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SU-iMARY

IKTRODUCTIOK

There are two good reaeons for digitizing sigmls which represent 
some physical dimension that exists continually in time and space.
First, data in digital formare required by digital control computers 
and by digital data logging, data reduction, and data transmission 
equipment. Second, digital data can be stored for any length of time, 
transmitted over any distance, retransmitted, detected, and read as many 
times as necessary with no loss in accuracy. Analog signals are dis­

torted by each of these processes and accuracy is lost. From the 
standpoint of accuracy, if dataare to be digitized at all, the digi­

tizing should be done as near as possible to the point of measurement, 
and preferably within the transducer itself.

The U. S. Naval Air Development Center (NAVAIBDEVCEN) Initiated a 
research program to investigate the feasibility of a true digital trans­

ducer. A true digital transducer is defined as an instrument which 
measures physical motion and quantities and transmits the information in 
the form of discrete coded signals rather than as continuously varying 
analog currents and voltages. Such transducers are generally available 
for rotary motion (shaft position encoders) but not for small recti­

linear movements.

SUMMARY OF RESU13S

A method was conceived to transform transducer rectilinear motion 
into a parallel binary pulse code by magnetic reluctance techniques. 
ais noncontact technique generates digital signals representing the me­

chanical displacement of a magnetic armature, by successively altering 
the state of a matrix of magnetically permeable wire rods. The rods of 
the matrix are inductively coupled to the armature by an alternating or 
pulsed magnetic field. Sense windings about the rods are cross-connected 
to provide the desired code. Gray or natural binary digital codes can 
be provided.

Several psuedotransducer models were fabricated to demonstrate the 
feasibility of the magnetic technique. The first model provided an 
output of three binary digits for.a rectilinear motion of three-quarters 
of an inch. The maximum output -signal from this model was 0.5 milli­

volt. In later models, the three binary digits were provld^ for a 
rectilinear motion of one thirty-second of an inch, and tha'inaximum out­

put signal was Increased to 20 millivolts.

Basic investigations revealed that: (l) The sense windings must
be positioned as close as possible to the armature end of the rod;
(2) a binary "one" and a binary "zero" can be generated simultaneously 
on the same rod; and (3) the armature signal is Inductively coupled to 
the matrix through the magnetic rod and detected by the sense winding.



. Detailed investigations of the magnetic reluctance technique 
revealed the following facts:

1. The xaatrix signal output varies logarithmically with the number 
of turns in the sense winding and the excitation signal an^litude.

2. The optimum matrix signal output was obtained from rods of 
Permalloy, a high-permeability alloy consisting of 79 percent nickel, 17 
percent iron, and 4 percent molybdenum.

3- The matrix output varies eiqponentially with armature-matrix 
clearance.

4. The matrix output is not seriously affected by the sense 
winding wire size, excitation signal frequency, or pulse width.

5. A plot of the matrix output versus armature displacement iMi- 
cates that the binary "zero" appears as a momentary point rather than a 
well defined sequent. This transition results in ambiguous binary 
coded signals.

CONCLUSIONS

The basic investigations indicate that the magnetic reluctance 
technique can provide discrete signals in response to the movement of 
an a.c.- or pulse-excited armature across the face of a matrix of mag­

netically permeable rods. The matrix output signals are weak and an 
anpllfier will be required in order to provide usable signals.

For optimum operation, matrices will be fabricated with Permalloy 
rods wrapped with sense windings of 32 turns each.

The matrix configuration which provides three-level voltage signals 
is inadequate because the binary "zero" is defined as a momentary point 
rather than as a clearly defined se0nent.

HBCOMENDMaOKS

A prsujtical, rectilinear-motion digital transducer should provide 
a mintoum output of seven binary digits and have an accuracy of plus or 
minus one binary digit. The Instrument should also be capable of pro­

viding an output signal which can be used directly by digital processing 
or control equipment. The following program is recommended to determine 
if the magnetic reluctance principle can provide the desired characteris­

tics:

1. Investigate a matrix configuration which will generate two-level 
voltage signals in order to provide a digital output signal with a clearly 
defined binary "zero."



2. Investigate the use of multilayer matrices to provide in­

creased resolution and capacity. This can he accon^lished hy designing 
and fabricating a basic single-layer matrix and then stacking the 
layers to provide the desired results.

3. Investigate the design and use of a multihead armature to pro­

vide increased resolution from simplified matrices by using a vernier 
armature-matrix approach.

