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GM| TORQUE SENSOR MODULE WITH FM TRANSMITTER

T. Uchiyama, T. Meydan’

Wolfson Centre for Magnetics Technology, School of Engineering, Cardiff University,
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The Giant Magneto-l mpedance (GMI) torque transducer modul e with frequency modul ation
(FM) transmitter is proposed for the first time to detect the torque from aroteting shaft. The
proposed transducer module has advantages such as simple construction without the torsion
bar, high accuracy, low power consumption and an easy installation. The operation of FM
transmitters, which is based on Complementary metal Oxide semiconductor (CMOS)
inverters, is andyzed. The proposed circuit design alows the module to be fabricated in a
single Integrated Circuit (1C). Basic experimentsfor signal transmission were carried out. The
linear frequency modulation with the gpplied torque is achieved in thetorquerange of £ 5 Nm
for a13 mm diameter brass shaft.
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1. Introduction

Low cost, accurate and rdiable torque sensors are required in industria applications,
especialy intheautomotiveindustries. Table 1 shows basic features based on torque sensing methods.
The most common method used for measuring torque is strain gauge torque transducers, which have
advantages such as high accuracy and small size. The contact bridge technique can reduce common
mode noise effectively. The second most common method used is the twist angle type transducer,
which has advantages such as high accuracy and contact-free construction. Generally, both methods
require a sensing segment (torsion bar), which is dightly narrower than the shaft, subjected to the
torque. Introducing atorsion bar system results in losing the stiffness of the mechanical assembly.

Table 1. Basic features of torque sensing methods.

Accuracy Size Simplicity Contact free Frequently
used
Good Suitable for Complicated Possi ble (power supply Most
Strain gauge system structureduetoa | and signd transmission
integration torsion bar are required)
Twist angle Good Long shaft is Complicated Basicd ly non-contact Second
necessary structure dueto a
torsion bar
Conventiona Less than Only short Simple Basicdly non-contact
magnetostriction above shaft is
required

It is difficult to use a torsion bar type transducer as a built-in sensor for controlling the
generated torque. In addition, such a complicated sensing system leads to high costs.
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On the other hand, conventional magnetostrictive type torque transducers have been
investigated as a non-contact technique. Three main types have been reported: cross type[1], coaxia
type [2-4] and polarized ring type [6]. The cross type with magneti ¢ heads has some problemsiif it is
mounted directly onto the shaft [1]. The magneti ¢ properties of the shaft usually are not good enough
for accurate torque detection. Amorphous materials attached to shafts have been mainly used for the
coaxial type [2-4]. Amorphous materials have a large magneto-mechanica coupling factor so that a
high sensitivity for the torque detection has been obtained [2-4]. Furthermore, the dynamic torque has
been detected by using the coaxial type [2]. The main problem arises from the contact between the
amorphous material and the shaft. Introducng inhomogeneous stress by gluing incresses the
hysteresis effect [4]. The polarized magnetic ring type is one of the simplest torque transducer [5].
Both signal transmission and externa excitation are not necessary, while a specia technique is
required for the attachment of the magnetic ring on the shaft. This transducer can have some problems
in accuracy because of a mechanical hysteresis due to a stress transfer from the shaft to the magnetic
ring [5].

Recently, a new sensitive impedance strain gauge, which is based on magnetostrictive
amorphous wires, has been investigated [6,7]. The giant magneto-impedance (GMI) strain gauges
have a large gauge factor of 2000. The high sensitivity makes it possible to detect the shaft torque
without using atorsion bar. The local attachment of the wire on the shaft is achieved because of the
excellent mechanical properties of amorphous materials. This technique is effective for avoiding the
problems due to gluing. However, a signal transmission is needed to detect the torque from arotary
shaft. The GMI torque sensor module with a FM signal transmitter based on CMOS inverters is
proposed for the first timein this paper.

