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(57) Abstract ROCESSOR

Method and apparatus for processing signals supplied by accelerometer assemblies (12) in which one or more accel-
erometers are cyclically displaced in a predetermined manner so that signals representing the specific force experienced by
the accelerometers and the angular rate experienced by the accelerometers are produced. The signal processor (10) separ-
ately estimates the signal components of the signal being processed and provides an error signal (e) by subtracting the esti-
mated signal components from the signal being processed (26). The error signal (e) is fed back through circuitry (30-56)
that controls the magnitude of the estimated signal components so that the value of each estimated signal component rap-
idly converges to the value of the signal components of the signal being processed. In an arrangement for determining the
angular rate of one or more pairs of cyclically displaced accelerometers, the signal processor (10) includes a signal compo-
nent that is in-phase with the signal that oscillates the accelerometer pair, a signal component that is in phase quadrature
with the signal that displaces the accelerometer pair and a signal component that corresponds to random unmodulated ad-
ditive noise.
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SIGNAL PROCESSOR FOR INERTIAL MEASUREMENT
USING CORIOLIS FORCE SENSING ACCELEROMETER ARRANGEMENTS
Technical Field

This invention relates to apparatus and methods for measuring
specific force (sometimes referred to as linear acceleration) and angular rate
(sometimes referred to as angular veloeity) of a moving body. More specifically,
this invention relates to apparatus and methods for processing the angular rate
signals and/or the specific force signals of accelerometer arrangements that are
eyclically vibrated or rotated so that each accelerometer of the accelerometer
arrangerent provides an output signal having a signal component.that is
representative of the Coriolis force experienced when a body that carries the
accelerometer arrangement rotates.

Backeround of the Invention

Inrecent years, considerable effort has been devoted to developing
small, economical and reliable angular rate sensors for use in inertial navigation
systems and other applications. Although these efforts have resulted in the
development of new gyroscopic devices such as the ring laser gyro and the dry-
tuned-rotor two axes gyroscope, gyroscopic devices still present fairly signifi-
cant size, cost and reliability tradeoffs. This is especially true relative to
inertial navigation systems which require the precise measurement of the three
components of specific force along the axes of the vessel or object being
navigated and the three components of angular rate sbout those axes. The
problem becomes even more significant in strapdown inertial navigation systems
because such systems require a large dynamic range of angular rate measure-
ment and long-term, null-point stability.

Accordingly, effort also has been directed to developing angular
rate sensors that operate on principles other than gyroscopic effect. In one such
proposal, one or more accelerometers are mounted with the foree sensing axis of
each accelerometer being parallel to and spaced apart from a Cartesian

coordinate axis of the body whose rotation is to be measured and with cach
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accelerometer being cyeclically displaced (oscillated) along a predetermined path.
In these arrangements, the output signal provided by each accelerometer
includes speciﬁc foree and Coriolis components that can be processed to provide
e signal representative of specific force along a first coordinate axis of the
coordinate system and, in addition, signal components that are representative of
the angular rate about the second and third axes of the coordinate system. Thus,
such arrangements can utilize as few as three accelerometers to provide
mesasurement of the three specific force components and three angular rate
components that fully describe the motion of a body that is moving in space
(e.g., an aireraft, space vehicle or other object that is being navigated).

U.S. Patent No. 4,445,376, which issued to Merhav on May 1, 1984,
discloses an arrangement of the above-described type in which three acceler-
ometers supply output signals that can be processed to provide the specific force
components and the angular rate components relative to each axis of a right-
hand Cartesian coordinate system that is fixed within a moving body. In the
arrangement disclosed in U.S. Patent No. 4,445,376, each accelerometer is
mounted so that the force sensitive axis of the accelerometer is parallel to an
axis of the coordinate system (e.g., the X axis). In addition each accelerometer
is mounted (or internally configured) so that the force sensitive axis rotates at a
uniform rate about a fixed axis which is parallel to and spaced apart from the
force sensitive axis. As the object with which the coordinate system is
associated moves in space, the signal that is generated by each accelerometer
includes a component representative of specific force along the coordinate
direction in which the accelerometer force sensitive exis points and signel
components representative of angular rate relative to the coordinate axes that
gre perpendicular to the accelerometer force sensitive axis. For example, in the
specific arrangement disclosed in U.S. Patent No. 4,445,376, the accelerometer
that generates a signal representative of the X axis component of specific force
and the Y and Z axes components of angular rate has the force sensitive axis of
the accelerometer parallel to the X axis and rotates about a fixed axis of the
coordinate system so that the force sensitive axis remains parallel to the X axis
and cireles the fixed axis at & constant radius.

In the signal processing arrangement disclosed in U.S. Patent
No. 4,445,376, each angular rate signal is obtained from an accelerometer output
signal by & synchronous detection process in which the accelerometer output
signal is modulated by a periodic function that is synchronized to the rotation of
the accelerometer (e.g., the algebraic sign of cos wt, where w represents the
rate at which the accelerometer moves about its center of rotation). The
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modulated signal is then integrated over the period required for the
accelerometer to complete one revolution and the resulting signal is sealed to
provide the engular rate signal. The specific force signal is obtained by
integrating the accelerometer output over & rotational period (without modula-
tion of the signal), with the resulting signal being multiplied by a predetermined
scale factor.

Several arrangements of the above-discussed type wherein acceler-
ometers are mounted for vibration or oscillation (rather than rotation) so as to
supply & signal that can be processed to provide the specifie force along one axis
of the coordinate system and the angular rotation associated with another axis of
8 coordinate system are disclosed in the United States patent application of
Shmuel J. Merhav, Serial No. 528,776, filed September 2, 1983. That patent
application is' entitled "Apparatus For Measuring Inertial Specific Force and
Angular Rate of A Moving Body, And Accelerometer Assemblies Particularly
Useful Therein," and is assigned to the assignee of the present invention.

In the first arrangement of the referenced patent application, each
accelerometer is mounted so that its force sensing axis extends orthogonally
from & plane that includes two axes of a Cartesian coordinate system (e.g., the
Y-Z plane) and so that the accelerometer foree sensitive axis intersects one of
the two exes (e.g., the Z axis) at a point which may be remote from the origin of
the coordinate system. In addition, each accelerometer is mounted or internally
configured so that accelerometer force sensitive axis is displaced back and forth
glong a coordinate axis in the reference plane at a uniform cyeclic rate. Asis
illustrated in the referenced patent application, the signal provided by such an
accelerometer can be processed in the manner disclosed in the above-referenced
U.S. Patent No. 4,445,376 to supply the specific force component relative to the
coordinate axis that is parallel to the force sensing axis of the accelerometer
and to supply the angular rate component for a second coordinate axis, which is
mutually orthogonal to the axis along which the accelerometer is displaced and
the coordinate axis that is in alignment with the accelerometer force sensitive
axis. For example, an accelerometer mounted with its force sensitive axis
orthogonal to the Y-Z plane and configured for eyelic displacement of the force
sensitive axis in the Z direction (along the Z axis), provides an output signal that
can be processed to obtain the X axis component of specific force and the Y axis
component of angular rate. Thus, by utilizing three accelerometers that are
mounted for linear displacement (eyclic motion) along each of the three axes of
a coordinate system, a complete specification of the movement of a body can be
obtained.
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The above-referenced patent application also discloses three
arrangements wherein a pair of accelerometers is associated with a coordinate
axis of a moving body to generate a signal that can be processed to obtain the
specific force component relative to one coordinate axis of the body and the
a'ngular rate component for a different coordinate axis of the body. In one of
these paired accelerometer arrangements, the force sensitive axes of the two
accelerometers are parallel to one another and parallel to the coordinate axis for
which a specific force measurement is to be obtained. In addition, the
accelerometers are positioned such that the force sensitive axis of each
accelerometer is equally spaced apart from a second coordinate axis and is
perpendicular to a line that extends through the second coordinate axis. In this
arrangement, the accelerometers are driven or internally configured so that the
forece sensitive axes of the accelerometers cyclically rotate through a small
angle of deflection. This causes the force sensitive axes of the two acceler-
ometers to cyclically move back and forth along lines that are equally spaced
apart from the second coordinate axis. For example, in such an arrangement,
the force sensing axes of a pair of accelerometers that are mounted for
providing a signal that can be processed to obtain the X axis component of
specific foree and the Y axis component of angular rate are: (a) equally spaced
apart from the Z coordinate axis; (b) mounted with the force sensitive axes
extending in the X direction; and, (c¢) configured and arranged so that the
accelerometer force sensing axes move cyclically back and forth along arcuate
paths (chords of a circle) that approximate straight lines that are parallel to the
Z axis and lie in the Y-Z plane. _ '

In a second paired accelerometer arrangement of the referenced
patent application, each accelerometer of an accelerometer pair is equally
spaced apart from a coordinate axis with the force sensitive axes of the two
accelerometers being colinear with a line that extends through a point on the
same coordinate axis. In this arrangement, the accelerometers are aligned with
a second axis of the coordinate system and are mounted for sensing oppositely
directed specific forces. Further, the accelerometers are cyclically and
simultaneously moved back and forth along a small arcuate path that lies in a
plane that includes the force sensitive axes of the accelerometers and the
coordinate axis with which the force sensitive axes of the accelerometers
intersect. For example, in such an arréngernent, a pair of accelerometers that
are mounted with the force sensitive axes pointing in the X direction oscillate at
a uniform cyclic rate along oppositely disposed chords of a circle that lies in the

X-Z coordinate plane. As is the case with the other arrangements disclosed in
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the previously mentioned patent and the referenced patent application, the
signal supplied by the accelerometers whose force sensitive axes extend in the
X direction can be processed to provide a signal representative of the X axis
specific force component and & signal representative of the Y axis angular rate
component. )

In the third paired accelerometer arrangement disclosed in the
referenced patent application, the spatial relationship between the force sensing
axes of each accelerometer pair and the coordinate system is identical to the
above-discussed second arrangement. The difference between the second and
third arrangements is that the accelerometers of the third arrangement are
configured and arranged for cyclical displacement of the force sensitive axes of
the two accelerometers of each accelerometer pair along straight line paths
(with both force sensitive axes moving in the same coordinate direction) rather
than being configured and arranged for cyclically displacing the force sensitive
axes along chords of a circle that approximate straight lines (with the two force
sensitive axes moving in opposite directions). In this third arrangement, the
signals provided by each pair of accelerometers can be processed to supply a
signal representative of the specific force component for the coordinate axis
that is parallel to the force sensitive axes of the accelerometers and to supply
the angular rate component for the coordinate axes that is normal to the plane in
which the force sensitive axes of the accelerometers oscillate.

