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Additionally, the associated circuitry allows indsgent
electrical adjustment of the sense axis alignmeunt iaolation
of the drive-sensing signal from the rate-sensiggas.

The improved driver design also allows electricdjlatment of
the drive vector. The design additionally providemeans of
applying torque drive and quadrature correctionghéogyro on
the same drivers as the operational drive. Agdinfathis is
done with minimal connections to the gyro mechanighile
preserving symmetry of the drivers.

INTRODUCTION

Gyro design has been dominated by the opinion ttratideal
gyro is made of ideal materials (low loss, high hatcal
“Q"), maximum symmetry in its geometry, and isatetiof the
drive and rate sensing functions [1] [2] [3]. T@eadeal design
characteristics are being compromised regularlythie real
world to reduce the cost and complexity of gyrdsow there
are some technical reasons to depart from thesalside

European market. He has authored seven profesgiapars improve performance and functionality.

on gyro technology and holds
predominantly in gyro design.

ABSTRACT

twenty US patents,

The use of lower Q materials has previously beeméxed for
the considerations of gyro bandwidth and tuningsiisity [4].
This paper will instead focus on the constructipeleation of
skewed symmetry and combined functions to the gyro
mechanism and the system architectures to improy® ¢

This report is based on recent patent applicatipndVatson performance.

Industries, which are available to the industry otlgh

licensing. Essentially, Watson Industries has tped several

novel new means of applying and extracting signas
vibratory gyros. The method involves using a gligkew in

alignment for pickoffs and/or drivers to controketlrive and
sensing vectors to electrically optimize gyro perfance. The

main example presented is based on the ceramiwibugting

structure gyro, but these same principles may apiplgimost

all other vibrating structure gyro mechanisms.

The goals of this effort are to lower product cagtile
improving performance on an existing gyro produ@esign
improvements include making fewer connections
combining functions to simplify adjustments. Penfance is
to be enhanced by improving the tracking between dhive
and torquing loops and by increasing electrode rizte
utilization.

and

The improved pickoff design allows both drive segsand rate The gyro under consideration is a cylindrical shapgen on

sensing to be produced from the same set of nockoffs.

one end with a stem for mounting on the other.usks the



oscillation of the rim between two oval shapes taprimary
operational mode (see Figure 1). The nodes semtedly no
vibration signal when the gyro is at rest. Whea gyro is

nature and tend to hold their inertial orientation.

The mechanisms used to drive and to sense thessiviis are

rotated around its axis of symmetry, the pickoffottodes that usually designed using traditional assumptions frearly

were at the nodes are rotated into the vibratioereshideally,
they will produce signals proportional to the ragatrate.

Fig. 1. Primary vibration modes for a cylindricgiyro. Two
node axes and two anti-node (or drive) axes aracb@msmost
circular gyro designs.

The system structure typical for a wide range gbgyls shown
in Figure 2.
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Fig. 2. Typical gyro system. Functional interfac® the
electronics system relies on sensing and drivingctions
localized to separate node and anti-node axes.

The oscillation drive functions are centered on dmé-node
axes and the angular rate sensing functions artereghon the
node axes. Rotation is detected when detectingtreties,
which were at the nodes, are moved into the vibnatithat
were driven on the drive axes. These vibratiomsiaertial in

successful gyros such as the hemispherical resorgtm
(HRG).

The problem is that these driven gyro vibrations disturbed
in their alignment by many things besides the rotatthey are
intended to measure. This paper addresses aiternand
unusual designs of the electrode interfaces and cthmuit
design required to implement new and improved edeet
arrangements.

INITIAL CONCEPT

CURRENT PRODUCT EXAMPLE

The gyro to be examined is a piezoceramic cup Gyrovn
below.

Fig. 3. Vibrating Structure Gyro. This piezoetecfyro was
a production item made by BAe Systems.

This gyro is made of a solid piezoceramic, precigioound in

the shape of a cup with eight electrode areas fiming and

sensing. The eight electrodes around the circianéer of the
cup achieve these basic functions. There aredimetrodes for
the node axes and four electrodes for the drive.asee Figure
3. The two orthogonal node axes have oppositsebimnal
outputs for the rate sense signal, one phase dnads. The
two orthogonal drive axes also have opposite pHasdhe

drive signal, one phase on each axis.

As shown in Figure 4, one electrode area is spliwio. The



function of the split drive electrode is to allowjastment of
the vector of the drive motion. This in turn malkesoffset of
the node axes. The resulting shift of the ratessegignal is
used to adjust the bias of the rate output.

