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(57) ABSTRACT 

Quadrature error occurs in Corolis based vibrating rate 
sensors because of manufacturing flaws that permit the 
sensing element to oscillate either linearly along or angu 
larly about an aXis that is not orthogonal to the output aXis. 
This creates an oscillation along or about the output aXis that 
is a component of the sensing element’s vibration accelera 
tion. This output aXis oscillation is in phase With the driven 
acceleration of the sensing element and is called quadrature 
error since it is ninety degrees out of phase With the angular 
rate induced Coriolis acceleration. Rather than applying 
forces that reorient the aXis of the driven vibration to be 
orthogonal to the output aXis to eliminate the output aXis 
oscillation, the present invention applies sinusoidal forces to 
the sensing element by means of a quadrature servo to cancel 
the output oscillation. In order to avoid the phase uncertainty 
associated With electronic modulation, the quadrature servo 
feeds back a DC signal that is modulated mechanically by 
means of an interdigitated variable area electrostatic forcer. 
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PHASE INSENSITIVE QUADRATURE NULLING 
METHOD AND APPARATUS FOR CORIOLIS 

ANGULAR RATE SENSORS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to an inertial instru 
ment and more speci?cally pertains to vibrating accelerom 
eters used as multi-sensors for measuring linear acceleration 
and rate of rotation of a moving body. 

[0003] 2. Description of Prior Art 

[0004] Gyroscopes are Well knoWn for use as angular 
velocity and acceleration sensors for sensing angular veloc 
ity and acceleration Which information is necessary for 
determining location, direction, position and velocity of a 
moving vehicle. 

SUMMARY OF THE INVENTION 

[0005] The present invention utiliZes tWo masses in tan 
dem, a dither mass and a proof mass, or pendulum. Each 
mass has only a single degree of freedom. It is desired to 
have the dither mass move along an aXis that is parallel to 
the plane of the housing. The driving forces on the dither 
mass causing its vibration do not act directly on the pendu 
lum. These forces, hoWever cause the dither mass to move 
out of the plane of the housing due to dither beam misalign 
ments. This out-of-plane motion generates error signals 
Which are in quadrature With the signals generated by rate 
inputs. Therefore, a high degree of phase discrimination is 
required to separate the rate signal from the quadrature 
signal. This invention uses a neW quadrature nulling tech 
nique Which eliminates the requirement for accurate phase 
and relaXes control of the dither beam alignment tolerances 
Which generate out of plane motion. The present invention 
applies vibration driving signals to the dither mass to vibrate 
the dither mass and the proof mass at a combined resonant 
frequency, and applies a restoring force to the proof mass 
Which is in phase With its dithered displacement. In an 
alternate embodiment, vibration driving signals are applied 
to the dither mass to vibrate the dither mass and proof mass 
Which are in an X-Y plane at a combined resonant frequency 
about the Z aXis of the X-Y plane. A restoring torque is 
applied to the proof mass Which is in phase With its dithered 
displacement. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] The eXact nature of this invention as Well as its 
objects and advantages Will become readily apparent from 
consideration of the folloWing speci?cation in relation to the 
accompanying draWings in Which like reference numerals 
designate like parts throughout the ?gures thereof and 
Wherein: 

[0007] FIG. 1 is a top plane vieW of the driven and sensing 
element of an accelerometer according to the present inven 
tion; 
[0008] FIG. 2 is a cross-section of the quadrature nulling 
projection on the end of the pendulum of FIG. 4; 

[0009] FIG. 3 is a diagrammatic illustration of the func 
tional relationship of portions of the accelerometer of FIG. 
1 and FIG. 4; 
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[0010] FIG. 4 is a diagrammatic illustration of the pen 
dulum and dither mass or vibrating structure of the present 

invention; 
[0011] FIG. 5 is a top plan vieW of an alternate con?gu 
ration for the proof mass and dither mass of the present 
invention; 
[0012] FIG. 6 is a partial broken-aWay perspective of the 
con?guration of FIG. 5 shoWing the relationship betWeen 
the disc-shaped proof mass and the ring-shaped dither mass. 

