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ABSTRACT

An accelerometer can include a support structure having situated
thereupon a stator electrode array including multiple stator electrodes (e.qg., A, B,
and C); and a proof mass positioned parallel to the stator electrode array and
capable of displacement parallel thereto. A translator electrode array facing the
stator electrode array can comprise multiple translator electrodes (e.g., a and b)
can be situated on the proof mass. Further included is a drive circuitry to apply
drive voltages to six capacitances formed by the stator and transiator electrodes.
The total force F exerted on the proof mass by the drive voltages is held constant

at about zero.
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ACCELEROMETER
BACKGROUND

Accelerometers are used to detect and measure acceleration undergone
by structures, vehicles, as well as moving parts of larger assemblages.
Acceleration measurements can be used as input into control systems which use
the information to adjust or correct for dynamic conditions. Some examples of
their application include skid detection and correction, impact detection for
triggering protective responses (e.g. air bag deployment or restraint tightening in
automobiles), and to provide feedback control in steering and suspension. In
addition, detecting and measuring acceleration can play a role in vibration
detection In seismography. As such, there is continued interest in developing

devices that detect acceleration accurately and effectively.

SUMMARY

Accordingly, in one aspect there is provided an accelerometer, comprising:
a support structure having situated thereon a stator electrode array comprising
stator electrode A, stator electrode B, and stator electrode C; a proof mass
positioned parallel to the stator electrode array and capable of displacement in a
direction parallel to the stator electrode array, and having situated thereon a
translator electrode array facing the stator electrode array and comprising
translator electrode a and translator electrode b, wherein the stator electrodes
and the translator electrodes form capacitances Caa, Cba, Cas, Cps, Cac, and Cyc;
and a drive circuitry to apply a plurality of drive voltages to the capacitances so
as to generate two output signals, wherein a total force F exerted on the proof
mass by the drive voltages is held constant at about zero, wherein the drive
circuitry applies a drive voltage Va to capacitances C,a and Cpa, a drive voltage

Vg to capacitances C,g and Cyg, and a drive voltage V¢ to capacitances C,c and
Coc so that

T | .
F = 9 ViC1 + VECy + VACS]

where



10

15

20

CA 02799152 2016-09-19

o 0Cun  0Cha
1= - | ;
o O
Cy - 0CuB N dChB
ox ox
Oy = OCqc . OChc
| ox ox

and where x is the displacement of the proof mass relative to the support
structure.

According to another aspect there is provided a method of detecting
acceleration using a capacitive accelerometer, comprising: applying a plurality of
drive voltages to the capacitances Caa, Cpa, Cas, Cos, Cac, and Cpc formed by
stator electrodes on a support structure and translator electrodes on a proof
mass so as to generate two output signals, wherein a total force F exerted on the
proof mass by the drive voltages is held constant at about zero, wherein a drive
voltage Va is applied to capacitances C,a and Cpa, a drive voltage Vgis applied to
capacitances Cyg and Cyg, and a drive voltage V¢ is applied to capacitances Cac

and Cpe so that

1 »*) -2 2
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and where x is the displacement of the proof mass relative to the support
structure.

Acoording to another aspect there is provided an accelerometer,
comprising: a support structure having situated thereon a stator electrode array
comprising stator electrode A, stator electrode B, and stator electrode C; a proof

mass positioned parallel to the stator electrode array and capable of
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displacement in a direction parallel to the stator electrode array, and having
situated thereon a translator electrode array facing the stator electrode array and
comprising translator electrode a and translator electrode b, wherein the stator
electrodes and the translator electrodes form capacitances Caa, Coa, Cag, Cos,
C.c, and Cyc: and a drive circuitry to apply a plurality of drive voltages to the
capacitances so as to generate two output signals, wherein the plurality of drive
voltages are square waves, a frequency of the plurality of drive voltages specified
so as to be higher than a system mechanical response, and wherein an
amplitude for.the plurality of drive voltages is specified such that a total force
exerted on the proof mass in a direction parallel to the support structure by the
drive voltages over a range displacement is held constant at about zero.
According to another aspect there is provided an accelerometer,
comprising: a support structure having situated thereon a plurality of stator
electrodes: a proof mass position parallel to the support structure and having
situated thereon a plurality of translator electrodes facing the stator electrodes,
wherein the stator electrodes and the translator electrodes form a plurality of
capacitances; and a drive circuitry to apply a plurality of drive voltages to the
capacitances so as to generate two output signals, wherein the plurality of drive
voltages are square waves, a frequency of the plurality of drive voltages specified
so as to be higher than a system mechanical response, and wherein the drive
controller controls an amplitude of the drive voltages, the amplitude of the drive
voltages specified so that a total force exerted on the proof mass in a direction
parallel to the support structure by the drive voltage over a range of displacement

