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Coriolis effect (1835)

MEMOIRE

Sur les équations du mouvement relatif des systemes de corps;

Parn G. CORIOLIS.

Dans un Mémoire qui fait partie du XXI* Cahier du Journal de

I Ecole Polytechnique, y'ai moutré que pour appliquer le principe
des forces vives anx mouvemens relatifs des systémes entrainés avec
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Use of resonators

*Along x : Drive

confine the motion locally
isolate the system from external perturbation

*Along y : Sense

amplify the detection

sSensor
CVG Coriolis Vibrating Gyro
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Resonator configuration

Type |
Revolution Symmetry

> Identical modes F, =
> Whole angle mode

==

T,

Foy (and Q, = Q)

Type I

2 different modes (or more)

LYk

DRV SNS

Excitation at Fpgy Excitation at Fgyg

- X high - X small
Y does not amplify Y amplifies
KJ Y small Y small
G.H. Bryan, 1890 Open loop
Y 1 Limited BW
} Aw Reduced gain
Closed Ioop BW OK
SAGEM REGYS 20 —y Gam ++
[ Foucault 1851 | F, oaOX = @y, With T
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- Flat monolithic sensors manufactured by collective etching

* High quality piezoelectric crystal : Quartz

- Performances : high stability of crystalline structures
- Non dependence (watch industry)
—> Piezoelectric action & detection
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DIVA accelerometer l[/l; l \ ” ¢ 12 e
; ,_ g VIG Gyro
Quartz Wafer (1,57°x1,5”) Quartz Wafer (1,57x1,5”)
with 6 DIVA accelerometers with 9 VIG Gyros
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VIG Quartz cell

Vibrating Integrated Gyro

Patent 1999

DRIVE

—

—

SENSE

F.E. simulations with OOFELIE from Open Engineering

-Integrated decoupling frame
Q = 150000 scale 1, @ 10 mm
Q = 200000 scale 4/3, @ 13 mm

-Electrodes pattern
Full differential EXC, DRV, SNS
Capacitive coupling reduction

Patent 2009

-Electrostatic combs

Compensate for Excitation capacitive coupling
Drive phase accuracy at resonance

-Performances limited by mechanical coupling

Slanted Drive vibration
=>» projection of Drive in the Coriolis Detection
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Associated Electronic Architecture

PLL |«—
EXCITATION VCO
||Co AGC
[ DRIVE 1
DRIVE v h/ Q
.y N = charge o | Synchronous
E Fx ’w :IHX/D ’ amplri%er 1 d%modmator
= X COUPLING PIEZO 5
PIEZO sin @
Q "
INPUT &y v PID |«
Z RE-INJECTION
SENSE SENSE !
\4
< + Q
Fr Y L Y charge | Vs | Synchronous
* + amplifier demodulator ﬁ
PIEZO ®
Resonators QUTPUT
Quartz cell

Piezoelectricity * Quadrature error (mechanical coupling)

compensated by electronics

Electronics

* No trimming on quartz
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VIG integration

2nde partie massive

samm 7 X
AXE = . Il[[m
SENSIBLE ; _ Il’ 7]

Current prototype

Zone de fixation

Zone de fixation

J 13 mm m

1ére partie massive

Monolithic structure

- 16 g Cell + Copper case
- 10 g local electronics

o ' 3% 20 mm height

- Single 3.3 V supply
- Digital link with host

packaging (UART)

Electronics

Lab prototype
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Noise performance

Allan variance . Power Spectral Density (bilateral)
10
. 16 Hz sampling
10 -5 n -4 -3 T -2 ””1-1 ' “'””U 100 -3 ' T '”I-2 -1 ””IIO T “'”'1
10 10 10 10 10 10 10 10 10 10 10

Frequency (Hz)

0.03 °/~hr = 1.8 °/h / VHz ( bilateral )
= 2.5 °/h / VHz (unilateral )

Integration Time (h)
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Bias performance

Bias stability
Standard deviation
40 r /
07 9°/h rms
20 T
— i A
s 10 Mﬁ/ j>‘i %&% After thermal model
~ r T
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-40 ~y = = e
-40 -30 -20 -10 0 10 20 30 40 50 60 70 80
Temperature (°C) / /
E1=+E D1 D2 E2=-E
Thermal cycling : -20 -- +70 °C
2 last cycles
« Cleaned circuits In order to reduce
. capacitive coupling
« Vacuum pumped electronics |  osiquals
«  Fine tuned re-injection In@RE D iEeleD)
Mechanical coupling
residuals :

