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(57) ABSTRACT 

A torque sensing apparatus for picking up a magnetic ?eld 
of a magnetostrictive material disposed on a shaft, compris 
ing: a ?rst integrating ring; a second integrating ring; a ?rst 
?uXgate return strip and a second ?uXgate return strip each 
being connected to the ?rst integrating ring at one end and 
the second integrating ring at the other end; an excitation 
coil; and a feedback coil; Wherein the ?rst integrating ring 
and the second integrating ring are con?gured to be posi 
tioned to pick up ?uX signals along the entire periphery of 
the ends of the magnetostrictive material. 
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INTEGRATING FLUXGATE FOR 
MAGNETOSTRICTIVE TORQUE SENSORS 

TECHNICAL FIELD 

[0001] This disclosure relates to torque sensing apparatus 
and, in particular, an apparatus and method for sensing the 
torque applied to a rotating shaft. 

BACKGROUND 

[0002] In systems having rotating drive shafts it is some 
times necessary to knoW the torque and speed of these shafts 
in order to control the same or other devices associated With 
the rotatable shafts. Accordingly, it is desirable to sense and 
measure the torque applied to these items in an accurate, 
reliable and inexpensive manner. 

[0003] Sensors to measure the torque imposed on rotating 
shafts, such as but not limited to shafts in vehicles, are used 
in many applications. For example, it might be desirable to 
measure the torque on rotating shafts in a vehicle’s trans 
mission, or in a vehicle’s engine (e.g., the crankshaft), or in 
a vehicle’s automatic braking system (ABS) for a variety of 
purposes knoWn in the art. 

[0004] One application of this type of torque measurement 
is in electric poWer steering systems Wherein an electric 
motor is driven in response to the operation and/or manipu 
lation of a vehicle steering Wheel. The system then interprets 
the amount of torque or rotation applied to the steering 
Wheel and its attached shaft in order to translate the infor 
mation into an appropriate command for an operating means 
of the steerable Wheels of the vehicle. 

[0005] Prior methods for obtaining torque measurement in 
such systems Was accomplished through the use of contact 
type sensors directly attached to the shaft being rotated. For 
example, one such type of sensor is a “strain gauge” type 
torque detection apparatus, in Which one or more strain 
gauges are directly attached to the outer peripheral surface 
of the shaft and the applied torque is measured by detecting 
a change in resistance, Which is caused by applied strain and 
is measured by a bridge circuit or other Well-knoWn means. 

[0006] Another type of sensor used is a non-contact torque 
sensor Wherein magnetostrictive materials are disposed on 
rotating shafts and sensors are positioned to detect the 
presence of an external ?ux Which is the result of a torque 
being applied to the magnetostrictive material. 

[0007] Such magnetostrictive materials require an internal 
magnetic ?eld Which is typically produced or provided by 
either pre-stressing the magnetostrictive material by using 
applied forces (e.g., compressive or tensile) in either a 
clockWise or counter clockWise to pre-stress the coating 
prior to magnetiZation of the pre-stressed coating in order to 
provide the desired magnetic ?eld. Alternatively, an external 
magnet or magnets are provided to produce the same or a 
similar result to the magnetostrictive material. 

[0008] To this end, magnetostrictive torque sensors have 
been provided Wherein a sensor is positioned in a surround 
ing relationship With a rotating shaft, With an air gap being 
established betWeen the sensor and shaft to alloW the shaft 
to rotate Without rubbing against the sensor. Amagnetic ?eld 
is generated in the sensor by passing electric current through 
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an excitation coil of the sensor. This magnetic ?eld perme 
ates the shaft and returns back to a pick-up coil of the sensor. 

[0009] The output of the pick-up coil is an electrical signal 
that depends on the total magnetic reluctance in the above 
described loop. Part of the total magnetic reluctance is 
established by the air gap, and part is established by the shaft 
itself, With the magnetic reluctance of the shaft changing as 
a function of torque on the shaft. Thus, changes in the output 
of the pick-up coil can be correlated to the torque experi 
enced by the shaft. 

[0010] As understood herein, the air gap, heretofore nec 
essary to permit relative motion betWeen the shaft and 
sensor, nonetheless undesirably reduces the sensitivity of 
conventional magnetostrictive torque sensors. As further 
understood herein, it is possible to eliminate the air gap 
betWeen a shaft and a magnetostrictive torque sensor, 
thereby increasing the sensitivity of the sensor vis-a-vis 
conventional sensors. Moreover, the present disclosure rec 
ogniZes that a phenomenon knoWn in the art as “shaft 
run-out” can adversely effect conventional magnetostrictive 
torque sensors, and that a system can be provided that is 
relatively immune to the effects of shaft run-out. 

