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o TABLE |
Abstract—Magnetostrictive (MS) sensors are based on the pgrrorRMANCE OF LINEAR POSITION SENSORSTHE ACCURACY FIGURE

transmission of ultrasonic signals in a waveguide, and constitute  corRRESPONDS TO THE MAXIMUM ERROR IN ALOOOMM RANGE FOR

an interesting alternative to optical encoders for long range, TYPICAL COMMERCIAL SENSORS (*¥) FOR THELVDT THE RANGE
absolute, high precision measurement of linear position. Despite CORRESPONDS TALOOMM.

their inherent conceptual simplicity, many aspects of the sensor

design must be considered in order to achieve an accuracy in Technology Abs/Inc  Range Accuracyufm)

the 10 um range. This paper describes research in a new kind Potentiometric ADS Medium 400
of MS linear position sensor, focusing on the enhancement of VDT AbS Small 250

the processes of generation, transmission and reception of the

ultrasonic waves with the aim of obtaining high measurement Magnetostrictive | Abs Large 200
accuracy. Empirical results obtained with a sensor prototype Optical encoder Inc Large 5
indicate an improvement of 6 times over the precision of standard Laser interferometen Inc Very large 0.1

MS sensors.
Index Terms—Position measurement, magnetostrictive devices, ) )

acoustic applications and resolution of Jum, over a very wide measurement range
(up to several meters). Linear position encoders are ysuall
based on reflection or diffraction of infrared signals on the
) i ) marks of the grating; however, other non-optical possibdi
SENSORS that measure linear position are fo_und N MaRYist for example, capacitive encoders have been describe

industrial applications [1]: computer numerical control, 131 The main disadvantage of encoders is that they are
(CNCs) for machine tools, liquid level monitoring, maching,qyy and that their incremental nature is problematicases
pressing, precise hydraulic systems, automobile asse@blist ower down or measurement corruption: in this situation,
etc. Several techr)qloglcal possibilities, all varying irasure- o sensor must be moved to a reference mark for position
ment range, precision, response speed and cost [2], hamg br%‘?rieval. Particularly, in machine tool operation, thisayn
developed for this purpose. A summary of the charactesmstlf:nean damage to the piece which was being manufactured.

of current commercial linear position sensors is shown & ﬂBeing an optical method of measurement, the encoder must

comparative Table I ) . o i be sealed to protect it from typical machine tool contamisian
The potentiometer is an inexpensive linear position SeNsPke shavings and metalworking coolant fluid.

which, due to the noise caused by the contact between wipefygnetostrictive (MS) position sensors, which started as a
a_nd the re_S|st|ve _elemer_1t, has limited measurement_ mec's'by-product of the magnetostrictive delay lines [4] usedhia t
Linear Variable-Differential Transformers (LVDTs) exfiithe 19605 as computer memories, offer an interesting altewati
change in the magnetic field coupling between a set of traqg-gpical encoders. A magnetostrictive sensor finds thealin
formers caused by the displacement of a movable ferrom?ﬂ)‘sition of a mobile element by computing the time delay

netic core, providing a contactless and absolute measmtemgs o |itrasonic wave generated at the position of the cursor
Although accurate over a small measuring range, theirityea o ransmitted by a waveguide to a receiver placed at one

decreases rapidly with ranges above approximately 100 M@ of this element [2]. The ultrasonic signal is created in

The laser interferometer is the state of the art positioBsen e \yaveguide without contact by the magnetostrictiveotffe
reaching, under controlled light and vibration conditipB8  ypjike optical encoders, magnetostrictive sensors peveio-

accuracy of 0.1 ppm and resolution in the nanometer ranggj e position measurement. However their relativelyhhig
for that reason, it is often used to calibrate less precissss. nonlinearity (typically 200um over a 1000 mm range) limit

