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[57) ABSTRACT

A torque sensor includes a cylindrical body disposed
concentrically around a shaft and having its opposite
ends secured to the surface of the shaft through elastic
bodies, a layer of soft magnetic alloy having a magneto-
striction property and secured to the surface of the
cylindrical body, and a coil disposed concentrically
around the layer with an air gap between it and the
layer. The torque sensor is constructed such that a
strain produced on the surface of the cylindrical body
by a torque is converted into a change of a relative
permeability of the soft magnetic alloy due to a reverse
magnetostriction effect which is detected as a change of
inductance of the coil. When the shaft thermally ex-
pands or deflects, the elastic bodies act to permit only a
torque to be transmitted to the cylindrical body, so that
a uniform output is provided without the influence of a
thermal strain and deflection of the shaft.
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MAGNETICALLY OPERATED NON-CONTACT
MAGNETIC TORQUE SENSOR FOR SHAFTS

BACKGROUND OF THE INVENTION

The present invention relates to a torque sensor for
detecting in a non-contact manner an amount of a
torque transmitted to a shaft.

According to a conventional method for detecting in
a non-contact manner an amount of a torque transmitted
to a shaft, a strain produced on the surface of the shaft
by the torque is converted into a relative permeability
variation of a soft magnetic alloy having magnetostric-
tion which is fixed to the surface of the shaft, and this
variation is detected as an inductance variation through
a coil disposed at the periphery of the shaft. However,
the torque sensor of this type has disadvantages that the
output of the sensor is changed by the difference be-
tween amounts of thermal expansion of the shaft and the
soft magnetic alloy. The magnitude of this change de-
pends on the difference of the coefficient of linear ther-
mal expansion between the shaft, and soft magnetic
alloy.

Accordingly, it is necessary to modify the factors of

" temperature compensation etc., in accordance with the
change of the coefficient of linear thermal expansion
which is caused when the kind of the material forming
the shaft is changed. Moreover, sensitivity is considera-
bly lowered when a thermal strain equal to or more
than 400X 106 due to the difference in amounts of the
thermal expansion between the shaft and the soft mag-
netic alloy is applied to a soft magnetic layer.

SUMMARY OF THE INVENTION

The object of the present invention is to provide a
torque sensor which does not need any modification of
temperature compensation even when a material for a
shaft must be changed and whose sensitivity is not low-
ered under the influence of the temperature change.

To this end, the present invention provides a torque
sensor comprising: a cylindrical body concentrically
disposed around a shaft with an air gap therebetween,
said shaft serving to transmit torque, the opposite ends
of said cylindrical body being secured to said shaft
through elestic bodies; a layer of a soft magnetic alloy
having magnetostriction and secured to the outer pe-
ripheral surface of said cylindrical body; a coil concen-
trically wound round said layer of a soft magnetic alloy
with a predetermined air gap therebetween; and a mag-
netic circuit incorporating thereinto said layer of a soft
magnetic alloy and said coil whereby a strain produced
on said shaft by torque is detected in the form of a
change in inductance of said magnetic circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a fragmentary, perspective view of a torque
sensor according to an embodiment of the present in-
vention;

FIG. 2 is a sectional view showing in function of a
resilient portion in the embodiment shown in FIG. 1;

FIG. 3 is a graph showing inductance variations with
temperature change;

FIG. 4 is a graph showing a reverse magnetorestric-
tion effect;

FIG. 5 is a graph showing an output of the torque
sensor at 100° C.; and
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FIG. 6 is a fragmentary, perspective view of another
embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 shows a torque sensor according to an em-
bodiment of the present invention. A torque transmit-
ting shaft 1 is made of a steel which is generally used.
The coefficient of linear thermal expansion and Young
modulus of the steel are 12 10—6 (1/°C.) and 21,000
kg/mm? respectively. A cylindrical body 2 made of a
45% Ni-Fe alloy (coefficient of linear thermal expan-
sion: 8 X 10—6(1/°C.)) is connected to fixing portions 2b
through the medium of resilient portions made of 45%
Ni-Fe alloy 24, and the fixing portions 2b are fixedly
attached to the shaft 1 by brazing. A layer 3 of Fe-Cr-Si-
B system amorphous alloy (FeCr)goSi1aB7 (atms. %))
having saturation magnetostriction A;==20X%10—6 is
attached to the peripheral surface of the cylindrical
body 2. The coefficient of linear thermal expansion of
this amorphous alloy 3 is 8X10—6 (1/°C.). A coil 4 is
wound around the amorphous alloy 3 in spaced rela-
tionship therewith. The coil 4 is connected to a detect-
ing circuit 5 to obtains the inductance value. When a
torque is transmitted to the shaft 1, a strain caused by
torsion thereof is produced on the amorphous alloy 3 to
reduce the magnetic permeability thereof. Simulta-
neously, the inductance of the coil is reduced. Thus the
value of the torque can be obtained from the inductance
of the coil.