SUMMARY 

[0011] It is an object of the present disclosure to provide 
a torque sensor that is suf?ciently compact for use in 
applications Where space is at a premium, such as in 
automotive applications. 

[0012] A torque sensing apparatus for picking up a mag 
netic ?eld of a circumferentially magnetiZed magnetostric 
tive material disposed on a shaft, comprising: a ?rst inte 
grating ring; a second integrating ring; a ?rst ?uxgate return 
strip and a second ?uxgate return strip each being connected 
to the ?rst integrating ring at one end and the second 
integrating ring at the other end; an excitation coil compris 
ing a ?rst coil Wound about the ?rst ?uxgate return strip and 
a second coil Wound about the second ?uxgate return strip 
Wherein the ?rst and second coils of the excitation coil are 
connected in series so that the net excitation ?ux circulates 
betWeen the ?ux gate strips via a ?rst integrating ring and a 
second integrating ring; and a feedback coil Wound about the 
?rst ?uxgate return strip and the second ?uxgate return strip, 
Wherein the ?rst integrating ring and the second integrating 
ring are con?gured to be positioned to pick up ?ux signals 
along the entire periphery of the ends of the magnetostrictive 
material. 

[0013] A method for determining the applied torque to a 
shaft, comprising: collecting ?ux a ?rst end of a magneto 
strictive material disposed on the shaft via a ?rst integrating 
ring; collecting ?ux at a second end of the magnetostrictive 
material disposed on the shaft via a second integrating ring; 
providing a measurement ?ux in a ?rst ?ux gate Winding and 
a second ?ux gate Winding positioned about said magneto 
strictive material; providing a loW reluctance closed loop 
?ux path from the ?rst ?ux gate Winding to the second ?ux 
gate Winding; and measuring an applied torque to the shaft 
by using a null detection scheme on the loW reluctance 
closed loop ?ux path. 

DESCRIPTION OF THE FIGURES 

[0014] FIG. 1 is a perspective vieW of a magnetostrictive 
material disposed on a shaft; 
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[0015] FIG. 2 is a perspective vieW of an integrating ?ux 
gate of the present disclosure disposed about a shaft having 
a magnetostrictive material; 

[0016] FIG. 3 is a perspective schematic vieW of an 
integrating ?ux gate of the present disclosure; 

[0017] FIG. 4A is a graph of the BH curve of the 
integrating ?ux gate of the present disclosure With no torque; 

[0018] FIG. 4B is a graph of the BH curve of the inte 
grating ?ux gate of the present disclosure With torque; 

[0019] FIGS. 5 and 6 are graphs of illustrating the time 
dependence of the voltage across the excitation coil and the 
feedback coil for no applied torque and applied torque, 
respectively; 
[0020] FIGS. 7A-7B are graphs illustrating the recti?ed 
second harmonic voltage signals as input to voltage to 
current converters feeding feedback coils; 

[0021] FIG. 8 illustrates an integrating ?uxgate With ?ve 
coils (excitation C1, C2, connected in series; pickup C3, C4, 
connected in series; and Cfb); 

[0022] FIG. 9 shoWs the measured current Waveform 
When a sinusoidal voltage is applied to the excitation coil 
(C1) in the presence of a torque ?ux; 

[0023] FIG. 10 illustrates the voltage measured across 
pick up coil (C3) under the same excitation as illustrated in 
FIG. 9 and in the presence of a torque ?ux; 

[0024] FIG. 11 illustrates the voltage measured across 
feedback coil (Cfb) under the same excitation as illustrated 
in FIG. 9 and in the presence of no torque ?ux; 

[0025] FIG. 12 illustrates the voltage measured across 
pickup coil (C3) under the same excitation as illustrated in 
FIG. 9 and in the presence of no torque ?ux; 

[0026] FIG. 13 is a schematic illustration of an exemplary 
circuit for use With the integrating ?ux gate of the present 
disclosure; 
[0027] FIG. 14 is a schematic illustration of an alternative 
exemplary circuit for use With the integrating ?ux gate of the 
present disclosure; 

[0028] FIG. 15 is a graph illustrating a plot of the output 
voltage on the feedback coil (Cfb) versus an applied torque; 

[0029] FIG. 16 is another graph illustrating a plot of the 
output voltage on the feedback coil (Cfb) versus an applied 
torque in an ascending and descending torque direction; 

[0030] FIG. 17 is a schematic illustration of another 
alternative exemplary circuit for use With the integrating ?ux 
gate of the present disclosure; and 

[0031] FIG. 18 is a schematic illustration of yet another 
alternative alternative exemplary circuit for use With the 
integrating ?ux gate of the present disclosure. 