is held constant at about zero and an output gain is maximized.
According to another aspect there is provided a method of detecting

acceleration using a capacitive accelerometer, comprising applying a drive
voltage to electrodes situated on a proof mass in the accelerometer so as to
produce an output signal that varies with displacement of the proof mass in a
direction parallel to a support structure, wherein the drive voltage Is a square
wave, a frequency of the drive voltage specified so as to be higher than a system
mechanical response, and wherein an amplitude for the drive voltage is specified

so as to eliminate forces imparted to the proof mass in a direction parallel to the
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support structure by the drive voltage over a range of displacement, and wherein

a gain of the output signal is maximized.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of an accelerometer in accordance with an
example of the present disclosure;

FIG. 2 is a circuit diagram illustrating cross-capacitances between
electrodes in an accelerometer in accordance with another example;

FIG. 3 is simplified circuit representing one-half of an accelerometer
detection circuit in accordance with an example of the present disclosure;

FIG. 4 is a graph showing the value of six capacitances as a function of
proof mass displacement in an accelerometer in accordance with another
example of the present disclosure;

FIG. 5 is a graph showing the derivative of the capacitance functions in
FIG. 4;

FIG. 6 is a graph showing voltages of drive signais that can be applied to
capacitances in an accelerometer in accordance with an example of the present
disclosure; and

FIG. 7 Is a graph showing voitages of drive signals modified in accordance

with an example of the present disclosure.
DETAILED DESCRIPTION

Reference will now be made to certain examples, and specific language
will be used herein to describe the same. In describing and claiming these
examples, the following terminology will be used in accordance with the

definitions set forth below.

It Is to be noted that, as used in this specification and the appended
claims, the singular forms "a,” "an,” and “the” include one or more of the thing
referred to unless the context clearly dictates otherwise.

As used herein, a “drive signal” or “drive voltage” refers to an electrical

signal applied directly or indirectly to capacitive elements in a capacitive
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accelerometer, by which acceleration undergone by the accelerometer can be
ascertained based on the behavior of the capacitive elements. References to an
amplitude or magnitude of a drive signal or drive voltage generally indicate a
peak-to-peak amplitude, e.g. of a sinusoid or other AC signal, rather than a root-
mean-square measure.

As used herein, a plurality of items, structural elements, compositional
elements, and/or materials may be presented in a list for convenience. These
lists should be construed as though each member of the list is individually
identified as a separate and unique member.

Examples discussed herein set forth an accelerometer that provides
particular operational characteristics. Accelerometers can be used to detect and
measure acceleration undergone by a structure or vehicle or of a moving part of a
structure or vehicle. One type of accelerometer is the capacitive accelerometer,
In which accelerational forces are detected by their effect on the value of one or
more capacitances. In particular, a capacitive accelerometer in accordance with
the principles discussed herein comprises a proof mass connected to a structural
support so that the proof mass is capable of displacement relative to the
structural support and in a particular plane. Such displacement can occur when a
force is applied to the structural support, causing it to accelerate relative to the
proof mass due to the inertia of the proof mass. The resulting relative
displacement between the proof mass and structural support changes the
capacitances formed by electrodes disposed on these two elements.

The capacitive changes can be detected and measured by applying a
drive signal to the capacitances so as to produce an output signal that varies with
proof mass displacement. For example, two electrodes disposed on a proof
mass and three electrodes disposed on a structural support constitute a six-
element cross-capacitance. One example of a signal to drive such a circuit
comprises a plurality of sinusoidal AC voltages applied to one set of electrodes.
The amplitude of the signal output by the circuit varies with the capacitances,
where each of the capacitances varies according to proof mass displacement.

By measuring the signal and using this relationship, changes in proof mass
position can be measured, from which the forces imparted by acceleration of the

structure can be ascertained.
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It has been found that such signals can themselves impart a force on the
proof mass. This feedback force enhances the difficulty in tracking a proof mass.
For example, accurate acceleration detection in this situation calls for separating
the measurement-induced force from the forces imparted on the proof mass due
to external accelerations. An accelerometer according to the present disclosure
eliminates measurement-induced forces imparted on the proof mass. In a more
particular example, the accelerometer also maintains a null position output. In
another particular example, the accelerometer maximizes output gain, i.e. the
relationship between proof mass displacement and changes in output voltage.

