vl

and the time ty to travel the distance dp is d2/V2.

Writing
V =Vy (1 + Cx AC + CT AT)
gives
t] = d1/Vy (1 + C AC1 + Cr ATq)
and
= dp/Vy (1 + Cg ACy + Cp AT)).

t2
We can take the ratio tj/typ and if the temperature is
constant along the wire (which it should be), the effect
of temperature and tension divide out (as will any
factors which uniformly affect velocity along the wire).
For this reason it was decided to structure the circuit
to provide counts equivalent to the times t; and t) and

to calibrate the system with an equation of the form
D =Kj C1/Cy + Ky

where C; is the count equivalent to t; and Cp 1is the
count equivalent to tp. Once calibrated, the system
would then be “self-calibrating” with respect to any
disturbances that produce velocity changes that are
uniform along the wire. It is noted that calibrating in

this manner should make the system relatively insensitive

‘to the position of the first fixed receiving coil.

Velocity of sound in nickel wire does in fact depend on
many other factors which may not be wuniform along the
length of the wire. Some of these include metal purity,
cold worked or annealed conditions and magnetisation. As

a design approach it was decided to use pure nickel
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(grade 200 or 201 - ASM Metals Handbook), stretch to
achieve very straight. wire, if necessary anneal by
heating either directly or indirectly and demagnetise
with 2KHz either via the moveable receiving coil or
indirectly with an auxiliary AC magnet. First, however,
the device was to be built and the non-linear effects
qﬁantified to determine exactly what actions would be

required. It was hoped that drawing the wire from the

ingot would have produced uniform characteristics.
A convenient way of transmitting ‘and detecting a

electrical solenoids. The magnetostrictive effect 1is
non-linear and a mégnetic field (bias) 1is required 1in
order to operate the transmitting and receiving coils in
a region that maximises the magnetostriction (strain) and
therefore maximises the strength of the tramsmitted and
received pulées. Also since .a magnetostrictively
generated pulse is a physical (sound) pulse travelling
through the wire, a coil and magnetic field are required
to generate an electrical pulse from the received
mechanical pulse. Since demagnetising of the nickel wire
might be desired it was decided to prepare two moveable
pickups ' incorporating as bias permanent magnets and
electromagnets. Then, if demégnetisation were required
both a direct and indirect option would be available. For

simplicity the direct option would be more desirous.

There are few (one or two) sources of pure nickel wire.
Since four meters length of 2mm diameter wire were
available it was decided to concentrate entirely on this
wire. An optical test bench with three meter scale and. a
moveable  trolley was available  which prompted an -

immediate decision to build the device onto the optical-
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table. This left only about one meter of wire for initial
experimentation and testing and as a result much of the
preliminary work was done on l.5mm diameter wire. There
was no reason to expect that the results would not be

directly applicable.

The desired signal output from the detection coils 1is a -

square wave. To approximate a square wave a large signal

with very fast rise time was to be achieved. This signal
would be converted to TTL at a fixed threshold .and

therefore short rise time would be required in order to

-minimise error. Additionally, minimum change (due to

loss) in pulse pfofile over the entire length of wire
would minimise error since the threshold crossing would
remain essentially constant. Since an - electrical square

wave output was desired a mechanical square wave should

. be transmitted along the nickel wire. Practically this

means that maximum change in strain with respect to time

should be achieyeda

Some options to be investigated are shown in Figure

1.3.b, 1.3.c and 1.3.d. Since it is possible to transmit

- and receive on the same solenoid coil, the configuration

of Figure 1.3.b could be used. The base time ty would
then be the round trip time and the time tl would be the
travel time from transmitter to moveable pickup. In
Figure l.3ﬁc the moveable pickup transmits énd receives
echo pulses from either -end. This is potentially the
simplest arrangement since only omne <coil is required.
However, since the signal with time t] could arrive after
the one with time ty, a method to resolve the ambiguity
would have to Ee-devisedr Figure 1.3.d shows a three coil

arrangement which minimises problems with ambiguity.
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Reflector
PU-1 Fixed Transmitting and Receiving Coil

|

/PU-2 Moveable Receiving Coil

M

M

"2
- Figure 13.b
/Reflecfor Moveable Transmitting and Receiving Coil
_I
ty ts
Figure 1.3.c

Note that (t1 + t2) is constant and provides the

baseline and also a double amplitude signal.

fixed
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TR-1 Transmitting Coil

,Fixed  Receiving Coil Moveable Receiving Coil Fixed Receiving
' Coil
e _ _ . r
_l .]""f '"‘ i ' [ ~ _ M L
] |
!
.fz'
-
Figure 1.3.d
It was decided to start with the geometry of Figure 1.3.d
since it provides the  greatest flexibility  for -
investigating system changes.
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CHAPTER 2

PRELIMINARY EXPERIMENTATION
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Transmitting Effectiveness

2.1.1

It is desired to magnetostrictively induce a mechanical

pulse into the nickel wire im such a manmer that it

approximates as closely as possible a square wave. A

typical receiving coil and exaggerated pulSe are shown “in

Figure 2.1l.a.

I- Pickup Winding

’t/;//CoH Former

Pulse  ~ < _Nickel Wire
Srseanss ) , )
~ T 1T I

8ias Magnet

Figure 2.1a

In order to induce maximum voltage in the receiving coil,

the mechanical pulse leading edge should be as sharp as
possible. Since flux () is ﬁroportional to strain(s) and
voltage is proportional to Nd§/dt, voltage is
proportional to NdS/dt. Velocity on the wire (for a.given
pulse) is constant, and therefore the maximum strain
{dl/\) produces maximum df/dt in the receiving coil. For
the transmitting coil then, proper bias will produce
maximum{di{/l) for a given AB and a square wave of current

will produce the maximum ds/dt. This suggests a low
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impedance circuit ma tched to a current source.
Theoretical response of various coils was investigated
using methods of Refences 5 and 6. The transmitter system
was designed empirically by driving various combinations
of coils with various current sources and observing the
received wave form. The current sources themselves were
gated on and off with TTL and discrete transistor timing
circuits. The starting point for empirical determination
was a transﬁitting system deséribed in reference (1). The
driving circuit for experimentation' was - built wusing a
7415629 VCO followed by a 74LS221 MONO input to a 2N2222A
NPN transistor which switched a TIP32C in sefies with. the
coil and t 15vDC rails. This allowed testing each <coil
‘with variable pulse width signals. Fifty coils were
« prepared of various- lengths, numbers of turms, gauge of
wire, numbers of layers and all on coil formers made from
the ink tube of BIC ballpoint pens. These ink tubes were
found to élosely fit the 2mm. diameter wire and were
available. A thinner walled, harder tube would have been
preferable but none could be found. A receiving coil was
obtained from a past project and fixed in position. The
pickup output was input to one trace of a dual beam scope

and the settings and geometry kept constant. Then each

coil was tested at a fixed location -on the wire with

respect to the . pickdp coil. Each test consisted of
“varying the pulse width and obsefving the received
signal. First the test was dome with mno transmit coil
“bias and then repeated :with various' permanent magnets
used to bias the wire. This empirical process was = chosen
over calculational methods for. several reasons. Firstly,
the thesis project goals did not include designing an
effective transmitter under all conditions but rather
selecting a transmitter: that would demonstrate the method

of linear position measurement. Secondly, calculational
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‘design of the smallest, biased, solenoid that produces
maximum ds/dt (s=strain), and for a given velocity of
propagation, the maximum d§/dt in the receiving coil is
extremely complex. The empiricdl method on the other hand
is very simple, ‘and for the purpose, quite speedy. One
effect that was noted - and guarded = against while
experimenting with the unterminated wire was the pulse
addition due to placing the coil center at 1/4 wave
length from the unterminated or open end of the nickel
wire. It is possible to obtain a 277 phase shift ( T for
open end reflection and 7 for the 2 W /4 positioning)
‘and reinforce the transmitted pulse. Since the final wire
assembly was to be fixed‘at both ends, this effect was
not desired. A small resistor in series with the TIP32C
and coil was used to measure voltage wave forms and infer

coil current and energy. The test set up is shown in

Figure 2.1.b.