DETAILED DESCRIPTION 

[0032] Referring noW to FIGS. 1-18 exemplary embodi 
ments of a torque sensing apparatus 10 are illustrated. In an 
exemplary embodiment and referring in particular to FIG. 1, 
the torque-subjected member is in the form of a cylindrical 
shaft 12. HoWever, the present disclosure is not intended to 
be limited to the speci?c con?gurations illustrated in FIG. 
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1. The shaft comprises a non-magnetic material, such as a 
stainless steel or aluminum. Disposed on the surface of shaft 
12 is a magnetostrictive material 14. The magnetostrictive 
material is coated on or applied to the shaft in a manner that 
Will produce a ?ux signal When the torque is applied to the 
shaft. The same signal is collected by the integrating ?ux 
gate for measuring the torque applied to the shaft. An 
example of the magnetostrictive material is of the type 
disclosed in US. Pat. No. 6,645,039, the contents of Which 
are incorporated herein by reference thereto. Of course, 
other types of magnetostrictive materials are contemplated 
to be used in accordance With the present disclosure. 

[0033] The magnetostrictive material is magnetically 
polariZed to have a circumferential moment in the direction 
of arroW 16. Of course, the magnetostrictive material may be 
magnetically polariZed in a direction opposite of arroW 16. 
Upon receipt of an applied torque (arroW 18) a longitudinal 
magnetic ?ux (arroW 20) or torque ?ux leaves the magne 
tostrictive material. This ?ux is proportional to the torque 
that Will be picked up by the device and method of the 
present disclosure. 

[0034] Torque 18 is shoWn as being in a clockWise direc 
tion looking at the visible end of shaft 12, but obviously can 
be applied to rotate the shaft in either or both directions 
depending on the nature of the machine incorporating shaft 
12. 

[0035] Referring noW in particular to FIGS. 2 and 3 an 
integrating ?uxgate 22 is disposed about magnetostrictive 
material 14. As Will be described herein integrating ?uxgate 
22 is adapted to measure the torque ?ux of shaft 12. 
Integrating ?uxgate 22 is mounted on a cylindrical member 
24. Member 24 is constructed of a non-conductive material 
such as plastic, nylon or polymer of equivalent properties, 
Which is lightWeight and easily molded or manufactured. 
Member 24 is con?gured to alloW shaft and magnetostrictive 
material 14 to be rotatably received therein. In addition, 
member 24 is secured to a structure (not shoWn) that is 
stationary With respect to rotating shaft member 12 accord 
ingly; shaft member 12 is capable of rotation Within member 
24. In addition, and in order to prevent the device of the 
present application from being affected by external magnetic 
?elds (e.g., the Earth’s magnetic ?eld) the entire device Will 
be received With a shield capable of protecting the torque 
sensing apparatus for being adversely affected by such 
magnetic ?elds. 

[0036] Disposed on member 24 is a ?rst integrating ring 
26 and a second integrating ring 28. Integrating rings 26 and 
28 are constructed out of a high-permeable material such 
metalglass or permalloy of mumetal, or other materials 
having equivalent characteristics. As Will be discussed 
herein the con?guration of integrating rings 26 and 28 alloW 
integrating ?uxgate 22 to pick up torque ?ux signals any 
Where along the periphery of magnetostrictive material 14. 
The torque ?ux signals are sensed by the integrating ?ux 
gate using a variety of coil con?gurations. In one embodi 
ment, a three-coil con?guration (C excitation, C pickup and 
C feedback) is used, in another embodiment a three-coil 
con?guration is used (C excitation (C1 and C2 connected in 
series) and C feedback), is used, in yet another embodiment 
a tWo-coil con?guration is used (C excitation and C feed 
back), in still another embodiment a single-coil con?gura 
tion is used (Wherein the coil is used as C excitation and C 
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feedback) and in still another embodiment a ?ve-coil con 
?guration is used (C excitation (C1 and C2 connected in 
series), C pickup (C3 and C4 connected in series) and C 
feedback). These con?gurations and schemes for measuring 
torque using the ?uxgate Will be discussed herein. 

[0037] Referring noW to FIG. 3 an integrating ?uxgate 
With a three-coil arrangement is illustrated. Here a feedback 
coil 30 (Cfb) is disposed about the other tWo coils. Disposed 
betWeen integrating rings 26 and 28 is a ?rst ?uxgate return 
strip 32 and a second ?uxgate return strip 34 as shoWn in 
FIG. 3. First ?uxgate return strip 32 and second ?uxgate 
return strip 34 are constructed out of the same material as the 
integrating rings. 