If. Investigate new armature designs and configurations in order to 
provide larger output signals from the matrix.

Apply a confirmed technique to a displacement-type transducer.

I
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LITEBAIURE SURVEY

The Digital Transducer Research Program commenced with a compre­

hensive review of the state-of-the-hrt of digital transducer develop­

ments and their principles of operation. A bibliography of the reports 
\rtiich appeared useful is presented'at the end of this report. Several 
in^jortant facts were revealed as a result of this study. First, with 
the exception of the well-lsnown shaft position encoder, no true 
digital transducers were found. Second, the Rosemount Aeronautical 
Laboratories, University of Minnesota, con^leted the design and de­

velopment of a digital pressure gage In 195^* This gage is a diaphragm- 
type pressure gage in which the capacitance between parallel plates is 
made to vary with applied pressure. This variable capacitance is 
associated with an oscillator to provide a frequency outqput which is a 
function of pressure. The frequency is counted over a fixed time 
interval to provide a digital number. This type device cannot be 
considered as a true digital transducer. Third, the Aerial Measure­

ments Laboratory, northwestern University, has a current study project 
to investigate the nature of digital transducers, their principles of 
Iteration, and user requirements. Fourth, Reuiio Coiporation of 
America laboratories and Towson Laboratories are engaged in the design 
and development of digital transducers; their work, however, is of a 
proprietary nature and details of their developments are not available.

TRAHSDIXJER SURVEY

An Investigation of the nature of analog transducers was con­

ducted as part of this project. This study permitted the establishment 
of two basic categories for displacement-type transducers: those

transducers exhibiting rectilinear displacement, and those exhibiting 
rotary displacement. The maximum rectilinear displacement presented 
is three-sixteenths of an inch; the maximum rotaiy dl^lacement pre­

sented is 360 degrees or multiples thereof. Since rotary displacement 
can be represented in digital form by a shaft position encoder, the 
HAVAIRDEVCEH efforts were devoted to representing the rectilinear dis­

placement of transducers in digital form.

DiariAL TRANSDUCER TECHMiaUE

A unique method to transform rectilinear di^lacement into a para­

llel binary pulse code by magnetic reluctance techniques was conceived. 
This noncontact technique generates digital signals representing the 
mechanical displacement of an electromagnetic armature, by successively 
altering the state of a matrix of magnetically permeable wires or rods. 
QSie rods of the matrix are inductively coupled to the armature by an 
alternating or pulsed magnetic field. Windings about the rods are cross- 
connected to provide the desired code. Gray or natural binary digital 
codes can be provided.



This maguetic technique employs the variation in the magnetic field 
strength about the armature aM the binary-connected sense windings in 
the matrix to generate three-level voltage signals. The positive and 
negative peaks can be arbitrarily designated as binary "ones" and the 
min designated as a binary "zero." The .signals are generated in re­

sponse to the movement of an a.c.-excited electromagnetic armature 
across the matrix of magnetically permeable rods. The series-connected 
sense windings about the rods form a coded pattern which provides a 
binary representation of the rectilinear displacement of the armature.

THEORY OF OPERATION

The basic operating principles of the magnetic reluctance digital 
transducer are shown in figure 1. The ferrite rods and the associated 
sense windings form the matrix, which is positioned so that the ends of 
the magnetically permeable rods are exposed to the magnetic field 
generated by the excited armature. The magnetic field is large enough 
to enconpass the entire matrix regardless of the armature position.
The total signal induced in the series-connected sense windings is the 
algebraic sum of the signals induced in the individual sense windings. 
The sense windings are located on alternate rods and interconnected so 
that successive windings are opposite in polarity.

When the armature is aligned with a rod containing a sense winding, 
the magnetic field about this rod is increased. This results in in­

creased magnetic induction and a strong signal in the sense winding 
about the rod. Positive and negative signals in proportion to the 
magnetic field Illustrated in figure 2 are induced in the sense wind­

ings on the remaining rods. The algebraic sum of these signal's results 
in an output signal having the polarity of the strongest induced 
signal. This signal corre^onds to a binary "one." Dqiending upon the 
polarity of the armature-aligned sense winding, a binary "one" may be 
represented by a positive or negative signal. Logical circuitry on the 
output of the transducer will detect the presence of both signals and 
transform them into one signal representing a binary "one."