+ 15— —ree—0

To Traze A
2N2222A TIP 32¢C TTO Trace A
& .

E Coil Under Test

Frequency Pulse Width
15 Nicke! Wire
—
Pickup ES To Trace
Coil P o B

Figure 2.1b



(20)

2.1.2 The test setup was also convenient for measuring

2.1.3

2.1.4

transmission velocities and detecting velocity anomalies

. in the nickel wire. For measuring velocity the distance

between coils was measured and the time difference read
from the scope. For detecting anomalies, the coils were
fixed and the received pulse placed over the transmitted
pulse on the scope. Then the -wire was slowly moved
through the coils. Any velocity difference was noted as a
pulse displacement. In this manner the average ' velocity

over the distance separating the coils could be measured.

The velocity of sound in the wire is approximately

Smm/ Even with small 1lengths of wire,

microsecond*
deviations in velocity with length are easily detected.

Pieces of wire were heated, magnetised and cold worked

(by bending) and the effects on velocity noted.

The setup was somewhat sensitive to damping if the coil
formers or other objects firmly touched the nickel wire.
In order to produce consistent results the wire was

placed on three foam pads and care was taken to ensure

that the coil formers were free on the nickel wire.

The final transﬁitting. coil arrangement 1s shown in
Figure 2.1.c and the summarised results of this effort
are shown in Figure -2.1.f. The circuit wused for
experimentation was selected as the final circuit based
on the fact that it  provided satisfactor& performance.
By changing the bias and coupling of the 2N2222A, the

coil voltage could be made either 15 volts or 30 volts.
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Ferrite Solenoidal Bias Magnet

2 Layers of 35 Turns Each 02Zmm Magnet Wire

2mm 1D Bic Ink Tube

Entire Assembly Fixed
Together by Araldite Epoxy

015 ut

Figure 2.1.c

The final series of tests was performed with the coil
arrangement shown in Figure 2.1.d. This arrangement was
used in order to precisely define the transmitted pulse.
Other arrangements resulted in a noisier. transmitted

pulse, with more ringing than was desired.

/25mm Soft iron. Cube

@ : Transmitting Coil With. Bias Magnet

@ ' . . Against Cube

(e

\Nickel Wire Clamped
In -Cube

Figure 2.1.d
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Figure 2.l.e shows the receiving c6il output shape after
amplification when  transmitting into the best
transmitting coil. Detection will be made on the fast
rising positive leading edge. Several transmitting coils
were constructed to demonstrate that this pulse shape
could be consistaﬁtly obtained each time with the - coil
shown in Figure 2.l.c and the arrangement of Figure

2.1.d.

Minimum Pulse A {&v)
Amplitude / \- Threshold Set -Band

2x Max Noise
N =
\/LJU
6psvb

Max Posifive Noise
0 .

Figure 2.1.e

Figure 2.11f‘shows an example of final results for coils
which gave the desired pulse éhape out of the pickup
coil. The points plotted are maximum values for all types
of bias magnet. arrangements including no bias and for all
values of parallel capacitance. Peak valués were obtained
with a close fitting ferrite magnet on.the end next to
the reflecting. cube. This magnet was polarized with flux
coming from the face. The best rise times Vand cleanest
pulses were obtained with 0.15 microfarad parallel

capacitance. The transmitting coil was designed by:
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preparing many coils with different lengths, wire sizes
and number of turns

measuring performance with identical test geometry each
time

Biasing each coil with the same magnets in all 1logical
ways ' |

plotting the results and selecting the optimum coil and

configuration.:

Figure 2.1.f illustrates data for a coil former of 3mm

diameter and 12mm length using a 2mm diameter nickel wire

‘and pulse duration of 8 microseconds.

05+
x
out
3
o
0L :
A
02+
g
=
x
o1l
x
50 75 100 125 150

tt of Tumns on 12mm Long x 3mm Diameter Former

= .0tmm Enameled Magnet Wire
= .2mm Enameled Magnet Wire
= .08mm Plastic Coaféd (sciderable! Magnet Wire
= 129 Enameled Magnet Wire

Figure 2.1.f

COIL PERFORMANCE FOR VARIQUS WIRES
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2.2 Receiving Effectiveness

2.2.1 Detecting the pulse 1is somewhat different from
transmitting the pulse in that the transmitting
electromagnet will generate a mechanical pulse but the
pulse will not generate a magnetic field. It is therefore
a necessity to use bias magnets with the receiving coil.
At the same time the optimum bias poiht should be used.
The distortion (pulse) of the nickel wire passing through
the bias magnet”s field causes a change 'iﬁ flux df/de
which results in an induced voltage Nd{/dt. The change in
flux linkage is related to how the pickup coil is wound
and placed with respect to the magnetic field and the
nickel wire as well as the strength. of the magnet. A
check of relevant literature showed that the  best
geometry involved winding a solenoid of many turné of
fine.wire around the nickel wire. However, many types of
bias magnet arrangements had been tried but no optimumv
placement was indicated. Figure 2.2.a shows some

considerations used in biasing the receiving coil.

Bias ‘Magnet

Coil
c‘//Former «
. Nickel Wire

J N

Figure 2.2.a
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The same general considerations apply as applied to the
transmitting case. Now, however, a large voltage output

is desired. That means many turns of fine wire resulting

" in a high impedance coil may be used. Ideally, maximum’

‘change in ® should result when the pulse passes by the

receiving coil. Since the nickel wire is ferromagnetic,
the flux will concentrate in - the wire. Any change in
shape of the wire will change the flux. This indicates
that a short multi-turn coil placed. close to the bias

magnet should be most effective.

‘A large assortment of permanent magnets was -available but -

the field strength was not known for any of them. Also,

- no convenient apparatus was available to measure field

strength. As a result, the effects of all available
magnets- in every-conceivable.orieﬁtation were checked. At
the same time cognizance was taken of the physical
restrictions‘impOSed by the requirement to install and
use the device. These requirements included ability to

position all of the coils and ability to freely move the

coil PU-2. The three arrangements which  proved

satisfactory are shown in Figures 2.2.b, 2.2.c and 2.2.d.