[0038] A ?rst ?ux gate Winding 36 (C1) is Wound about 
?rst ?uxgate return strip 32 and a second ?ux gate Winding 
38 (C2) is Wound about second ?uxgate return strip 34. As 
discussed above, and in one embodiment the integrating 
?uxgate of the present disclosure is able to measure the 
torque ?ux of the magnetostrictive material through the use 
of three coils, namely, C1, C2 and Cfb. In an exemplary 
embodiment coils C1 and C2 are connected in series and coil 
Cfb is disposed about coils C1 and C2. Thus, a device is 
created Wherein the external magnetic ?eld of the magne 
tostrictive material is measured. In particular, the external 
magnetic ?eld is collected along the periphery of the ends of 
the magnetostrictive material through the use of integrating 
rings 26 and 28. 

[0039] HoWever, it is noted that the integrating ?uxgate 
can measure the torque ?ux through the use of a ?ve coil 
arrangement, shoWn in FIG. 8, comprising of coils C1, C2, 
C3, C4 and Cfb. The excitation coils (C1 and C2) are 
connected in series While the pick-up coils (C3 and C4) are 
also connected in series. In addition, and in accordance With 
an exemplary embodiment of the present disclosure the 
number of coils used are reduced. For example, and in one 
embodiment three coils are used (C excitation, C pickup and 
C feedback), or in another three coil arrangement Wherein 
the pickup coil is eliminated C excitation (coils C1 and C2 
connected in series) and C feedback is used, in another 
embodiment tWo coils are used (C excitation and C feed 
back) and in yet another embodiment one coil is used for 
both excitation and feedback, in the later three embodiments 
the pickup coil is completely eliminated. 

[0040] In the three-coil arrangement (C excitation, C 
pickup and C feedback), the induced voltage in the pickup 
coil contains the 2nd harmonic component upon application 
of a torque to the shaft. This 2Dd harmonic voltage is 
extracted by a means of a lock-in ampli?er and recti?ed and 
fed, as current, to the feedback coil via a voltage to current 
converter to nullify the 2nd harmonic component. This 2Dd 
harmonic voltage is proportional to the torque to the shaft. 

[0041] In an exemplary embodiment and as illustrated in 
FIG. 3, ?rst ?ux gate Winding 36 and second ?ux gate 
Winding 38 are connected in series to provide an excitation 
?ux and the integrating ?ux gate 22 (integrating rings 26 and 
28 and ?uxgate return strips 32 and 34) provides a loW 
reluctance closed loop ?ux path 40 from ?rst ?ux gate 
Winding 36 to second ?ux gate Winding 38. 

[0042] As shoWn, the apparatus is disposed in a surround 
ing relationship With the shaft to sense the torque imposed 
on the shaft. In one exemplary embodiment, the shaft is a 
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rotating shaft Within a vehicle. For instance, the shaft can be 
an ABS shaft, engine shaft, or transmission shaft, although 
it is to be appreciated that the principles set forth herein 
apply equally to other vehicular and non-vehicular rotating 
shafts. 

[0043] It is being understood that in the embodiment 
Where the pickup coil is eliminated the ?rst and the second 
?ux gate Windings are connected in series are excited by a 
high frequency sinusoidal voltage to generate magnetic ?ux. 
This Would also be the case in the ?ve-coil arrangement. The 
excitation voltage and the frequency are adjusted such that 
the passing ?ux through the tWo ?ux gate strips and inte 
grating rings such does not cause saturation Without torque 
?ux. The excitation current and frequency are adjusted such 
that the ?ux gate material is just beloW the saturation limit 
of the ?ux gate core. 

[0044] For illustration purposes ?ux density (B) can be 
determined through use of the folloWing formula: 

B=E><1O8/4Anf; Wherein 

[0045] 
[0046] 
[0047] 
[0048] 

[0049] In addition, and for illustration purposes, the mag 
netiZation force or H can be determined through the folloW 
ing formula: 

E=Input or Output Voltage, in volt (rms) 

A=Cross Sectional Area, in cm2 

f=SWitching frequency, in HZ 

N=Number of Turns 

H=O.47I1NI/l; Wherein 

[0050] N=No. of turns 

[0051] 
[0052] 

[0053] In addition, the second ?ux gate Winding is con 
?gured to receive magnetic ?ux from the shaft. Thus, the 
apparatus of the present disclosure is capable of maintaining 
the ?ux gate material out of magnetic saturation Wherein an 
applied torque Will create a torque ?ux that Will be picked up 
by the device. When the ?ux material is out of saturation 
(e.g., no torque applied and no torque ?ux measured) there 
is no 2Dd harmonic Waveform (current or voltage). Thus, and 
in accordance With an exemplary embodiment of the present 
disclosure the device uses the 2nd harmonic Waveform (cur 
rent or voltage) to provide a signal that is used to provide a 
nullifying current to the feedback coil. The skilled artisan 
Will appreciate that the ?ux de?nes a ?ux path from the 
excitation coil to its respective pickup coil or in the embodi 
ment Wherein the pickup coil is removed the ?ux de?nes a 
?ux path from the excitation coils connected in series. 