A method of detecting acceleration using a capacitive accelerometer can
comprise applying a drive voltage to electrodes situated on a proof mass in the
accelerometer so as to produce an output signal that varies with displacement of
the proof mass. In particular aspect, the drive voltage can include sinusoidal
waveforms, or alternatively square waveforms. The amplitude for the drive
voltage is specified so as to eliminate forces imparted to the proof mass by the
drive voltage, and wherein the gain of the output signal is maximized. In a more
particular example, the drive voltage Is selected to maintain a null position output.

Turning to the FIGS., and in accordance with one example of the present
disclosure, an accelerometer comprises a proof mass 102 associated with or
connected to a support structure 104 so that the proof mass is capable of
displacement relative to the structural support and in a particular plane. In a
specific example, the proof mass is positioned parallel to a stator electrode array
106, and is further capable of displacement in a direction parallel to the stator

electrode array. The stator electrode array includes multiple stator electrodes

110. The proof mass can be connected to the support structure using a
compliant material to allow movement of the proof mass in that plane. In one
aspect, the matenal is also resilient and releases the kinetic energy of
displacement, returning the proof mass toward a previous position. The stator
electrode array can be disposed on the support structure in various
configurations. In a particular example, the stator electrode array is located on a
surface of the proof mass that is opposite the upper surface of the support
structure. In this specific aspect, the surface of upon which each electrode array

is disposed Is a flat surface. A translator electrode array 108 is also disposed on
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a surface of the proof mass facing opposite the stator electrode array. In a
particular aspect, the translator electrode array includes muitiple translator
electrodes 112.

A uniform gap can exist between the stator electrode array 106 and the
translator electrode array 108, the size of the gap denoted by distance d in FIG.
1. In a specific aspect, the gap may be from about 1 to about 3 micrometers.
However, other distances can alternatively be used for d in accordance with the
principles of the present disclosure. The proof mass 102 can be situated in such
a manner that the stator electrode array and the translator electrode array fall into
planes that are parallel to one another, such that the gap is uniform throughout
the entire overlap between the stator and translator electrode arrays.

Each individual electrode array comprises a plurality of electrodes. In
particular, the stator electrode arrays 106 each comprises a plurality of stator
electrodes 110 and the translator electrode arrays 108 comprises a plurality of
translator electrodes 112. In a specific aspect, the translator electrode array can
be smaller in size than the stator electrode array to account for the fact that the
proof mass 102, and therefore the translator electrode array, are moveable.
Accordingly, the arrays can be situated so that there is overlap between the
stator and translator electrode arrays throughout the entire range of motion of the
proof mass 102.

Each of the electrodes in an electrode array can comprise metal or other
conductors. In a specific aspect, the electrodes can be generally rectangular in
shape. However, it is understood that conductors of other shapes and sizes may

be employed as desired in connection with the examples set forth or the

principles described herein.

In addition to the gap d, each array has a total length L. In a particular
example, a uniform spacing is used within each electrode array so that the array
has a particular pitch P, i.e. the distance between a common point in each of the
electrodes in a respective electrode array. it is noted that electrodes may be
disposed in configurations other than in linear or rectangular arrays as depicted.
For example, the electrodes may be disposed in a circular array for use in
detecting angular acceleration and displacement, or other arrangements may

also be used for particular applications.
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For purposes of illustrating the principles discussed herein, the exemplary
example is described with reference to a stator electrode array 106 and a
translator electrode array 108. It is noted however that the same principles apply
to examples in which there are actually multipie stator electrode arrays and
multiple translator electrode arrays. For example, there may be four pairs of
translator electrode arrays in which the proof mass moves in two dimensions
within a plane that is parallel to the stator electrode array.

Furthermore, each array can include a plurality of electrode patterns, in
which each pattern comprises two or more electrodes, and each electrode within
each pattern corresponds with other electrodes in other patterns that occupy the
same position in their respective patterns. The corresponding electrodes in each
of the patterns are electrically coupled to each other. In addition, the patterns can
be interdigitated with respect to each other within either array or both arrays.

In accordance with an example, the accelerometer further comprises drive
circuitry 114 to provide connections among the components of the accelerometer
and to facilitate driving the components for detection. Determination and delivery
of drive voltages can be performed by a drive controller 118 included in the drive
circuitry 114, and can be set up to detect or otherwise receive relevant
specifications as input and adjust signal voltage accordingly. The circuitry
provides connections among electrodes and within the circuitry corresponding
pairs of electrodes form capacitances. For example, as shown in FIG. 1, stator
electrodes 110 (A, B, and C) are electrically coupled and the translator electrodes
112 (a and b) are electrically coupled. The stator electrodes form a capacitance
with the transiator electrodes so as to form a total of six variable capacitances,
Can, Coa, Cag, Cog, Cac, and Cpec. These capacitances constitute a six-element
cross-capacitance, an equivalent circuit of which is shown in FIG. 2. These
capacitances change as the translator electrode array 108 is displaced relative to
the stator array 106.