_ In each case the nickel wire is physically prevented from

sticking to the magnet. The arrangement shown 1in Figure
2.2.c provided a larger signal output than the others
when it was not.against the reflecting cube. When against
the cube its performance was only marginally better. All.

coils produced slightly larger signals when their bias

. magnet field direction was opposite to that of the

transmitting coil bias. The final selectién was to use
the arrangement shown in Figure 2.2.b for the . fixed
receiving coils and to use the ' arrangement of Figure
2.2.d for the moveable receiving coil. The moveable coil
had to be hard mounted to prevent introducing error and

the magnet geometry was ideal for mounting.
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,Toroidal Ferrite -Maghet

200 Turns #0032 Magnef Wire
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Figure 2.2.b .
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200 Turns #0032 Magnet Wire -
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200 Turns  $#0032 Magnet Wire

Former
/Nickel Wire
T

- i B

- =——Alnico U-Shaped //
:Lf Circular Magnet _/

a\Mounfing Screw

[Top View)

~ Figure 2.2.d

2.2.3 Immediately it was found that the nickel wire must either
be demagnetiséd or else magnetised in the same direction
as the bias magnets. Magnetising din the opposite .
direction reduced the output by more than a factor of
five. Figure 2.2.e and 2.2.f show the results of - locally

magnetising the wire around the moveable receiving coil.

Nickel Wire

: 0.4V

Figure 2.2.e
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Nickel Wire

Figure 2.2.f

In both cases the wire was magnetised from optical
trolley positions 160cm to 180cm by twenty strokes of a
bar magnet of essentially the same strength as the alnico

magnet used on the coil and the measurements taken at

‘trolley position 170cm. The reading with the wire

demagnetised was ~ 1.2v peak. Additional discussion of

locally magnetising the wire is found in Chapter 8.

Measurements made on the three meter long 2mm diameter
wire showed that after ten reflections, the. signal was
still strong enough- to detect unambiguoﬁsly. This

corresponds to greater than sixty meters which is about

_the distance over which a wire could be strung and a

small enough catenary .obtained to get the desired

accuracy.

2.3 Final Approach

2.3.

1

The test transmitting circuit discussed in Paragraph 2.1
and shown in Figure 2.1.b was selected as the final

circuit. Oscillator frequency was made variable from 2Hz

to 50Hz and output pulse width was made wvariable from
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1 usec to 50-usec. These parameters were selected in
order to allow transmission over' thirty meters of wire
and allow 250msec to process signals in a free running

mode. It was not known at the beginning what the signal

. processing cycle time would be. Several IEEE 488 GPIB

controllers were available and depending on how the

signals were input, cycle times up to 225msec could be

expected.

The transmit coil, receiving coils and reflecting cubes
as shown in Figures 1.3.d, 2.l.c, 2.1.d, 2.2.b and 2.2.d
were selected as the basic hardware around which the
electronics would be built. The wire tensioning
arrangement shown in 2.3.a was selected in order to be
able to easily. change components if one failed or if a
different coil was to be tested later in the preject. 1In
order to change components, the soldered joint is
"desoldered and components are slipped on or off the wire.
In a production model a suitable 'clamp would be wused.
With the -optional insulator it 1is possible to pass
current through the wire to stimulate a pulse in the
torsional mode if desired. However, it had been decided
.early on that the torsional mode.would not be suitable -

for this application, and in fact was not tested.

Upright

/Hex Nut |
i Stud ’
- — Nickel Wire
I l .

L 3

Orilled Hole

Hex Nut———/ | | é:ﬁ J\Wire Soldered ‘in

Insulating Sleeve/- \lnsulufing Washer

Figure 2.3.a
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computation of position of PU-2 using the formula D = K

(30)

Most LS type TTL devices were found to operate reasonably
well up to frequencies of about 30MHz. Above 30 MHz
special circuits or much more expensive chips are
required. Based on this information it was decided to
build the circuits around 10MHz, but to test up to 30MHz.
The simple approach shown in Figure 2.3.b was selected.
The transmitter pulses the transmit coil and at the same

time resets all the counter circuits. When the TTL pulse

equivalent to the PU-l pulse is received, two counters

are started. The TTL pulse equivalent to the pulse from
PU-2 stops the first counter and the one from PU-3 stops
the second counter and signals the interface that fhe
counting process is finished. At this point Counter-1
holds a count equivalent to the time for the pulse to
travel from PU-l to PU-2 and Counter-2 holds a count
equivalent to the.time to travel from PU-1 to PU-3. These
counts when read by the computer via the interface allow
, 1
C1/-C2 + K2 where the system calibration provides Kl and
KZ’ and C1 and C2 are count-l and count-2 Trespectively.

Note that in this scheme no absolute distances mneed be

‘known . since . any fixed scale applied to PU-2 will

calibrate in units of the scale.

It was considered satisfactory to design a non-standard
(IEEE-488) interface since -only response to Service

Request (SRQ), transmission of cycle start via Interface

.Clear (IFC) or Remote Enable (REN) as an option and

sequentially reading data from the data bus were desired.
Additional simplification was to be obtained by wusing
ASCII characters to transmit numbers; Bus description-and

additional details are presented in Chapter 6.
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CHAPTER 3

TRANSMITTING CIRCUITRY
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3.1 Pulse Generation

Most of the transmitting circuitry was - actually constructed during
the experimentation phase discussed in Chapter 2. This chapter
presents some additional considerations noted when the complete

circuit was built and tested.

3.1.1 The functions of the pulse generating c¢ircuitry were to
provide a free running pulse of 2 to 50Hz with pulse
width of 1 to 50 microseconds and to provide a TTL reset
pulse to the counting and_interface circuits. An initial
atteﬁpt was made to use chip circuits for all but the

' final output transistor. However, a common chip could not
be found that would sink enough transistor base current
to properly drive the TIP32C. As a result, the final two
stages were built as discrete transistor stages. Several
artificial constraints were allowed in the design. Common
power supplies were i;SVDC and +5VDC so ‘the voltage
supplies were fixed ét these values. Vero board was
selected for pilot circuits since it offered very easy
construction. However, extra precautions had to be taken
to keep transmitting noise out of -the power supply and
receiving circuits. Both' the F15VDC and +5VDC  were
referenced to a common earth. Rather than optimise design
by considering the transmitting. coil and = transmitting
circuit as a unit, tﬁe two were developed independently.

. The tramsmitting circuit was developed first and it was
assumed that a transmitting -coil could be developed to
match the transmitting circuit and give adequate - system
performance. As shown later, this approach  was

satisfactory.
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In Appendix (1), the transmitting circuit schematic ' is
shown. R3 was brought out to the front panel to allow
adjustment of pulse repetition rate and R; was brought
out to allow adjustment of pulse width. C4 . and Cg are
large capacitors which serve as sources to drive the coil

during the time that TRy is conducting.

Note that with the driving circuit shown in Appendix (1),
the full 30VDC swing is mnot achieved. Originally the
2N2222A was arranged to cause the TIP32C to operate

~ between -15V and +15V. However, it resulted in

‘overdriving the first receiving coil by direct  coupling

and was modified to operate with a 15V swing. This
resulted in a significantly higher dynamic resistance as
shown in Section 3.2.1, but with overall satisfactory

results. The output voltage to the coil when the coil was

replaced with a ten ohm resistor is shown in Figure

"3.l.a. This measurement was performed in order to

estimate the TIP32C dynamic resistance.