[0013] FIG. 7 is a partial perspective shoWing the rela 
tionship betWeen the proof mass of FIG. 5 With its top cover 
and the quadrature nulling electrodes; 

[0014] FIG. 8 is a top plan vieW of the disc-shaped proof 
mass With multiple teeth formed by etching grooves around 
its circumference; 

[0015] FIG. 9 is a left side plan vieW shoWing the edge of 
the disc-shaped proof mass betWeen its top and bottom 
covers, each cover containing quadrature nulling electrodes; 
and 

[0016] FIG. 10 is a right side plan vieW shoWing the edge 
of the disc-shaped proof mass betWeen its top and bottom 
covers, each cover containing quadrature nulling electrodes. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0017] The accelerometer gyro disclosed in an application 
for Micromachined Silicon Gyro Using Tuned-Accelerom 
eter having US. patent application Ser. No. 09/778,434 ?led 
on Feb. 7, 2001 and assigned to the same assignee as the 
present application illustrates a micromachined accelerom 
eter-gyro having a pendulous mass or proof mass suspended 
Within a dither mass that provides improved performance as 
the result of a considerable decrease in manufacturing ?aWs 
that affects performance of the accelerometer gyro. 

[0018] The present invention goes beyond structural 
improvement of the proof mass and dither base assembly 
and the manufacture thereof by providing a means for 
nulling the error created from manufacturing tolerances and 
electronic phase uncertainty. Referring to FIG. 4, a concep 
tual schematic of the structure of the pendulum or proof 
mass 87in association With the dither mass 93 is shoWn. The 
proof mass 87 is attached to the dither mass 93 by pendulum 
?eXure points 89. As illustrated, the dither mass 93 moves 
back and forth in the direction 109. Because of the manu 
facturing ?aWs, the dither mass motion 109 is not eXactly 
along the X aXis 103 of the pendulum 87. The actual dither 
mass motion 109 is off-axis by a dither misalignment angle 
111, causing slight oscillation in the Y direction 105. 

[0019] If this displacement along the Y aXis is differenti 
ated tWice, this acceleration is knoWn as quadrature error. 
Quadrature error and Coriolis acceleration are very similar 
in that both are sinusoidal signals centered at the frequency 
of oscillation. HoWever, quadrature error can be distin 
guished from Coriolis acceleration by the phase relative to 
the driven oscillation. 

[0020] A prior art approach to solving the problem pre 
sented by quadrature error is discussed in an article entitled 
Surface Micromachined Z-Axis Vibrating Rate Gyroscope 
authored by William A. Clark, Roger T. HoWe, and Roberto 
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HorWitZ and published as a paper in Solid State Sensor And 
Actuator Workshop held in Hilton Head, SC, Jun. 2-6, 
1996. The approach suggested in the paper to null quadra 
ture error is to apply a balancing force that is exactly 
proportional to position of the proof mass. The paper sug 
gests that this can be achieved by using interdigitated 
position sensing ?ngers that sense position of the proof 
rnass. As this proof rnass oscillates, the position sensing 
?ngers, Which are position sense capacitors, change propor 
tionately. A slight rnodi?cation in the dc. bias voltage 
applied to these ?ngers results in a net force applied to the 
proof mass that is directly proportional to the position of the 
proof rnass thereby forcing the proof mass to vibrate along 
the desired dither axis, in other Words, parallel to the X axis 
Which is the housing axis for the proof rnass. 

[0021] FIG. 4 illustrates in schernatic form the structure of 
the dither mass or vibrating structure and the proof mass or 
pendulurn structure of the present invention. In normal 
operation, the dither mass 93 Which is the vibrating structure 
for the pendulum 87 oscillates off-axis by an angle 111 along 
direction 109. This off-axis vibration of the dither mass 93 
is inherent in the construction of the rate sensor of the 
present invention. This is the best that can be done in the 
manufacturing process. This means that the dither mass and 
pendulurn Will naturally dither in the direction Which is 
primarily along the X axis 103 but Will also dither along Y 
axis 105 because of a rnisalignrnent angle 111 caused by 
mechanical irnperfections of the dither driving bearns during 
the etching phase of the fabrication. 