The most common precision linear position sensor is theqir ysage to applications with less demanding precisian |

optical encoder, whose operation is based on counting manléﬁ"d level sensing, etc
arranged on a grating or scale. It has excellent linearity o\, rent research on magnetostrictive sensors focuseseon th
(ultimately related to the precision in the fabrication BBt s of amorphous magnetostrictive ribbons and fibers as-tran
pitch in the grating), with typical accuracy of &m or better, - miting elements for improved electromechanical coup[Big
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I. LINEAR POSITION SENSORS
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a new design of a magnetostrictive linear position sensor ﬁsooo- T
(named Micrus) which aims for more precise measurement &
than existing commercial products [7]. 2000f
The remainder of this paper is organized as follows. The
principle of operation and the relevant theory for high pre- 10901
cision measurement of position with magnetostrictive sens 0 . . . . .
are described in section Il. The implementation detailshef t 0 R T
Micrus sensor are discussed in section Ill, while empiritzeth 5080 . . : 10
of its performance is offered in section IV. Final comments (b)
and conclusions are stated at the end of the paper. 5060 1o
[I. THEORETICAL CONSIDERATIONS 2 50407 108
In order to reach high precision in the operation of the 3 ConaseHOL) | 2
Micrus sensor, several aspects of the generation, prdpagat & 502° 208
and reception of the ultrasonic signals, as well as their pro § %
cessing for optimal estimation of the time delay have to be & 5% 17308
considered. We put special emphasis on the aspects whictk
distinguish Micrus from already existing MS sensors. 4980r /\ﬂ (\[\ 40
4960 /\20 40 80 ;

A. Principle of Position Estimation 0 . 60
requency (kHz)
The operation of the Micrus sensor is explained in Fig. 1.

It consists of a long, thin ferromagnetic tube along which thig- 2. () Phase speed curves for the lower order propagatiades
the tube: torsional T(0,m), longitudinal L(0O,m) and firstotwlexural

cursor can mov_e without (?Onta(_:t' When an intense Currérﬁ'&des, F(1,m) and F(2,m), up to 0-300 kHz, computed with the PEDIS
pulse at ultrasonic frequencieg(t) is put through a concentric software [10]; (b) Variation of phase speed of the L(0,1) madethe

with the tube cursor coil, the magnetostrictive effect emsusbandwidth of the excitation signabh(¢). The tube data is found in section Il
a mechanical deformation in the tube at the positiomf

the cursor. This deformation splits into two ultrasonic eswv . . - .
b ng focus on the first longitudinal mode L(0,1) for position

which propagate at the speed of sound in the metal towards . . . : .
ends of the waveguide, where they are picked by piezoetectg?easurement. A sensor design which excites this mode germit

transducers, producing signals(t) and vs(t). The cursor igh transduction efficiency both in generation and recepti

position can then be computed from the propagation time vgpph, as we W.'” see in part II-D, is important for accurate
sition estimation.

the original ultrasonic signal to either of the receivednsig po .
at the ends of the tube. For example, if we use the time del?yln general, the propagation speed of.each mode depends on
D> between signals, (t) and vy(¢), the positionz is found thie frequency, a phenomenon called dispersion:

to be: , _2nf
zZ= 1(L — ¢Dyy), 1) ol K(F) *

2 . .

. . The computed dispersion curves for the low frequency propa-
with AL being _the t_otal length _Of the tube_,the speed of sound, gating modes in the tube used in the Micrus sensor, are shown
andZ the estimation of the linear position in Fig. 2 (a), from which it can be seen that, unlike the case of

the first torsional mode T(0,1), the longitudinal mode LJ0,1
B. Behavior of the Transmitting Element is dispersive.

A waveguide of cylindrical symmetry, such as a rod or a If not all the frequency components of the signal travel at
tube, is able to support simultaneously a number of propdte same phase speed, the shape of the signal will change as
gating modes [8], which, according to their spatial symmetit propagates along the waveguide. Because these sigmals ar
characteristics, are classified into torsional (denote@lrii)), used for the estimation of position, the result is a systemat
longitudinal (L(0,m)) and flexural (F(n,m)). Usually, dees (or position dependent) error in the measurement.
designed for applications of ultrasonic waves in solidkd¢ee  Several precautions need to be taken to minimize the
excite a single propagating mode [9]. dispersive effects. The phase speed of the L(0,1) mode is