When the armature is aligned with a rod which does not contain a 
sense winding, the magnetic field about the rod is Increased. There 
is, however, no winding to sense the increased induction in this rod. 
Positive and negative signals in proportion to the magnetic field il­

lustrated in figure 2 are Induced in the sense windings. The al­

gebraic sum of these signals resuj-ts in a zero or minimum output signal, 
which correspohds to a binary "zero."

The preceding paragraphs describe the principles of operation for 
one binary.digit. The theory is applicable to successive binary digits, 
which are provided by adding to the matrix properly interconnected 
sense windings for each additional binary digit.
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of 15 turns of No. 40 AWG enameled Qopper wire, were interconnected 
externally to provide the three rows of series-connected sense wind­

ings. A transistor anq;>lifier connected to each row of sense windings 
elevated the 0.5-millivolt matrix output signal, which represents a 
binary "one," to a signal level capable of turning on an indicator 
lanq?. The on-off cojibination of the three lan^js indicated the position 
of the araature with respect to the matrix for an armature travel of 
0.75 of Em inch.

A second three-bit matrix with the same specification as the first, 
except that the rod spacing was 0.025 Of an inch, was fEibricated.
With this configuration, a binary count of eight was obtained for sm 
armature travel of seven thirty-seconds of an inch.

A wider annatare was then designed and operated with the matrix 
rotated 82 degrees from the horizontal. In this configuration, it was 
possible to obtain a binary co’unt of eight for an armature travel of 
one thirty-second of an inch. This matrix provided a satisfactory out­

put in the natural binary and in the reflected binary or Gray codes.

After studying the output signals obtained during these preliminary 
tests, it was concluded that the resolution could be increased by ar­

bitrarily designating the null between the pulses as a binary "zero" 
and the positive and negative pulses of the train as binary "ones."
This was acconplished by positioning an inactive rod (one without a 
sense winding) between every two active rods. The inactive rod de­

fines the mechanical location of the binary "zero." A rod may be con­

sidered active or inactive, depending upon which row of series- 
cdnnected sense windings is observed. All additional matrices fabri­

cated during this period enplosred this technique.

PaOCEDUBE FOR CQHaTRXTIOH OF THE MATRIX

1. A length of rod is mounted on each of the four semicircular 
discs of the matrix wiring jig illustrated in figure 4(a). A closeup 
view of the matrix is provided in figure 4(b).

2. /nie first semicircular disc is rotated 90 degrees and the 
sense wlnd'ing wrapped around the center of the rod. The first disc Is 
returned to its normal position, the second disc is rotated 90 degrees, 
Emd the sense winding J.8 placed on this rod. The process is repeated 
until a sense winding Is placed on each rod.

3. When the matrix wiring is conpleted, the matrix is transferred 
to the mold so that the rods are located in the slots and the sense 
windings in the channel as indicated in figure 4(a). A closetp of a 
single layer is shown in figure 4(c). The matrix rods are cut from 
the jig and the rods are used to secure the matrix in the mold.

•./a,

• -
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4. The matrix is potted in an epoxy resin and a mold cover secured 
until the epoxy has set. The rods are then cut and trimmed and the 
matrix is removed from the mold.

5. Several of these basic matrices are made and stacked together. 
The fine sense-winding leads are connected to terminals and the 
entire device is repotted. When set, the face of the matrix is honed 
smooth and is ready for operation.

PHDCEDUBE FOH CmSIROCTIOM OF THE AiMATURE

1. The core of the armature is cut to the desired size and con­

figuration. Perfection Mica Con^pany Conetic iron foil,a024 of an 
inch thick, has been used as the core material for the armatures.

2. The core is wrapped with 50 to UOO turns of Ho. 36 AWJ enameled 
copper wire. Heavier leads are then attached to the windings.

3. The core windings are covered with Conetic iron foil shield. 
The shield is separated from the tapered edge of the core by 0.001 of 
an inch. Geps around the windings are potted for protection. Several 
of the armatures which were made are Illustrated in figure 5-

EMPIRICAL aVBSTIGATlDMB

A series of enpirical investigations to detemine the optimuo ma­

terial and parameters of the matrix and armature were conducted.
Various rod and sense-winding parameters were investigated in multirod 
and single-rod matrix configurations. As e;qpected, higher output 
signals were «®erlenced with the single-rod matrix configuration be­

cause of the oancelttng effect'resulting frcan polarity of the inter­

connected sense windings in the multirod matrix configurations. The 
armature investigation was limited to variations in the excitation sig­

nal the amature;rmatrlx clearance. A conplete azmatore Investiga- 
tlon will be conducted during the next period. The following para­

graphs provide a detailed account of the empirical investigations.