The circuitry can also deliver a drive signal to the capacitances. In a
particular aspect, the circuitry delivers the drive signal to one of the electrode
arrays, generating an output that is affected by the value of the capacitances in
the circuit. The drive signal used can include voltage waveforms that produce an

output. It should be understood that terms used herein to describe volitage
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waveforms can refer to waveforms that deviate somewhat from a pure form. For
example, sinusoidal voltages can also include voltages having quasi-sinusoidal
waveforms.

In one example, the drive signal comprises a plurality of sinusoidal
voltages. As such, the circuitry includes an AC voltage source, or alternatively a
connection to such a source. In a particular aspect, the voltage source is
connected via a capacitor so as to isolate the downstream circuitry from DC
voltages. In another particular aspect, the frequency of the AC voltage source is
specified so as to be higher than either a closed loop bandwidth or a system
mechanical response. In an alternative example, the drive signal includes square
wave voltages.

In a more particular example, and referring again to FIG. 1, the plurality of
drive signals comprises a sinusoidal voltage delivered to the stator electrodes
110. A drive voltage Va is applied to stator electrode A, a drive voltage Vg to
stator electrode B, and a drive voltage V¢ to stator electrode C. Therefore each
drive signal will encounter two capacitances, i.e. Va across capacitances C,a, and
Copa: Vg across Cag and Cyg; and V¢ across C,c, and Cpe.  In accordance with this
example, two output signals 116 are generated, one detectable at each of the
translator electrodes a and b. The two output signals are based upon the phase-
to-phase capacitance between the stator electrode array 106 and the translator
electrode array 108. In this example, the two signal outputs correspond to the
two translator electrodes. That is, the cross-capacitance between the stator
electrode array and the translator electrode array results in signals at the
translator electrodes.

As the proof mass 102 moves relative to the support structure 104, the
relative positions of the translator electrodes 112 and stator electrodes 110
changes in an angular fashion. The capacitance change function is specific to
the specifications of the accelerometer, particularly the array pitch and length of
the array or electrode pattern. For example, a ratio of the pitch of the translator
electrode array 108 to the gap d between the arrays can be selected in order to
obtain a particular change in the cross-capacitances per change in position
(dC/dx). In a particular example, the ratio is specified to be equal to 1.6. In such a

regime, the variation in the cross-capacitance is sinusoidal and may be
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adequately represented by a single component Fourier expansion with a period
equal to the group length L. However, it is understood that other values may be
employed for the ratio of the pitch of the translator electrode array to the gap

d. The ratio of displacement D to array or pattern length L result in a position
phase angle 6p according to 6p=2mrD/L.

In a specific example of an accelerometer having a gap d=0.1 ym, the
each of the capacitances changes in a quasi-sinusoidal fashion as a function of
displacement phase angle 6. The actual waveform can vary based on factors
such as electrode shape and the physical characteristics of the coupling between
the proof mass and the support structure.

The circuitry can be further employed to detect or sense the degree of the
change in the capacitances between the electrode arrays 106 and 108 by
measurement of the output signals 116. Based upon the change in the
capacitances, such circuitry generates appropriate signals that are proportionai to
the acceleration experienced by the accelerometer. More specifically, an output
signal of the embodied circuit can be an amplitude modulated version of the drive
signal, where the amplitude is a function of the value of the respective
capacitances. In another aspect, the output signal can further be demodulated to
produce an output voltage that is proportional to the value of the capacitances
and/or the amplitude of the output signal.

A plurality of signal outputs provides for tracking proof mass movement
through multiple cycles of any one of the outputs signals 116. In a particular
example, the pitches of the translator array 108 and the stator array 106 are
selected so that the variation in output signals is distributed across the range of
Bp so each provides an independent measure of the displacement of the proof
mass 102. More particularly, the ratio of the pitches is selected so that the
maxima and minima of the output signals are uniformly distributed across the
range of proof mass displacement. In a specific example the ratio of the pitch of
the translator electrode array to that of the stator electrode array is about 1.5. In
a particular aspect, where any one of the signal outputs approaches a zero slope
(a negative or positive peak in the sinusoid), the slopes of the other two signal
outputs will be either significantly negative or positive and therefore provide

positional information. As a consequence, the movement of the proof mass 102

10
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may be tracked across an entire cycle of any one of the outputs. Consequently,

the accelerometer can track the movement of the proof mass at distances greater

than a single cycle of variation of any one of the signal outputs or distances

greater than the group length L.