While commercial MS sensor designs exploit the firgelatively constantdc,/df ~ 0) from zero frequency up to
torsional mode T(0,1) of the waveguide, in this paper wihe cutoff frequency of the second longitudinal mode L(0,2)
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(Fig. 2). Since this cutoff frequency depends inverselytmn twherern; andn, are additive noises that affect the received
thickness of the tube, the thinnest possible tube should biérasonic waveforms. We make the simplifying assumption
used as the transmitting element. Likewise, most of the powa& considering white Gaussian noises with approximately
spectrum of the excitation signa}(¢) should be contained in constant spectral density within the bandwidth of the reogi

that non dispersive area. A waveform which is well suited fdransducers. This assumption is valid in the laboratory- con
ultrasonic excitation is a sine train modulated by a Hannirdjtions reported in this paper, although in more demanding

window [11]: environments (for example, when the sensor is used in a fac-
vo(t) = ve(t) sin 27 fot, (3) tory), impulsive noise caused by electromagnetic interfee,
mechanical vibrations or external acoustic noise mighudis
where the envelope is: the estimation processes.

1 Under the assumed conditions, the optimal estimation of the
ve(t) = 5 [1 = cos(2mt/T)][[Su(t) = Su(t =T)], (4 time delayD;» is found by maximizing the correlation of the

. - . . received signals:
S (t) is Heaviside's step functiomyy. is the number of cycles

of the signal, and” = ncyc/ fo is its total length. In Fig. 2 (b), D1y = maxarg{Ris(7) = /m(t)vz(t —7)dt}. (6)
we plot the power spectrurf (f) for the waveform of Eq. 3

(with n¢yec = 6 and fy = 60 kHz, the parameters used for then order to obtain accurate position measurements, theephas
Micrus sensor), which shows that the phase speed only vari@@rmation of the signals(¢) and v»(t) is retained, and

by 9 m/s over the 15 kHz bandwidth of the signal. We wilfoherent estimation needs to be used. In practice, we deal

evaluate the influence of dispersion in the Micrus sensor With the discrete versions, [n] and va[n] of the signals of
section V. Eqg. 5, sampled at times= nt,, and, in consequence, their

correlation is a discrete vector with the same samplingogeri
o ) As the real delay does not, in general, coincide with one @f th
C. Ultrasonic Signal Transduction sampling instants, time discretization can introduce aorer
The transducers of the Micrus sensor must have hightime delay estimation with maximum valuget, /2. Even
efficiency both in generation and reception in order to achiefor sampling frequencies well above the Nyquist rate, this
high SNR, which, as we will see in the next section, i€rror can be significant. For example, ff = 2 MHz, the
paramount for obtaining accurate time delay estimation.  position error is as high as, = 600 um (see Eq. 1), which
The magnetostrictive effect, which can be defined in i& obviously unacceptable for machine tool requirements.
simple way as the mechanical motion of magnetic domainsTWo common approaches to enhance the precision of the
caused by a magnetic field [12], is used to generate tHiscrete correlation method are [14]:
ultrasonic signals in the waveguide. This provides the non-e Reconstructive interpolation of the correlation vector
contact nature which is useful to avoid wear of the transmgjtt from known samples.
element by contact with the cursor. In current MS sensors,s Fitting an analytical curve to three or more samples close
the Wiedemann effect is used to create a twisting torque in to the correlation peak.
the waveguide which excites the torsional propagation modeor the Micrus system we have opted for the second solution.
However, as we are interested in exploiting the longitudin&or this technique to work, at least three data points ardatbe
mode, it is better to put the excitation magnetic field patallin the positive semicycle of the correlation curve; this oves
to the waveguide, and use Joule magnetostriction to prodwcéower bound in the sampling frequengy > 6 fj.

a force field oriented mainly in the axial direction. The simplest curve that fulfills the maximum condition is
Regarding the process of reception of the ultrasonic wavéise parabola R[m] = am? + bm + ¢), which however is
conventional MS linear sensors employ inverse magnetestrinot optimal and will produce a bias. To find the best fitting

tion (Villari effect). This leads to a relatively low SNR, vah  function we need to compute the theoretical autocorreiatio
degrades repeatability and measurement precision. As giner The Fourier transform of the exciting waveform (Eq. 3) is:

no mobility requirements on the receiver transducers, we ha j

chosen to use piezoelectric transducers attached at tlseoénd Vo(f) = 5[*%(}‘ = Jo) + Ve(f + fo)l;

the tube, thus obtaining a significant signal gain compaved ftom which the spectral density is:

inverse magnetostriction.