Armature Tests
.it; .

Ij^erlmentB were carried out using various armatures to 
explore the effects of armature-matrix clearance and armature excitation 
pulse width on the matrix output.

Five armatures were evaluated. The ou'^ut of a single active 
coll in a matrix resulting frcan various armature dl^lacements is 
shown in figure 6. It can be seen that armature 0 provided the best
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output. The characteristics of the various armatures are shown in 
figure 5-

Armature D was aligned with a single active rod and sense 
winding in a matrix configuration. The sense-winding output ■vias 
observed as the armature was gradually moved away from the matrix. 
Figure 7 illustrates the exponential curve resulting frcan this test.
In further tests, armature-matrix clearances were maintained at 
0.001 of an inch.

With the armature aligned with the single active rt)d, the 
excitation pulse width was varied and tte matrix output observed. 
Figure 8 represents the matrix output for rods of Permalloy and 
Ho. l42 Alloy. Since the output was not severely affected by pulse 
width, a 10-microsecond pulse was arbitrarily chosen.

Effect of the Humber of Turns in the Sense Winding

Experiments were conducted to determine the effect of the 
number of turns in the sense winding on the matrix output, and to op­

timize the ratio of matrix output to number of turns in the sense 
winding. Single-rod matrices fabricated with sense windings of many 
magnitudes and configurations were subjected to the magnetic field 
from the same armature. The results of this test for constant arma­

ture excitation signals are illustrated by the series of lo^ri'Uimlc 
curves of figure 9. For convenience, the sense windings were limited 
to 32 turns. This provided a matrix output of approximately 20 
millivolts.

E:q?erlmerfts were also conducted to determine the width ofthe 
effective magnetic field about single-rod matrices. Figure 10 reveals 
that the magnetic field is a distorted bell curve approximately l8 
millimeters wide. These tests also revealed that the matrix output is 
increased by overlapping the turns in the sense winding.

Material Tests

Matrices were fabricated from the materials listed in table 1 
to determine the effect these materials have on,the matrix output. A 
single-layer, one-bit matrix was used for this demonstration. Bie 
matrix was fabricated so that the nine rods (four active, and five in­

active) were removable. In this way, all saaples were tested under 
the seme conditions within the same matrix. During this test, the 
sense-winding output of each active r(^ was observed as the aznature 
moved across the matrix. The matrix outputs for the various materials 
are shown, in figures 11 through 15.. These tests revealed that the 
optimum signal output was obtained using matrices ^constructed of 
Permalloy as illustrated in figure 15.
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TAB1£ 1

Materials Tested

Material Composition

Nilvar 3lf> Ni, 64jt Fe, Co

No. 142 Alloy 41^ Hi, Fe

No. 152 Alloy 51?t Ni, 4gjt Fe

Permalloy 793t Ni, 17^t Fe, 4jt Mo

Iron lOOjt Fe

These tests were also conducted with the matrix intercon­

nected to provide counting action as a function of armature dl^lace- 
ment. The results of this action for the various materials are 
illustrated in figures l6 through 20, from which it can be seen that 
Pennalloy (figure 20) provided the largest signal output.

The results of these tests also revealed that the binary 
"zero,” which is represented by the output signal null, is clearly 
defined at the zero-crossing only. This condition makes it very diffi­

cult to provide hn accurate digital output, but can be remedied by placli^ 
opposite polarity sense windings on adjacent rods. The magnetic field 
about the armature and binary-connected sense windings in the matrix will 
then be used to generate two-level voltage signals. The positive 
excursion of the output signal Will be azbltrarily designated as a 
binary "one," and the negative excursion as a binary "zero." The 
resolution obtainable with this configuration is half of «diat was ob­

tained with the original configuration. Ibis mtftrix configuration will 
be investigated during the next period.

;

’5 ' 5‘

flense-Winding Wire Size

. Trials were made to determine it the wire size in the sense 
winding had any effect on the matrix output. Enameled copper wire 
Hop. 36, >i0, and 44 AUQ was- used for these tests. Number 40 AWt copper 
will be used in the handmade matrices because it is easier to work with.
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As the fiibrication techniques are liq;>roved, the sense windings will be 
■ade frcm Bo. 44 AMO copper wire, or finer, in order to reduce the 
■atrix alze.