Figure 3.1.a
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-3.2 Transmitter Output Stage and Solenoid

3.2.1 The solenoid coil circuitry is shown in Figure 3.2.a

Figure 3.2.A

where the resistance of the coil is Ry (2.5 ohms for the
final selection), the inductance measured at 1KHz and
10kHz is L (220 microHenries for the final selection) and
the paréllel capacitance used to match to the transmitter

is C (0.15 microfarad for the final selection). A diode
was used to prevent ringing but it was found to be
unnecessary because of the low Q of the circuit and'large
tyr of the TIP32C. A comparison of the output wave forms
with and without the diode is shown in Figure 3.2.b. A
switching glitch can be seen in the wave form but:
overall the transistor conducts until the voltage has
returned to essentially -15VDC. The driving pulse
duration was 10 microseconds for the wave forms of Figure

3.2.b.
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15
10 : ,
é : //\ ,Switching Glitch
Vm 0 /
-5 / v \ v f=5psec_/d|v‘-
: : [ ,With Diode
10— /
INEPNI
L M
\ \Wifhouf Diode
-30 \\/
-35
Figure 3.2.b

Using a first approximation of the TIP32C for 1large
signals, the equivalent circuit of Figure 3.2.c {is

obtained.
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Ry

Figure 3.2.c
12 ohms

0.8 ohms
2.5 ohms

Ry = Dynamic resistance of the TIP32C

Rc = Resistance of connecting leads

= Resistance of the coil

=
=
|

0.15 microfarad

-
1}

220 microHenries

Ry was measured by transmitting into a 10 ohlm resistor

and measuring the voltage drops. L was measured using the

test circuit of Figure 3.2.d.

Nickel Wire

o |

1 and 10 KHz Sine Wave

Figure 3.2.d
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The response was checked for both 1KHz and 10KHz. The
output of the 1 ohm resistor and Ej were displayéd on the
scope. Phase angle (¢) was read directly in microseconds
and the current was numerically equal to the voltage
across the one ohm resistor. In addition, for 1KHz, the
current was measured directly with a Fluke 77 multimeter.

The wave forms of Figure 3.2.e were obtained.

0.2V

70mA

Figure 3.2.e (1KHz)

©3.2.2 The circuit equation is then

12.8+6.667X10° 28 | |1 3 |
S _ s
128 . 15.3422%10°S I, B_SO
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.for. the peribd of time that the TIP32C is conducting.
After TIP32C turnoff, the model becomes more complex -and
must include the reverse recovery time t,,. This could be
modeled by replacing.the dynamic resistance and switch
with a time varying resistance of RT =129w7x”f”,

However, since the required results could be -easily

obtained empirically, there was no need of this complex

model. A comparison of the waveform obtained to the

waveform predicted is shown in Figure 3.2.f where

3

xto)t )
+37.68¢

-(85.5 X {o¥)t ’
(5.5 x 00t

~(623
V, =6.47-42.28e

12

Predicted Waveform

10

i Switching Glitch
A .’g\'/ g

{<£,‘Y \ \\‘p

A :

4

/ e
/ N Actual Waveform
// ' \\/'/ for PO=Sys

I}

t= 1psec/div

Figure 3.2.f
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As discussed in Section 2, the optimum transmitting coil
was selected by noting its effect on a receiving coil.
'This fact alone would make mathematical modeling for this
application prohibitively time consuming. It was
concluded then that the vtransmitting design objectives
were met in a satisfactory fashion. The following facts

are noteworthy:

- the coil former must be as thin and as tight fittihg as

possible. Otherwise, coupling to the wire is poor and

_the circuit tends to ring

- the number of layers of wire, length of coil and number
of turns must be optimized, and must be matched to
.pulse length.lAdditional layers of wire once they = get
very far removed f£rom the nickel wire have little
effect. A.longer coil has a higher inductive reactance,
requires a longer pulse length and increases rise time.

This adds error to the system

-~ the coil circuitry should be able to produce a large
positive (or mnegative) going .signal at the first
crossing in. order to optimise wuse of threshold
“detection. This would appear. to rule out symetrical
wave forms which cause the receiving circuit to
oscillate several cycles before the peak voltage is
received. Setting a threshold for the moving receiving

coil would then be difficult. However, it was mnoted
that the same effect of large unsymmetrical swing could
be achieved by operating the amplifier with one half

cycle in cutoff.
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CHAPTER 4

_RECEIVING CIRCUITRY |
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4.1 Pickup Coil and Preamplifiers

The receiving coils and circuits were actually developed during
experimentation as discussed in Chapter 2. This Chapter contains
additional information on the receiving amplifiers and then discusses

the TTL conversion.

4.1.1 The functions of the pickup coils and preamplifiers. were
to detect the magnetostrictive pulse and .supply a low
impedance noise immune signal to the pulse . shaping and
counting circuits. Several geometries of coil were

~tested. In general the only parameters which greatly
affected performance were the coil bias and coil length.
All three geometries discussed in Section 2 and shown in
Figures 2.2.b, 2.2.c and 2.2.d performed satisfactorily.
.They all produced the output wave form shown in Figure

4.1.a.

Figure &4.1.a
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The first positive going crossing is followed by a large
positive pulse which ensures that threshold detection
will be successful. The final arrangement of bias magnets
was . based  primarily on the ébility to repeatedly
construct receiving coils with identical characteristics.
Bias was also supplied by electromagnets. However, it was
found that they were too large and occasional noise in
the electromagnet power supply was coupled into the
receiving coil and caused false readings. In additiom, in
order to stop the noise, extra power leads were needed

for the moveable receiving coil. This was not desirable.

In order to achieve low noise, low impedance output, it
was desired to place at least one stage of amplification
at the receiving. coil, and to use an opamp as the
preamplifier. For experimental purposes it was also

desired to be able to set +the quiescent level at

~different voltages in order to test various types of

detecting circuits. For these reasons the LF351 was
selected. The preamplifier and amplifier circuits are
identical and are shown in Appendix (1) and the symbolic

circuit is shown in Figure.4.l.b.

Oufput

Input JES— 1

=15

Figure 4.1.b
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. The quiescent voltage is set by shorting pin 3 to earth
and adjusting the balance potentiometer which is
cbnnected between pins 1 and 5. The final selection of
pulse shaping circuits was TTL so the quiescent level is
adjusted to zero. While this adjustment proved to be
quite stable, a production model would use an opamp with
dn earth reference. Two stages of amplification were
necessary in order to get sufficient gain and prevent
distortion. Other amplifiers tested included a 2N2222A
transistor amplifier which produced sufficient gain in
ome stage but required capacitive coupling. The overall
circuit with the 2N2222A proved to be noisier than the

opamp.

4.2 Pulse Shaping

4.2.1 An 1M339 comparator was used as a threshold detector.
Since the moving coil output signal decreased as the coil
moved away from the transmitting coil; the threshold had
to be set to respond to the lowest opositive signal. As
shown in Figure 4.2.a this could be a source of error

depending on how the detected pulse is used.

Received Signal When Near The Transmitting Coil

Recerved Signal When Far From The Transmitting Coil

T Threshold -

'd f—'-

—+ *—¢Error

Figure &.2.a
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Error can be minimised by having a very fast rising pulse
leading edge and by setting. the threshhold as 1low as

possible. In practice, the maximum error detected over 3

“meters was 2 counts in 6950 (1OMHz clock) which is about

0.03%. This low error 1is principally due to an
essentially noise free -circuit  which. allowed the
threshold to be set quite. low. The counting circuits can
-also minimise this error. Since the comparator output is
a pulse of width equal to the imput pulse width at the
threshold, more sophisticated circuitry = can be
constructed to find the center time of the pulse and
‘eliminate this source of error. Though in the final
analysis it waé not considered warranted in this
application, a simple counter circuit was constructed
that counted at 10MHz for the duration of the detected
pulse and half this count was added to the count Cj;. This
eliminated the source of error but complicated the

computer interface. The scheme is shown in Figure 4.2.b.