As discussed above, the drive signal voltages can impart a force to the
proof mass. The energy stored in a capacitor is given by:
[7 — %.(?V?
) [1]

The force on that capacitor is given by:

1 oC O
F=_-Cy
2 O 2]

The total force on the six capacitances of a three-phase accelerometer according

to the present example is:

F= = 72' [‘ A O}.. 1 ‘é (’,.2 I ‘(”4 C 3}
[3]
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In accordance with the present example, an accelerometer includes drive
circuitry to deliver a plurality of sinusoidal drive voltages to the capacitances

formed by the electrodes so that the total force exerted on the proof mass by the
sinusoidal drive voltages is held constant at about zero. In a specific aspect, the
drive circuitry delivers Vp, Vg, and V¢ at values such that F in Eq. 3 resolves to
about zero. In a particular example, the drive circuitry varies over the range of

displacement so as to hold F constant at about zero.

11
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A particular relative position of the proof mass 102 and the support
structure 104 can designate a null point of the device. This can be done to
facilitate calibration, or to facilitate tracking proof mass position. In one aspect,
the null point is the point of zero displacement (i.e. 6p = 0). In another aspect,
this is a position in which one electrode array (e.g. the stator electrode array 106)
symmetrically overlies the other electrode array (e.g. the translator electrode

array 108). In still another aspect, the cross-capacitances in the accelerometer

‘(and the forces on them) are balanced at the null point. As such, a null point can

be represented in the output signals and used to track the position of the proof
mass. Forces imparted on the proof mass by the drive voltage signal can
interfere with null position tracking.

In an example, drive voltages are employed that maintain null point
voltage so that null tracking algorithms can be used. More particularly, the
circuitry is configured so that a voltage differential between the at least two signal
outputs is constant at zero when displacement of the proof mass is zero.

In FIG. 3 is shown a simplified diagram of one-half of the capacitive
detection circuit in the present example, i.e. the capacitances formed using

translator electrode a. The output voltage V, at electrode a is given by:

|

‘:f (] A + -[ J&; 'Jf_ I C’ ) Z 7€ f

|

Z{"{A + Zre f Z a3 T Lre ]L 4 a1 /!‘0]‘

o Z [ Z ) { - ; Z ‘
t (1.1 ] it 3 i (1€ .
1 i Z; ot 1 i Z; o f [ 3 Zr ot
(4]
where Zy 1s the complex impedance of the component denoted in the
subscript. For capacitors, Z = -j/wC, so this can also be expressed as:
Vi = Oy ey If oy
l. + (‘.;{:I A ] ! (4H[§ ] + (Y“(
[3]
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An equivalent circuit for the other half will have an output voltage V, that

can be expressed similarly but with capacitances Cpa, Cps, and Cec.

. Va VB Ve
‘/ b — ] C'ref + 1 Cre"f + ] C:'I’t’tf
LT Cha L bB LT Che 6]

Therefore, the differential voltage between outputs is Vo = V3 — Vp
According to the example, the drive circuitry delivers drive signals where voltages |
Va, Vg, and V¢ produce output signals so that V, — V,, is at about zero at the null
point. As a result, null tracking functionality is preserved. In addition, a particular
range of differential output that is symmetric about the null point is preserved. In
this way, amplifiers or other components can be selected for use at the output
stage that have a functional range that is well-matched to the output range.
Preservation of the null output point allows the use of such amplifiers while
reducing the possibility of saturation due to range mismatch.

According to another example, the accelerometer is configured so that an
output gain is maximized. An output gain can generally be the strength of the
effect of displacement on an aspect of accelerometer output. In a particular

example, the output gain G is the rate of change in V, with changing

displacement x, I.e.
(,)"f;;

G = -

In terms of the drive voltages Va, Vg, and V¢, gain G can be expressed as

13
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In a particular example, the drive circuitry delivers drive signals so that output
gain is maximized. In a more particular example, the drive voltages Va, Vg, and
Ve are chosen so that the value of a function of G based on Va, Vg, and V¢ is
held at or near a maximum of that function.

As discussed above, a capacitive accelerometer in accordance with the
examples herein utilizes drive signals having voltages selected to provide certain
operating conditions. In particular, accelerometer drive signals are delivered to
the detection capacitances, where the particular voltage of one or more of the
signals is selected so that the total force imparted to the proof mass is about
zero. In another example, the particular voltage(s) also maintains a null position
INn the accelerometer output. In still another example, the particular voltage(s)
provide maximum gain of output voltage over proof mass displacement. These
voltages are a function of accelerometer specifications, particularly the values of
the capacitances formed by the electrodes. The drive sighals are delivered to the
capacitances by drive circuitry that provides the signals in the voltage range
appropriate to the accelerometer specifications.