1
Po(f) = V(P = Vel f = fo) P + [Ve(f + fo)P). (7)
D. Time Delay Estimation where the approximation has been made that the signal
As can be seen from Eq. 1, the measurement of positionP@ndwidth B, is small compared to its central frequengy
equivalent to the problem of the precise time delay estimati (Narowband signal). As the autocorrelation and the spectr
between received signals. This is a well known situation fENSity are a Fourier transform pair [11], and, by use of the

radar and sonar applications [13]. With the signals defimed $Nift Property, we arrive at:
Fig. 1, the problem can be stated mathematically as: Ro(7) = }[Re(T)ejzwfm + R(r)e 2l =

v1(t) = vo(t — Do1) + mi(t)

8)
1
va(t) = vo(t — Do) + 1a(t) = v (t — Do) + (), 5 Be(7) cos 27 for.
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Notice that the correlation has the same periodicity as ttiee emitting coil is sensed with a 0 resistance in series

original signalv(t). with it to produce signaby(t).
Eg. 8 shows that an improved estimation of the delay is The ultrasonic signals propagating in the tube are received
produced by fitting a cosinusoid: with the piezoelectric transducers described below andiamp

fied by instrumentation amplifiers. Each channel’'s eledti®n
is powered independently, and the signals are further decou

to the discrete maximumumay and its two neighboring points. pled by using pulse transformers; in this way, the signaés ar

R[m] = acos(bm + ¢), 9)

The improved maximum is given as: well isolated, and a high common mode rejection ratio is
. c obtained. Finally, all the three signals(t), v, (t), andvy(t)
Deos = mmax — b (10) usable for position estimation are digitized with an acitjois
_ card (Adlink PCI-9812, 4 simultaneous channels, 5 MHz
where: maximum sampling frequency). The system also registers the
cosb = (R[mmax— 1] + R[mmax+ 1])/2R[mma room temperature with an LM 35 temperature sensor placed
~ ~ ~ . close to, but not in direct contact with, the transmittingeu
tanc = (R[mmax — 1] — R[Mmax+ 1])/2R[mmax sin b(]_]_)

The ultimate precision attainable for the time delay estima ) ) o

tion is given by the Cragr-Rao bound, which, for the case of8: Mechanical Design and Transmitting Tube

high SNR, narrowband signals in a passive system [13] ®sult The transmitting element is a stainless duplex steel tube

in: 11 1 1 12) (Sandvik SAF2304, length: 1600 mm, outer diameter: 8 mm,
0D = -7 === thickness: 1 mm). A guard distance at both sides of the tube

27 Jo VVSNR BT is left in order to) avo?d interference of the ultrasonic sign

whereop is the standard deviation of the estimation of thgansmitted directly from the emitter to the receivers anel t

delay D, fo is the central frequency of the signal, SNR is thgchoes from the extremes of the tube. The final measurable

linear signal to noise ratid]’ is the observation time (which range is therefore 1000 mm. The speed of sound in the tube

corresponds, in our case, to the signal length), Bads the ¢ the low frequency of operation of the Micrus sensor is very

bandwidth of the excitation signal. Eq. 12 does not contergise to the bar velocity in steely = 5060 m/s [9].

plate the influence _of dispersion on the propagating signalsthe tube is attached to an optical bench (Newport X95-2),

vi(t) and vx(t), which would cause decorrelation betweenq helq to it by small silicon pieces, that support the tulse b

them. Although the estimation error diminishes with insieg .\ 6id mechanical loading to the propagating ultrasonicesav

bandwidth §.) of the ultrasonic signals, the systematic erah, the same frame, and parallel to the transmitting tube, an
caused by dispersive effects eliminates the possibilitysifig optical encoder (Fagor Automation model CX 1545, rated

spread spectrum techniques [13] for this problem. Dispersiaccyracy:+5 m) is installed, for calibration of the Micrus
effects are considered again in section IV-A. sensor. The encoder measurement is shown in a digital glispla

and transmitted to the central PC through the serial port.
Il1. DESIGN OF THEMICRUS SENSOR