[0054] As discussed above When shaft 12 is presented With 
an applied torque (arroW 18) a longitudinal magnetic ?ux 
leaves the coating of magnetostrictive material, the integrat 
ing ?uxgate of the present disclosure provides this ?ux With 
a return path. The produced or excitation ?ux and torque 
?ux, if existing, is picked up by integrating ring 26, passes 
through ?uxgate return strips 32 and 34 and integrating ring 
28 to the other side of the magnetostrictive material 14. The 
torque ?ux adds or subtracts to the excitation ?ux produced 
by C1 and C2 in a three-coil arrangement or C excitation in 
a three, tWo or single coil arrangement as discussed in the 
various embodiments of the present disclosure. The signals 

I=Current in Amps 

l=Magnetic Path Length in cm. 



US 2005/0103126 A1 

are then interpreted by the torque sensing apparatus of the 
various embodiments of the present disclosure in various 
Ways so that the applied torque is capable of being mea 
sured. 

[0055] FIGS. 4-6 illustrate the principle operation of the 
?uxgate of the present disclosure. FIGS. 4A and 4B illus 
trates a BH curve of the core material With and Without 
torque. FIGS. 5 and 6 shoW the time dependence of the 
voltage across the excitation coils and feedback coil (With 
and Without an applied ?ux or torque). FIGS. 7A and 7B are 
graphs Which shoW the recti?ed 2Dd harmonic voltage of the 
pickup coil (e.g., a three coil arrangement C excitation, C 
pickup and C feedback) as an input to the feedback coil 
(With and Without an applied torque ?ux). 

[0056] Therefore, the passing of the torque ?ux through 
both return strips of the ?uxgate causes early magnetic 
saturation in one direction and then in the other direction 
While the excitation frequency is sWeeping the ?uxgate core 
material in both directions. 

[0057] This saturation causes 2Dd harmonic voltages in the 
feedback coil or pickup coil, depending on the embodiment 
being implemented as Well as DC offset in the excitation 
current. Therefore, and in one embodiment, the applied 
torque is proportional to the recti?ed 2Dd harmonic voltage 
of the feedback coil or pickup coil, Which is fed as current 
input to the feedback coil to nullify the core saturation. In 
another embodiment, the torque is proportional to the DC 
offset current in the excitation coil, Which is fed as input to 
the feedback coil to nullify the core saturation caused by 
external torque ?ux. 

[0058] In addition, and due to the circular con?guration of 
integrating rings the ?ux gate is capable of integrating the 
magnetic ?ux about the entire periphery of the magneto 
strictive material. Accordingly, the torque moment is mea 
sured about the entire periphery of the magnetostrictive 
material by integrating along the circumference at either end 
of the magnetostrictive material. This alloWs the integrating 
?uxgate of the present disclosure to measure the torque 
moment of the shaft regardless of angle at Which the shaft is 
positioned. In addition and by integrating along the circum 
ference at either end of the magnetostrictive material, the 
integrating ?uxgate is self-correcting or is not susceptible to 
measurement anomalies associated With shaft Wobble or 
irregularities in the surface of the shaft or magnetostrictive 
material disposed on the shaft. Thus, the integrating ?uxgate 
of the present disclosure measures the torque leakage along 
the entire end of the magnetostrictive material. 

[0059] The output Waveforms of various embodiments of 
the integrating ?uxgate of the present disclosure are shoWn 
in FIGS. 8-12. FIG. 8 illustrates an integrating ?uxgate 
constructed With ?ve coils (C1, C2, C3, C4, and Cfb) Where 
the excitation coils C1 and C2 are connected in series and 
the pickup coils C3 and C4 are connected in series. HoW 
ever, as discussed above and as Will be shoWn herein only 
three coils (C1, C2 and Cfb) or less are necessary to measure 
the applied torque in accordance With the various embodi 
ments of the present disclosure as the pickup coil and others 
can be removed While still providing a device for measuring 
and nullifying torque ?ux. 