2. GMI strain gauge

Co0sg.15F€4.355i 125B15 amorphous glass-covered wires 5 mm in length and 20 um in diameter
have been used in thisinvestigation. The glass has been removed and the wires have been anneal ed by
passing 40 mA dc current for 20 minutes by using techniques previoudy published[8]. The gauge
factor of the wireis more than 2000 [7] while the wire has small negative magnetostriction As. When
the skin effect isinduced by the high frequency current, which is flowing through the wire, the wire
impedance is expressed as

1ZI=(a/ 2/ p) RecJartp(0) for & << a, @)

wherea istheradius of thewire, disthe skin depth, and p istheresistivity, Ry isthe dc resistance, w
is the angular frequency, Wy isthe circumferential permeability, and o is the applied stress to the wire.
According to eg. (1) the change in s with stress results in the change of the impedance of the
amorphous wire. A high permeability and a strong magnetomechanical coupling are required for a
high sensitive strain gauge. Generally the highest permesbility is obtained in materials having low
| As | The magnetomechanical coupling factor, Kss, which is given by equation (2), is the figure of
merit [1].

Kas = Wol (Wit Wy + Wik + Wy + Wy), )

where Wy isthe magnetic fied energy, W, isthe dastic stress energy, W isthe crystaline energy, Wy
is the uniaxial anisotropy and W\ is the shape anisotropy energy. A very thin soft magnetic amorphous
wire is required with Wy, Wy and Wy 0O. In this case Kss approaches unity even for a smal | A4
Furthermore, in order to have a uniform anisotropy, low magnetostrictive Co-rich amorphouswires are
preferred [9].

3. Transducer design

A sensor circuit for exciting MI € ements has been devel oped utilizing a CMOS multi vibrator
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[10]. Fig. 1 shows the circuit diagram of the modul e and the torque measuring system. The circuit is
composed of only two analog amplifiers and four CMOS inverter gates. One of the analog amplifiers
is used for signal amplification and the other is used for the control of the oscillation frequency, fos, Of
a FM transmitter. The FM transmitter is composed of two inverter gates and RC component for the
pulse generation. The oscillation frequency, fos, is proportional to the output voltage of the analog
amplifier. Thepulsetrain current having afrequency of .. and awidth of about 0.3 usisappliedto the
amorphous wires using the other two inverters. The skin effect dueto the applied pulse current leads to
GMI effectinthe wire. The CoFeSiB amorphous wires are attached on the 13 mm diameter brass shaft
aligning the wire axis in the direction of 45 degrees, which corresponds to the main direction of an
induced strain due to the applied torque. The ends of the wires having 20 yum in diameter are bonded
on the pads gl ued on the shaft surface as shown in Fig. 2.
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Antenng EXiting._________ ,
N S e [l %ra/ circuit! ;

Amorphous wire

, ) ' 5mm
.............. eSS i : | |
boYrefd P T 1mm
Cortrol of fog Amorphous wires
— Conductor Pads
Sensor | | Receiver
module >
J g Glue
Fig. 1. GMI torque sensor module with FM Fig. 2. Attachment technique of the wire gauge on the
transmitter. shaft surface.

Theloca attachment techniqueis effective for avoiding the problems due to gluing the entire
wire. Theinduced strain, €, dueto the applied torque, T, isgiven by & = 16T(1+v)/(TED®), wherev is
the Poisson’s ratio, E is the Young's Modulus, and D is the shaft diameter. The impedance is
proportiona to the torque so that f.s is proportiona to the torque as well. The design alows the
module to be fabricated in a single IC. The sensor module was placed on the shaft. The signa is
transmitted along the shaft axis so that a high signal to noise ratio can be obtained.