Etching '\angles
"ONERA
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GEOGYRO : 2013 - ... NEOSAT program

ASTRIUM & TAS prime

Application : low cost gyro ( NEOSAT is... cost-driven )
assistance to Star Tracker, de-tumbling

Evaluate the mechanical robustness of the Silicon technologies and qualified ASIC

cell (vibration and shocks) design and realization s
- Lo &nec [ Aroumen |
=L m Atmel

@ e

Implementation of the gyro application

(software) in the OBC
Single 3.3 V T f. .

SpaceWire link
3 gyros together in a single sensor head
Embedded software

= Pre-development, Phase I  executed
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Stress experimental determination

R

Finite Eiéhents Prediction

- Measure suspension modes accurately <:

1743 Hz, 3047 Hz

4 1
OK OK

. Install on shaker

- Scan resonance, increasing amplitude

Scan Zmode resonance

Test result just below specifications :

s Sine : 1000 g, 22-100 Hz
—u [l Noise : 360 g rms
) //A’A = | Shock : 500 g, 180ps
i, /) =
i VA = = OK with Elastomer absorber
. % é;%\%\%&gﬁ__ ( Smactane™)
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Co60 source from Université Catholique de
Louvain la Neuve UCL (Belgique)

Radiations, up to 100 krad




Electronic description (low level)

discrete components / ASIC ? Micro-controller / FPGA ?

Charge amplifiers
are challenging in an

IAnalog block | \ Mixed signal block | | Digital block i ARG SR ASIC
—» Digital signal

Mixed signal electronics Little analog circuits
Cglft gig ~10 MHz Input if external discrete
Clock
_ -omsz  Ccomponents
‘ v | ‘ v ‘ Communication | <& P OBC 1
div div CLK_2 Serial Link i
I 1 r l » osce  ASIC expensive, not
v v +5<I +E£ +E<I worth the size
counters REG R lmoit-; reduction
Z
> \ —%_r’ \ > register
,egisters: Digital blocks: ;?/V N;So%skHz \ Kms
VHDL code
> S A}DA@ BW 100 kHz BW 1 kHz
D > register
ig ADC)—
ONE axis % >
gr:aprl?ﬁeers TTOO kHz  Amplifiers
Demodulators
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High level : angular rate
total (3 axes) -
90 o

40 sps x 3 axes
£

Mid level : phase processing, linear arithmetics

¥-1
Z a;x;

=0

Fiooe ~ 20 kHz

- 80 kMAC/s per axis

Decimation
Digital filtering
ThaIesAIenla
™ Space

Qu

60 ksps
control l1€l spsx2
Low level : Drive synthesis and Raw acquistion . .
_ 20 ksps x 2(DRV + SNS)
Synthesizer et ates + moniter
400 kHz min ADC 400 ksps
400 KMACIS ;;i% %o BT Rk

DAC
Drive, Senrs e Monitor
v,
cell
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Digital
Programmable
Controller
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u Easy re-use of firmware
Impact on Si area #

B Negligible impact of recurrent
component costs

1 Real Time loop
| Linear arithmetics

[
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B oo

THALES

rights reserved 2012 © Thales Alenia Space

Data frame formatting
OBC communication

Current Status : build a demonstrator

(Backup with FPGA)
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ONERA Roadmap

Space qualification
NEOSAT N
Non ITAR quartz cell
Non ITAR electronics [

No trimming on quartz cost
Existing qualified uC  _|

low

VIG

End of structure development
Limited by quadrature error
And residual capacitive coupling

Improve performance
for more applications coverage

Next generation
vibrating structures

ONERA




New Vibrating Structure : VIGTOR

- Next generation of vibrating structures ( ONERA patent ) :
Designed without (nominal) quadrature error

Use of a torsion
mode

Intrinsic mechanical
isolation of the 2
useful modes

Simulations by
OOFELIE

DRIVE SENSE
- Simplified decoupling frame
Q =385 000 scale 1, @ 10 mm

- Improved electrodes pattern S| e
Full differential EXC, DRV, SNS 4
Capacitive coupling reduction