Excitation Signal Frequency

Tests were conducted to determine the effect of armature 
excitation signal frequency cn the matrix outputs. Ohe armature was 
excited with 15-volt, 10-microsecond pulses in the frequency range from 
600 to 50,000 cycles per second, and no significant change was observed 
in the matrix output. Erratic operation wab noted above 50,000 cycles 
per second. The device also performed satisfactorily when strobed with 
a single 15-volt, 10-microsecond pulse.

Rod Spacing

A single-layer matrix with 18 rods and I8 sense windings was 
constructed for the p\xrpoa& of checking the effect of rod spacing on the 

aense windings were connected in series opposition 
for (1) every rod, (2) every second rod, (3) every third rod, and 
(4) every fifth rod. As the distance between the active rods was increspad, 

average matrix output varied in the following sequence; 12, I8. 22.
24 millivolts. :

the

and

Rod Length

One rather puzzling effect was noted during the first of a 
series of tests to determine the effect of rod length on the matrix 
output. As a Bo.142 Alloy rod-was decreased in length from 0.7 to 0.2 
of an inch in sisall increments, it was observed that the matrix output 
varied parabollcally and that the output was modulated by a distorted 
sinusoid, with maximum occurring at increments of 0.2 of an inch. The 
test was conducted using several other alloys, but the parabolic output 
was iK>t nodulated. When the test was repeated using Bo. l42 Alloy, the 
original conditions were not duplicated. It was, therefore, concluded 
that the modulated output is not nozmal matrix behavior and that the 
peculiar effect may have been caused by tte heterogeneity of the rod 
material or the adhesion of magnetic particles to the rod. Erom the 
results of the tests, it was also concluded that the rod length 
be at least 0.3 of an inch long.
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Armature D 

Size: 

Corel

Coil;

5/8" X 5/8" X 1/8"

Conetlc 0.005" x l/2" x l/2"; tapered to 0.004" 
at active ed^

200 turns Ho. 36 AV#0 enameled copper wire; d.c. 
resistance 7

Shielding: Conetlc 0.001" air gap between shield and core

Armature E 

Size: 

Core"

Coil:

3/4" X Ijk" X 1/4"

Conetic 0.025" X l/V' x 5/8"; tapered to O.OOl" 
at active ed^

300 turns No. 36 AMD ensnieled copper wire; d.c. 
resistance 10 ohms

Shielding: Conetlc, tapered on outside; approx. O.OOl" air
gap between core and shield

Armature F 

Size: 

Core:

Coll:

Shield:

3/4" x 5/16" X 1/4"

Conetlc 0.025" X I/2" x 5/16"; tapered to 0.004" 
at active edge

250 turns No. 36 AHC enameled copper wire; d.c. 
resistance 7 ohms

Conetic; tapered on outside; approx. 0.002" air gap 
between core and shield

Figure 5- Armature Construction
17



Armature C

Si*e. 3/4" X 3/4" x l/4"

Corej Conetlc 0.024" x 3/4" x 5/8"; tapered to O.OOl"
at active edge

Coil: 300 turns Ho. 36 AVK> enameled copper wire; d.c.
resistance 10 ohms

Shielding: Conetic; tapered on inside; approx. O.OO3" air
gap between cure and shield

Armature H 

Size: 

Core:

Coll:

1" X 3/4" X 3/8" ^

Conetic 0.024" x 5/l6" x 3/4" diameter; tapered to 
0.004" at each active edge

200 turns Ho. 36 AWB enameled copper wire, each 
active edge; total d.c- resistance 200 ohms

Shielding: Conetic; outside shield covers winding only; Inside
shield full-length.

Figure 5. (Continued)
18
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Armature Input: 15 volts,
10 microseconds

Armature Clearance: 0.001 inch

Armature-Matrix Angle: 25 degrees

Matrix: 1 bit, 7 count (4 active
rods, 5 inactive rods)

Rod Material: Nilvar; 0.010 inch
in diameter

Sense Winding: 32 turns,
Ko. 40 AVC copper 
wire

20 -L

Figure 16. Nilvar, Matrix Output (Active)



Figure 17. Ho.l42 Alloy, Matrix Output (Active)
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