The Micrus linear position sensor was built to test the
theoretical considerations of the preceding section; dtsad C. Magnetostrictive Emitter
implementation details are described in this section. Agraill

block diagram of the system is shown in Fig. 3. The magnetostrictive emitting transducer, shown in Fig. 4,

consists of two parts. An excitation coil encircling the wgv
uide generates the ultrasonic signals in it when it is egcite
A. Control PC and Electronics by signaluvg(t). A set of four Alcomax Ill magnets is placed

The core of the Micrus sensor is a PC which perforngoncentric with the coil to provide a constant bias field
the following tasks: generation of the excitation signal avhich brings the region of the tube close to the cursor to a
repeated intervals, signal acquisition, signal procgssor known state of its magnetization curve (this serves to dshin
time delay estimation, computation of the cursor positiomysteretic effects and increase measurement repeatablid
and presentation of the data through a graphical interfagéfsure linearity and avoid the generation of higher order
The control program is written in National Instruments’ CvVharmonics of the excitation signal, the ratio of the dynamic
environment. and static magnetic fields is made to be 1 to 10.

The excitation signal of Eq. 3 is created as a point vector inIn the first trials with the prototype it was found that the
the PC and transmitted to an arbitrary waveform generafoosition estimations still suffered from measurement émngst
(Agilent 33120A, 15 MHz bandwidth, 12 bit resolution)sis, due to the magnetic hysteresis of the material of the
through the GPIB bus. The quantization steps arising fromaveguide. With the addition of two concentric metallicqae
the D/A conversion are smoothed out with an RC lowpasd both sides of the generating coil, the size of the emission
filter, and then the excitation signal is amplified by a driveregion was decreased and the hysteresis errors reduced to
(ENI model 240L, 50 dB gain, frequency response: 20 kHacceptable levels. More details on this topic are found in
10 MHz) and fed to the emitter transducer. The current thnougreviously published work [15].



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 58NO. 3, PP. 722-729 (MARCH 2009) 5

O T T T O T

OPTICAL ENCODER

—
—4 < MW W > )
RECEIVER 1 EMITTER — 3 WAVEGUIDE RECEIVER 2

CURSOR
GENERATOR

\AAAN| \AAAN| \AAAN
WAL WAL SYNCHRONIZATION aasy

GPIB

Temp BUS

DIGITAL READOUT
e

ACQUISITION iy
CARD PORT

Fig. 3. Block diagram of the Micrus sensor.
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Fig. 4. Exploded view of the magnetostrictive emitter of théragdonic
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) ) ) Fig. 5. Arrangement of the piezoelectric receiver transthic@) directly
D. Piezoelectric Receiver attached to the tube; (b) with an adapter.

For reception of the travelling signals we used Murata

MA40B8R piezoceramic disks, which, although designed for . _ d lati | bet thetedhit
operation in air, showed excellent sensitivity to deteet ltin- receiver were improved correlation vajues between thetedn

gitudinal waves in metals at low frequencies (under 100 kHzand received signals, as will be shown experimentally in the

Two different attachments of the piezoceramic to the tubeext section.

ends are shown in Fig. 5. In part (a), the transducer was

attached directly to the end of the tube with a commercial ad- IV. EXPERIMENTAL RESULTS
hesive (Loctite), an arrangement that presented someiqabhct . _—
problems. The diameter of the ceramic disks (10 mm) did nét Selection of Excitation Frequency

match the tube’s outer diameter (8 mm), and small difference In this section we will discuss the choice of excitation

in its placement had a large influence on the shape of tirequencyf, for the Micrus sensor. The gain of the transducer
received ultrasonic waveform. This sensitivity is due te thsystem (which includes magnetostrictive generation stras-