As is disclosed in the referenced patent application, when the
signals provided by each pair of accelerometers in the three disclosed paired
accelerometer arrangements are added and subtracted, two separate signals are
obtained (a "sum" signal and a "difference" signal), with one of the signals being
substantially devoid of the specific force component and the other signal being
substantially devoid of the angular rate component. In addition, the signal-to-
noise ratio of the sum and difference signal theoretically is improved by a factor
ofN2" relative to the signals provided by each of the accelerometers. The sum
and difference signals obtained from each accelerometer pair are then
separately processed in the manner disclosed in the referenced U.S. patent to
provide a signal representative of the desired specific force component and a
signal representative of the desired angular rate component.

Although the synchronous detection signal process that is disclosed
in the referenced patent and referenced patent application can be satisfactory in
some situations, certain disadvantages and drawbacks are encountered. Firstly,
the specific force signal and rate signal that are provided may include & signal

component (ripple) at the signal processing modulation frequency (i.e., at the
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frequency at which the accelerometers are rotated or oscillated). Removal of
this ripple component with a low-pass filter ‘can decrease the bandwidth of the
gccelerometer system to an unacceptable degree. At the very least, the
bandwidth of the signal processing arrangement disclosed in the referenced
patent and patent application is limited to one-half the modulation frequency
and, angular rates averaged over each period may be somewhat in error due to
uncompensated weighting effects associated with the oscillation waveform.
Further, the signal processing disclosed in the referenced patent application and
patent is typically implemented with analog circuit devices. Current commer-
cially available devices of the type used in such circuitry often exhibit
temperature dependency or other characteristics that can cause errors in the
specific force and angular rate signals (drift).
Summary of the Invention

In accordance with the invention, signals that are'supplied by
various arrangements of oscillating accelerometers can be processed to
determine the angular rate components (and/'or the specific force components) of
a moving object (e.g., an aircraft, space vehicle or other vessel). Basically, the
invention involves an adaptive signal estimation process in which an estimate of
each primary signal component of the signal being processed is separately and
continuously generated and subtracted from the signal being processed to provide
an error signal. The error signal is continuously processed to improve each of
the estimated signal components so that least mean squared estimation is
achieved. Absent mechanical misalignment of the accelerometers relative to
the coordinate system of the moving body and absent phase shift between the
signals that oscillate the accelerometers and the signals that are supplied by the
accelerometers, angular rate (or specific force) is precisely determined on the
basis of the value of one of the estimated signal components.

In the embodiment discussed herein, the signals processed are
provided by any one of the vibrating accelerometer arrangements disclosed in
the previously referenced United States patent application of Merhav. That
arrangement, as well as various other arrangements, result in a signal that
includes a signal component that is ideally in-phase with the eyelic oscillation of
the accelerometer (an in-phase component); a signal component that is in phase
quadrature with the in-phase component; and a signal component that corres-
ponds to unmodulated random noise. In the signal processors disclosed herein,
signal estimates of each of these signal components are subtracted from the
signal being processed to provide an error signal. The error signal is then scaled

and multiplied by a signal that is in-phase with the in-phase component of the
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signal being processed to provide a signal representative of the derivative with
respect to time of the estimated in-phase signal component. In a similar
manner, a signal representative of the derivative with respeet to time of the
second estimated signal component is obtained by scaling the error signal and
multiplying the resultant signal by a signal that is in phase quadrature with the
in-phase signal component. A signal representative of the derivative with
respect to time of the current estimated random noise component is obtained by
simply sealing the error signal. The signal representative of the derivative with
respect to time of the in-phase signal component is then integrated and
multiplied by an in-phase signal to provide the signal estimate of the in-phase
component of the signal being processed. In a similar manner, the signal
representative of the derivative with respect to time of the second signal
estimate is integrated and multiplied by a signal that is in phase quadrature with
the in-phase component to provide a signal estimate of the phase quadrature
signal component of the signal being processed. The total error signal is scaled
and integrated to provide a signal estimate of the random noise component of
the signal being processed.

In one disclosed embodiment, the above-discussed process is
realized by conventional analog ecircuitry. As shell be t;ecognized upon
understanding the operating principles of the invention, equivalent realizations
of the invention can be attained by the use of a programmed microprocessor
circuit or other conventional digital cireuit arrangements.

The signal processing method and signal processor circuits of this
invention are especially useful in inertial measurement units of the type that

_include three or more pairs of oscillating accelerometers for measuring the three

specific force components and three angular rate components that fully describe
motion of the object that contains or carries the accelerometers. As shall be
realized upon understénding the invention, the signal processing method and
signal processing apparatus of the invention provides low noise operation and
accurately determines angular rate components in the presence of random, high-
frequency vibration of the accelerometer arrangement. In addition, the signal
estimates provided by the invention can be utilized to adjust the inertial
measurement unit accelerometer assemblies to eliminate mechanical misalign-
ment of the accelerometers and to eliminate phase shift between the signal that
drives the accelerometers and the accelerometer output signals. In two
disclosed embodiments, additional improvement is obtained relative to precise
estimation of each signal component. In one of these embodiments, the signal
processor is arranged to provide signals suitable for driving circuitry that
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continuously maintains the accelerometers of the inertial measurement unit in
proper mechanical alignment.
Brief Description of the Drawing

These and other features and advantages of the invention will be
more readily understood in view of the following detailed description, taken in
conjunction with the accompanying figures, wherein:

FIGURE 1 is a block diagram that generally depicts a signal
processor constructed in accordance with the invention, interconnected with an

accelerometer assembly and other apparatus to form en inertial measurement
unit for supplying signals representative of one or more angular rate components
and one or more specific force components relative to a coordinate system that
is associated with the accelerometer assembly; |

FIGURE 2 is a diagram that is useful in understanding the nature of
the signals processed by the embodiments of the invention that are disclosed
herein;

FIGURES 3 through 5 depict the response of a signal processor that
is conflgured in accordance with this invention relative to application of &n
abrupt change in the estimated signals, thus being useful in understanding various
advantages and attributes of the invention;

FIGURE 6 is a block diagram that schematically dépicts the signal
processor of this invention, as embodied for supplying & signal representative of
the inertial angular rate for one axis of the coordinate system associated with an
inertial measurement unit;

FIGURE 7 is a signal diagram that illustrates the accuracy of the
signal processor depicted in FIGURE 6;

FIGURE 8 is a block diagram of an embodiment of the invention
that is configured for improved estimation of inertial angular rate; and

FIGURE 9 is a block diagram of an embodiment of the invention
that is also eonfigured for improved signal estimation and is useful in applica-
tions of the invention wherein the accelerometers that provide the signals being
processed are controlled to maintain the accelerometer force sensitive axes in
the proper alignment with one another and the related coordinate system.

Detailed Description
FIGURE 1 generally illustrates a signal processor 10 that is

constructed in accordance with this invention and is interconnected with an
gccelerometer assembly 12, an accelerometer drive ecircuit14 eand a
preprocessor 16 to form an inertial measurement unit of the type described in
U.S. Patent 4,445,376 and U.S. Patent Application, Serial No. 528,776, filed

i
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September 2, 1983. As is indicated in FIGURE 1, and is described more fully in
the referenced patent and patent application, in the depicted inertial messure-
ment unit each accelerometer included in accelerometer assembly 12 is
cyclicelly vibrated or rotated by accelerometer drive circuit 14. As acceler-
ometer assembly 12 moves in inertial sp;ce (translates and rotates)
accelerometer assembly 12 provides a set of signals Ai’ i=1,2,...,n(wherenis
equal to the number of accelerometers included in accelerometer assembly 12)
to preprocessor 16. In arrangements of FIGURE 1 that are being currently
developed with this invention, accelerometer assembly 12 includes three pairs of
accelerometers that are mounted and arranged in the manner described in the
referenc:d gate;t ;pplication so that the set of signals, Ai’ includes six

ional 1 2
signeals ax’ 8y ay, ay, 8, and &,

axis with which & pair of accelerometers is associated and the numerical

where the subsecript identifies the coordinate

superseript indicates the first and second accelerometers of that particular pair
of accelerometers. In such an application of the invention, preprocessor 16 adds
the signals associated with each pair of accelerometers and, in addition,
substracts the signals associated with each pair of accelerometers to provide a
set of three sum signals and e set of three difference signals.

As is disclosed in.the referenced patent application, one set of the
signals is substantially devoid of specific force components and the second set of
signals substantially devoid of angular rate components. In the system of
FIGURE 1, the set of signals that is substantially devoid of specific force
components is denoted as A(Q) and is supplied to an angular rate channel 18 of
signal processor 10. The set of signals that is substantially devoid of angular
rate signals is denoted as A(f) and is supplied to a specific force channel of signal
processor 10. As shall be described herein, angular rate channel 18 includes &
signal estimator (optimal filter) of the type shown in FIGURE 6 for each
coordinate axis for which an angular rate signal is to be obtained (three in &
conventional inertial measurement unit). As shall be recognized upon under-
standing the signal processor of this invention and its implementation in the
arrangement of FIGURE 1, specific force channel 20 can include a like number
of signal estimators for determining the three components of angular rate.
However, since the signals included in A(f) exhibits a higher signal-to-noise ratio
than the signals of A(Q), & satisfactory inertial measurement unit often can be
realized without the use of signal estimators that operate in accordance with
FIGURE 6 in the specific force channel 20.

In any case, signal processor 10 of FIGURE 1 includes a processor

signal source 22, which provides additional input signals to sangular rate
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channel 18 (and in the event that specific forece channel 20 utilizes signal
estimators, to specific foree channel 20). As is indicated in FIGURE 1, angular
rate channel 18 supplies a set of signals Qj, where j represents each of the
angular rate components supplied by the system (three in & standard inertial
measurement unit) and specific force channel 20 supplies a set of specific force
components, fj.

Both the operation and structure of a signel processor constructed
in accordancé with this invention can be understood by considering the nature of
the signals supplied to the signal processor A(Q) and A(f) in FIGURE 1. In this
regard, FIGURE 2 illustrates one mechanization of & triad of psaired acceler-
ometers of the type described in the reference patent application for supplying a
set of six signals that can be processed to determine the specific force
components (F " Fy’ Fz) and the angular rate components (p, g, t) of the object
that contains or carries the accelerometer arrangement. In the arrangement of
FIGURE 2 each pair of accelerometers is mounted to measure specific force
glong an associated coordinate axis of the depicted right hand Cartesian
coordinate system with the accelerometers being identified in FIGURE 2 by
vectors AJ where the vectors corrrespond to the force sensing axis of the
accelerometer and where the subscript "i" designates denotes the coordinate axis
along which specific force is measured and the superseript "j" (1 or 2) designates
whether the associated accelerometer is the first or second member of an
accelerometer pair. Further, as is shown in FIGURE 2, the accelerometer of
each pair of accelerometers are arranged "back-to-back" (i.e., so that the
accelerometers sense specific foree relative to opposite coordinate directions).