[0060] When a sinusoidal voltage is applied to the exci 
tation coil (C1 or C1 and C2 connected in series) and the 
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current Waveform is measured in the presence of a torque 
?ux, FIG. 9 shoWs that the current Waveform has a distor 
tion that consists of a second harmonic signal and asymme 
try With respect to the x-axis. Accordingly, the integrating 
?uxgate of the present disclosure can use the folloWing 
properties to diagnose the presence of a torque ?ux: the 
second harmonic voltage, or a non-Zero D.C. value of the 
time-averaged integral of the excitation current. 

[0061] Referring noW to FIGS. 10 and 11 and under the 
same excitation as illustrated in FIG. 9, the voltage is 
measured across the pick up coil (C2). As illustrated, a 
second harmonic signal is also seen When a torque ?ux is 
present (FIG. 10) and disappears When the torque ?ux is 
Zero. Accordingly, the voltage of pick up coil (C2) can also 
be used to diagnose the presence of a torque ?ux. 

[0062] Referring noW to FIG. 12 and under the same 
excitation, the Waveform of the voltage on the feedback coil 
(Cfb) is also shoWn. This Waveform also has a strong second 
harmonic signal. If the structure had been perfect, and the 
tWo ?uxgate strips absolutely symmetric, no contribution of 
the fundamental Waveform Would have been measured on 
the feedback coil (Cfb). Therefore, the feedback coil can 
also use the second harmonic signal as a diagnostic of the 
torque ?ux. 

[0063] During operation of the integrating ?uxgate of the 
present disclosure and regardless of hoW many coils are used 
or implemented a DC. current is sent into the feedback coil 
to counterbalance the torque ?ux. To accomplish this a 
feedback loop (FIGS. 13, 14, 17 and 18) is required and 
accordingly, a DC. current is sent into the feedback coil, 
such that either the second harmonic contribution on the 
feedback coil (Cfb) or the DC offset current in the excitation 
coil are nul, or in other Words the integral of the current 
Waveform into excitation coil is Zero or nul, This feedback 
ensures that the entire structure is out of magnetic saturation. 
This DC current fed back to the feedback coil nulli?es the 
saturation due to torque ?ux since it is proportional to the 
applied shaft torque. 

[0064] A signal relating to the DC current sent to the 
feedback coil is also sent to a microprocessor, controller or 
equivalent means having a look up table or other means for 
determining the applied torque, Which is used in any vehicu 
lar or other control system requiring torque readings. 

[0065] FIG. 13 illustrates an embodiment of a three coil 
(excitation coils AC1, AC2 connected in series and a feed 
back coil DC1) ?ux gate torque sensing circuit for deter 
mining the amount of torque being applied to the shaft by 
looking at the recti?ed second harmonic voltage of the 
voltage Waveform of the feedback coil (DC1). In this 
embodiment AC1 is Wound about one of the ?ux gate strips 
and AC2 is Wound about the other While the feedback coil 
DC1 is Wound about the tWo excitation coils AC1 and AC2. 

[0066] The circuit is contemplated for use With an inte 
grating ?ux gate as illustrated in FIGS. 2 and 3. The 
integrating ?ux gate comprises tWo integrating rings, tWo 
?ux strips, tWo coils (AC1 or C1) and (AC2 or C2) con 
nected in series and the feedback coil (DC1 or Cfb). In this 
embodiment AC1 comprises 50 turns of 32 gage Wire and 
AC2 comprises 50 turns of 32 gage Wire While the feedback 
coil DC1 comprises 72 turns of 25 gage Wire. Of course, and 
as applications require the gage of the Wire and number of 
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turns may vary. In the illustrated embodiment, an AC 
voltage of 1.8 volts at a frequency of 49 kilohertZ is applied 
to the excitation coils (AC1 and AC2, connected in series). 
In addition, this voltage is also applied to a frequency 
doubler 44 that doubles the frequency and applies a 98 
kilohertZ frequency as a reference input into a lock-in 
ampli?er 46, Which is used as a bandpass ?lter. Accordingly, 
only voltages at the reference frequency (98 khZ, i.e. double 
the excitation frequency) Will be picked up. Of course, and 
as applications require the frequency and the magnitude of 
excitation voltage may vary depending on the design of the 
?ux gate. 

[0067] The feedback coil voltage is passed through the 
lock-in ampli?er to extract the recti?ed second harmonic 
voltage signal, Which is then inputted into a voltage to 
current converter 48. This converted voltage is then inputted 
as DC current in the feedback coil DC1 to nullify the ?ux 
gate core saturation caused by the torque ?ux. The recti?ed 
2Dd harmonic voltage is proportional to the applied shaft 
torque. 