An example of a making an accelerometer in accordance with the
principles herein comprises securing a stator electrode A, a stator electrode B,
and a stator electrode C onto a support structure to form a stator electrode array
106 and securing a translator electrode a and a translator electrode b onto a
proof mass 102 to form a translator electrode array 108. The proof mass is

attached to the support structure so that the stator electrode array faces the

translator electrode array, and so that the proof mass is capable of displacement

14
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In a direction parallel to the stator electrode array. The stator electrodes 110 and
translator electrodes 112 are connected to a drive circuitry 114 in which the stator
electrodes and the translator electrodes form capacitances C;a, Cpa, Cag, Cobs,
Cac, and Cypc. The drive circuitry can more particularly apply a set of drive
voltages to the capacitances so as to generate at least two output signals 116,
wherein the total force exerted on the proof mass by the drive voltages is held
constant at about zero.

In one aspect, the particular drive signal voltages are a specification of the
drive circuitry. Configuration of the drive circuitry will therefore be based on
predetermined values for the relevant specifications. For example, a range for
each of the capacitances may be determined based on factors such as electrode
material, electrode size, electrode array dimensions, gap between the arrays,
range of proof mass movement, and others recognized by skilled artisans as
relevant in making such devices. The drive voltage appropriate for the desired
operational conditions can then be engineered into the circuitry.

Alternatively, determination and delivery of drive voltages can be
performed by a drive controller 118 included in the drive circuitry 114 and set up
to detect or otherwise receive relevant specifications as input and adjust signal
voltage accordingly. In one example, the drive controller is embodied in software
or code that is executed by hardware such as a processor. In another example,
the controller is embodied in dedicated hardware, such as discrete logic circuits
having logic gates for implementing various logic functions upon an application of
one or more data signals, application specific integrated circuits having

appropriate logic gates, programmable gate arrays (PGA), field programmable

gate arrays (FPGA), or other components.

More particularly, such software or code can be embodied in any
computer-readable medium for use by or in connection with a processor or other
execution system. The computer readable medium can comprise any one of
many physical media such as, for example, electronic, magnetic, optical,
electromagnetic, infrared, or semiconductor media. More specific examples of a
suitable computer-readable medium would include, but are not limited to,
magnetic tapes, magnetic floppy diskettes, magnetic hard drives, or compact

discs. Also, the computer-readable medium can be a random access memory
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(RAM) including, for example, static random access memory (SRAM) and
dynamic random access memory (DRAM), or magnetic random access memory
(MRAM). In addition, the computer-readable medium may be a read-only memory
(ROM), a programmable read-only memory (PROM), an erasable programmable
read-only memory (EPROM), an electrically erasable programmable read-only
memory (EEPROM), or other type of memory device.

The circuitry 114 can comprise further components as needed to impart
desired characteristics to the behavior of the circuit according to the knowledge in
the art. These can include, without limitation, demodulation components such as
rectifiers and the like; components to provide DC isolation, such as additional
capacitors; amplifiers, oscillators, signal generators, and the like.

Summarizing and reiterating to some extent, an accelerometer is
described herein which allows measurement-related forces to be minimized or
eliminated. The accelerometer can include capacitances driven by signals
having particular voltages selected to provide said condition. The particular
voltages can further maintain null position in an output of the accelerometer. The

particular voltages can also maximize output gain.

EXAMPLES

Example 1

A three-phase accelerometer having a proof mass with translator
electrodes a and b disposed thereupon and a support structure with stator

electrodes A, B, and C disposed thereupon as shown in FIG. 1 and having a gap
d of 0.1 ym has six capacitances Cia, Cpa, Cag, Cos, Cac, and Cye that vary with
proof mass displacement 6p as shown in FIG. 4. The derivative of each

capacitance is shown in FIG. 5.

Drive signals having sinusoidal voltages Va Vg, and V¢ are delivered to
stator electrodes A, B, and C respectively and varied with 8- as shown in FIG. 6.
Output signals were recorded from translator electrodes a and b, both with the
accelerometer at rest as well as under accelerations causing proof mass

movement. Upon analysis of the output signals, a detectable component of
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variation in the output signal is found to be due to a nonzero force imparted to the

proof mass by the drive signals.