//\_ ~ Threshold
b )
0 I

I
(_l Comparator Cutput

ﬂﬂ; Equivalent Couﬁ?

Il

Figure 4.2.b

‘Since the traim A count is stopped at the comparator
leading edge and since both the leading edge and trailing

edge of the comparator output occur at different times as
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the detected input pulse height varies, adding half the
variable count is equivalent to stopping train A at the
center of the pulse (assuming the . pulse is symmetric).
The error (<lmm in 3m) is less than the calibration error
and is in fact partly compensated for during caliBration.
Therefore, the advantage was mnot considered worth the

complication in circuitry.

4.2.2 The output of the LM339 comparator was fed into 74LS221
monostables which triggered on the 1leading edge. Since
the pulse traveling on the nickel wire echoed several
‘times each transmit cycle, the output of thé monostables
was a series of pulses.'Later circuitry was constructed
to respond only to the first pulse received so this
created no problem;- The circuit was tested with the
receiving coil output shown in 4.2.a and with a ringing
pulse. As long as the first positive crossing of the.
ringing pulse was followed by a pulse height above the
threshold, operation was satisfactory. Figure 4.2.c shows
a typical ringing. response. Since, for the ringing
response, a large initial positive swing could not be
guaranteed, the coil and circuitry to produce

unsymmetrical pulses was utilised.

/,Direcf Pulse /Firsf Echo

O ] - A — Threshold

Amplifier Output - ' T : : J\q

U

Mono Output

Figure 4.2.c
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As the  project progressed, it proved simple to
discriminate against extra pulses by arranging all the
timing and counting circuits +to respond to the first
received pulse. As a result, no attempt was made to

discriminate in the pulse shaping circuits.
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CHAPTER 5

TIMING
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Basic Considerations

5.1.

5.

1.

1

2

The optimum. pulse length 'derivéd earlier ‘was 5.
microseconds representing approximately 25mm of travel.
The digital pulse derived from the received pulse leading
edge was stable to within 2mm (0.4 microgeconds). It was
decided that the maximum clock frequency usable with LS
TTL  logic - should be used. Initially 10MHz  (0.5mm
resolution) was used but cirecuit performance  justified

revising this to 30MHz (0.17mm resolution).

The timing and counting circuits are shown in Appendix

(2). The pdrpose of the tiﬁing circuits was to reset all

circuits to an initial state, to reset the counters to

Zero and to start and stop the counters in response to

. received pulses. It was desired.that the system be able

‘to operate in a free running and a computer controlled

mode. In the free running mode the computer would wait

. for service request- (SRQ) true before reading the

counters and in the computer controlled mode, the. -enable

(pin 11) of the 74L5629 VCO would be earthed by remote

" enable (REN) to start a transmit cycle when the computer

was ready. The pulse interval was made adjustable in the
free running mode in order to accomodate various lengths
of nickel wire and computer and IEEE 488 interface cycle
times. Both circuits were built and tested but no
advantage was found in the computer. controlled version.

Appendix (2) shows the free running circuitry.

5.2 Counter Control

5.2.1 The basic timing diagram is shHown in Figure 5.2.a.
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B

R
T

e i

‘Figure 5.2.a

The sequence of events is as follows:

A.

The transmitter pulses the tramsmit -coil. At the

same time the transmitter “input is used to set all

circuits to a starting condition and to reset .both
train A and ‘B. counters to zero. Approximately 3
microseconds are fequired in order to reset all
circuits. Physically this requires a separation of

about 15mm (Smm/ 3 microseconds)

microsecond ¥
between the transmitting coil and the first fixed

coil. However, it was found in practice that the

transmit signal would couple magnetically to the
first fixed coil if they were closer than about 40mm
for a transmit pulse height of 15V and about 90mm
for a pulse height of 30V.

The first pulse from the first fixed receiving coil
arrives and starts both the A and B train counters

by gating in 10MHz clock.
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C. The first pulse from the moveable receiving coil
arrives and stops the train A counter by gating out
the 1OMHz clock. This scheme was adopted because
ripple counters were used and several microseconds

settling time was required.

D. The first pulse from the second fixed receiving coil
» arrives and stops the train B counter. It also sets
Service Request (SRQ) true (low) to signal the GPIB

controller that a count has finished.

In the free running mode this <cycle repeats with each

transmit pulse. Enough time must be allowed for the
computer to read both counters after SRQ becomes true and

before the next transmit pulse.

In order to utilise a 100 meter ‘long mnickel wire and

. 10MHz clock, a counter capable of counting ‘to 200,000 is

required. For the experimental model the counter = was

constructed'to allow for 3m with a 30MHz clock.

Since €1 = ft] = £fD1/V and Cy = ftp = £Dy/V, then C1/Cp =
£Dy1/V1.Vy/£Dy. Assuming that clock frequency is stable-
over short periods then C;/Cy is fixed at D;Vy/DyVi. The
short.térm drift of the crystal controlled oscillator 1is
negligible. In several 24 hour checks of stability where
temperature changed as much as 10°C from day to night the
fraction Cl/Cz did not vary more than one digit in ‘the
fourth significant digit. In the long term, f divides
out. In addition amny uniform changes in velocity will
divide out. Several measurements were made using only C
as a gauge of -distance to the moveable receiving coil and
the effects of long term (minﬁtes) drift and linear

changes in velocity were evident. It was concluded that
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the design objectives could not be met without counting
thevbaseline and calibrating using Cl/CZ' Use of more
sophisticated counters which would allow gating out a
count instead of stopping the counter were investigated.
Although performance was satisfactory, the savings. in
counter circuitry were offset by gating and holding
circuitry and IEEE 488 interface control was more.

difficult.

As mentioned in Chapter &4 a counter was used to count the

time equivalent to the received pulse width at the

‘comparator threshold. This was dome in order to register

a count equivalent to the center of the received pulse
instead of the leading edge and therebyv eliminate a
source of error. Since the error only occured with
reépect'to the moveable coil only one additional set of
circuits was required. This extra circuit cénsistéd of
monostables and bistables to generate start and stop
pulsés, the counter and reset circuitry and the circuitry

to gate the count onto the GPIB. It -also resulted in

extra gates to produce the strobe -which connected the

_counter to the GPIB. The extra circuits and increased

cycle - time were not considered justified for this
application. In  a commerical model they would be

included.
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CHAPTER 6

SYSTEM CONTROLLER AND INTERFACE
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6.1 Basic Considerations

6.

1.1

As a result of preceeding circuitry, counts equivalent to

time t] and t) were held in two counters and a signal was
generated to show that the count was completed. The
minimum requirements were to detect the "count complete”
signal, read the train A and B counters and use the data
to either calibrate the system or read the position of
the moveable receiving coil. In a commercial model of the
device a microprocessor would have been used and
therefore a nonstandard method of reading the counters
would have been most economical. In this instance it was
desired to test and experiment and a microcomputer and
interface were needed. An Apple II+ was available and it
was decided to try several of the IEEE 488 general
purpose interface bus (GPIB) controllers, one of which
was the Apple GPIB controller. However, there was mo need
for full implementation of a bus interface - in the
measuring device so ways of implementing a minimum
interface were investigated. Referemces (7), (8), (9),

(10) and (11) provided all basic -data. needed to select

‘the controller and design the device interface.