4. Operation of FM circuit

Fig. 3aillustrates an externa connection of the FM transmitter circuit and Fig. 3b illustrates
the voltage waveforms in the circuit. The circuit is a voltage controlled oscillator based on inverter
gatesin combination with an analogue switch. Assume no dectrical chargeinthe condenser Catt = 0.
The voltage V, increases with increasing timet as C isbeing charged, if adcinput voltage Vi, isbeing
applied. Once the voltage V; reaches the threshold value Vr, the output voltage of the inverter 1 is
digital low. At the same time, the output of the following inverter is high and it turns the analogue
switch on. Thetimeinterval T, isafunction of both time constant RC and theinput voltage Vi,. Findly,
both V; and V, return to 0 dueto a discharge of C. The pulse width T corresponds to the discharge time
of C. fox isinversdy proportiona to T;+ T so that fo iS given by the equation:

1
r+ RCIn[\/in/(Vin _VT)]

®)

fosc:
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Fig. 4 shows f,e versus Vi, characteristics of the FM transmitter. f,. can be controlled
linearly by voltage in the range of Vi, from 4V to 8V. The circuit having few gates realizes smdl
power consumption. The total power consumption of the CMOS inverter circuit (FM and exciting
circuit) isless than 10 mw.

Tnverter 1 = = 0

@ (b)

Fig. 3. FM circuit: @) external connections, b) voltage waveforms,

Basic signal transmission experiments are performed using the proposed FM transmitter.
Both transmitting antenna and receiving antenna were wound around the shaft as shown in Fig. 5a.

0.8
220:""|""|""|""|""|""
2005 - < vp[v?j
E 1 didid hHH 0.6 [ P -
L 1 (REA R} R
w 160F ] vy it (0) 0 20 40 60 80 100
T o ] x [mm]
% 140E E 10t 101 09
«° 120F 3 06
1 3 EM 100kQ TV Ve [V] 03
100 r 1 Transmitte Ve
L 4 r 0.0
80F E -
[ = -03
60 4 5 [ 7 8 9 (a) (C) 0 1 .2 .3 .4 5
Vin (V) tps]
Fig. 4. Fos Versus Vi, characteristics of FM Fig. 5. Signa transmission experiment: @) placement
transmitter. of transmitting and receiving antennas, b) voltage
waveform at areceiver side, ¢) Vp versus x
characteristics.

Fig. Sbillustrates the voltage waveform at thereceiver side. The peak valueV,, of the voltage
is 0.7V, whichislarge enough for an accurate signal processing. Fig. 5¢c shows V, dependence on the
transmission distance x. V, is amost constant for a long distance along the shaft axis (Fig.
5¢).Although fos i's not so high, the pulse voltage contains high frequency components up to 100 MHz.
The high frequency signal components can easily be detected away from the shaft, hence making it a
non-contact transducer.
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5. Torque detection characteristics

Fig. 6 showsthe response of the sensor modulein torque detection. A dc magnetic field Hey of
200 A/mis applied pardld to the shaft axis. Therefore, the bias fidd Hy, along the wire axis is about
140 A/m. A linear reationship between f,s. and the torque is obtained in the torque range of =5 Nm
with a small mechanical hysteresis. The influence of a magnetic fidd on the torque detection
characteristics is investigated.
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Fig. 6. fos Versustorque characteristics for the Fig. 7. fos Versus torque characteristics with
sensor module. parameter of Hey.

Fig. 7 shows Af o VS. torque characteristics of the GMI torque sensor module. Af . i's defined
asfosc(€) - fosc(€=0). Animproved change in Af s a the expense of nonlinearity is obtained for the case
of Hp =420 A/m (He = 600 A/m). The sensitivity reduces when abiasfied Hy, higher than 420 A/mis
applied. The critical bias field, at which the sensitivity reaches to a maximum, almaost corresponds to
the value of the anisotropy fidd H for the dc current annealed amorphous wire [11]. The hard axis
field for adomain wall decreases the domain wall energy and thus the coercivity [12]. The bias fidd
H, acts as ahard axis fidd. Improving soft magnetic properties seems to result in an improvement in
sensitivity.

6. Conclusions

GMI torque transducer module with a FM transmitter is proposed for the first time. The
module is designed to detect torque from a rotary shaft on which a GMI sensor having a high gauge
factor is attached. The FM circuit is a pulse frequency modulation type based on the CMOS inverter.
The circuit having few inverter gates redizes smal power consumption. The linear frequency
modulation with the applied torque is achieved with a small mechanical hysteresis.
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