[0022] As Will be noted, the pendulum 87 is attached to the 
dither base 93 by the pendulum ?exures 89. In operation, the 
pendulum 87 senses Coriolis acceleration causing the pen 
dulurn to rotate about the ?exure 89. The present invention, 
in contrast to the approach in the above noted article, rather 
than forcing the dither base 93 and pendulurn 87 to vibrate 
along the desired dither or X axis 103, Which is parallel to 
the housing axis, alloWs the dither base 93 to vibrate along 
the rnisaligned direction 109. The quadrature control elec 
trodes 107 of the present invention do not force the dither 
base 93 to vibrate along the X axis 103. The quadrature 
control electrodes 107 only exert forces on the pendulum 
mass 87 to cause pendulurn rnotion about the ?exure axis 89 
so that the pendulum continuously centers Within the hous 
ing 81 as sensed by the pickoff. In this manner, neither the 
dither base 93 nor the pendulum mass 87 are coerced to 
move along a certain axis, like X axis 103. 

[0023] As shoWn in FIG. 1, the angular rate sensor 
according to the present invention is constructed to have a 
pendulum or sensing element 87 Which is attached by 
?exures 89 to the dither mass or vibrating structure 93 Which 
has dither drive and pickoff electrodes elements 83 mounted 
thereon. The dither mass 93 is mounted for motion Within 
the plane of the paper of FIG. 1 Within a frame 81. The 
dither mass 93 has a plurality of ?exure suspensions 85 
therein to permit the dither motion along the X axis 103. 

[0024] The mechanical rnisalignrnent illustrated graphi 
cally in FIG. 4, along With phase error of the dither 
reference signal are the major source of bias instability, 
non-repeatability and temperature sensitivity of tuned 
Coriolis angular rate sensors. The present invention provides 
a method to servo the quadrature error signal to null. Since 
the servo signal is d.c., there is no resulting phase sensitivity. 
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The result is improved bias stability, repeatability and 
reduced temperature sensitivity, in addition to relaxing the 
tolerance requirements on etching the dither beams and the 
tolerance requirements on the system digital electronics 
phase stability. The present invention is contrary to the 
traditional manner of controlling bias error. The traditional 
approach Was to attempt exceptionally close tolerances on 
the etching of the dither beams and attempt to achieve 
exceptionally close systern tolerances on the digital elec 
tronics phase stability circuitry. 

[0025] The concept of the invention is to introduce a 
torque to the sensing element or pendulurn 87 by the 
application of do signals Which results in an ac. restoring 
force that is in phase With the dither displacernent. Such a 
torque or forcer can be used to servo the quadrature error 
signal to null because the quadrature signal is in phase With 
acceleration Which in turn is in phase With the dither 
displacernent. 
[0026] FIG. 2 is a diagram of a quadrature nulling forcer 
as envisioned by the present invention. FIG. 2 is a cross 
section of the present invention taken through the region 
containing the top electrodes 95, 97, and bottom electrodes 
99, 101 and the scalloped edge 91 of the sensing element 87. 

[0027] The top electrodes 95, 97 and bottom electrodes 91, 
101 are divided into segrnents having alternate polarities. 
Each electrode segment 95, 97 on the top, and 91, 101 on the 
bottom, are aligned With respect to the scalloped edge 91 of 
the sensing element so that both polarities of the alternate 
segments have equal areas overlapping each projection 
along the scalloped edge 91 of the sensing element 87 When 
the dither motion is not excited. 

[0028] In operation, the quadrature nulling forcer exerts a 
force as depicted in the graph of FIG. 3. Assuming that the 
quadrature acceleration is in phase With displacement of the 
sensing element (pendulurn 87), a bias voltage +V is applied 
to the sensing element and plus or minus d.c. control 
voltages v are applied to the top electrodes 95 and 97 and the 
bottom electrodes 99 and 101. As the sensing element 87 
translates to the right from the position shoWn in FIG. 2, it 
Will experience an upWard force proportional to its displace 
rnent, and the control voltage v on the top and bottom 
electrodes. Conversely, as the sensing element and its scal 
loped edge projections 91 translate to the left from the 
position shoWn in FIG. 2, it Will experience a doWnWard 
force. The peak force Will be experienced at the peak 
displacement and Will be in phase With the peak quadrature 
force. 