[0068] In this embodiment the integrating ?uxgate is mea 
suring the applied torque by using a null detection scheme 
Wherein the ?uxgate is measuring the applied torque by 
picking up the 2nd harmonic recti?ed DC voltage of the 
feedback coil, converting it into a current, and feeding into 
the feedback coil to nullify the core saturation due to torque 
?ux. 

[0069] Referring noW to FIG. 14, an alternative circuit for 
determining the amount of torque that is being applied to the 
shaft in a three coil (C1, C2, Cfb) ?ux gate torque sensor 
circuit by looking at the second harmonic of the current 
Waveform of the excitation coil (C1 and C2 connected in 
series). The circuit is contemplated for use With an integrat 
ing ?ux gate as illustrated in FIGS. 2 and 3. The integrating 
?ux gate comprises tWo integrating rings, tWo ?ux strips, 
tWo coils (AC1 or C1) and (AC2 or C2) connected in series 
and the feedback coil (DC1 or Cfb). In this embodiment 
AC1 comprises 50 turns of 32 gage Wire and AC2 comprises 
50 turns of 32 gage Wire While the feedback coil DC1 
comprises 72 turns of 25 gage Wire. Of course, and as 
applications require the gage of the Wire and number of turns 
may vary. In the illustrated embodiment, an AC voltage of 
1.8 volts at a frequency of 49 kilohertZ is applied to the coils 
AC1 and AC2. 

[0070] The excitation frequency is also applied to a fre 
quency doubler 44 that doubles the frequency (98 kilohertZ) 
and used as a reference frequency signal to the lock-in 
ampli?er 46. This lock-in ampli?er takes the voltage pro 
portional to the excitation current across the shunt 50 as 
input, shoWn in FIG. 14, and extracts the 2nd harmonic 
content. It also recti?es and ?lters the 2nd harmonic voltage 
and provides a DC voltage signal to the voltage to current 
converter. 

[0071] In an exemplary embodiment, resistor 50 has a 
value in the range of 10-100 ohms; of course, other values 
greater or less than the aforementioned range are contem 
plated for use With the present disclosure. 

[0072] As illustrated, only currents at the reference fre 
quency, double the excitation frequency (98 khZ) Will be 
picked up. Of course, and as applications require the fre 
quency and magnitude of the excitation voltage may vary to 
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values greater or less than 49 khZ and 1.8 volts respectively. 
The measured voltage across the resistor, Which is propor 
tional to the current in the resistor, is fed into the lock-in 
ampli?er, the DC output voltage signal of the lock-in ampli 
?er is fed to the feedback coil through a voltage to current 
converter Wherein the current applied to the feedback coil 
nulli?es core saturation caused by the torque ?ux. The 
output of DC voltage of the lockin ampli?er is proportional 
to the applied shaft torque. 

[0073] In this embodiment the integrating ?uxgate is mea 
suring the applied torque by using a null detection scheme 
Wherein the ?uxgate is measuring the applied torque by 
picking up the 2nd harmonic current in the excitation coil 
(C1) and drive it to Zero by feeding the current into the 
feedback coil to nullify the core saturation caused by the 
torque ?ux. 

[0074] FIG. 15 is a graph illustrating a plot of the output 
voltage on the feedback coil (Cfb) versus an applied torque 
and FIG. 16 is another graph illustrating a plot of the output 
voltage on the feedback coil (Cfb) versus an applied torque. 

[0075] FIG. 17 is a schematic illustration of an alternative 
embodiment of the present disclosure Wherein a tWo coil 
(excitation and feedback) torque sensor circuit is used to 
measure the applied torque. In this embodiment a single coil 
is used to provide the excitation ?ux and receive the torque 
?ux through the integrating rings and ?ux gate return strips 
of the present disclosure. The circuit of this embodiment 
comprises an oscillator 60 it can be square Wave or sine 
Wave or any periodic function of time, a differential ampli 
?er 62, a second order ?lter 64, a voltage controlled current 
source 66, and an output ampli?er 68. 

[0076] In this embodiment the ?ux strips of the closed 
loop reluctance path are maintained just beloW the magnetic 
saturation point When only excitation current ?oWs through 
the single excitation coil (With no torque ?ux). When an 
applied torque is encounter or applied to the shaft the ?ux 
strips are magnetically saturated in one direction then in the 
other direction When the excitation frequency is sWeeping 
the core in both positive and negative directions. The 
saturation causes DC offset in the excitation Waveform, the 
voltage proportional to the excitation current obtained by 
measuring the voltage across the series resistor connected in 
the excitation coil is fed to the differential ampli?er 62. The 
output of the differential ampli?er 62 is fed to second order 
active ?lter 64 to extract DC voltage proportional to the 
offset DC current in the excitation coil. The voltage is fed to 
the voltage to current converter (voltage control current 
source 66) and fed back to the feedback coil to nullify the 
?ux gate core saturation due to torque ?ux. 