As is indicated in FIGURE 2, each accelerometer pair cyclically
vibrates (oscillates) in a coordinate plane that includes the coordinate axis with
which the specific force vectors of the accelerometer pair are aligned (i.e., the
accelerometer pair A1 A2 vibrates in the X-Z plane; the accelerometer pair A1
A2 vibrates in the X- Y plane, and the accelerometer pair A A2 vibrates in tge
Y-Z plane). As also is illustrated in FIGURE 2, each accelerometer of the
depicted mechanization is spaced apart from the second axis of the coordinste
plene in which it oscillates (the axis that is not aligned with the accelerometer
for sensing axis) by a distance L, with a line that is coincident with the force
sensing axis of each accelerometer pair being orthogonal to and intersecting the
second axis at & point defined by the oscillatory movement of the accelerometer

pair. In the situstion depicted in FIGURE 2 &nd disclosed in the referenced

~ patent application, the point of intersection can be expressed as:
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lij(t) =1 - (-1Xp/2)sin wt .
where i denotes the axis of intersection (X, Y, or Z); liJ denotes the distance
between the origin of the coordinate system and the center of oscillation and
(p/2)Sinwt defines the oscillatory movement of the accelerometer.

Thus, the instantaneous position of each accelerometer of
FIGURE 2 (e.g., the center of mass of the acce.lerometer proof mass) relative to

the depicted coordinate system is a vector ri and can be expressed by the
following matrix equation: !

p— ey pe— —

l .
Ty L 0 1Z+(o/2)Smwt
X
2 i :
Iy -L 0 1z (p/2)Sinwt L
X i
ri 1+ (p/2)Sinwt L 0
A : i1
2 : -
Ty lx -(p/2)Sinwt L 0
y k
1 . | ]
T .0 1+ (P/2)Sinwt L
z
2 _ : -
I'AZ 0 1y (p/2)Sinwt L

where i, j, and k denote unit vectors along the X, Y, and Z axes, respectively.
The general equation for the acceleration of a point mass in &

rotating system is 9
. dr d
a=F+ 0 xr+20 xg + 0 x(Qxn)+— (2)
2 — " dt —_— =" 2
dt
b b

|
kg ]

where 0 is a vector that describes the angular rate of the .system, F is the
specific force vector, r is the instaneous distance2of the point mass from the
center of rotation of the system and the index b indicates differentiation with
respect to the rotating body axes.

By substituting Equation 1 into Equation 2 it can be shown that the
acceleration experienced by each accelerometer in the mechanization of
FIGURE 2 is

PCT/US86/02222
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ai= F +1(pr+q)+—(pr+q)5mwt + (sz Coswt)-q - L(q +r)
a2=-F -1(r+')+-2-(r+.)S'nwL+ (2w Coswt)- -L(z"' 2)
= "Fg - 1,(er+q) + 5=(pr+q) Si wy~ Coswt)-q g +r
a. = F +lx(pq+r)+ (pq+r)5mmt+ (zm P Coswt)-r -L(p +r)

1
oy )
; -Fy - lx(pq-_!"r) + 2£(pq+})51nmt + (zw,ZﬂcOswt)'r - Lplerd)
1
A

F + 1y(‘U' +p) + zi(qr +p) Sinwt + (2m23-Coswt) p - L%+ g%

aZ = -F, - 1 (ar+p) + Z-(ar + p) Sinwt + (uz-Coswl)p - Lip? + ¢%)

In accordance with the teachings of the referenced -patent
application, the accelerations for each peir of accelerometers are added and
subtracted to obtam equations that express the specific force for the associate
coordinate dxrectlon and the angular rate for an orthogonal coordinate direction.
More specifically, when the accelerations for each palr of accelerometers in the
mechanization of FIGURE 2 are added (e.g., in preprocessor 16 of FIGURE 1) the

following expressions are obtained:

g (pr+:;)Sinwt+2 wPq Coswt-2L(q2+r2) (4)
; p(pq+r)Smmt+2 wpr Coswt-ZL(p +r) (5)
Z= p(qr+p)S1nwt+2 wpp Coswt-zL(p +q) (8)

where aq = al + a:; a;" al + az, and ap = a,1 + 32 and when the accelerations of
the accelerometer pairs in the mechamzatlon of FIGURE 2 are subtracted the
following expressions are obteined

F

x .
Bx = ZFX + lz(p[‘ +q) @
Fy .
= ZF +1 + 8
By y «(Pg+ 1) | (8)
F, .
az = ZFZ + ly(qr + p) (9)
F F F
1 1 2 1 2 )
h X=p'- Yo ol.-g%, z_.1_ , . )
where ax ax ax, '-‘y Ey ay, and az e, 8, Thus, in an idesl, noise

free system, the specific force vector F is a column vector that includes the
elements Fx, Fy and Fz and the angular rate vector Q that includes the
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elements p, q and r (where p, q, and r respectively denote right hand rotation
about the X, Y and Z axes) can be obtained {rom Equations 4-9. In this regard,
the specific force components can be obtained by operating on Equations 7-9 in a
manner that eliminates each right hand term of the equation and the angular
rate information ca‘n be determined by operating on Equations 4-6 to eliminate
all but the second term of each equation. For example, to obtain the g
component of angular rate, it is necessary to eliminate the first and last term of
Equation 4 (which represent acceleration terms due to ‘acceleration about the
Y-coordinate axis, the cross product of angular velocity about the'X and Z axes
and centrifugal acceleration). Once the middle term of Equation 4 is deter-
mined, q can be readily obtained since the quantities w and P respectively
describe accelerometer oscillation frequency and amplitude and, thus, are
known.

In utilizing paired accelerometer arrangements of the above-
described type in practical applications such as a strapdown inertial navigation
system, it is necessary to consider several sources of error, including:

1) mechanical misalignment of the accelerometers relative to the
coordinate axes (e.g., angular misalignment between the colinear force sensitive
axes of each accelerometer pair and the associated coordinate axes);

2) the phase angle between the signal that vibrates the acceler-
ometer peairs (e.g., the signals supplied by accelerometer drive circuit 14 of
FIGURE 1) and the output signals provided by the accelerometers (i.e., phase
shift);

3) wideband noise resulting from both the accelerometers and
vibration of the vehicle that contains or carries the accelerometers; and,

4)low frequency signal drift of each accelerometer pair.

When these considerations are taken into account, it can be shown

that Equation 4 can be expressed as:
ag= PSin (wt+ ) (pr+q) + 2wpq Cos (wt + ¢) - 2L(q% + r2)
+ powlsin(ut+é)+n+d (10)

where ¢ denotes the phase shift between the signal source that oscillates the

“accelerometers (e.g., accelerometer drive circuit 14 of FIGURE 1) and the sum

of the output signals provided by accelerometer A)l( and Ai of FIGURE 2; @
represents the angular misalignment between the force sensitive axis of
accelerometer pair and the X axis of the coordinate system of FIGURE 2; n

represents the wideband noise introduced by the accelerometer asseinbly and
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vibration of vehicle carrying the accelerometer assembly; and d represents low
frequency signal drift of the sum of the signals produced by the accelerometer
pair (provided by preprocessor 16 of FIGURE 1). Expressions of identical form
can be obtained for Equations 5 and 6. ‘

Rearranging Equation 10 to organize the equation in terms of an
in-phase component (Coswt), & quadrature term (Sin wt) and & constant term
yields

ag = EZUPQCOS ¢+ou u}ZSintb +p(pr + Q) Sinq‘.] Coswt

+[p(pr + {1) Cosé + paw’Cos ¢ -zpuqSinqg Sinuwt - 2L(q2 + r2) +n+d (11)

Sinee the phase angle ¢ is normally small Sin ¢ is approximately
equal to ¢ . Making this substitution in Equation 11 and normalizing with respect
to 2wp yields:

q, = aICos wt+ aZSin wt+a, 12)
where '

a, = qCos$ ¥ & wd/2+ (1/26)(pr +q)é (13)

8, = (1/2w)(pr + q)Cos ¢ + (aw/2)Cos ¢ - qb ' (14)

a3=-(L/mP)(q2+r2)+5 +V (15)

where § =d/2wp and v=n/25p

In view of Equations 12 and Equations 13-15 it could be recognized that the term
& is an in-phase term that contains the angular rate to be determined, .8, is a
quadrature term and a4 is a random, unmodulated additive noise term. More
specifically, it can be recognized that the angular rate component g can readily
be determined from the qCos¢ component of 845 the aw¢/2 component of a; is
substantially a constant bias term that is determined both by accelerometer
misalignment and the phase shift between the signal source that drives the
accelerometers and the output signal provided by the accelerometers; and the
component (pr + d)Cos $/2w represents random noise that is dependent on
random angular vibration- of the coordinate system in FIGURE 2 (i.e., angular
vibration of the object coh'taining or carrying the accelerometer arrangement).
In &y, the component (1/2w Xpr +9q )Cos ¢ represents random' noise that is
dependent on random angular vibration of the coordinate system; awCos®/2 is &
bias term resulting from the same source as the bias term of 8y and q¢ is a
random signal that depends on angular vibration of the coordinate system (i.e.,

angular vibration of the accelerometer assembly).
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The underlying mathematical principles of the invention shall now
be explained. In particular, the invention is based on adaptive least mean
squared estimation in which each signal that is processed to obtain an angular
rate component or a specific force component is estimated; the estimate is

5 subtracted from the actual signal to form an error signal and the error signal is
processed in a manner that improves the estimate so that the error signal
approaches zero. With respect to the signal that is to processed to provide the g

component of angular rate (Equation 12), the signal estimate can be expressed as
10 am = EICos wt + ﬁZSin wt + 33

where El, §2 and 33 are the estimated values of 8y, & and Bq) respectively. The
error signal ean thus be defined as

e=gq
15 -8

m-9m " aICoswt + aZSm wt+ &g
1Cosmt-'s@‘izsinm‘c—ﬁ3 | (16)

Defining J = e2 to obtain a nonnegative function and applying the gradient,
algorithm

-g8d . _da
20 Kag s (17)

Where & represents a column vector consisting of a;, a, and a3 and K is a
constant diagonal matrix that includes the elements kl, kq and k. Rewriting

Equation 17 as a series of equations yields

25
2 - da
de oe 1
amt—— - —— o c———— 18
Ky b kle E ; (18)
1 1
0 | R (19)
2 "8y 2° 5, at
2 2
K de” = ko208 = -9 (20)
3 S, V% W

(/)
w
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Using the definition of e in Equation 16, Equations 18-20 become
(21)

(22)

z =1 (23)

By substituting, Equations 21-23 into Equations 18-20, the [ollowing time varying

linear differential matrix equation is obtained

2+ KA(E=KA( g (24)
) R A T
where: & = [al, az, 83]
T
a = [al, 89, a3]
. d
25 @

gt ——

¢)
Cos"wt CoswtSinwt Coswt.