6.2 IEEE 488 Interface

6

2.1

The GPIB ‘controllers investigated were full
implementations of the  TIEEE 488 standard. They were
addressable in either Applesoft basic or in machine
language. The Apple GPIB controller contained a chip that
was directly addressable by the computer and programming
that allowed tﬁe GPIB to operate approximately ten times
faster than when using Applesoft basic. In each case the
minimum required communication consisted of -checking the
GPIB for SRQ true, addressing the device (with attendent

handshake) and requesting a sequential read of  each
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counter stage. All data read was interpreted as ASCII
characters and transmitted to the Apple II as such. While
the GPIB”s were capable of handling the full get (256) of
ASCII characters, the Apple II could mot since the eighth

bit is not used in the ASCI1 character representation.

The following brief discussion assumes the reader is

familiar with the IEEE 488 bus protocol. It 1is mot

essential to read this paragraph in order to understand

how the device interfaces with . the IEEE 488 ©bus. The
discussion is particular to the Apple II GPIB but is very
similar for the other devices. Figure 6.2.a shows the

16 bus lines as defined by the IEEE 488 standard.

DEVICE A

ABLE TO ' )
TALK, LISTEN. ———l \ l
AND CONTROL ——— |
(-J,cdculnonl | - \ ‘x
' " gD OATA 8US
ST Gmm—
ABLE TO | ‘ { .
TALK AND - ‘ | ‘ ]
LISTEN — .
1 tea. degital ;;-_———:—' i ‘
pDATA 3YTE
TAANSFER

muinmetetl \ l

; CONTAOL
[

o }‘1; i‘! : .

L g

ONLY ABLE
TO LISTEN

(e.g., signab
wnerv:lcl\ \ GENERAL

INTEAFALE

i o
h Lid MANAGEMENT
3 \‘ﬂ' T
1 L] |

B 1 i

ONLY ABLE AR \

TOTALK §F&———.: : :
e | .
,_—‘-——-———?‘

e ——
te.q.. counterl | [l I }U/D 1.8
Himii.

i l \ e DAV

! : NRED
l____—-——- NOAC
l.____———' 1FC

1 ATN

SAQ

REN

£01

Figure 6.2.2
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The Applesoft programme statement INPUT "SR"; G$ causes
the GPIB controller to input T if the device i1s holding
the SRQ line low (true) and F if it is not 1low (false).
The computer is simply put into a loop requesting SRQ
status and checking the value of G$. When G$ returns TRUE
the computer étarts a read routine. The programme
statement PRINT "RCB"; 2$; "8"; Z$; causes the GPIB
controller to sequentially read 8 ASCII characters into
an 8 character string. Each data transfer occurs after an
authenticated “handshake". In the Apple GPIB controller
-version the command mode sends three. - pieces of

information with ATN true. As will be discussed 1later,

the - device interface was constructed to ignore the

information and shake hands until ATN is false and then
to send 8 characters via DIO 1-4. The 8 characters are
the ASCII equivalent of the wvalue of the 8 four bit
counters. The 8 characters are read sequentially into a
string and stored in Apple memory as C$. The 1last
function in the read sequence is for the measuring device
to set SRQ to false which puts the computer back into the
initial loop. Just prior to entering the loop, the ASCIL
characters are translated to numbers, C; and Cz- are
calculated and depending on the mode (calibrate or read)
the value of position is calculated or the calibration
table is filled. Several difficulties were encountered by
trying to use ASCII characters as numbers. ©Each counter
could contain a number from O to 15 (base 10) which
.corresponds to characters including null and carriage
return. Attempting to translate these characters wusing
Applesoft would not work. The problem was resolved by

hard wiring DIO 5-8 lines to translate a zero reading to
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character @ and then after decoding as a number simply to
subtract 64 to obtain the true counter reading. TFigure

6.2.b shows the ASCII character equivalent used.

DEC  0CT HEX ~ CHAR  WHAT TO TYPE
64 10¢ L@ a @
65 gl 41 A A
66 172 42 R B
67 103 43 o o
68 . 184 44 D n
69 195 - 45 E E
79 186 46 F F
71 187 47 G G
72 ] 48 H H
73 1l 49 I I
74 112 4AA J J
75 T 113 48 K K
76 114 4C L L
77 115 4D " M
78 116 4F N N
79 117 4F 0 0

Figure 6.2.b

As an example, if C$ = "BCDEFGAB" then the four counters
of Cy are represented by BCDE and when decoded

C; = (66-64) + 16(67-64) + 256(68-64) + 4096(69-64).

A similar decbding is performed for Cj. This decodiﬁg
problem. was unfértunate and resulted in having to gate 4
bits onto the bus at a time instead of 8 bits at a time.
With 8 bits there was no simple way to translate. A look
.up.table was prepared for the 8 bit characters but the
look up time was- excessive and resulted in too few
measurements pervsecond. However, the simplicity of the 4
bit system compared to ome in which the measuring device
‘would convert numbers to their ASCIT equivalent before
interfacing with the GPIB more than compensated for
having to use & bit gating. In addition the "READ COUNT"

command. was extremely rapid and reading up to - 80
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characters did not substantially increase the

computer/GPIB controller cycle time.

6.3 Measuring Device Interface

6.3.1

ATN

DAY

NRFD

NDAC

The measuring device . interface consists of a circuit
‘which can "handshake" when the bus ATIN line is true and
can "handshake” and gate data onto the DIO 1-4 lines when
ATN is false. The interface and counters are shown in
Appendix (2). Since the measuring device 1is  the only
thing_on the bus, it can ignore the GPIB controller
sending addresses and information and other than
handshaking need only‘to be able té reply to the "READ
WITH COUNT" reqﬁest. This request does not require the
end or identify (EOI) signal since it stops when . the
requested count of ASCII characters is received.
Additionally, the timing of the IEEE standard did. not
have to be .adhered to as long as the handshake was
recognised. These factors greatly éimplified interface
design. The address mode handshake according to IEEE 488

is shown in Figure 6.3.a.

T

({low is true}

—_—t — o e e — —

T

Figure 6.3.a
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The-only critical event is that NRFD and NDAC cannot both
be high when the GPIB controller monitors their lines.va
they are both high (false), the . controller registers
"device not present”. The IEEE standard requires response
~ to ATN within 200ns but none of the controllers monitored
the lines before several microseconds had elapsed. During
the address mode handshake the device must respond to the
handshake in order to continue communicating bﬁt does not
use any of the transmitted addressing data. ‘During this
mode the GPIB controller has control of ATN and DAV lines
and the device has control of the NRFD and NDAC lines.
This allowed very simple address mode  handshake

implementation as shown in Figure 6.3.b. NAND gates were

used throughout.