Fig. 4. Split electrode. This exception to thmsyetry allows
a special adjustment function.

Node Axis 2 Node Axis 1

Fig. 5. Split electrode drive geometry. Adjustihg amplitude
ratio of the drive voltages on E1A and E1B, thevervector
can be adjusted by &2

By shifting the amplitude ratio of the drive sigenan the two
split electrode halves, the axis of the drive motican be
adjusted by almost 10° in either direction. Seaiféd.

RECONFIGURED GYRO

The first concept tested was to rearrange the ifumgtto
provide better utilization of the electrodes. Byvimg the
function of the split electrode from the drive akisthe node
axis, it becomes a source of detection for theedsignal and
the rate signal. See Figure 6. This frees upsdwnd drive
axis electrodes to be used as additional drivevgith four
drivers instead of two, the drive function is avgrd over twice
the area so the influence of any imperfectionsusic half.
This increases the stability of the effective draves.

Drive Axis 1

Node {Xi52 4 Node Axis 1

Drive Axis 2

Fig. 6. Split electrode sensing geometry. Reagiag the
electrodes provides new opportunities.

In Figure 6, the signals from electrodes 5 and hé &B were
added together as the rate sensing signal. Tferatite of the
signals from electrodes 1A and 1B was used as dnig#on
sensing. The torquing function remained as befapplied to
electrodes 3 and 7. The signals from the splittedeles are
defined as:

V,, = R;COS(26) + DSIN (26)

(2)
Vs = R;COS(26) - D,SIN (26)
Therefore:
Rs OVia +Vig +Vs 2
Ds U VlA _VlB
Where:

Vi = The output of electrode 1A

Vg = The output of electrode 1B

Vs = The output of electrode 5

Rs = The rate sensing signal

Ds = The drive motion sensing signal

As expected, an improvement in bias stability deenperature
was obtained as shown in Figure 7. The improvermbsérved



was more than a factor of two better than the paigdesign
due to increased drive axis stability.

One unexpected effect discovered was the incrdabe aseful
temperature range from —30 °C to +60 °C to more tdd °C
to +85 °C.
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Fig. 7. Bias improvement. Improved drive elec&radilization
reduces vibration alignment disturbances for bettgias
performance.

Another unexpected improvement was found in stgbilf the
scale factor over temperature. See Figure 8. iffipeovement
was a factor of three better than the originalgtesi
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Fig. 8. Scale factor improvement. This is a resdilmoving
the drive sensing away from the high stresseseofltive axis.

Analysis showed that the environment of the drigmsing
signal when taken on the drive axis is significardifferent
from that of the node axis region. In the splitiver
configuration, the drive flexure produced local tivg and
work softening of the cup material (see Figure 85 a result,
the drive-sensing signal, which is used to regul#te

amplitude of the signals that migrate to the ratessg system,

is dissimilar to the rate sensing signal. Theyndo track in
gain, so the scale factor of the system is degraded

Fig. 9. Stress patterns of the vibrating cup. Xele and local
heating change the drive axis interface from thaenaxis
interface.

EXTENDED CONCEPT

SENSING SYSTEM

It is essential that angular rate sensing shouldbdsed at the
node axes and the results above indicate thatritie sensing
should also be in proximity of the node axes. Appu both

functions as above could be done with four setsiroformly

distributed split electrodes, but this would requnany more
connections. Another approach is to have one reldetper
node in opposing pairs with each pair skewed inosjip

directions as shown in Figure 10.

Node Axis 2 Node Axis 1

Fig. 10. Skewed sensing. Symmetry is maintainedtatoth
drive axes.



The signals from such an electrode arrangemenbean
trigonometrically defined as follows:

V, = D.SIN (26) + R,COS (26)
V, = D¢SIN (28) - R,COS(26)

®3)

Where:
V1 = The output of electrodes on node axis 1
V, = The output of electrodes on node axis 2

Then for small angles:

V, = 26D, + R,

(4)
V, =200 - Rg
Then:
Rs =(V, -V,)/2 (5)

Dg = (V, +V,)/(46)

These equations are true in principle, but in d veald of
tolerances and misalignment, errors will contan@ndhe
isolation between the drive sense and rate segselsi To
compensate for this, adjustment is added to théemsydy
tweaking the gain of the output of the electrodesslaown in
Figure 11.