FIG. 2 shows the state of the torque sensor according
to the present invention under the condition of a tem-
perature T, in which the thermal expansion of the shaft
1 is shown to be larger by AL as compared with the
amorphous alloy 3 of which length is represented by
Lrat this temperature level. The thermal expansion of
the shaft 1 is absorbed in a deflection of the resilient
portion 2a to have no influence on amorphous alloy 3.
Accordingly, the thermal expansion strain of the shaft 1
is not transmitted to the amorphous 3 to any substantial
extent even when the shaft 1 is formed of a material
having a different coefficient of linear thermal expan-
sion. Thus, for this reason, variation of the temperature
characteristic is greatly reduced, whatever material
forms the shaft 1.

The effect of the above arrangement will be de-
scribed below. A solid line in FIG. 3 shows the induc-
tance of the coil 4 meausred at a constant torque over a
temperature range of from —50° C. to 150° C. As de-
scribed above, the coefficient of linear thermal expan-
sion of the steel is 12 10—6 (1/°C.) while that of the
amorphous alloy 3 is 8 X 10—6 (1/°C.). The variation of
the inductance with temperature is extermely small,
although there is a difference in the coefficient of linear
thermal expansion between the shaft 1 and the amor-
phous alloy 3. This is because the thermal expansion of
the shaft 1 can be absorbed by the use of the cylindrical
body 2 and the resilient portion 2a. For the purpose of
comparison, a broken line in FIG. 3 also shows the
inductance variation of the coil 4 which is measured at
a constant torque over a temperature range of from
—50° C. to 150° C. in a conventional torque sensor in
which the amorphous alloy 3 is directly fixed to the
steel shaft. It is thus seen that a difference in thermal
expansion between the shaft 1 and the layer 3 results in
a large inductance variation with temperature.

When the amorphous alloy 3 having magnetostric-
tion is stretched by an elongation of more than about
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4 10—4 upon the application of tensile strain, the rela-
tive permeability changes at an extremely small rate in
relation to the strain. This relationship is shown in FIG.
4. That is, the relative permeability variation with
torque becomes extremely smail when a strain of more
than 4 X 10—4applies. It is thus required that the thermal
strain produced in the amorphous alloy 3 by a thermal
expansion difference be below 4X 10—4 at most. When
the torque sensor is used in an automobile, it is subjected
to temperature variations having a range of about 200°
C. It is possible to realize a torque sensor having a fa-
vorable seniitivity in a temperature variation range of
200° C. if the respective coefficients of thermal expan-
sion, the cylindrical body 2 and the amorphous alloy 3
are set to be equal to or less than 2X 106,

FIG. 5 shows the result obtained when a difference in
a linear thermal expansion coefficient between the cy-
lindrical body 2 and the amorphous alloy 3 is set to be
equal to or less than 2X10—6 (1/°C.). The drawing
. shows outputs of a torque sensor at 100° C. with respect
to the two cylindrical bodies 2, one of which is formed
of a 45% Ni-Fe alloy (coefficient of linear thermal ex-
pansion 8% 10—6 (1/°C.)) and secures thereto a Fe-
based amorphous alloy layer (coefficient of linear ther-
mal expansion: 8 X 10—6(1/°C.), and the other of which
is formed of a soft steel (coefficient of linear thermal
expansion: 11X 10—6 (1/°C.)) and secures thereto an
amorphous alloy (coefficient of linear thermal expan-
sion: 8 X 10—6 (1/°C.)).

In this case, the shaft diameter was ¢ 30 and the
torque applied was 0 (Kg.m) to 20 (Kg.m). The detect-
ing circuit 5 made conditions in which frequency was 50
kHz and the magnetic field produced was 20e. A solid
line in the drawing indicates the characteristic of a
torque sensor using the 45% Ni-Fe cylindrical body 2 in
which the difference in coefficients of linear thermal
expansion between the cylindrical body 2 and the amor-
phous alloy 3 is not more than 2X10-6 (1/°C.). The
broken line indicates the characteristic of a torque sen-
sor using the soft steel cylindrical body 2 in which the
difference in coefficients of linear thermal expansion
between the cylindrical body 2 and the amorphous alloy
3 is 3X10—6 (1/°C.). Similar resulis are obtained over
the temperature range of from —50° C. to 150° C. Thus,
a stable output over the temperature range of from
—50° C. to 150° C. can be obtained by setting the differ-
ence in coefficients of linear thermal expansion to be
equal to or less than 2 X 10—6(1/°C.). In addition, it has
been proved that the results equivalent to those shown
in FIG. 5 can be obtained in case the cylindrical body 2
is formed of 43% Ni-Fe alloy (coefficient of linear ther-
mal expansion: 6 X 10—6 (1/°C.)), 49% Ni-Fe alloy (co-
efficient of linear thermal expansion: 10X 10—6 (1/°C.)
or titanium alloy (coefficient of linear thermal expan-
sion (9106 (1/°C.)), and that any material would
suffice if the difference in coefficients of linear thermal
expansion between the cylindrical body 2 and the amor-
phous alloy 3 were below 2X 10—6(1/°C.), as described
above. In particular, Ni-Fe alloys can be varied in their
coefficients of linear thermal expansion in the range of 1
to 14 10—6 by slightly changing the concentration of
Ni, and are readily compatible with the amorphous
alloy 3 in terms of coefficients of linear thermal expan-
sion. Accordingly, Ni-Fe alloys are most suitable for
materials of the cylindrical body in the present torque
sensor.