ATN

NRFD
' DAV

'::>3—-—————NDAC

DAV

Figure 6.3.b

Before the "READ COUNT" instruction is received both ATIN.
and DAV are high (false). This causes ATN and DAV to be
low and sets NRFD‘and NDAC to be high. This 1is the
quiescent state. All gates used are such that when any
gate connected to the bus goes low the bus is pulled low.
The READ COUNT instruction causes the controller to first

address the bus as a controller and then -become a
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DAV

NRFD

NDAC

DATA
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listener. During the address mode several words are
placed on the bus depending on which controller is used.
In this application they are simply ignored and the
device continues hand shaking as long as ATN is low. When
the GPIB controller addresses the bus it first pulls ATN
low which makes ATN high. Since DAV 1is high NDAC goes
low, and since DAV is low NRFD stays high. This meets the
monitoring criteria that both NRFD and NDAC may not both
be high when the controller monitors the bus. Shortly
after the controller puts an address or .command on the

bus it pulls DAV low. This makes DAV high and with - ATN

high it makes NRFD low. At thé same time' DAV low makes

NDAC high and the conditioms for 3-wire handshake are
met. Each time the controller changes addresses or
commands it cycles DAV which causes the handshake routine
to repeat. When ATN goes high (after the GPIB controller
has finished as a talker) the handshake timing shown in

Figure 6.3.c is used.

Figure 6.3.c
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In this case the device must be able to shake hands,
count the handshakes and strobe data on the DIO 1-4
lines. The. simplified circuitry shown in Figure 6.3.d
accomplishes this. Appendix (2) shows the complete

circuit.

- ATN
NRFD

N\ NDAC LS 20 . LS 221
f mana — DAV
. with delay) Hi

Ls 221

mono
— LS 93
ATN countar
| STROBE T————— Strabes To
GATE ————— Gate Oata
(KT |———— on Bus
Figure 6.3d

In the device talk mode, the device has control of DAV
and the controller as iistener has control of NRFD and
NDAC. Three high inputs to the LS20 are required in order-
to get the low output. The LS221 generates pulses on the
negative going edge. When ATN goes high, ATN goes low and
resets the LS93 counter to all zeros. The controller sets
ATN high, NRFD high and NDAC low in order to get ' ready
for data. This makes all the inputs to the LS20 high and
gives a low output. The first LS221 triggers on the
negative going edge and causes the 1593 to count. 0001

out of the LS93 strobes the data from the - first counter
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in train A onto the DIO 1-4 lines. After a short .delay
the second LS221 outputs high which pulls DAV low (true).
The controller shakes hands and reads the data. The short
delay ensures data has settled on the bus. The width of
the second LS221 pulse is sufficient to keep DAV 1low
until the handshake and data read are finished. DAV 1low
causes the controller to change the status of NRFD and
NDAC which makes the output of the LS20 go high. Since
the LS221°s respond to the negative going edge, nothing
else happens. At the end of the LS221 pulse, DAV goes
high which causes the controller to change the status of
NRFD and NDAC. This generates the next mnegative pulse
from the LS20 and the cycle repeats, this time with a
codnter)output of 0010 which gates the second .traih A
counter onto the Bus. The measuring device does not check
that the handshake is ~correct ‘but simply uses the
controllér ATN, NRFD and NDAC signals to operate its
circuitry. If the controller responds incorrectly, the
system will not work. Proper respomse is very simple to
check. This cycle can be repeated any number of times' up
to the - maximim (80) allowed by the controller. In
practice the ~ "READ COUNT" instruction termiﬁates

controller response when the correct number. of characters

- (8 in this case) have been read into C$. The wvariable

delay and pulse width of the 1s221 that controls DAV
allow timing to meet the requirements of any of the " GPIB
cbntrollers including ones that respond exactly  to the

IEFE 488 standard.

The original scheme to save on interface circuitry was to
have the»contfoller.transmit the ASCII - character which
corresponded to each 4-bit counter output and then
translate the characters to the equivalent number. The

4-bit counter could register any number (base 10) from O
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to 15. These numbers correspond to various pugctuation,
symbols and control characters used by the Apple II. The
Applesoft basic function ASC will not tranmslate several
of these symbols and control characters. Since DIO 5-8
were not needed for data transfer and since the device
did not respond to the addresses or commands, the bus was
hard wired to make the smallest number 40H. This way all
counter output values could be decoded using the: basic

function ASC and subtracting 64.
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CHAPTER 7

CALTBRATION
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7.1 Basic Considerations

7.1.1

It was desired to have the device able to be calibrated
in plaée with-no.extra equipment except a bench mark and
scale. Calibration was to be able to compensate for
temperature and tension changes as weli as mnon—linear
effects. As explained in Chapter (1) it is possible to
remove linear effects on pulse velocity by calibrating to
an equatioh of the type D = K; C;/Cy + Ky where C; and Cy
are the counts for the variable distance and. the fixed

baseline respectively.

7.2 Calibration

7.2.1

Calibration was effected by a programme that sequentially

read in values of Cj, Co and input the position of the

‘moveable receiving coil. The device had been built on an

0ld optical test- bench and this proved ideal for
calibration and experimentation. The optical bench had a
scale attached to the bed plate and a pointer on the
moveable trolley to which the receiving ¢coil was fixed.

It was possible to read scale values to within about x

‘1lmm. The values of the three variables were stored in a

text file (maximum 50 values) and. also printed out as .a
permanent record. After all calibration data points were
in, a regression was performed and the values of Ky and"
Ky calculated. The values of Cy, Cp, D (position) and
error in position were printed out and also stored in
aﬁother text file. This data was available for plotting.
In general, -the only plot of interest is the error plot.
Reference (12) was the source of all regressions used.
The linear regression was used to fit theé calibration
data to a straight line. The other regressions were used

in an attempt to model the calibration errors.
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7.2.2 Hundreds of calibrations were performed under varying
conditions of temperature, nickel wire stress, nickel
wire annealing and cold -working and nickel wire
magnetisation. As predicted, uniform  changes had
essentially no effect on calibration  values. 0f
considerable interest was the fact that the calibration
data were perfectly repeatable provided non-uniform

P
ot

changes had not been made to the wire. Figure 7.2.a shows

repeatability under worst case conditions. As shown in

the wire removes most errors.

Chapter 8,
Appendix (3)

Several methods were used to reduce the calibration error

stretching

shows typical <calibration error curves.

to a minimum. The first was to fit the error data to an

ath order. curve and to subtract the error curve value

from the corresponding reading. The next method was to
subtract a

The

tabulate the error curve values and to

linearly extrapolated value from the reading. third

was to construct a linear fit in a piecewise fashion. All

methods worked well enough but it was found that by

carefully stretching the wire to achieve uniform

properties, the error could be reduced to X 2mm maximum.
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7.2.3 Many reading runs were taken for extended periods (10-12
hrs) with the moveable coil 1locked in position. The
temperature was recorded at each half hourly reading.
While there were small long term oscillator drifts, the
quotient C;y/Cy was essentially constant even though
ambient temperature was changed by almost 10 degrees.  No
attempt was made to Quantify the results inasmuch as the
tension changes due to wire and ~optical bench ‘changes
were not known. It was beyond the scope of this thesis to
instrument the nickel wire in order to measure tension

directly. Typical results are tabulated in Appendix (3)-.
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CHAPTER 8

RESULTS OF SOME EXPERIMENTATION
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8.1 Changes in Parameters Affecting the Wire

8.1.1

While wire tension was not measured directly, a series of

checks was made of the effects of tension changes. The

decrease in loss and increase in difficulty of launching
a signal were well quantified in the  literature so a

qﬁick check was made to ensure that the measuring device
did not suffer from some anomalous behavior. Tension was
increased in steps and checked by vibrating the wire and
measuring the vibratory frequency. Received. pulse height,

pulse height decrement and number of echos were recorded.