A(t) =| CosuwtSinwt Sinzwt Sinwt

Cosut Sinwt 1

R p—

and T denotes the matrix transpose operation
In Equation 24, & is the state variable to be solved (in order to obtain the angular
rate. component, q) and a is the foreing function (the signal to be prrocessed),
which includes noise as part of the 85 component.

Since the determinant of A(t) is nonnegative for each instant of
time and, on the avefage, A(t) is positive definite, the solution for & is stable
under all conditions (globally stable). Thus, if v is zero (noise free solution), as
the stable solution for & is reached, & goes to zero and the limit of g (as time
goes to infinity) is a.

Thus, it can be seen that, in the absence of noise, the estimate 7' is
identical to & and, further, when noise (v) is present, a is the best least mean

square estimate of a.

A6 PCT/US86/02222
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In view of Equation 24 it can be recognized that the value of K

(i.e., the values of ki ko and k3) both determines the rate at which & converges
to a and determines the magnitude of the system noise. Since the convergence
rate (and, hence, the ability of the signal estimation to track changes in the

5 angular rate) increases with increasing values of K, and since noise also increases
with increasing values of K (which can affect the accuracy of estimation), it is
necessary to establish the values of K so as to provide a satisfactory compromise
between system tracking and accuracy. In addition, since the off diagonal terms
of A(t) are non-zero, it can be recognized that the estimates 31, 32 and @3 are
10 not completely independent of one another, but include modulated coupling
terms. For example, the fifst equation that is expressed by the solution matrix

Equation 24 can be written as
’;‘+k Coszmt@ = k.Cos®wta, +k, CoswtSinwt(a, -3.)
1 1 R ¢ 1 1 1 ‘ 2 72

+k; Cosw t (ag - a3) - (25)

2
15
in which the coupling terms k, Coswt Sinwt (a, - 32) and k, Coswt (a4 - 33) vanish
as the estimates @2 and 33 become equal to the actual values of &, and 8y (i.e.,
vanish as a signal processor that implements the above discussed signal estima-
tion reaches steady state). In additibn, in the steady state, ’é‘l goés to zero and
20 the kICoszwt terms on the right and left side of the equation cancel. Thus, the
steady state solution for &, (and, hence, angular rate q) is a constant value (e.g.,
is "ripple-free™). )
Although the analytical solution for the estimates @1,@2 and %‘3 are
relatively complex when the coupling terms are included, it can be demonstrated
25 that the above-discussed estimation provides a sﬁtisfactory basis for processing
the signals supplied by oscillating or vibrating accelerometer arrangements in
precision nongyroscopic inertial navigation systems. In this regard, FIGURES 3,
4 and 5 illustrate the results of a computer simulation of the estimation of 31, g,
and 33 when 8y 8y and aq are unit step functions (i.e., 8y = 1, for t>0 8y = 0, for
30 t<0; ete.). More specifically, FIGURE 3 illustrates the estimation response for a
unit step in ay; FIGURE 4 illustrates estimation response for a unit step in 8y
and FIGURE § illustrates estimation response for a unit step in 33. In each of
the FIGURES 3 through 5, wis 200 radians/second and kl = k2 = k3 =100.
Several characteristics of the estimation process utilized in
35 accordance with the invention that are analytically presented in- the preceding
paragraphs can be ascertained from FIGURES 3 through 5. Firstly, the estimates
’a\l,/a\z and @3 rapidly converge to CRPR:PY and Py with convergence occurring in
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FIGURES 3 through 5 in approximately 40 milliseconds. Secondly, each estimate
is ripple free (constant) after the estimation process reaches steady state.
Thirdly, the effect of the previously discussed coupling (e.g., the (a, -@2 ) and
(a3 -33 terms in Equation 25).is of a transient nature and there is no effect

5 when the estimates @y, &, and ’a\3 converge to 8, 8, and ag. Fourthly, even
when relatively high gains are employed in each estimation (k1 =kgy = kg = 100 in
FIGURES 3 through 5), the resulting disturbance in the signal estimates is
relatively small and well behaved. '

With respect to establishing the values of ks kq and kS’ it should

10 be noted that when the signal estimation is utilized in inertial navigation systems
only the component that is being processed to obtain an angular rate component
(or specific force component) changes significantly during time intervals of less
than several seconds. For example, in the exemplary situation being considered
wherein the signal ag (expressed in Equation 11) is 'processed to obtain the q

15 angular rate component, only a4 will vary significantly within time intervals less
than several seconds. Thus, if the gain for the signal estimate that contains the:
desired angular rate or specific force is set at a value higher than the gain value
for the two other signal estimates, coupling between the estimates can be
reduced even further. ) ' '

20 As was mentioned with respect to FIGURES 3 through 5, the signal
estimates 31, @2 and 33 rapidly converge to a 8y, 8y and &g The time constant
of convergence can be determined by setting the coupling terms of Equation 25
to zero, which results in the following first order differential eguation in @1,
with &, being the foreing funetion:

25 .

B+ (k /28 = (ky/2) 8y - (26)

expressed in the frequency domain, the solution of Equation 26 is

k /2 |
30 L8 =5% R, /2 a,(s) : (27)

where s represents the Laplacian operator. Thus, the approximate time constant
for convergence of’a\1 toa;is T= 2/ky.

FIGURE 6 depicts an analog circuit realization of the invention for

35processing the previously discussed signal (Equation 12) to obtain the angular

rate component q. It will recognized by those skilled in the art that the angular

rate components p and r can be obtained by two additional circuit arrangements
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of the type depicted in FIGURE 6 with p being obtained by processing the signal

a; + aZ and r being obtained by processing the signal ai + az.

y

The circuit arrangement shown in FIGURE 6 can be understood by
noting that the signal processing error defined by Equation 16 can be expressed
as

- A _n . _n

e=(a, 8;) Cosut +(a, - ay) Sinwt + (2, - &) (28)

Expressing Equations 18-20 in integral form yields

8 = - e

aj kj S e 8@ dt (29)
i

where j=1, 2, 3.
Substituting Equations 21-23 into Equation 29 yields

31 = klye Coswt dt (30)
3, =k2'[e Sinwt dt . ‘ (31)
8, = k3S\e dt (32)

Thus, in the arrangement of FIGURE 6, the signal being processed
(qm in FIGURE 6) is supplied to a terminal 24, which is connected to an additive
input of a signal summing unit 26. Coupled to subtractive input terminals of
signal summing unit 26 are signals 'a\l Cosuwt; 32 Sin wt; and @3 so that signal
summer 26 provides the specified error signal, e (Equation 28). To provide a
signal fa\l of the form defined by Equation 30, a signal source 28 that is
synchronized to the signal that drives the accelerometers from which 9 is
obtained supplies a signal Cos t to one input terminal of & multiplier circuit 30,
which has the second input terminal thereof connected for receiving the error
signal, e, from signal summing unit 26. A gain unit' 32 scales the signal supplied
by multiplier circuit 30 by the factor kl and supplies the scaled signal to the
input of an integrator circuit 34. A multiplier circuit 36 receives the signal
supplied by integrator circuit 34 and the Coswt signal supplied by signal
source 28 to thereby prpvide the signal @1 Coswt to one of the subtractive input
terminals of signal summing unit 26.

As is shown in FIGURE 6, the signal QZ'Sinwt is derived in a

manner similar to 31 Coswt. That is, a signal source 38 that is synchronized to
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the signal that drives accelerometers from ‘which q, (and, hence, is in phase
quadrature with signal source 28) supplies a signal Sinwt to a multiplier
cireuit 40 and a multiplier eircuit 46. The error signal, e, is connected to the
second input terminal of multiplier ecircuit 40 with the output of multiplier
circuit 40 being scaled by a factor Ky in gain unit 42. The scaled signal is then
integrated by integrator circuit 44 with the output signal of integrator circuit 44
being coupled to the second input terminal of multiplier 46.

The signal estimate@3 is obtained in a similar manner. In the
arrangement of FIGURE 6, a dc signal source supplies a signal (1) to multiplier
eireuits 50 and 56. The error signal supplied by summiné‘ unit 26 is connected to
the second input terminal of multiplier circuit 50 and the signal supplied by
multiplier 50 is scaled by the factor ké in gain unit 52. The scaled signal is
integrated in integrator circuit 54 and supplied to the second input of multiplier
eircuit 56, which supplies'the signal estimate @3 to a subtractive input terminal
of signal summing unit 26.

It will be recognized that signal source 48 and multipliers 50 and 56
are not required in analog circuit realizations of the type depicted in FIGURE 6,
since the required mutliplication factor for the portion of the circuit that
produces @3 is unity. However, these elements have been includéd in FIGURE 6
to illustrate that fact that identical circuit topology (and, hence, identical form
of signal processing) can be utilized to supply the signal estimates 8y, &y and as.
In this regard, it can be recognized that the signal processing effected by the
analog arrangement of FIGURE 6 and analytically described in the previous
paragraphs easily can be implemented in digital circuit form. For example, in
many situations it may be advantageous to use & conventional microprocessor
circuit programmed to determine the signal estimates 'a‘l, 8y, 85 and to
determine the error signal, e, with the microprocessor at a rate on the order of
100 hertz. Since the necessary operations of multiplication and addition can be
accomplished at a substantially higher rate than a 100 hertz operating rate, real-
time solutions are readily obtained through the use of conventional micro-
processor programming techniques.