Finite Elements model Mounted on socket

R TS
T ONERA

22 _ )- k June 2014



VIGTOR cell : final Capacitive coupling redt

000 e Initial layout of socket :

_@E1 @ Residual capacitance between 400°/h variation
~@S1 S2@ Excitation and Sense with Temperature
0O
00O
@ o
‘ New routing just released @ ¢
J) 051820
100 OXOX©)

New thermal cycle :
Bias repeatability ~ 10°/h rms

50}

Nothermal modellmg 0 Not even packaged

(10 cm wires with amplifiers)
Raw vacuum ( ~ mbar)
No offgassing

Bias (°/h)

N T S R SR B S Back to air
o 10 2 30 4@ 50 & 70 8 re—pumped into raw vacuum

Temperature (°C)
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Performance vs Scale : physical limits

10 £
F L 2
B m \
1+ L

g \\ B \
= i (]
% 0,1+ B MEMS Silicon
3 B * Quartz
o - ¢ HRG
> \ ARLG
= 0017 > FOG
% i N NMR

0,001 \ >
! >
0,0001 R L1l L1l I Loy | N [ !
0,1 1 10 100 1000 10000 100000

Surface (mm2)

\\\\ some scale rules... noise depends on sensor head surface
( RLG, FOG, capacitive detection )
Also quartz : piezoelectric charges increase with scale?
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Projection on performances of Size Incr

- Main effect : increase the Scale Factor before charge amplifier
- No exira cost : same process, same electronic (size and power)

Performance | VIG 2012 | Gainon Gam on Gain on Gain on Projection on
SF Excitation AF VIGx4
9 °/h

Bias 0.1 °/h
Résolution 0.5 °/h /9 /2 /2 0.01°/h
ARW 0.03 °/~h /9 /2 /2 0.001 °/Ah

- Associated technology : wet etching of 2 mm thick, 4in wide wafers

g gl gl « Set up etching process

AR, « Procure wafers
gﬂ.lmml; j—%mﬂ; « Scaled socket & mask
- 2012 :
Thickness 666 um  Realize cells
@ cell 13 mm G cell mmm)) Characterize

39 mm

Thickness 2000 um
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VIA DIVA
@ 6 mm 12x10 mm

Decoupling
frame



3FKTS, 1 > Allan deviation
H o 3 i ' ’ : '
, /P 2nx.SF ; “% 0 5 : — measured noise ln(2)b_, fo _ Song
. - B VS S , i =
’ = - ‘ : — expected noise 2 O.SF
(=) : : - - -
1 b smea e R A e e R e -
. , R T ] (MEMCRNRNES IHURRRRN: W e eeenenens SR R— 1/ * b, : Amplifier Flicker phase noise
°F: Ampl?fler noise factor -o§ 1 : ¢ . 0 O factor of the beam
. PO - Carrier power -.2')..3 JO e N T T e s Vs . fo : Eigen frequency of the bearn
* SF: Accelerometer scale factor S 2 : : : : [
= Ww* 1% It 1wt 1wt wF 1w’

integration time (s)

No detection electronics - Frequency output — digital sensor

Applications

Z_ N\

Fine Orbit Control 3 mg 10 ug

Formation Flying 100 ug 100 ng Together with the gyroscope:
Electric Propulsion 500 ug 50 ng A high performance Quartz IMU
Drag in Thermosphere 50 ng sub pg, sub °/h
Seismology 30 ng

ONERA




Conclusion

- (old) VIG generation has been - Increase the size of the cell is

proposed as low cost european
gyro for NEOSAT
No dependence on quartz
Use of an existing micro-controller
No trimming on quartz
Build a demonstrator ?

possible at no extra cost
Performances - scale?
Already tested, same quartz grade

Larger application field :

» better than 0.1 °/h (bias drift),
0.01 °/h (Allan min),
0.001 °/<h ARW

» Navigation grade
» Gyro-compass, north-finding
 star-tracker hybridation

- Next generation of vibrating structures

- Accelerometers
Increased sensitivity (30 times)

« gyroscopes
Lower capacitances ( 20 times less)
Lower quadrature error ( 10 times less)




Thank you for your attention
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