[0029] In operation, a closed loop servo system (not 
shoWn), of a type Well knoWn in the art is utiliZed to adjust 
the control voltages v on the upper electrodes and loWer 
electrodes to null the quadrature portion of the sensing 
element pickoff. Because this control voltage is d.c., there is 
no phase instability. Referring to FIG. 4, this means that the 
quadrature control 107, Which is adjusted to null the quadra 
ture portion of the sensing element cause the pendulum to 
move about its ?exure axis 89 to be continuously centered 
Within the housing 81. In this manner, neither the dither 
mass 93 nor the pendulum sensing mass 87 are coerced to 
move parallel to the housing axis 103 While still nulling 
quadrature error. This alloWs the dither mass 93 to move 
along its rnisaligned path 109 relative to the housing gen 
erating motion along the Y output axis 105 but still have the 



US 2003/0159510 A1 

resulting quadrature error nulled. This approach to quadra 
ture error nulling is generally applicable to rate sensors 
having a certain structure. 

[0030] This quadrature error nulling method is possible 
because the tWo masses in operation in the present rate 
sensor structure are in tandem, With each mass having only 
a single degree of freedom. In other Words, the dither mass 
93 is attached to the pendulous mass 87 by the ?eXure 89. 
As a result, the dither forces act only on the dither mass and 
not on the pendulous mass 87. 

[0031] An alternate preferred embodiment of the present 
invention is shoWn in FIGS. 5-10. These ?gures illustrate a 
rotationally dithered proof mass Which is disc-shaped. This 
disc-shaped proof mass is mounted Within a ring-like dither 
mass Which is suspended Within a frame for rotational dither 
motion. The dither mass dithers about its Z aXis Which is 
perpendicular to the X-Y plane Within Which the ring shaped 
dither mass is located. Aproof mass is mounted Within the 
ring-shaped dither mass in the X-Y plane and rotates about 
an output aXis Y for an input rate about the X aXis. In other 
Words, the proof mass oscillates about the Y torsion bar aXis 
for an input rate on the X ads. 

[0032] Referring ?rst to FIGS. 5 and 6, Which shoWs the 
general relationship betWeen the disc-like proof mass 129 
mounted Within the ring-like dither mass 123 by a pair of 
torsion bar suspensions 127, Which lie along the Y aXis of the 
proof mass 129 and dither mass 123. The dither mass 123 is 
suspended by a plurality of dither drive beams 125 Which, in 
this preferred embodiment, are four in number, to a frame 
121. 

[0033] The ring-like dither mass 123 is driven rotationally 
about a Z aXis Which is perpendicular to the X-Y plane, 
Which is the plane of the paper, in a positive and negative 
direction 124 causing the proof mass 129 to also be rota 
tionally dithered. The proof mass contains a plurality of 
teeth 131 around its circumference, creating a scalloped 
edge, the purpose of Which Will be eXplained hereinafter. A 
plurality of electrodes 135 located in the cover for the dither 
mass 123 forces the dither mass to rotationally dither about 
the Z ads. 

[0034] FIG. 6 is a three-dimensional partially broken 
aWay perspective shoWing the relationship of the proof mass 
129 suspended Within the ring-like dither mass 123. The 
dither mass 123 is suspended by a plurality of dither drive 
beams 125 Which is the only attachment to a frame 121. The 
proof mass 129, in turn, is attached to the internal circum 
ference of the ring-like dither mass 123 by a pair of torsion 
bars 127, Which lie along a Y aXis 143 of the X-Y plane 147, 
143 Within Which the proof mass 129 and dither mass 123 
lie. 

[0035] ShoWn partially broken aWay is the bottom cover 
135 Which contains electrodes 138 therein for driving the 
dither mass in a back and forth dither motion 124 about the 
Z aXis 145. This rotational dither motion about the Z aXis 
145 also dithers the proof mass in the directions 149, 151. 

[0036] Also located in the bottom cover 135 are a plurality 
of quadrature nulling electrodes 137 Which interact With the 
bottom teeth-like grooves 133 located about the circumfer 
ence of the disc-like proof mass 129. Teeth 131 are also 
located on the top surface of proof mass 129 around its 
circumference. 
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[0037] The quadrature nulling electrodes 137 located in a 
semicircle in the cover are located With respect to the bottom 
teeth-like grooves 133 on the proof mass 129. The electrodes 
137 are preferably deposited titanium and gold electrodes on 
glass, like pyreX glass, for eXample. The top and bottom 
covers for the accelerometer-gyro are preferably made of 
pyreX glass. Apositive dc. voltage is supplied to half of the 
electrodes along the perimeter of the proof mass disc on line 
139. A negative dc. voltage is supplied to the remaining 
electrodes on line 141. These do voltages effectuate quadra 
ture nulling in a manner Which Will be more fully explained 
hereinafter. 