fact that the contact points roughly coincide with the vilma sion in the waveguide and piezoelectric reception) is shown
nodes of the ceramic disks. To overcome this problem vie Fig. 6, before and after placement of the adapter piece.
designed an aluminum adapter, which is shown in part (b) A6 required, the transducer set has good sensibility in the
Fig. 5. The contact point with the piezoceramic was reducéalv frequency range (0-100 kHz). The peak gain happens at
to a ring 0.2 mm wide in the outer part of the transduce85 kHz (without the adapter) and at 80 kHz (with the adapter).
The benefits of more uniform placement of the piezoelectiihen the adapter piece is used, a second peak appears at
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30 60 dB by an IIR Butterworth lowpass digital filter, with cutof
i frequency set af,, which rejects most of the out of band
251 ! _ 1 and quantization noise. Taking an observation time equal to
‘ Without adapter () the complete duration of the signal & 100 us), the Crarar-
With adapter (=-) 1 Rao bound isrp ~ 2.2 ns, which corresponds, by Eq. 1, to a

position error ofo, ~ 5.5 um.

Experimentally, a dispersion in the measurement/uf,
of 3.4 ns (with a sampling frequency of, =2 MHz) is
measured, which means that the precision of the sensor can be
taken as 8.5:m. The position repeatability is higher, typically
10 um, which is about twice that of the optical encoder used
for reference. The correlatioR;5 usually stays in the range

55 5 00 0.992-0.995.
Frequency (kHz) To check the performance of the sensor, the cursor was
moved in several cycles along its complete measuring range
(1000 mm), recording the position estimation given by Mgcru
and the commercial optical encoder mentioned in sectieB.llI
The difference between then¥[Micrus] — Zlencodefr is
25 kHz, possibly corresponding to a resonance of the adag¥&Phed as a calibration error curve in Fig. 9.
piece. The maximum measured nonlinearity 4830 m, which,

In spite of higher SNR, operation close to the 80 kHyhile still too high for machine tool operation, supposes a
resonance frequency is not desirable, because excesgive &itimes improvement over that obtained with the conventiona
nal ringing deteriorates the correlation between the ehittMagnetostrictive type linear position sensors describethe
and received signals. Indeed, it was found empirically thHttroduction.
at frequencies below resonance the correlation between the
emitted and received waveforms was higher, an effect algo piscussion of results
favored by the inclusion of the adapter piece. The experiaten
waveforms at different frequency, (and their correlation
values), are shown in Fig. 7, with the excitation signal of &q
andngyc = 8. Itis clear from that figure that, in general, highe
correlation valuesiy; (and similarly Ry2) are obtained in the

[¢] 50

Fig. 6. Empirical measurement of the frequency response of tbaudsys-
tem before and after placement of an adapter for the piezoelé@nsducer.

The pattern of the nonlinearity error shown in figure 9 is
quite repetitive and characteristic of the tube used. We\e|
Fhat it is due to the mechanical and magnetic inhomogeneity
of the propagating element, and very likely caused by small
new receiver configuration. variations in the production process of the tubes. These

With help of the data of Fig. 7 we finally selected th@lemems are intendeq to transport liquids or gases and _not
operation point for Micrus af, = 60 kHz. The experimental de3|gne_d with the. strict requirements fognd for gxample in
emitted and received waveforms at the given frequency sh gratings of opycal encoders. Itis feasible tha_t i nlmbets
great similarity, as can be seen in Fig. 8, again wig, = 8. were fa_brlcated \_N_lth smaller tolerances, the nonlmeaarlt_y)r

Using the software PCDISP, we studied the influence SF the Il'near position sensor would be .reduced accprdmgly.
dispersion on the propagation of signals in the Waveguide,One _|mp0rtant aspect of the operation _Of the Mlcrus sen-
following the method outlined in [16]. The results of the gim SO' Which needs to be commented on is the influence of
lation indicate that the maximum error expected with theaig temperature on the measurement of position. Thls IS indeed
of Eq. 3 amounts to Lm for propagation over 1000 mm,°n€ of the greatest impediments for accuracy in most types

which is too small to be detected in our experimental setlip ['Pf linear pO.S|tI|0n SEnsors [2]_’ a}nd does nothaffect' solely th
Further, the error did not increase significantly if the nemb magnetostrictive type. In optical encoders, the main eftéc

of cycles in the signal was decreased from 8 to 6. This is velg/TPerature is the expansion of the substrate materiali{abo