" No anomalous behaviour was noted. Cold working the wire

by stretching and then releasing to a tension where good

signal reception was obtained resulted in a much smoother

calibration curve with smaller errors. This indicates

that suitable treatment of the wire improves uniformity

of velocity along the wire. In fact, the = improved

not

of

required.

performance was such that annealing was

Figures 8.1.a and 8.1.b show the results calibration

with non—uniform conditions and after stretching.
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The nickel wire was magnetised along its length  in one
direction, the system was calibrated and then the wire.
remagnetised along its length in the opposite direction,

and a second calibration performed. The mnaximum effect

was achieved when the magnetisation was in the opposite

‘direction. A marked decrease in received signal strength

‘was noted and the values of Ci1, Cy and the calibration

constants changed slightly. In one position, the moveable

receiving coil did not provide enough signal to reach the

._comparator threshold "and the system failed to work. The

effect was identical to reducing the bias magnet strength

by placing another magnet near the receiving coil bias

magnets. It is concluded that system performance would be
degraded in the presence of strong magnetic fields. The.
effect could be partly mitigated by shielding the
receiving coil bias magnets, or by making the bias magnet
field strength larger. Figure 8.l.c and 8.1.d show the

calibration curves for magnetised wire.
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8.1.3

The nickel wire was heated at discrete locations and the
system calibrated. This heating produced large changes in
the calibration values and the errors are plainly visible

in the calibration data shown in Appendix (3). The wire



8.1.4

(73)

was supplied in a cold drawn condition and was annealed
in an open flame. The resulting abrupt changes in. sound
velocity cause large distortions in the calibration error
curve. Subsequent stretching returned the wire to a
uniform condition and calibration data returned to

nominal. Figures 8.1.a and 8.1.b show these effects.

The nickel wire was preferentially cold worked by
repeated Bending and straightening. This produced the
same effects as discussed in paragraph 8.1.3 and the

effects were removed as before by stretching.

8.2 . Changes in-Counter Input‘Frequency

8.2.1.

The system was calibrated and operated at 10MHz, 20MHz,
30MHz and 42MHz. Operation at 10, 20 and 30MHz was

normal. 42MHz was the limit at which the LS logic gating

and counting circuits would operate. The calibration

curves were identicalr for each frequency. However,
theoretical resolution became smaller | as frequency
increased and ideally accuracy could be increased as
well. With pulse detection being dependent on threshold
detection of the leading positive edge, theoretical
resolution could not be reached, mnor could overall
accuracy be improved beyond the limits imposed by

detection errors. However, by adding 1/2 of .the count

" between the leading and trailing edges of the comparator
output, as discussed earlier, theoretical resolution

- could be reached and accuracy could be made dependent on

conditions in the nickel wire. In order to benefit from
frequencies higher than 10MHz, it was necessary to
include extra counting and interface circuits, to anneal

or stretch the wire and possibly to wuse some - of the

. methods previously discussed for subtracting out errors

detected by calibration. The calibration curve at 42MHz

is shown in Figure 8.2.a.
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8.3 Changes in Detection Threshold

8.3.1

The detection circuit comparator threshold was varied

from minimum to a point where the output stopped while
the moveable receiving coil was fixed 1in position. The
optical bench trolley to which the  moveable c¢oil' was.
fixed was capable of being locked in place to prevent any
- ¢coil movement. The limiting case was considered to be the
end of travel at the 3 meter mark since this was the
‘point where the . pulse height was minimum  and
theoretically would have mnminimum slope. The 3 meter
position should then represent maximum error due to
threshold changes. The maximum difference in counts was

observed to be 5 counts which is equivalent to 2.5mm. The

detector threshold voltage was measured under vafying
conditions of  supply voltage (4.5-5.5) and with the
trolley at different positions:. It was found -to be

extremely stable and the actual contribution to error was

negligible. However, the. change in pulse height due to
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attenuation is equivalent -to varying the threshold. The
maximum error detected over the 3 meters due to pulse
height changes was 2 counts which corresponds to lum.
This however was not an absolute maximum error since the
calibration process averages out some of the error. The
error was measured by measuring the pulse height and
shape at O meters and at 3 meters and then - changing the
transmitting coil bias to generate both pulses at one
fixed trolley position. The count difference was the
count at minimum pulse height minus the count at maximum
pulse height and this corresponded to moving the trolley

from O meters to 3 meters.

8.4 Changes in Transmitted and Received Pulse Shape

8.4,1 Several pulse. shapes were generatéd by coupling the input
to the 2N2222A transistor through differentiating and
integrating circuits and by changing transmitting coil
bias and position with respect to the reflecting cube.
Nothing of note was observed except that the fastest rise
time pulse produced the maximum receiving coil output and-
the minimum error. It had been surmised that improved
matching between transmitter and coil could be obtained
by varying the input - pulse harmomnic content. The optimum
pulse shape proved to be a square wave input wunder
resistive conditions and when coupled to the coil the
pulse with the fastest rise time. This was achieved by
parallel capacitance. across the coil. The worst case was
a ringing input with the first positive swing smaller
than succeeding swings. Figures 8.4.a and 8.4.b show the

results.
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CHAPTER 9

CONCLUSTONS
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Resolution

9.2

Near theoretical resolution was demonstrated at 10MHz. However,
the physical setup was incapable of measuring resolution at 30
and.42MHz. Since resolution is directly determined by the number:
of millimeters per count and each clock cycle gated through was
counted, neér theoretical resolution should be achieved for all
frequencies which LS logic will process. Small errors introduced

by changing pulse height and shape due to attenuation prevented

actually achieving theoretical resolution. The resolution

achieved was much better than required by the intended

application of the device.

Accuracy

9.3

Error was reduced to X 1lmm by making the wire ‘properties
uniform, by removing calibration error, and by using special
circuits to find the midpoint of the received ‘pulse. The goal
was to obtain accuracy near to theoretical resolution. This was
achieved. Theoretical resolution with the 10MHz clock 1is 0.5mm.
However, satisfactory accuracy -of + 2.5mm was achieved by simply

making the wire properties uniform by stretching.

Ability to Operate in Harsh Environments

The nickel wire loss in water was measured using a combination
transmit - receive coil (from the project of Reference (1))  and
a length of wire suspended in water. Then it was demonstrated
that signals could be transmitted over 60 meters of submerged
wire and still be detectable with the circuit of this thesis.
The entire length of 3 meters of wire was cluttered with
simulated swarf by attaching masking tape and by coating with
petroleum jelly to which metal shavings were attached. Operation
was still satisfactory. Under obscured atmospheric conditions,
such as in flour mills, it is obvious that the. device would

work.
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Calibration

Calibration for non—uniform  wire characteristics‘ was
demonstrated to be extremely simple and the system was shown to
be self-calibrating for conditions which changed velocity
uniformly along the wire. The calibration error curve for
properly treated wire (stretched and annealed) was fouﬁd to ‘be
extremely repeatable and for some unexplained reason usually
approximated a mathematically simple curve. While not necessary
in order- to meet the accuracy requirements for the uses
envisaged for the device, it was nevertheless possible to reduce

error by modeling the error curve.
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(81)

APPENDIX 10.1

TRANSMITTING, RECEIVING AND DETECTING CIRCUITS
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APPENDIX 10.2

COUNTING, TIMING AND INTERFACE CIRCUITS
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APPENDIX 10.3

CALIBRATION DATA
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