[0038] In operation, While the ring-like dither mass 123 is 
rotationally dithered about the Z aXis causing the proof mass 
129 to also be dithered about the Z aXis, an input rate along 
the X aXis 147 Will cause the proof mass 129 to oscillate 
about the Y torsion aXis 143 in an oscillatory motion 153 
about the Y torsion aXis 143. 

[0039] Because of manufacturing tolerances, the Z dither 
aXis 145 may not be exactly perpendicular to the Y torsion 
aXis 143, causing unWanted oscillation to act about the Y 
torsion aXis 143 as a result of this misalignment. As shoWn 
in FIG. 7, the dither mass 123 is being driven in a rotational 
dither direction 124 about Z aXis 145, causing the proof 
mass 129 to be likeWise dithered in the direction 149 on its 
right side, and the direction 151 on its left side. The top 
cover 136 for the accelerometer-gyro is illustrated as being 
fabricated from silicon With protruding teeth thereon that 
interact With the teeth 131 along the circumference of the 
disc-like proof mass 129. The displacement of the teeth in 
the right side top cover 136B, With respect to the teeth 131 
and the displacement of the teeth in the left side top cover 
136A, With respect to the teeth 131 in the proof mass 129 are 
illustrated for the case of a peak positive dither amplitude. 
In this situation, the forces 157 parallel to the Z aXis on the 
left side top cover of the proof mass 129 are strong because 
the teeth are aligned, While the forces 158 on the right side 
top cover of the proof mass 129 are Weak because the teeth 
are staggered. This differential creates a torque 153 about Y 
torsion bar aXis 143. Since the Y torsion bar aXis 143 is the 
output aXis for the accelerometer-gyro, this torque cancels 
the effect due to the unWanted oscillation from the misalign 
ment of the Z dither aXis 195. 

[0040] FIGS. 8, 9, and 10, illustrate the relationship 
betWeen the proof mass 129 and its teeth 131 around its 
perimeter With the electrodes 136 located on the top cover 
136A and 136B and the electrodes 137 located on the bottom 
cover 135A and 135B. 

[0041] FIGS. 8, 9, and 10, illustrate the relationship 
betWeen the proof mass 129 and the top and bottom covers 
and their respective electrodes When the dither motion 124 
is at Zero amplitude as a starting point. In other Words, the 
dither mass 123 is at null about the Z aXis 145. 

[0042] As the dither mass moves from this null position in 
a positive direction causing the proof mass 129 to also move 
in a positive direction 149, the capacitance 179 betWeen 
electrodes 136 and the teeth 131 of the proof mass 129 gets 
bigger because the teeth are becoming more aligned With the 
electrodes. At the same time, the capacitance 177 betWeen 
electrodes 136 and the teeth 131 of the proof mass 129 on 
the left side become smaller. This causes the upWard force 
FTR on the right side acting on the paddle to increase, While 
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the upward force FTL on the left side becomes quite loW. 
This difference in upward force betWeen the left and right 
side of the proof mass 129 causes a torque to be developed 
about the torsion Y aXis 143 Which, in turn, causes the proof 
mass 129 to rotate about the torsion Y aXis 143. 

[0043] When the dither rnass goes into a negative direction 
causing proof mass 129 to also go in a negative direction 
151, the capacitance 179 on the right side gets smaller, While 
the capacitance 177 on the left side gets larger. This causes 
the upWard force FTL on the left side to become large and the 
upWard force FTR on the right side to become loW, thereby 
reversing the torque on the Y aXis 143 of the proof mass, 
which causes the proof mass 129 to move in the opposite 
direction about the Y torsion bar aXis 143. In essence then, 
a sinusoidal torque acts on the proof mass 129 causing it to 
oscillate about the Y torsion bar aXis 143 exactly in phase 
With the dither arnplitude. That is, peak torque on the proof 
mass 129 occurs exactly When there is peak displacernent for 
the dither rnotion 124 about Z aXis 145. 

[0044] These oscillating forces, FTR and FTL, acting on the 
proof mass 129 can be servoed by automatically controlling 
the voltages VQ on lines 167 and 169 on the bottom cover, 
and lines 171 and 173 on the top cover, to thereby cancel the 
torque about Y aXis 143, Which is due to misalignment of the 
Z dither aXis 145. 

