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ABSTRACT

A sensor for detection of angular and linear position
in the cryovacuum has been developed. The encoder
scheme comprises four magnetoresistors biased by
the collimated field of a moving magnet arranged in
a closed magnetic circuit. The pairs of mutually vari-
able magnetoresistors are connected in an electrical
bridge circuit. Sensor readout via DC measurement
avoids electromagnetic interference and allows low
pass filtering for high precision measurements of up
to 18 Bit resolution. In addition, the device features
a large bandwidth for sensing rapid movements in
the kHz range. Electromagnetic finite element simu-
lations have been conducted in order to optimize the
static and dynamical system performance.

Test results are presented, demonstrating high angu-
lar resolution of ~ 1.5 arcsec together with low power
dissipation ~ 150 uW over a wide operating temper-
ature range (2 K — 300 K). Such a sensor will be ap-
plied in the focal plane chopper of the PACS instru-
ment aboard ESAs HERSCHEL Infrared Space Tele-
scope, meeting the stringent requirements regarding
cryovibration and thermal cycling. The overall per-
formance and compact dimensions suit the sensor
principle for many applications in the field of cry-
omechanics.

I. INTRODUCTION AND REQUIREMENTS

A variety of subsystems in spacecrafts in-
volve motion-controlled mechanisms such as point-
ing/scanning mirrors or filter wheels. Position sen-
sors are an integral part of these systems and essen-
tial for accurate closed-loop positioning.

For an increasing number of science missions the
instrumentation has to be cooled for sensitive mea-
surements in the infrared and submillimetre wave-
length regime. In the cryogenic temperature range
below 30 K most of the existing position encoders
do not meet the demanding specific requirements re-
garding power dissipation, cryovibration and thermal
cycling.

In the PACS (Photodetector Array Camera and
Spectrometer) instrument [1] which will be flown
aboard the European Far Infrared Space Observa-
tory HERSCHEL (scheduled for launch in 2007 by an
ARTANES rocket), a tilting mirror mechanism (Fig.

1) will account for optical beam switching at an op-
erating temperature of 4 K [2].
The critical requirements for this chopper are

e Deflection range + 9°

e Positional accuracy + 60 arcsec

e Power dissipation < 4 mW (sensor+actuator)
o Lifetime 600 mio. cycles

e Mechanical bandwidth 100 Hz

e Vibration loads ~ 45 g

For modulation control of the chopper mirror a
new position sensor has been developed based on
the experience with magnetoresistive encoders used
in the ISOPHOT instrument [3] of the European
Infrared Space Observatory ISO [4]. These space
proven devices have been operated successfully for
more than 1000 hours in the cryovacuum for several
million cycles without any disturbance or degrada-

tion [5].
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instrument. The angular displacement o the 26x32 mm
planar mirror is controlled by a magnetoresisti e encoder

ith the sensor magnet connected to the pi oted arma-
ture.

II. RINCI E O SENSOR O ERATION

The encoder scheme consists of four stationary mag-
netoresistors biased by a moving magnet and ar-
ranged in a closed magnetic circuit (see Fig. 2).
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netoresisti e position sensor ith our magnetosensiti e
elements 1-4 located in the strong magnetic eld region
bet een sensing magnet and stationary yoke structure.
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Located in the small air gap of the dedicated
magnetic yoke structure, the magnetosensitive field
plates are sub ected to a strong biasing field. A posi-
tion change  of the sensing magnet (which is polar-
ized transverse to the direction of movement) trans-
lates into magnetic flux switching through the indi-
vidual magnetosensitive elements. The device acts
as angular position encoder by pivoting the magnet.

An electrical signal proportional to the displace-
ment is measured by connecting the pairs of mutu-
ally variable magnetoresistors (pairs 1+4 and 2+3)
in an electrical bridge circuit as shown in Fig. 3.

The electrical resistance of each magnetoresistive
field plate (width , height ) can be described as
function of magnetic overlap area , spe-
cific material resistance and relative magnetore-
sistance ()

( )+ () (1)
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F G. 3. lectric readout scheme o the position sensor.

Due to the collimated field distribution, the elec-
trical resistance of two field plates respectively varies
linearly with respect to the geometrical overlap area.
A monotonic signal can be obtained for a displace-
ment range equal to the width of one pair of field
plates.

Applying Equ. (1) the position sensitivity referred
to the sensor bridge is given by

— < < (2)

Note, that the proposed sensor principle is not
restricted to magnetoresistors as sensitive elements.
Alternatively Hall probes may be used.

III. DETAI ED DESI N

The two ma or development drivers for the technical
implementation of the position sensor have been low
inertia and reliable operation as required by the the
fast chopper mechanism, which is a single point fail-
ure device in the PACS instrument. Full cold redun-
dancy is obtained by two independent sensor bridges
within the housing volume of 16x8x6 mm . An over-
all view of the position sensor is presented in Fig. 4.
All components and materials are compatible with
operation under cryogenic environment in space [6]

e Cryoperm 10 for the yoke structure (Vacuum-
schmelze)

e Vacodym 655TP for the sensing magnet (Vac-
uumschmelze)

e Field plates type 420FP L90 (Infineon)

The soft iron yoke has been manufactured by elec-
tro discharge machining, providing a smooth inner
surface for optimum magnetic field transfer. The
NiFe-alloy exhibits the highest available magnetic
permeability at low temperature (u (4 ) ~ 75000).