In any case, the signal estimate 31 obtained through the practice of
the invention yields the desired angular rate component. With respect to
processing the signal q_ to obtain the angular rate g it can be recalled from
Equation 13 that

a, =qCos ¢+ awd/2 + (1/2w)(pr + Q)¢
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In inertial navigation systems that employ the invention the accelerometer pairs
that supply the signals to be processed are mechanically aligned with the axes of
the accelerometer assembly coordinate system to maintain @=0. Further, a
phase shifter that can be adjusted to establish ¢ =0 typically is included in the
accelerometer assembly (e.g., accelerometer assembly 12 of FIGURE 1) or in an
associated electronic unit (e.g., accelerometer drive circuit 14 of FIGURE 1).
When these conditions are met, the invention (e.g., integrator 34 of FIGURE 6)
provides a signal @1 that can be scaled by the factor 1/2wp to precisely measure
the desired angular rate component (e.g., g

The present invention is especially advantageous in that the signal
estimates @1,@2 and 33 can be used for ealibrating the inertial measurement 'unit
of the type depicted in FIGURE 1 to minimize the previously discussed phase
shift error ¢ and the accelerometer misalignment error @ . In particular, since
the phase shift error ¢ is relatively small Cos ¢ is approximately equal to one
and when accelerometer assembly 12 of FIGURE 1 is held motionless, the signal
components &,, 8, and a4 of Equation 13-15 essentially reduce to

8y =awd/2;

a, =zaw/2; and,

8g = d/2wp
Since, in the steady state condition 8y 89 and a5 are substantially equal to 31,
and /a\3, the signal estimates provided by the FIGURE 6 (or an equivalent
realization of the invention, can be utilized to correct both the alignment of the
associated accelerometer pair and the phase of the signal that drives the
accelerometer pair. In particular, by providing for mechanical adjustment that
aligns the accelerometer pair that provides the signal being processed with the
associated axis the accelerometer assembly (the X axis for the signal that is
processed to obtain the angular rate component g) and holding the accelerometer
assembly motionless, mechanical alignment («*0) can be attained by monitoring
the signal estimate 32 and adjusting the alignment mechanism so that 32 is equal
to zero. To eliminate the phase shift error¢, a constant calibrated input g is
applied (by rotating the accelerometer assembly in a controlled manner about
the Y coordinate axis) and the value of @2 is determined. As can be seen from
Equation 14, with a q constant, any deviation of @2 from zero results from a
nonzero value for the quantity qé. Thus, by adjusting the phase of the signal

~
a

supplied to the accelerometer pair by accelerometer drive circuit 14 so that &,

equals zero eliminates the phase shift¢.

PCT/US86/02222
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Although the operation of thé circuit depicted in FIGURE 6 is
deseribed fully by Equations 28-31, additional understanding can be obtained by
considering the manner in which the circuit operates when one or more of the
signal estimates do not correspond to the related signal components. For
example, assume that al is less than a,. When this condition occurs, the error
sxgnal,e supplied by signal summing unit 26 will contain a component of the form

(a ) Coswt. When this component is multiplied by Coswt (in multiplier

1 "81

" circuit 30) and scaled by the factor Ky (in scaling circuit 32), a signal of the form

ky Costwt (a —’\1)
is supplied to the input of integrator 34. Since this signal has a dc value of
(k /2)a - g ) integrator 34 provides a 51gna1 that increases umformly with time
(a ramp sxgnal) Thus, the estimate al is caused to increase, which, in turn,
increases the signal a Coswt and decreases the error component (& (a 1° 0y ). Since
the error signale is contmuously fed back through the circuitry of FIGURE 6,
the process continues until 81 =ay (or until the input signal 9 changes in &
manner that alters a ) Operation of the circuit of FIGURE 6 so that the signal
estimates a2 and a3 are continously matched to the signal components a, and a,
is_directly analogous to the circuit operation that causes al to be continously
matched to the input component a,.

In view of the above-discussed operation of the ecircuit of
FIGURE 6, it can be noted that the signal estimates will contain some ripple
components whenever an error signal is supplied by summing circuit 26. In
parncular, in the above discussed situation in which al is less than &y, the signal
(a - a ) Coszwt contains components of the form [(a - al)/Z] Cos2uwt, which
cause npple in the signal estimate at the frequency Zm However, since the
integral of this signal over each half eycle is zero, there is no net effect on the
signal estimate. Similarly, if a2 is not equel to a, at the same time that al is
not equal to a,, the error signal supplied by summing circuit 26 will include a
component of the form (a2 - az) Sinwt. This 51gna1 appears at the input terminal
of integrator 34 as a signal of the form k, (a, -2 2 SinZwt. Since the integral
of this signal over any half cycle is zero, addxtlonal ripple at the frequency 2w
results, but there is no net effect on the estimate al. As was demonstrated by
to FIGURES 3 through 5, when the signal estimates closely track the associated
signal components, the ripple caused by the above- -discussed signal coupling is
relatively small and is eliminated as the signal estimation process ‘reaches steady

state.

PCT/US86/02222
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The noise characteristics of the signal processing of this invention
can be basically understood by considering & noise model based on Equation 25.
In particular, a low frequency noise model can be obtained from Equation 25 by
examining the case in which the only input is the noise component 8yt

31 + k1 Coszwt 8 = kl Coswt(a3 -33) (33)
For the low frequency components of &4, the modulation components of
Equation 33 may be averaged over several cycles. The average value of Coszwt
is 1/2; the average effect of Coswt is multiplication of the derivative of (a\3 - 33)
by 1/w; and the low frequency relationship between 8q and @3 may be obtained in
an exactly analagous fashion to Equations 26 and 27 for 8, Combining these
relationships inthe frequency domain results in:

&,(s) = 8, ()=lk /(s + ky /2))(s/w)ag(s) - &,(s))

=ky? a,(Vu (s + ky /D)) (34)
Thus, it can be recognized any noise source that exhibits a finite power spectrum
density at zero freguency will produce a noise output whose time integral has
zero power spectrum at zero frequency and thus will exhibit very low noise under
the conditions typically encountered in an inertial navigation system.

It can be noted however, that the signal processing of the invention
may exhibit noise rectification that results in an error component in the desired
signal estimate (e.g., 31). In particular, rectification will occur for noise of the
form '

v(t) = v, Cos (muwt); wherem=1,2,.... (35)
For example, when m = 1, Equation 33 becomes
2 +k, Cosut?, =k v_Coslut (36)
171 1 1%

Approximating k, Coszwt by k1/2, yields

a,(s) = [ (ky2)/(s +

12)] Vo : (3'7)
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Which, for relatively high frequencies, becomes substantially equal to Vo Those
familiar with angular rate sensors that utilize Coriolis acceleration to measure
angular rate will recognize that this type of retification error is common to such
sensors. As is known in the art, the most effective method to reduce the
rectification error is to establish the oscillation frequency w substantially above
‘the cut off frequency of the shock mounts that suspend and support the
accelerometers of the angular rate sensor system (e.g., the shock mounts that
suspend the accelerometer pairs within accelerometer assembly 12 of
FIGURE J).

Another type of noise that is important in inertial angular

measurement units that are utilized in inertial navigation systems is noise that

results from high frequency angular vibration. For example, with respect to the -

above-described process for determining the angular rate of g, vibration of
accelerometer assembly 12 of FIGURE 1 so that angular vibration about the
q coordinate axis of FIGURE 2 occurs will result in an additional noise compo-
nent in the signal component 8. The effect of such angular vibration on the
signal processing that is effected in accordance with the invention can be
determined by disregarding the coupling terms and noise term of Equation 25,
which yields

-

A 2
al + k1 Cos

wtay = kq CosZwt 8 (38)

It can be noted that the right hand term of Equation 38 periodically
becomes zero (at a frequency 2w). Thus, the precise estimate of q is lost at
isolated points in the time domain that are spaced apart by'Jr/cp. This means that
the estimate of ¢ that is provided by the signal processing method of the
invention will periodically be in error by whatever noise is present because of
angular vibrations. Although the mathematical éhalysis of the effect of random
vibration is relatively complex, the situation can be understood in view of
FIGURE 7, which illustrates a computer simulation for randomly varying values
1 =10,000. In FIGURE 7 it can be noted

'that the signal estimate 'a\l closely tracks (corresponds to) the signal component

of g with w= 200 radians/second and k

a, except at times that are separated by approximately 16 milliseconds (T =7/w).

In most embodiments in the invention, the effect of this type of
noise on the accuracy of the angular rate being determined (q in the example
being considered) can be held to an acceptable level by establishing the

frequency at which the accelerometer pairs are oscillated substantially greater

[0
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than the cutoff frequency of the shock mounts that suspends the accelerometer
pairs. Moroever, in situations in which additional suppression of this type of
error is desired or necessary, the accelerometer assembly (e.g., accelerometer
assembly 12 of FIGURE 1) and the signal processing of the invention can be
adapted to a configuration that eliminates the singularities that occur in
Equation 38.

More specifically, the singularities exhibited by Equation 38 and
illustrated in FIGURE 7 can be eliminated by mounting an additional pair of
accelerometers on each coordinate axis of FIGURE 2 (so that a triad of
accelerometers includes six accelerometer pairs) with the added accelerometers
being oscillated 90° out of phase with the existing accelerometers. The signals
provided by each additional set of accelerometers are then added and subtracted
in the previously discussed manner to provide a signal that can be processed to
obtain one of the specific force components and a signal that could be processed
to obtain one of the angular rate components. The signals to be processed for
each angular rate component are then processed in the manner described above
with respect to the signal processing for obtaining the angular rate component g,
except that each Coswt term is replaced by Sinwt and -each Sinwt term is
replaced by -Coswt (to account for the 90° phase difference in the oscillation of
the transducer pairs). Rewriting Equation (38) for the Coswt - associated signal

"cl" and the Sinwt - associated signal @ al as well as the corresponding signals a2

nS AC AS AS C AS AC AS
B, 83, 85, the derivatives with respect to time 2 al, v "2, ot ’a‘a,@s are:

acC _ 2 .C_aC, AS _ . S _~AS

8, = k1 Cos mt(a1 al), al =k Sin mt(a1 al)

ag =k, Sin2wt(a§ - a§>; 2= Ky Cos ut( a Z) (39)
. k . K

ac_ _ 3, € _AC, AS__ 3,85 _nas

8= =3 (ag a.); 8, = =3 (3 33)

The superscri'pt "e" dénotes that the associated signal estimate results from the
original accelerometer pair (oscillated at {requency Coswt) and the superseript
"s'" denotes that the associated signal estimate results from the added acceler-

ometer pair (oscillated at frequency Sinwt).

By expressmg the sums of these derivatives: ’31 =(§§+"s)/2-
" 'a‘g 'ESZ) 53)/2 the resulting equation for @ a1 is:

8, +k, (Cos?ut + SinZwt)d, - (k,/4)AS - 25)Cos2 wt =

1 1 1 1 1 .71 , B

2 s w2 c s
kl(Cos wt + Sin wt)al - (k1/4)(a1 - al)Cosz wt (40)

PCT/US86/02222



10

15

20

25

30

35

WO 87/02469 =~ ' '
-26-

If the signals are combined to give a single estimate so that §<1: =ﬁ‘;, and it is

noted that Cc:s2 wt + Sin2 wt is equal to unity, it can be recognized that

Equation (40) is equivalent to

A o =
8) k8 =kyay
carefully matched (41)

+ripple terms that vanish if ag and ai are

Similar expressions are obtained for ’a‘z and §3-
Thus, the periodic singularities are not present in an embodiment of the
invention that functions in the above-described manner.