Also, it has been proved that when the amorphous
alloy 3 is formed of Fe, Ni and other metals having
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magnetostriction, or amorphous alloys such as Fe-Co-
Si-B and Fe-Ni-Si-B having magnetostriction, the re-
sults equivalent to those shown in FIG. 5 can be ob-
tained if the difference in coefficients of linear thermal
expansion between the cylindrical body 2 and the amor-
phous alloy 3 is below 2X10—6 (1/°C.). In particular,
amorphous alloys have large magnetostriction and per-
meability, and are superior in their frequency character-
istics to metallic materials. Accordingly, amorphous
alloys are most suitable in improving the sensitivity and
response characteristics of the present torque sensor.

With the above-described arrangement, the output of
the torque sensor can be stabilized over a temperature
range of from —50° C. to 150° C. independently of
materials which forms the shaft.

FIG. 6 shows another embodiment of the present .
invention. In this embodiment, the shaft 1 made of stain-
less steel has two circular resilient portions 1a which are
formed by working the shaft. A hollow cylindrical
body 2’ (coefficient of linear thermal expansion:
8% 10—6(1/°C.)) made of 45% nickel steel is welded to
the outer circumference of the resilient portions 1a. The
amorphous alloy 3 is made of FeggCr3Ni3SigBs (coeffici-
ent of linear thermal expansion: 9 10—6(1/°C.)). Other
constituents are the same as those indicated in FIG. 1.

It has been proved that the torque sensor according
to this arrangement can attain the same effect as the first
embodiment.

The advantages of this arrangement will be described
hereunder. When the cylindrical body 2 is welded to
the shaft, some eccentricity of the shaft may result due
to possible thermal stress in the arrangement of the first
embodiment, since the cylindrical body 2 is directly
welded to the surface of the shaft. According to the
arrangement of this embodiment, it is possible to pre-
vent any eccentricity of the shaft 1 because the cylindri-
cal body 2 is welded to the outer circumference of the
circular resilient portions 1a.

These two embodiments of the present invention also
ensure that, when deflection of the shaft is caused by a
bending moment applied thereto, an amount of deflec-
tion transmitted to the amorphous alloy 3 is reduced to
not more than one tenth of the deflection of the shaft
itself. Rotation of the shaft generally causes some eccen-
tricity thereof, and the deflection strain thereof is trans-
mitted to the amorphous alloy 3, thus causing an output
error. With the arrangements of the embodiments, such
an output error caused by deflection can be reduced.

Moreover, the amorphous alloy 3 may be formed on

.the cylindrical body 2 instead of being formed directly

on the shaft 1, thus improving the work efficiency.

What is claimed is:

1. A torque sensor comprising:

a cylindrical body concentrically disposed around a
shaft with an air gap therebetween, said cylindrical
body having a first coefficient of linear expansion,
said shaft serving to transmit torque, the opposite
ends of said cylindrical body being secured to said
shaft through elastic bodies; ‘

a layer of a soft magnetic alloy having a magneto-
striction property which is secured to the outer
peripheral surface of said cylindrical body, said
layer further having a second coefficient of linear
expansion, the difference between said first coeffi-
cient of linear expansion and said second coeffici-
ent of linear expansion is below £2Xx 10—-6(1/°C.);
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a coil concentrically wound around said layer of a means for measuring a change of induction in said

soft magnetic alloy with a predetermined air gap coil, said change of induction in said coil resulting
from the change of permeability of said soft mag-

therebetween, ic all ide ad . £ id
said soft magnetic alloy and said coil constituting a 5 :}T:f(t: alloy, to provide a detection of torque on sai

magnetic circuit such that a strain produced on the 2. A torque sensor as set forth in claim 1, wherein said
surface of said cylindrical body by a torque is con- cylindrical body is made of a Fe-Ni alloy.
ve‘rted into a ch?.nge of a relative permeability of 3. A torque sensor as set forth in claim 2, wherein said
said soft magnetic alloy due to a reverse magneto-  soft magnetic alloy layer is made of an amorphous alloy.
striction effect; and 10 Ao L
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