[0045] The cancellation of the torque generated about the 
torsion bar Y aXis 143, as a result of the Z dither aXis 145 not 
being perpendicular to the Y aXis 143, results in consider 
ably irnproved perforrnance. 

What is claimed is: 
1. A method for nulling quadrature in an angular rate 

sensor, having a dithered proof mass, the steps of the method 
comprising: 

applying vibration driving forces to vibrate the dithered 
proof mass; and 

applying a restoring force to the vibrating proof mass 
which is in phase With its dithered displacernent. 

2. The method of claim 1 Wherein the restoring force is 
applied by dc. signals. 

3. The method of claim 1 Wherein the restoring force is 
applied by ac. signals. 

4. The method of claim 1 Wherein the applying of a 
restoring force comprises: 

applying a bias voltage to the proof rnass; 

applying a plus or minus d.c. control voltage to electrodes 
adjacent to the proof mass; and 

adjusting the dc. control voltage to null the quadrature. 
5. The method of claim 3 Wherein the dc. control voltage 

is a plus and minus voltage applied to top and bottom 
electrodes adjacent to the proof mass at ?xed locations. 

6. The method of claim 1 Wherein said proof mass has a 
scalloped edge at the end opposite its connection to the 
dither mass. 

7. The method of claim 5 Wherein the restoring force is 
applied by dc. signals. 

8. The method of claim 5 Wherein the applying of a 
restoring force comprises: 

applying a bias voltage to the proof rnass; 
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applying a plus or minus d.c. control voltage to electrodes 
adjacent to the scalloped edge of the proof mass; and 

adjusting the dc. control voltage to null the quadrature. 
9. The method of claim 7 Wherein the dc. control voltage 

is a plus and minus voltage, each applied to electrodes Which 
overlap one half of a scallop on the scalloped edge of the 
proof mass. 

10. The method of claim 8 Wherein the plus and minus d.c. 
control voltage is applied to electrodes adjacent to each 
scallop on the proof mass. 

11. The method of claim 9 Wherein the plus and minus d.c. 
control voltages are applied to electrodes at both top and 
bottom sides of the proof rnass adjacent to each scallop of 
the proof mass. 

12. An apparatus for nulling the quadrature in an angular 
rate sensor having a dither mass and a proof mass, the 
apparatus comprising: 

the proof rnass having a ?rst and second end, the ?rst end 
being connected to the dither mass and the second end 
having a scalloped edge; 

a source of bias voltage applied to the proof mass; and 

a source of do control voltage applied to electrodes 
adjacent to the scalloped edge of the proof mass for 
providing a restoring force to the proof mass which is 
in phase With its dither displacernent. 

13. The apparatus of claim 11 Wherein the dc. control 
voltage source cornprises plus or minus d.c. voltages. 

14. The apparatus of claim 11 Wherein the dc. control 
voltage source cornprises plus and minus d.c. voltages, each 
applied to electrodes Which overlap one half of a scallop on 
the scalloped edge of the proof mass. 

15. The apparatus of claim 13 Wherein the plus and minus 
d.c. control voltage is applied to electrodes adjacent to each 
scallop on the proof mass. 

16. The method of claim 14 Wherein the plus and minus 
d.c. control voltage is applied to electrodes at both top and 
bottom sides of the proof rnass adjacent to each scallop of 
the proof mass. 

17. An apparatus for nulling the quadrature in a coriolis 
angular rate sensor, comprising: 

a dither rnass ?eXurally mounted within a frame for 
vibrating; 

a proof rnass mounted to said dither base by a ?eXure for 
oscillating at a predetermined frequency; 

a source of bias voltage applied to the proof mass; and 

a source of do control voltage applied to electrodes 
adjacent to the proof mass for providing a restoring 
force to the oscillating proof mass which is in phase 
With its displacernent. 

18. The apparatus of claim 16 Wherein the source of do 
control voltage cornprises plus or minus d.c. voltages. 

19. The apparatus of claim 16 Wherein the proof mass has 
a scalloped edge at the end opposite to the end mounted to 
the dither base. 

20. The apparatus of claim 18 Wherein the control voltage 
source cornprises plus and minus d.c. voltages, each applied 
to electrodes Which overlap one half of a scallop on the 
scalloped edge of the proof rnass. 
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21. The apparatus of claim 19 wherein the plus and minus 
d.c. control voltage is applied to electrodes adjacent to each 
scallop on the proof mass. 