FIGURE 8 illustrates an analog circuit realization of 'the above-
discussed signal processing technique for eliminating the periodic singularities in
the angular rate component that is provided by the embodiment depicted in
FIGURE 6. In FIGURE 8, the sum of the signals supplied by the first set of
accelerometer;- '(xc in FIGURE 8) is connected to a terminal 58, which couples
the signal to the additive input terminal of a signal summing unit 60. Three
subtractive input terminals of signal summing unit 60 are connected in the
manner described herein for receiving signals representative of the estimated

[}

2. , Sin wt; and, 8;. Thus, signal summing unit 60

signal components 1
supplies a first error signal equal to the difference between X, and the estimated

Cos wti;

signal components.

A second error signal based on the sum of the signals supplied by
the second pair of accelerometers is derived in a similar manner. In particular,
the sum of the sigrials provided by the second pair of a’ccelerome;grs (denoted Xg
in FIGURE 8) is supplied to a terminal 62, which is connected to the additive
input of & signal summing unit 64. Three subtractive input terminals of signal
summing unit 64 are connected for receiving signals representative of 31 Sin wt;
-@2 Cos wt; and, @3.

In the circuit of FIGURE 8, the first and second error signals

provided by signal summing units 60 and 64 (denoted as e, and e, respectively)

c
are connected to the input terminals of an adder circuit 66, which supplies an
input signal to an integrator circuit 68. As is indicated in FIGURE 8, integrator
circuit 68 exhibits & gain of k3/2 and is connected for supplying the signal %‘3 to

one of the subtractive input terminals of signal summing units 60 and 64. In

.'addition, the error signals e, and e, are respectively supplied to an input

terminal of a multiplier circuit 70 and a multiplier circuit 72. As is shown in
FIGURE 8, the second input terminal of mulitiplier 70 is connected for receiving

a signal representative of Sin wt (supplied by a signal source 74), and the second

PCT/US86/02222
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input terminal of multiplier circuit 72 is connected for receiving a signal
representative of -Cos wt (supplied by a signal source 76). The signals supplied
by multiplier eircuits 70 and 72 are coupled to the input terminals of an adder
circuft 78, which has its output terminal connected to the input of an integrator
circuit 80. As is indicated in FIGURE 8, integrator circuit 80 exhibits a gain of
k2 and supplies the signalfa‘2 to one input terminal of a multiplier circuit 82 and
to one input terminal of a multiplier circuit 84. Since the second input terminal
of multiplier circuit 82 is connected for receiving the signal supplied by signal
source 74, it can be recognized that multiplier circuit 82 supplies the signal
’a‘2 Sin wt to signal summing unit 60. Similarly, since the second input terminal
of multiplier circuit 84 is connected for receiving the signal supplied by signal
source 76, it can be recognized that mutliplier circuit 84 supplies the signal
-@2 Cos wt to signal summing unit 64.

In addition, in the arrangement of FIGURE 8, the first error
signal e, is connected to one input terminal of & multiplier circuit 86, which has
the output terminal thereof connected to one input terminal of an adder
circuit 88. In a similar manner, the second error signal & is gonnected to one
input terminal of a multiplier circuit 90, whith has the output terminal thereof
connected to the second input terminal of adder circuit 88. Since the second
input terminal of multiplier 86 is connected for receiving a signal representative
of Cos wt (supplied by a signal source 92) and the second input terminal of
multiplier circuit 90 is connected for receiving, the signal representative of
Sin wt, it can be shown that adder circuit 88 supplies a signal that includes a
signal component of the form '

(ag -’él) Sinzwt + (ai -@1) Coszwt (42)

If the two accelerometer pairs that supply the signals X, and X exhibit identical
characteristies, a‘I’ is equal to ai and Equation (42) is equal to (al-’él).

Since the signal supplied by adder circuit 88 is integrated and
scaled by the factor kl, it can be recognized that integrator circuit 94 provides
an output signal ’él which does not include the periodic signal singularities that
are exhibited by the arrangement of FIGUREG6. In this regard, since the
signal’a‘1 is multiplied by Cos wt in multiplier circuit 96 to supply the signal
representative of @; Cos wt to signal summing unit 60 and is multiplied by Sin wt
in multiplier 88 to supply the signal ’él Sin wt to signal summing unit 64, it can be
recognized that the arrangement of FIGURE 8 realizes the signal conditions :
defined by Equation (40).
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Although the circuit arrangement of FIGURE 8 is satisfactory if
the accelerometer pairs are sufficiently well-matched, it can be shown that
accelerometer mismatch will cause the signal estimates provided by the arrange-
ment of FIGURE 8 to include a small amount of ripple at a frequency equal to
2w, even when the signal processor reaches the steady state condition. In most
situations, the amount of ripple produced will be relatively small and will not
seriously degrade the performance of an inertial navigation system utilizing
signal processing circuits of the type shown in FIGURE 8. A more significant
drawback: of the circuit shown in FIGURE 8 is that separate outputs are not
provided for the components of 6\2 that result from the error signal provided by
signal summing unit 60 and the error signal provided by signal summing unit 64.

Thus & signal is not available for the previuosly discused correction of misalign-

. ment of the associated accelerometer pair and elimination of the phase angle ¢.

15

20

25°

30

35

This can be easily remedied by including a calibration switch in the two lines

that earry the error signals e, and e  so s to provide the circuit connections of

FIGURE 8 during normal operition of the signal processor while allowing the €
and e signals to be individually interrupted (switches opened one at a time) for
cahbratlon and alignment. One additional minor drawback relates to a precise
nongyroscopic inertial navigation system of the type being developed by the
assignee of this invention, which includes & cireuit arrangement for continuously
aligning ("nulling") the accelerometer pairs with their associated coordinate
axes. The continuous nulling circuit that has been developed for the assignee of
this invention is disclosed and claimed in a U.S. patent application of Rex B.
Peters, filed on even date with this application (attorney docket number
SUNC-=1-2486). In that arrangement, the nulling eircuit is responsive to & scaled
Coriolis:signal that represents the Coriolis acceleration along the sensing axis of
the accelerometer pair that is being continuously aligned. Since the arrange-
ment of FIGURE 8 does not provide separate Coriolis signals for-each of the two
accelerometer pairs, it would not be possible to maintain align:ment of each of
the accelerometer pairs in the manner disclosed in the referenced patent
application.

FIGURE 9 illustrates an analog circuit realization which eliminates
the previously discussed periodic singularities and which both eliminates the
ripple signals produced by the signal processing realization of FIGURE 8 and
provides two Coriolis signals for use in system calibration or in the continuous

nulling arrangement of the above-mentioned patent application (or similar

PCT/US86/02222
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arrangements) for separately aligning the two accelerometer pairs that provide
the two input signals to the signal processor arrangement of FIGURE 9.

In comparing the signal processor of FIGURE 8 with the signal
processor of FIGURE 8, it can be noted that the two arrangements differ in that
both the ﬁg and E; signal components supplied by the signal summing units 60 and
64 and the @g and ﬁg components supplied by signal summing units 60 and 64 are
separately processed rather than being added to one another and processed
within integrators 80 and 68 of FIGURE 8. In particular, in FIGURE 9 (in which
identification numerals identical to identification numerals of FIGURE 8
designate identically arranged circuit components), the error signal e, that is
supplied by signel summing unit 60 is directly connected to the input of an
integrator circuit 102 and is coupled to the input terminal of an integrator
circuit 104 via multiplier circuit 70. As is indicated in FIGURE 9, integra-
tors 102 and 104 thus supply signal estimatesﬁg and 3‘2: (respectively), which are
estimates of the ag and ag components of the signal x o that is supplied to signal
summing unit 60. In a similar manner, the error signal e, which is supplied by
signal summing unit 64, is directly connected to the input terminal of an
integrator circuit 106 and is coupled to the input terminal of an integrator
circuit 108 via multiplier eircuit 72. As is noted in FIGUR’E 9, integrator
circuit 106 provides an estimate fa\g of the signal component ag that is supplied to
signal summing unit 64 and integrator circuit 108 supplies an estimate 3‘; of the

3; component of the signal that is supplied to signal summing unit 64. Estimates

ag and ag are respectively representative of the Coriolis acceleration experi-
enced by the accelerometer pair that provides the signal x, and the Coriolis
acceleration experienced by the accelerometer pair that provides the signal Xg
Thus, these estimates can be utilized in a calibration procedure of the
previously-described type for adjusting the alignment and phase of each acceler-
ometer pair, or can be used in separate alignment channels (e.g., the continuous
nulling arrangements disclosed in the above-referenced patent application) to
maintain the two accelerometer pairs in alignment with the associated axes and,
thus, maintain precise operation of an inertial navigation system.

Those skilled in the art will recognize that the embodiments of the
invention that are disclosed herein are exemplary in nature and that various
changes and modifications can be made without departing from the scope and
sprit of the invention. For example, as was previously mentioned and can be
seen in view of the described mathematical relationships, the invention readily

can be realized by a programmed microprocessor or other digital circuit

98- PCT/US86/02222
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arrangement. Further, although the invention has been disclosed in the context
of only one of the paired accelerometer arrangements disclosed in the previously
referenced U.S. patent application of Merhav (S.N. 528,776, filed September 2,
1983), the invention also is applicable to other rotating and oscillating acceler-
ometer arrangements such as the additional arrangements disclosed in the
referenced patent application (and others). In addition, although the invention
has been disclosed in the context of accelerometer pairs that are oscillated as a
function of Cos wt (or Sinwt), it can recognized that the invention can be
employed in any situation in which the signa] to be processed includes a first
periodic signal component and a second periodic signal component that is in
phase quadrature with the first signal component. Accordingly, the invention is.
not to be limited to the specific embodiments illustrated and described, instead
the scope of the invention is to be determined by reference to the following
claims.
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What is claimed is:

1. A signal processing method for determining components of
angular rate of a moving body from & signal that is obtained from one or more
pairs of accelerometers, each of said pairs of accelerometers being mounted in
alignment with an axis of a coordinate system associated with said moving body
and being cyclically displaced in response to a signal that is supplied to said
accelerometer pair, said signal obtained from at least one of said pairs of
accelerometers being of the form 8 f (wt) *a, (wt) * a5, where f (wt) is &
periodic function of time representatwe of the cycelic oscxllatxon of saig
accelerometer pair, fz(ut) is & periodic function of time that is phase quadra-
ture with t‘l(w t), 8, and a,, respectively denote the amplitudes of said time
varying functions fl_(,“ t) and folwt) and 84 represents an unmodulated random
value sequence, said signal processing method comprising the steps of:

(a)  subtracting a signal of the form

Ql fl(mt) + 32 fy(wt) '*'@3
from said signal of the form 8y (ut) +a, 2( wt) + 8, to provide an error signal
where al, a2 and a3 are estxmates of said amplxtude factors a 17 89 and 8,
respectively; -

(b) multiplying said error signal by k f ( t), where 1\1 is
& predetermined constant, to obtain the derivative with respect to time of a

(e) multiplying said error signal by kq (w t), where k2
a predetermined constant to obtain the derivative. with respect to time of 2, g8,

(d) multiplying said error signal by a predetermmed
constant ks to obtain the derivative with respect to time of 33;

(¢)  integrating said derivative with respect to time of@l
to obtain ﬁl;

(f) integrating said derivative with respect to time of ’a\z
to obtain 'a\z;

(g} integrating said derivative with respect to time of @3
to obtain 33;

(h) multiplying 31 by fl(w‘t);

(i) multiplying @2 by f,(wt); and

() multiplying /a\l by a predetermined scale factor to
obtain said angular rate.