The magnetoresistive field plates consist of an InSb
semiconductor layer with an sensitive area of 0.9x1.3
mm and are glued onto the yoke structure (Sty-
cast 1266). ood thermal coupling to the instru-
ment structure is essential to avoid signal drift due
to temperature changes.

A NdFeB high performance magnet of 3x3x3 mm
(energy density 305k m , remanence 1.25 T) pro-
vides a strong magnetic field for high positional sen-
sitivity in combination with lowest inertia (10 kg
m , 0.5 g) for the mobile part.
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the our eld plate units consists o0 t o magnetoresis-
tors, yielding a ull redundant sensor system.



The special magnetic arrangement o ers impor-
tant advantages compared to existing magnetoresis-
tive encoders [7]

e Enhanced positional sensitivity due to the
strong magnetic field in the small air gap of
the closed magnetic circuit.

e No deviating forces in direction of movement.

e The yoke acts as a magnetic shield, making the
sensor largely immune to external stray fields.

Due to DC readout capability the sensor is par-
ticularly suited for operation in sensitive electronic
environments (eg. bolometer arrays), superior to AC
coupled capacitive and inductive encoders.

I .E ECTROMA NETIC O TIMI ATION

Electromagnetic finite element analysis have been
conducted using the 3D code MAFIA (MAxwell
equation solver with Finite Integration Algorithm)
[8] in order to optimize the static and dynamical sys-
tem performance.

Since InSb semiconductor material roughly shows
a quadratic dependence of electrical resistance vs.
applied magnetic field

() () ) 3)

a strong magnetic field in the air gap is essential for
achieving high resolution operation (see Equ. (2)).
Simulations including nonlinear magnetic response
allow the determination of optimum geometrical di-
mensions for housing and magnet. In order to obtain
maximum sensitivity in combination with minimum
deviating forces, saturation e ects in the yoke have
been considered.
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torial plane o the sensor. aturation e ects are clearly
absent.

With a magnetic field strength of B ~ 0.8 T in
the air gap, the electrical resistance of the covered
magnetoresistors increases by a factor of S ~ 5.

.CR O ENIC ER ORMANCE

A prototype of the position sensor was built and
extensively tested both under ambient and cryogenic
conditions. Fig. 6 shows the device integrated in an
advanced PACS chopper prototype [10].
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The sensor performance was verified by optical
measurements of a deflected laser reference beam in-
side a helium cryostat. Fig. 7 shows the angular
dependence of the output signal with respect to the
sensor bridge. Nonlinearities due to mechanical tol-
erances are corrected by a look-up table. The mea-
sured positional sensitivity of 3.8 uV arcsec (0.3
V supply voltage) is more than one order of magni-
tude larger than for high accuracy inductive sensors
[11]. The measured noise of the sensor is 0.3 arcsec
r.an.s. with an electrical bandwidth of 1 Hz (3 dB).
Virtually all of this noise is caused by the supply and
interfering signals.
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Calorimetric measurements have been performed
in order to determine the power dissipation of the
position sensor. A total dissipation of 150 yW was
found, consistent with calculations for ohmic losses
of the magnetoresistors. Fig. 8 summarizes the cryo-
genic test results. The variation of electrical param-
eters over the temperature range 2-300 K is less than
30

Degree of rotation +15°
Positional sensitivity 3.8V arcsec”’
Resolution 1.5¢

Supply voltage 0.3V DC
Power dissipation 150 yW
Electrical resistance 600 Ohms
Operating temperature range 2-300K

Movable mass 05¢g
Moment of inertia 10  kgm’
Total device dimensions 16x8x6 mm’

F G. 8. chie ed per ormance o the position sensor
prototype at an operating temperature o 4 K.

Note, that the positional sensitivity scales linearly
with the applied supply voltage.

I A ICATION C OSED OO
CONTRO O T E ACSC O ER

In order to achieve robust motion control with arc
second resolution (Fig. 9), a closed servo loop is
mandatory. For the PACS chopper a position-loop
compensated servo system with feed-forward com-
manding and PID control has been implemented. A
sampling frequency of 15 kHz was used for the con-
trol system. The sensor resolution was limited by
the A/D converter to 12 Bit. The resolution could
be virtually increased by applying an ad acent aver-
aging filter to the input signal.
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F G. 9. easured modulation unction o the chopper
s uare ae, 4.1 ith closed-loop control. The posi-
tional accuracy is 30 , limited by the DC resolution.
The duty cycle o the 10 H modulation is 83

The smaller sampling bandwidth of approximately

1 kHz was still su cient for the control of a third or-
der system with a mechanical bandwidth of 100 Hz,
which requires an electrical bandwidth of 500 Hz.

II. CONC USIONS

A new magnetoresistive position sensor was de-
veloped, based on space proven technology from the
ISO mission. The technical feasibility of this encoder
has been demonstrated through extensive tests under
ambient and cryogenic conditions.

The high angular resolution ~ 1.5 arcsec together
with low power dissipation ~ 150 uW and full redun-
dancy make the sensor suitable for many cryogenic
high reliability space applications as well as for room
temperature operation.
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