Node Axis 2 Node Axis 1

Fig. 11. Skewed sensing system. Rate sense amds#nse
are adjusted to make them orthogonal.

The sense skew angle used has two main considesatiirst,
the drive sense signal needs to be reasonably suoathat
environmental variations affecting each electrodghty

differently will not unreasonably disturb the ransing signal.

Some compromise is already being made along thess in
that current designs use a node-sensing electiarger| than
zero width for sensitivity. The two extreme edgdéssuch an
electrode would have a nearly equal drive-sensigga the
amplitude would be proportional to the sine of svibe angle
from the node and opposite polarity. The two edgmals

are utilized, the removal of some of the electrodeone edge
of each electrode can be afforded without harmingrall

sensitivity. The result is merely moving the cdladi®n of the

drive-sense edge signals to the electronics whezebalance
can now be adjusted optimally.

The second consideration is the integrity of thevedsense
signal. The drive-sense signal needs to be latgar the rate-
sense signal such that errors in balance do notahe rate-
sense signal to harm performance of the drive systélhe
exact optimal skew depends on the gyro configunatmd
specifications and is to be done in coordinatiortite drive
system.

DRIVE ELECTRODE SKEW IMPLEMENTATION
Much like the sensing system, skew can be usedatenthe

drive electrodes multifunctional and more efficierBee Figure
12.

Drive
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Fig. 12. Skewed drive electrode geometry. Symmistry
maintained about both node axes.

In this configuration, all four drive axis electexlare used to
drive the gyro oscillations. As with the split senelectrode
configuration, this allows more oscillation ampdituper drive
voltage for a higher signal to noise ratio and dretiontrol of
the mode of oscillation. If only the electrodesook drive axis
are used, then most even numbered harmonics §,84,.node
axes) are equally encouraged. When the electrofidmoth
drive axes are used, with the axes in opposingepliasn fewer
harmonics are encouraged (2, 6, 10.... node axes).

If the drive voltage were applied to only skew akislectrodes

virtually cancel each other out leaving the rateseg signal (Vor SIN(ab) the vibration pattern would be displaced
essentially free of the drive-sense signal. Sioce electrodes counterclockwise by the angk Likewise, drive voltage on



skew axis 2 electrodesVd, SIN(at)) would displace the
vibration pattern clockwise by the andde Remembering the
drive axis 2 polarity is opposite from drive axistlie vibration
pattern displacement (D) follows this equations:

D = g NMor *Vo2) (6)
(VDl _Voz)

This is embodied in Figure 13 as a system of dcwetrolled
by the system automatic gain control (AGC) and tthrguing
signal (T).

Drive, =V, SIN(at) = (T + AGC)SIN(at) @)
Drive , =V, SIN(at) = (T — AGC)SIN («t)

Therefore: ] )
Fig. 14. An example of skewed electrode placenTém.drive

T
D=6 AGC ®) electrodes are skewed by 6° and the smaller noeetreties
are skewed by 2°.

Drive 1 Skew-ll R;ilvse1
o Because some over range is appropriate and becagbea

small angle is at best difficult to maintain inHigof tolerances,
a higher skew angle is appropriate.
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Ref.
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QUADRATURE ADJUSTMENT SYSTEM

The overall system resonance will be roughly therage of the
natural frequencies of the two drive axes suchsashown in
Figure 15, below. If left as is, this mistuning wie produce a
() LDrive2 guadrature signal at the rate-sensing signal [6This is

compensated by detecting this quadrature in the sahsing
Fig. 13. Skewed drive system. Electronic signaimgi makes and feeding a quadrature phase signal to the dedit¢arquing
more effective use of the electrodes. electrodes, thus actively correcting any misturongr a wide
range of conditions.

The appropriate amount of drive axis skew depemishe

maximum rate range and the properties of the gyeohanics. 10

As an example, consider the example in the Inifiahcept A\
I
:

Section above. This device has a bandwidk) (of 100 Hz. /
With a maximum angular rat&ax) of 500 °/s, the maximum g,

driven vibration displacement is: i | et

RMAX _ 500°/s = 0.8° (g)

D... = = ih
wax = 2mB,, 638rad /s b
Whereyis the precession constant (= 1 for this examigle [ t LY

0.1

A working example of this is shown in Figure 14heTfigure is AF N
a piezoceramic cup with active patches skewed 6driwe and
2° for sensing. i N

0.01 I {1
0.1 . J—— 10

Fig. 15 Gyro resonance amplitude response. A resonant
system can be driven off its natural frequency sitme loss of
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Drive, = (T + AGC)SIN (at) + aCOS(at)
Drive , = (T — AGC)SIN (at) + aCOS(at)

(13)

This is implemented as a system as shown belovigaré& 17
as a complete and final driver design.