2. The method of Claim 1, wherein f (wt) is equal to Cos (wt)
and { (m t) is equal to Sin (w t).



WO 87/02469 PCT/US86/02222
-3 2=

3. The signal processing method of Claim 1 wherein said ampli-
tude &, includes an error component caused by an unknown amount of misalign-
ment between the pair of accelerometers that supplies said signal and the path
along which said accelerometers are cyclically displaced and an error component

5 caused by a phase difference between said signal source that drives said
accelerometer pair and said signal obtained from said accelerometer pair and
wherein said amplitude factor 8y includes an error component caused by
misalignment between said accelerometer pair and the path along which said
accelerometers are cyeclically displaced; said signal processing method further

10 comprising the steps of:

(a) constraining said moving body in a stationary condi-

tion; and
()  monitoring the value of @2 to align said accelero-
meter pair with said path elong which said accelerometers are cyclically

15 displaced.

4. The signal processing method of Claim 3 further comprising
the steps of: ‘
(a) moving said moving body in a controlléd manner; and
(b)  monitoring @2 to eliminate said phase difference
5 between said signal source that drives said accelerometer pair and said signal
supplied by said accelerometer pair.

5. An adaptive signal processor for determining an angular rate
component of a moving body from a signal that is obtained from at least one pair
of accelerometers that are mounted in alignment with one axis of a coordinate
system associated with said moving body, each said pair of accelerometers being

"5 cyclically oscillated by a signal source that drives said one or more accelero-
meter pairs, said signal obtained from at least one pair of said accelerometers
being of the form &, f, ( wt) + &, f, (wt) + 85, Where fl (wt) is a first periodic
function of time representative of the cyclic oscillation each said accelerometer
pair, fz(wt) is & second periodie function of time that is in phase quadrature

10 with fl(mt), 8y and ) rgspecti_vely denote the amplitudes of said time varying
functions fl(mt) and fz(u)t) and a4 represents an unmodulated random value
sequence said signal processor comprising: :

a signdl summing unit, said signal sﬁmming unit including a first

input terminal connected for receiving said signrarl of the form 8y fl(wt) *+a,
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fo(wt) +a, & second input terminal for receiving a signal glfl(w t), a third input
terminal for receiving a signal 32 fz(wt) and having a fourth input terminal for
receiving a signal 'a\s where ’a\l, ’a\z and’ai3 are estimates of said amplitude factors
8y, & and &4, said signal summing unit being configured and arranged for
supplying & first error signal equal to the difference between the signal applied
to said first input terminal and the signals applied to said second, third and
fourth input terminals;

first and second multiplier circuits, each of said first and second
multiplier eircuits having an input terminal connected for receiving said first
error signal; i

a first signal source for generating a signal fl;'_(wt), said first signal
source being connected for supplying said signal to a second input terminal of
said first multiplier ¢ircuit;

a second signal source for supplying a signal f,(wt), said second
signal source being connected for supplying said signal to a second input terminal
of said ,sefond multiplier;

' first and second scaling means, said first scaling means being
connected for receiving the signal supplied' by said first multiplier circuit, said
second scaling means being connected for receiving the signal sﬁpplied by said
second multiplier eircuit;

first and second integrator circuits, said first integrator circuit
being connected for receiving the signal supplied by said first scaling means, and
being connected for supplying a signal representative of @1, said second
integrator circuit being connected for receiving the signal supplied by said
second scaling means and being connected for supplying a signal representative
of 8y;

third and fourth multiplier circuits, said third multiplier circuit
being connected for receiving said signal ?1 from said first integrator circuit and
being connected for receiving said signal supplied by said first signal source, said
fourth multiplier circuit being connected for receiving said signal@?2 from said
second integrator circuit and being connected for receiving said signal supplied
by said second signal generator, said third and fourth multiplier eircuits each

‘having an output terminal, the output terminal of said third multiplier circuit

being connected to said second input terminal of said signal summing unit, said
output terminal of said fourth multiplier circuit being connected to said third
input terminal of said signal summing unit;
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a third scaling means connected for receiving said first error
signal, said first scaling means for amplifying said first error signal by a
predetermined constant kq; and

a third integrator ecircuit connected for receiving the signal
supplied by said third scaling means and connected for supplying the output
signal of said third integrator circuit to said fourth input terminal of said signal

summing unit.

6. The signal processor of Claim 5 wherein said first periodic
function of said signal obtained from said accelerometer pair is Cos wt and said
second. periodic function of said signal obtained from said accelerometer pair is
Sin wt and wherein said signals supplied by said first and second signal scurces

are Coswt and.Sinw t, respectively.

1. The signal processor of Claim § wherein two pairs of
accelerometers are mounted in alignment with one axis of said coordinate
system with said first pair of accelerometers supplying said signal of the form
fl(w t)+a2 fz(wt) +a, and said second pair of accelerometers supplying a
i f,(wt) - a; fi(wt) + a§ where ai and az respectively denote
the amplitudes of said periodie functions f; (wt) and f, (wt) and az is an
unmodulated random value sequence and wherein said signal processor further

&1
signal of the form a

comprises: , .
first, second and third adder circuits, said first adder sircuit having
an input terminal connected for receiving the output signal of said first
multiplier eircuit and having an output terminal connected to the input of said
first scaling means, said second adder circuit having an input terminal connected
to the output of said second multiplier ecircuit and having an output terminal
connected to the input of said second scaling means, said third adder circuit
having an input terminal connected for receiving said first error signal and an
output terminal connected to the input of said third scaling means;

a second signal summing unit, said summing unit having first,
second, third and fourth input terminals, with said first input terminal being
connected for receiving said signal supplied by said second pair of accelero-
meters, said second signal summing unit supplying a second error signal equal to
the difference between said signal supplied to said first input terminal and
signals supplied to said second, third and fourth input terminals, said second

error signal being supplied to a second input terminal of said third adder cireuit;
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fifth and sixth multiplier circuits each having an input terminal
connected for receiving said second error signal, said fifth multiplier circuit
having an output terminal connected to a second input terminal of said first
adder circuit, said sixth multiplier circuit having an output terminal connected
to a second input terminal of said second adder circuit, said fifth multiplier
circuit heving a second input terminal connected for receiving said signal
supplied by said second signal source;

seventh and eighth multiplier circuits, said seventh multiplier
circuit having first and second input terminals respectively connected for
receiving the signal supplied by said first integrator circuit and said signal
supplied by said second signal source and having an output terminal connected to
said second input terminal of said second signal summing unit, said eighth
multiplier circuit having a first input terminal connected for receiving the signal
supplied by said second integrator ecircuit and having an output terminal
connected to said third input terminal of said second signal summing unit; and

a third signal source, said third signal source connected for
supplying a signal —fl(wt) to a second input terminal of said sixth multiplier

circuit and to a second input terminal of said eighth multiplier circujt.

8. The signal processor of Claim 7 wherein said first periodic
function of time is Coswt and said second periodic function of time is Sinwt and
wherein said first signal source supplies a signal Cosw t, said second signal source

supplies a signal Sinwt and said third signal source supplies a signal ~Cos wt.

9. The signal processot of Claim 5 wherein two pairs of
accelerometers are mounted in alignment with one axis of said coordinate
system with said first pair of accelérometers supplying said signal of the form
alfl( gt)+a2f2( wt) *+a, and said second pair of accelerometers supplying a
signal of the form ai f2( wt) - a; fl( wt) + ag'where ai and ag respectively denote
the amplitudes of said periodic functions of time fl( wt) and fo( wt) and ag is an
unmodulated random value sequence and wherein said signal processor further
comprises:

a second signal summing unit, said summing unit bhaving first,
second, third and fourth input terminals, with said i’irst input terminal connected
for receiving said signal supplied by said second pair of accelerometers, said
second signal summing unit supplying a second error signal equal to the
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difference between said signal supplied to said first input terminal and signals
supplied to said second, third and fourth input terminals;

fifth and sixth multiplier circuits each having an input terminal
connected for receiving said second error signal, said fifth multiplier ecircuit
having a second input terminal connected for receiving said signal supplied by
said second signal source;

a third signal source, said third signal source connected for
supplying & signal -fl( wt) to a second input terminal of said sixth multiplier
cireuit;

seventh and eighth multiplier circuits, said seventh multiplier
circuit having an input terminal connected for receiving the signal supplied by
said second signal source and a second input terminal connected for receiving the
signal supplied by said first integrator- circuit and having an output' terminal
connected to said second input terminal of said second signal summing unit, said
eighth multiplier eircuit having a first input terminal connected for receiving
said signal supplied by said third signal source and having an output terminal
connected to said third input terminal of said second signal summing unit; and

fifth and sixth integrator circuits, said fifth integrator circuit
connected for receiving the éignal supplied by said sixth multiplier circuit and
connected for supplying e signal to a second input terminal of said eighth
multiplier circuit, said sixth integrator circuit connected for receiving said
second error signal and connected for supplying a signal to said fourth input
terminal of said second summing unit.

10.  The signal processor of Claim 9 wherein said first periodic
function of time is Cos wt and said second periodie function of time is Sin wt and
wherein said first signal source supplies a signal Cos wt, said second signal source
supplies a signal Sin wt and said third signal generator supplies a signal -Cos wt.