Example 2
The drive signals used in Example 1 are delivered to the same stator

electrodes as in Example 1, except the voltages are modified to vary with 6 as
shown in FIG. 7. Output signals were recorded from translator electrodes a and
b, both with the accelerometer at rest as well as under accelerations causing
proof mass movement. Upon analysis of the output signals, the proof mass is

found to experience essentially no force arising from the modified drive signals.

Example 3
A three-phase accelerometer as in Example 1 is driven according to the

method in Example 1. A null tracking algorithm i1s employed to track proof mass
position based on a null position represented in the output signal and based on a
proof mass starting position. The accelerometer is then subjected to a regime of
acceleration trials. At the end of the trials regime, the null position of the output
signal is compared to the original proof mass starting position. The nuil position
IS observed to correspond to a proof mass position other than the starting

position.

Example 4

The three-phase accelerometer of Example 3 is subjected to the testing

described in that Example, except while being driven using modified drive signals

according to the method in Example 2. At the end of the trials regime, the null
position of the output signal is compared to the original proof mass starting
position. The null position is observed to correspond to the same proof mass

starting position determined before the trials.

While the forgoing examples are illustrative of the principles and concepts
discussed herein, it will be apparent to those of ordinary skill in the art that
numerous modifications in form, usage and detalls of implementation can be

made without the exercise of inventive faculty, and without departing from those
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principles and concepts. Accordingly, it is not intended that the principles and

concepts be limited, except as by the claims set forth below.
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What is claimed is:

1. An accelerometer, comprising:

a support structure having situated thereon a stator electrode array
comprising stator electrode A, stator electrode B, and stator electrode C;

a proof mass positioned parallel to the stator electrode array and capable
of displacement in a direction parallel to the stator electrode array, and having
situated thereon a translator electrode array facing the stator electrode array and
comprising translator electrode a and translator electrode b, wherein the stator
electrodes and the translator electrodes form capacitances Caa, Coa, Cas, Chg,
Cac, and Cbc;.and

a drive circuitry to apply a plurality of drive voltages to the capacitances so
as to generate two output signals, wherein a total force F exerted on the proof
mass by the drive voltages is held constant at about zero,

wherein the drive circuitry applies a drive voltage Va to capacitances Cja
and Cpa, a drive voltage Vg to capacitances C.s and Cyg, and a drive voltage V¢

to capacitances C,c and Cpc so that

1 |
b = ~5 [Vj@l + Vj_%cg + V(%C:SJ

o

where
C 0Caa  dCpa
| or Oz
Clo = 8C’f(zB j ach
/Y T | ;
O Ox
3 = Y ;
ox ox
and where x is the displacement of the proof mass relative to the support
structure.
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2. The accelerometer of claim 1, wherein the drive circuitry applies the drive
voltages to the capacitances so that a voltage differential between the two output

signals is constant at about zero when displacement of the proof mass is zero.

3. The accelerometer of claim 1, wherein the drive circuitry applies the drive
voltages so as to maximize 8V./0x, where V, is a voltage differential between the

two output signals.

4. The accelerometer of claim 1, wherein a ratio of a pitch of the stator
electrode array to a pitch of the translator electrode array is specified so that

each of the two output signals are sinusoidal.

5. The accelerometer of claim 1, wherein a ratio of a pitch of the stator
electrode array to a distance between the stator electrode array and the
translator electrode array is specified so that maxima and minima of the two
output signals are uniformly distributed across a range of proof mass

displacement.

0. The accelerometer of any one of claims 1 to 5, wherein at least one of the

drive voltages is a sinusoid wave.

7. The accelerometer of any one of claims 1 to 5§, wherein at least one of the

drive voltages is a square wave.

8. The accelerometer of any one of claims 1 to 7, wherein the drive circuitry

includes a drive controller to control an amplitude of the drive voltages.

Q. A method of detecting acceleration using a capacitive accelerometer,
comprising:

applying a plurality of drive voltages to the capacitances Cza, Coa, Cag, Cos,
C.c, and Cyc formed by stator electrodes on a support structure and translator

electrodes on a proof mass so as to generate two output signals, wherein a total
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force F exerted on the proof mass by the drive voltages is held constant at about

Zero,

wherein a drive voltage Va is applied to capacitances C;a and Cpa, a drive
voltage Vg is applied to capacitances Cag and Cpg, and a drive voltage V¢ is

applied to capacitances C,c and Cyc so that

1, .~ .-
F = —5 Df’j(?l + V5Cs + VéC,‘s]

where
01 . 80{1,‘4 + ac‘brl
o Ox O
= (?CYCLB 4 oC hB
- ox ox
0Cac | Cic
C* _ ‘ CL_ - + | i
; Ox O
and where x is the displacement of the proof mass relative to the support
structure.