Drive
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Fig. 16 Gyro resonance phase response. A resonant sysg1 17 Complete skew driver system. All threefions make

has a definite phase consequence to being drivérofoits
natural frequency.

Each drive axis can be stimulated to run the sysatnthe
central frequency by off-setting the phase of theedvoltage.
The two specific phases that are required for #ffect are
derived from the natural resonances of their repmeaxesw,
andw,. The phase shifts required from figure 16 @randa,.

Historically, this has been done using torquingcitaes,
which are separate from the drive electrodes. eSthe four
drive electrodes are now available for driving amdjuing, it is
a similar step to use these electrodes for adgistut small
tuning errors.

The answer to this problem is to drive each axisaat
appropriate phase to compensate for the tuning &rrits axis.
This can be done as a preset signal or as a clospdactive
correction system. Either case depends on mixiggats
trigonometrically.

Drive, =V, SIN(at — a)

(10)
Drive, =V,,SIN(at + a)
Where:
SIN (@t + a) = COS(a)SIN («t) £ SIN(a)COS(at) (11)
For small phase adjustment this is equivalent to:
SIN(a@t + a) = SIN(at) + aCOS(at) (12)

Therefore:

full use of all four drive axis electrodes.

The traditional gyro system diagram is shown belowigure
18.
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Fig. 18. Complete traditional Coriolis rate gyrgstem. This
form favors symmetry and isolation of functions[6].

This implementation of the skewed drive and senstems
results in subtle, but definable changes to thdittcaal gyro
system. There are now two drive outputs into @rnbe drive
axes and two sensing inputs at or near the node asshown
in Figure 19 below. The change is the inclusiorroixing”
functions to sum and difference the signals pass#imgugh.
This brings the function of adding energy to thbration for
the gyro to the drive axes only and the detectihgilaration
patterns to the node axes only. In this way tbes fbf signals
for both the drive loop and rate loop pass throtigh same
path, using the same electrodes, from the drive tx¢he node
axes. Effects from temperature and warm-up shthda be
better compensated.
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Fig. 19. Complete “Skew” rate gyro system. All dtions
make full use of all four drive axis electrodes atfifour node
axis electrodes.

APPLICATION TO OTHER GYROS

These principles can be applied to other gyro gométions
such as the silicon ring type and others. Oneasiliring
configuration is shown in Figure 20 below. To utés
concept, the driving and sensing elements (usirgpatve
and/or magnetic means for driving and/or sensinglle be
skewed from the ideal orientation by small anglesdpcing
the same functions and advantages as shown abdige, the
capacitive interface leaves no asymmetry in theratibg
element since only the stationary electrodes neeskbwed.

Fig. 20. An example of ring gyro. Such a gyro wobénefit
fully from skewed sensing and driving mechanisms.

These skew principles can also be applied to tuforig gyros
by adapting the sense mechanism to allow a meagoibn

of drive motion signal to be added to the rate sesignal as
previously shown. See Figure 21. As before, thekqff

signals are separately processed for mixing.

==
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Fig. 21. An example of a tuning fork gyro. Simgalignment
of the sense and drive patches is all that is néede

There are also ways to apply these principles ® rfany
planar MEMS structures that exist.

CONCLUSIONS

Moving away from total orthogonality in drive anense
mechanisms for a solid state rate gyro can imprsigmal
fidelity, offer additional means of adjustabilitieduce errors,
reduce complexity and simplify torquing.

An important feature of these improvements is that same
material and structure used to detect drive motionsed to
detect rate response. If the material has vanatifrom
temperature, age, or any other effect, the AGCenting the
drive amplitude and frequency will exactly corrgbe rate
signal as well.

Likewise, the same material and structure usedtter drive
loop is used for the torque loop. If the matehiaé variations
from temperature, age, or any other effect, the A8@ecting
the drive amplitude will exactly correct the torciréve as well.

CONTINUING WORK

The research depicted above is continuing with awed
designs to verify performance and influences ofiows
physical parameters such as Q, resonance freqaemtiuning
errors. Figure 22 shows a hybrid gyro cup madmetial with
a piezoceramic ring at the base for the electitatface.
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This structure allows better uniformity and tempeara
performance and will improve identification of tkeurces of
gyro errors.