11.  An inertial measurement unit for measuring specific force
and anguler rate components of a moving body, said inertial measurement unit
comprising:

an accelerometer assembly including at least three pairs of
accelerometers, each of said pairs of accelerometers being mounted for measur-
ing specific force élong one axis of a Cartesian coordinate system that is fixed
to said moving boé]y and being mounted for eyclic displacement of the form

f,(wt);
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accelerometer drive means connected to said accelerometer
assembly for eyelically dispacing each of said three pairs of accelerometers;

a preprocessor unit connected for receiving said signal supplied by
each of said accelerometers, said preprocessor unit including means for adding
the signals supplied by each said pair of accelerometers and means for
subtracting the signals supplied by each said pair of accelerometers to generate
first, second and third signals representative of the specific force along each
coordinate axis of said coordinate system and to generate first, second and third
angular rate signals of the form 8y fl(w t) + 8, fz(wt) * ag, where fz(wt) is a
periodic signal that is in phase quadrature with said signal fl(wt), and where 8y
and &, denote the amplitudes of said periodic signals fl(wt) and fz(wt) res-
pectively and a4 represents an unmodulated random value. sequence with the
amplitude &, of each of said signals being representative- of the angular rate
associated with a separate axis of said coordinate system of said moving bady;
and

first, second and third signal processing circuits, said first, second
and third signal processing circuits being connected for receiving a different one
of said angular rate signals supplied by said preprocessor unit and for supplying a
signal representative of the angular rate for a different one of said axes of said
coordinate system, each of said first, second and third signal processing circuits
ineluding

(2)  a signal summing unit, said signal summing unit including a
first input terminal connected for receiving said signal of the form

1 f(wt) +ay f)(wt) +a,, & second input terminal for receiving a
sxgnal alfl(m t), a third 1nput terminal for recewmg a signal a2 2(m t) and having
a fourth input terminal for receiving a signal a3 where al, e;-.2 and a3 are
estimates of said amplitudes 8y 89 and CPY said signal summing unit being
configured and arranged for supplying a first error signal equal to the difference
between the signal applied to said first input terminal and the signals applied to
said second, third and fourth input terminals;

(b) first and second multiplier circuits, each of said first and
second multiplier circuits having an input terminal connected for receiving said
first error signal;

' (e) ' a first signal source for generating a signal fl(w t), said first
signal source being connected for supplying said signal to a second input terminal
of said first multiplier circuit;

37 PCT/US86/02222
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(d) a second signal source for supplying a signal fz(wt), said
second signal source being connected for supplying said signal to & second input
terminal of said second multiplier;

(e)  first and second scaling means, said first scaling means
being connected for receiving the signal supplied by said first multiplier circuit,

said second secaling means being connected for receiving the signal supplied by

said second multiplier eircuit;

(£ first and second integrator circuits, said first integrator
eircuit being connected for receiving the signal supplied by said first scaling
means, and being connected for supplying a signal representative of/a‘l, said
second integrator circuit being connected for receiving the signal supplied by
said second scaling means and being connected for supplying a signal representa-
tive of 32; .
(g)  third and fourth multiplier circuits, said third multiplier
eircuit being connected for receiving said signal 31 from said first integrator
circuit and being eonnected for receiving said signal supplied by said first signal
source, said fourth multiplier circuit being connected for réceiving said signal 32
from said second integrator circuit and being connected for receiving said signal
supplied by said second signal generator, said third and fourth mﬁltiph’er cireuits
each having an output terminal, the output terminal of said third multiplier
cireuit being connected to said second input terminal of said summing unit, said
output terminal of said fourth multiplier circuit being connected to said third
input terminal of said signal summing unit;

(h) a third scaling means connected for receiving said first
error signal, said third sealing means for amplifying said first error signal by a
predetermined constant k3; and

(i) a third integrator circuit connected for receiving the signal
supplied by said third scaling unit and connected for supplying the output signal
of said integrator circuit to said fourth input terminal of said summing unit.

12. The inertial measurement unit of Claim 11 wherein said
first periodic function of said signal obtained from said accelerometer pair is
Coswt and said second periodic function of said signal obtained from said
accelerometer pair is Sinw t and wherein said signals supplied by said first and
second signal sources are Cosw t and Sinw t, respectively.
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13.  The inertial measurement unit of Claim 11 wherein said
accelerometer assembly includes calibration means for aligning each pair of
accelerometers with the direction of said eyelic displacement, said calibration
means being adjustable in response to the @2 of each of said first, second and
third signal processors for aligning each pair of accelerometers with said
direction of cyclic displacement.

14.  The inertial measurement unit of Claim 13 further
comprising phase shift means operably connected to said accelerometer drive
means for separately adjusting the phase angle of the cyelic displacement of
each of said three pairs of accelerometers, said phase shift means being
adjustable in response to @2 of each of said first, second and third signal
processors to eliminate phase shift error between the eyclic displacement of
each said accelerometer pair and the output signal provided by that accelero-
meter pair.

15.  The inertial measurement unit of Claim 11 wherein two
pairs of accelerometers are mounted in alignment with each axis of said
coordinate system with the first pair of accelerometers supplying said signal of
the form 8y t‘l(mt)+a2 f2(w t)+a3 and the second pair of accelerometers

supplying & signal of the form ai folwt) - ez filwt)+ az where ai and ag
respectively denote the amplitudes of said periodic functions f;(wt) and fz(w t)

and ag is an unmodulated random value sequence and wherein each said signal

processing unit further comprises:

first, second and third adder circuits, said first adder circuit having
an input terminal connected for receiving the output signal of said first
multiplier eircuit and having an output terminal eonnected to the input of said
first scaling means, said second adder circuit having an input terminal connected
to the output of said second multiplier cireuit and having an output terminal
connected‘to the input of said second scaling means, said third adder circuit
having an input terminal connected for receiving said first error signal and an
output terminal eonnected to the input of said third scaling means;

a second signal summing unit, said summing unit having first,
second, third and fourth input terminals, with said first input terminal being
connected for receiving said signal supplied by said second pair of accelero-
meters, said second signal summing unit supplying a second error signal equal to

the difference between said signal supplied to said first input terminal and
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signals supplied to said second, third and fourth input terminals, said second
error signal being supplied to a second input terminal of said third adder circuit;

fifth and sixth multiplier circuits each having an input terminal
connected for receiving said second error signal, said fifth multiplier circuit
having an output terminal connected to a second input terminal of said first
adder circuit, said sixth multiplier circuit having an output terminal connected
to a second input terminal of said second adder circuit, said fifth multiplier
cireuit having a second input ferminal connected for receiving said signal
supplied by said second signal source;

 seventh and eighth multiplier circuits, said seventh multiplier

circuit having first and second input terminals respectively connected for
receiving the signal supplied by said first integrator circuit and said signal
supplied by said second signal source and having an output terminal connected to
said second input terminal of said second signal summing unit, said eighth
multiplier circuit having a first input terminal connected for receiving the signal
supplied by said second integrator circuit and having an output terminal
connected to said third input terminal of said second signal summing unit; and

a third signal source, said third signal source connected for
supplying a signal -fl(wt) to a second input terminal of said sixth multiplier
circuit and to a second input terminal of said eighth multiplier cirecuit.

16. The inertial measurement unit of Claim 15 wherein said
first periodie function of time is Cosw t, said second periodic function of time is
Sinwt and wherein said first signal source supplies a signal Coswt, said second
signal source supplies a signal Sinw t and said third signal source supplies a signal
-Coswt.

7 17.  The inertial measurement unit of Claim 16 wherein said
accelerometer assembly includes calibration means for aligning each pair of
accelerometers with the direction of said cyclic displacement, said calibration
means being adjustable in response to the @2 of each of said first, second and
third signal processors for aligning each pair of accelerometers with said

direction of cyclic displacement.

18.  The inertial measurement unit of Claim 17 further compris-
ing phase shift means operably connected to said accelerometer drive means for
separately adjusting the phase angle of the cyclic displacement of each of said

(w
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three pairs of accelerometers, said phase shift means being adjustable in
response to 32 of each of said first, second and third signal processors to
eliminate phase shift error between the cyclic displacement of each said
accelerometer pair and the output signal provided by tha't accelerometer pair.

18.  The inertial measurement unit of Claim 11 wherein two
pairs of accelerometers are mounted in alignment with one axis of said
coordinate system with said first pair of accelerometers supplying said signal of
the form &, f (wt) + azfz(ut) *a, and said second pair of accelerometers sup-
plying a 51gnal of the form a f (ut) (ut) + ag where ai and ag
respectlvely denote the amplitudes of S&ld perlodlc functions of time f (wt) and

(wt) and a3 is an unmodulated random value sequence and wherein sald signal
processing unit further eomprises:

é second signal summing unit, said summing unit having first,
second, third and fourth input terminals, with said first input terminal connected
for receiving said signal supplied by said second pair of accelerometers, said
second signal summing unit supplying a second error signal equal to the
difference between said signal supplied to said first input terminal and signals
supplied to said second, third and fourth input terminals;

fifth and sixth multiplier circuits each having an input terminal
connected for receiving said second error signal, said fifth multiplier ecircuit
having a second input terminal connected for receiving said signal supplied by
said second signal source;

a third signal source, said third signal source connected for
supplying a signal -fl(mt) to a second input terminal of said sixth multiplier
circuit;

seventh and eighth multiplier eircuits, said seventh multiplier
circuit having an input terminal connected for receiving the signal supplied by
said second signal source and a second input terminal connected for receiving the
signal supplied by said first integrator circuit and having an output terminal
connected to said second input terminal of said second signal summing unit, said
eighth multiplier circuit having a first input terminal connected for receiving
said signal supplied by said third signal source and having an output terminal
connected to said third input terminal of said second signal summing unit; and

fifth and sixth integrator circuits, said fifth integrator circuit
connected for receiving the signal supplied by said sixth multiplier circuit and
connected for supplying & signal to a second input terminal of said eighth

multiplier eircuit, said sixth integrator circuit connected for receiving said
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second error signal and connected for supplying & signal to said fourth input
terminal of said second summing unit.

20. The inertial measurement unit of Claim 19 wherein said
first periodic function of time is Cosw t, said second periodic function of time is
Sinwt and wherein said first signal source supplies a signal Cosw t, said second
signal source supplies a signal Sinw t and said third signal source supplies a signal

-Coswt.

21. The inertial measurement unit of Claim 20 wherein said
accelerometer assembly includes calibration means for aligning each pair of
accelerometers with the direction of said cyelic displacement, said calibration
means being adjustable in response to the 32 and 3‘; of each of said first, second
and third signal processors for aligning each pair of accelerometers with said
direction of eyclic displacement.

22.  The inertial measurement unit of Claim 21 further compris-
ing phase shift means operably connected to said accelerometer drive means for
separately adjusting the phase angle of the eyclic displacement of each of said
three pairs of accelerometers, said phase shift means being adjustable in
response to 32 and 3; of each of said first, second and third signal processors to
eliminate phase shift error between the ecyeclic displacement of each said
accelerometer pair and the output signal provided by that accelerometer pair.

PCT/US86/02222
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