22. A method for nulling quadrature in an angular rate 
sensor having a dither mass Within an X-Y plane and a proof 
mass mounted Within the dither mass for rotational move 
ment about a Z aXis of the X-Y plane, the steps of the method 
comprising: 

applying vibration driving signals to the dither mass to 
vibrate the dither mass and the proof mass at a com 
bined resonant frequency about the Z axis; and 

applying a restoring force to the proof mass Which is in 
phase With its dithered displacement. 

23. The method of claim 21 Wherein the restoring force is 
applied by dc. signals. 

24. The method of claim 21 Wherein the restoring force is 
applied by ac. signals. 

25. The method of claim 21 Wherein the applying of a 
restoring force comprises: 

applying a bias voltage to the proof mass; 

applying a plus or minus control voltage to electrodes 
adjacent to the proof mass; and 

adjusting the control voltage to null the quadrature. 
26. The method of claim 23 Wherein the control voltage 

is a plus and minus dc. voltage applied to top and bottom 
electrodes adjacent to the proof mass at ?xed locations. 

27. The method of claim 21 Wherein said proof mass has 
a scalloped edge around a portion of its perimeter. 

28. The method of claim 25 Wherein the restoring force is 
applied by dc. signals. 

29. The method of claim 25 Wherein the applying of a 
restoring force comprises: 

applying a bias voltage to the proof mass; 

applying a plus or minus d.c. control voltage to electrodes 
adjacent to the scalloped edge of the proof mass; and 

adjusting the dc. control voltage to null the quadrature. 
30. The method of claim 27 Wherein the dc. control 

voltage is a plus and minus voltage, each applied to elec 
trodes Which overlap one half of a scallop on the scalloped 
edge of the proof mass. 

31. The method of claim 28 Wherein the plus and minus 
d.c. control voltage is applied to electrodes adjacent to each 
scallop on the proof mass. 

32. The method of claim 29 Wherein the plus and minus 
d.c. control voltages are applied to electrodes at both top and 
bottom sides of the proof mass adjacent to each scallop of 
the proof mass. 
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33. An apparatus for nulling the quadrature in an angular 
rate sensor having a dither mass and a proof mass, the 
apparatus comprising: 

a dither mass mounted for motion in an X-Y plane; 

the proof mass mounted Within the dither mass for rota 
tional movement about a Z aXis of the X-Y plane; 

a source of bias voltage applied to the proof mass; and 

a source of do control voltage applied to electrodes 
adjacent to the edge of the proof mass for providing a 
restoring force to the proof mass Which is in phase With 
its dither displacement. 

34. The apparatus of claim 31 Wherein the dc. control 
voltage source comprises plus or minus d.c. voltages. 

35. The apparatus of claim 31 Wherein the proof mass has 
a scalloped edge around a portion of its perimeter. 

36. The apparatus of claim 33 Wherein the plus and minus 
d.c. control voltage is applied to electrodes adjacent to each 
scallop on the proof mass. 

37. The method of claim 34 Wherein the plus and minus 
d.c. control voltage is applied to electrodes Which overlap 
one half of a scallop on the scalloped edge of the proof mass. 

38. An apparatus for nulling the quadrature in a coriolis 
angular rate sensor, comprising: 

a dither mass ?eXurally mounted Within a frame for 
vibrating in an X-Y plane; 

a proof mass mounted Within said dither base for oscil 
lating about a Z aXis of the X-Y plane; 

a source of bias voltage applied to the proof mass; and 

a source of do control voltage applied to electrodes 
adjacent to the proof mass for providing a restoring 
force to the oscillating proof mass Which is in phase 
With its displacement. 

39. The apparatus of claim 36 Wherein the source of do 
control voltage comprises plus or minus d.c. voltages. 

40. The apparatus of claim 36 Wherein the proof mass has 
a scalloped edge around a portion of its perimeter. 

41. The apparatus of claim 38 Wherein the control voltage 
source comprises plus and minus d.c. voltages, each applied 
to electrodes Which overlap one half of a scallop on the 
scalloped edge of the proof mass. 

42. The apparatus of claim 39 Wherein the plus and minus 
d.c. control voltage is applied to electrodes adjacent to each 
scallop on the proof mass. 

* * * * * 