5 o~—1 1 1
convenient, because it permits to reduce the minimum dista o C quréglasz). Thls”thermal behaw(;)rfof the .;ubstrate
from the cursor's extreme positions to the ends of the tuhe (520 Pe studied and usually compensated for. In the Micrus
aspect which was commented on in section I1I-B), and obtaif@gnetostrictive sensor, the most influential factor ihieat
a larger measuring range for a given length of the tube. the change of the propagation speed of the ultrasonic wave

i —4 op~—1
Because of its small influence, no active correction of th%i]1 thel order of 107 °C~ :gilsteel [1I7]), balthougz thz
dispersive effect is used in Micrus. thermal expansion.7 x 10 must also be considered.

In the measurement of Fig. 9, the temperature was kept
- constant at25.2+ 0.2 °C (measured with the temperature
B. Position Measurement sensor incorporated to the machine). For operation ingtézli
As we saw before, the theoretical value for the positiomachine-tool environments, active compensation of thecef
estimation error is given by Eqg. 12. For the excitation signaf temperature can be taken (see for example [18] for a kgklate
of Eq. 3 and the datg, = 60 kHz, n¢,c = 6, the bandwidth method used in LVDTSs).
is B, =15 kHz. The SNR of signalsy;(t) and v.(t), as Likewise, in most working environments, noises of non
captured in the PC, is 45 dB; however, this is increased @aussian nature (as assumed in section [I-D) will disturb



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 58NO. 3, PP. 722-729 (MARCH 2009) 7

Without adapter With adapter

w
w
T
]

Il
D
o
=~
I
N

I f0=50 kHz
R0 1=0.853

[

' f =65 kHz
R,,=0.898

I f,=80 kHz
R01=0.955

-3 4 -3t 4

100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Time (us) Time (us)

Fig. 7. Waveformsv; (t) received with the piezoceramic at different frequendfigswithout and with the transducer adapter. Also shown is timerical
correlation Ry between the emittedy (¢) and received (t) waveforms. Signals normalized to unit amplitude.
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Fig. 8. Comparison of the excitation signal (current throdlgé exciting Fig. 9. Calibration error curve of the Micrus sensor, measwith an optical
coil) and received signal at the piezoelectric transduesth(adapter). The encoder with accuracy pm. Three cycles over the complete measuring range
frequency isfo = 60 kHz and the correlation i8p; = 0.969. are shown.

TABLE II
the measurement process. Impulsive noise can be expected SPECIFICATIONS OF THEMICRUS LINEAR POSITION SENSOR
from at least two sources: mechanical disturbances created

by vibrati fthe t it | ¢ d elect . Technology Magnetostrictive

y vibration of the transmitting element, and elec romaigne ' Nature Contactless, absolute
noise from electrical devices operating nearby. Due torthei Measuring range 1000 mm

Ia_rg_e bandwidth, these n0|s_e_s_have s_|gn|f|cant spectraéabn Nonlinearity £30um

within the transducer sensibility region and can causeelarg Repeatability 10 yim

errors in the estimation process. In a realistic sensor, a me Resolution < 5um

chanical housing and damping for the transmitting elereesnt, Temperature sensitivityl 1.7 x 10~5 °C—1

well as proper electromagnetic shielding should be consitle

V. CONCLUSIONS magnetostrictive sensor built according to those conatiters
In this paper we have examined the physical factors tha@&ve shown an accuracy improvement of about 6 times over
limit the measurement precision obtainable with magngtest commercial models. Our sensor specifications are sumndarize
tive linear position sensors, and proposed an alternaggegd in table 1.
to achieve better performance. The results with a prototypeWe believe that the precision is ultimately limited by the
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mechanical and magnetic homogeneity of the tube whict

serves as a waveguide for propagation of the ultrasoniakign
The error pattern obtained suggests that further improwtsne
of the position sensor are possible and that the precision ¢ >
optical encoders may be reached with the magnetostrictiv
technology.
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