[0077] FIG. 18 is a schematic illustration of another 
alternative exemplary circuit for use With the integrating ?ux 
gate of the present disclosure. Here a single coil is used as 
both the excitation and feedback coil. In this embodiment 
the ?ux strips of the closed loop reluctance path are main 
tained just beloW their magnetic saturation point When the 
excitation current is ?oWing through the coil. When an 
applied torque is encountered or applied to the shaft the ?ux 
strips are magnetically saturated in one direction then in the 
other direction When the excitation frequency is sWeeping 
the core in both positive and negative directions. The 
saturation causes DC offset in the excitation Waveform, the 
voltage proportional to the excitation current obtained by 
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measuring the voltage across the series resistor connected in 
the coil is fed to the differential ampli?er 62. The output of 
the differential ampli?er 62 is fed to second order active 
?lter 64 to extract DC voltage proportional to the offset DC 
current in the coil. The voltage is fed to the voltage to current 
converter (voltage control current source 66) and fed back to 
the coil to nullify the ?ux gate core saturation due to torque 
?ux. 

[0078] While the invention has been described With ref 
erence to an exemplary embodiment, it Will be understood 
by those skilled in the art that various changes may be made 
and equivalents may be substituted for elements thereof 
Without departing from the scope of the invention. In addi 
tion, many modi?cations may be made to adapt a particular 
situation or material to the teachings of the invention With 
out departing from the essential scope thereof. Therefore, it 
is intended that the invention not be limited to the particular 
embodiment disclosed as the best mode contemplated for 
carrying out this invention, but that the invention Will 
include all embodiments falling Within the scope of the 
appended claims. 

1. A torque sensing apparatus for picking up a magnetic 
?eld of a magnetostrictive material disposed on a shaft, 
comprising: 

a ?rst integrating ring; 

a second integrating ring; 

a ?rst ?uxgate return strip and a second ?uxgate return 
strip each being connected to said ?rst integrating ring 
at one end and said second intcgrating ring at the other 
end; 

an excitation coil comprising a ?rst coil and a second coil, 
said ?rst coil being Wound about said ?rst ?uxgate 
return strip and said second coil being Wound about 
said second ?uxgate return strip and said ?rst and said 
second coil are connected in series to provide a mea 
surement ?ux; and 

a feedback coil Wound about said excitation coil; 
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Wherein said ?rst integrating ring, said second integrating 
ring, said ?rst ?uxgate return strip and said second 
?uxgate return strip provide a loW reluctance closed 
loop ?ux path and are disposed on a cylindrical mem 
ber being con?gured to alloW said shaft to be rotatable 
received therein. 

2. The torque sensing apparatus as in claim 1, Wherein 
said ?rst integrating ring, said second integrating ring, said 
?rst ?uxgate return strip and said second ?uxgate return strip 
are constructed out of a high-permeable material. 

3. The torque sensing apparatus as in claim 1, Wherein 
said ?rst integrating ring and said second integrating ring are 
con?gured to pick up magnetic ?ux along the periphery of 
the magnetostrictive material. 

4. (canceled) 
5. (canceled) 
6. (canceled) 
7. The torque sensing apparatus as in claim 1, Wherein 

said ?rst integrating ring and said second integrating ring are 
con?gured to be positioned to pick up ?ux signals along the 
entire periphery of the ends of the magnetostrictive material. 

8. The torque sensing apparatus as in claim 1, Wherein 
said ?rst integrating ring, said second integrating ring, said 
?rst ?uxgate return strip and said second ?uxgate return strip 
are constructed out of a high-permeable material and said 
?rst integrating ring and said second integrating ring are 
con?gured to pick up magnetic ?ux along the periphery of 
the magnetostrictive material and the torque sensing appa 
ratus further comprises a pickup coil. 

9. The torque sensing apparatus as in claim 8, Wherein the 
application of a torque to the shaft Will provide an induced 
voltage in the pickup coil, the induced voltage contains a 2nd 
harmonic component Which is extracted by a means of a 
lock-in ampli?er and recti?ed and fed, as current, to the 
feedback coil via a voltage to current converter to nullify the 
2nd harmonic component, Wherein the 2nd harmonic voltage 
is proportional to the torque to the shaft. 