10. The method of claim 9, wherein at least one of the drive voltages is a

sinusold wave or a square wave.

11.  An accelerometer, comprising:

a support structure having situated thereon a stator electrode array
comprising stator electrode A, stator electrode B, and stator electrode C;

a proof mass positioned parallel to the stator electrode array and capable
of displacement in a direction parallel to the stator electrode array, and having
situated thereon a translator electrode array facing the stator electrode array and
comprising translator electrode a and translator electrode b, wherein the stator
electrodes and the translator electrodes form capacitances Cgaa, Copa, Cag, Coa,
Cac, and Cyc; and

a drive circuitry to apply a plurality of drive voltages to the capacitances so
as to generate two output signals, wherein the plurality of drive voltages are

square waves, a frequency of the plurality of drive voltages specified so as to be
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higher than a system mechanical response, and wherein an amplitude for the
plurality of drive voltages is specified such that a total force exerted on the proof
mass in a direction parallel to the support structure by the drive voltages over a

range displacement is held constant at about zero.

12.  The accelerometer of claim 11, wherein the drive circuitry applies a drive
voltage Va to capacitances C,a and Cya, a drive voltage Vg to capacitances Cag

and Cpg and a drive voltage V¢ to capacitances C,c and Cyc so that

F=-—g Vil + VECy + VECs]
where
o = (7?(1.;4_ N 3?’5‘4
Jx ox
0C,p  OC
ox o
C B (‘9 CCL (! + a C/ch;"
’ ox ox
and where x is the displacement of the proof mass relative to the support
structure.

13.  The accelerometer of claim 11 or 12, wherein the drive circuitry applies the
drive voltages to the capacitances so that a voltage differential between the two
output signals is constant at about zero when displacement of the proof mass is

Zero.

14.  The accelerometer of claim 11 or 12, wherein the drive circuitry applies the

drive voltages so as to maximize 5V,/dx, where V, is a voltage differential

between the two output signals and where x is the displacement of proof mass

relative to the support structure.
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15. The accelerometer of claim 11 or 12, wherein a ratio of a pitch of the stator
electrode array to a pitch of the translator electrode array is specified so that

each of the two output signals are sinusoidal.

16. The accelerometer of claim 11 or 12, wherein a ratio of a pitch of the stator
electrode array to a distance between the stator electrode array and the
translator electrode array is specified so that maxima and minima of the two
output signals are uniformly distributed across a range of proof mass

displacement.

17.  The accelerometer of any one of claims 11 to 16, wherein the drive

circuitry includes a drive controller to control an amplitude of the drive voltages.

18.  An accelerometer, comprising:

a support structure having situated thereon a plurality of stator electrodes;

a proof mass position parallel to the support structure and having situated
thereon a plurality of translator electrodes facing the stator electrodes, wherein
the stator electrodes and the translator electrodes form a plurality of
capacitances; and

a drive circuitry to apply a plurality of drive voltages to the capacitances so
as to generate two output signals, wherein the plurality of drive voltages are
square waves, a frequency of the plurality of drive voltages specified so as to be
higher than a'system mechanical response, and

wherein the drive controller controls an amplitude of the drive voltages, the
amplitude of the drive voltages specified so that a total force exerted on the proof
mass in a direction parallel to the support structure by the drive voltage over a
range of displacement is held constant at about zero and an output gain is

maximized.

19.  The accelerometer of claim 18, wherein the drive circuitry applies the
drive voltages to the capacitances so that a voltage differential between the two
output signals is constant at about zero when displacement of the proof mass is

ZEero.
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20.  The accelerometer of claim 18 or 19, wherein the output gain is 6V,/0x,

where V, is a voltage differential between the two output signals and where x is

the displacement of proof mass relative to the support structure.

21. A method of'detecting acceleration using a capacitive accelerometer,
comprising applying a drive voltage to electrodes situated on a proof mass in the
accelerometer so as to produce an output signal that varies with displacement of
the proof mass in a direction parallel to a support structure, wherein the drive
voltage is a square wave, a frequency of the drive voltage specified so as to be
higher than a system mechanical response, and wherein an amplitude for the
drive voltage is specified so as to eliminate forces imparted to the proof mass in a
direction parallel to the support structure by the drive voltage over a range of

displacement, and wherein a gain of the output signal is maximized.

22. The method of claim 21, wherein the drive voltage is applied to the
electrodes so as to produce two output signals, so that a voltage differential

between the two output signals is constant at about zero when displacement of

the proof mass is zero.
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