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Protect the Rotor

“DO NOT let the
rotor crash”

Gravity Probe B developed a hybrid
digital/analog electrostatic suspension
control system for the experiment’s
science gyroscopes. This system operates
over 8 orders of force magnitude while
minimizing classical torques on the
gyroscope. An adaptive LQE digital control
algorithm was developed to meet the high
dynamic range requirements, while
minimizing suspension-induced torques. A
set of three backup, all-analog
proportional-derivative (PD) controllers
maintain rotor centering in the event of
computer faults during all phases of the
mission. The capacitive position sensing
system measured rotor position to a noise
floor of 0.15 nm/VHz in the science band
(5 -30 mHz) This system also applied

antralla, arauios to ne rm a noat en
ontrolled tor ques o pcnuun a posispin-

Minimize Torques
“Do Nothing”

response/bandwidth « Fast
*Low suspension

*SQUID compatible —

*Science-tuned )
controller. Spaceflight cpmpatible iy

el it com I urces and
r?ctronl s\g rh?gjdv pé!l%{lﬁ't‘?ﬁﬁ

-Endure V|brat|on shock, ra |at|on teesrt and

vacuum environment

response/bandwidth.
» High suspension

 High position bridge

nup' contr

Aeifs

| Science
High Backup

| Science Low

Backup.

Science
AOD
Spinup.
Digital

Fiight computerDSP

Many conflrctrng requirements
makes for a challengmg

=
Power Supglyes,

16.7kg,
11.2W

Analog Elects

Position Bridges (3) |t

Control Signals

Analog drive
Backup control

Autonomous
control system
Arbiter

15.6kg,
16.8W

Flight Modes Ground
Primary | Science Mission Spin-up & @ami) ‘P”mary mOde DSP
Digital | (Adaptive Authc
ol ‘Torgge“’bjlmm‘j:;‘/ Alignment [ £ Test torque minimizing LQG
control loop.
Analog | L High Spi g
Backup *Backup controllers:
= Robust all-analog fixed
«— Low voltage dnve‘ngh voltage dnve — BW -3 types.
0.2v 2V 50V 300V 1000V
*Control spans pans 8
Control

0
Speclﬁc force 107 10°
mis?
Voltage

Max. Authority
"Bang-Bang" Zone

order§‘

BW
Selection

Fixed
Estimator

Controller
design

AAOD Adapation Algorithm

EIectrostatlo Forces an Suspension Performance Spln Axis Alignment

ree oﬂer%’ﬁbFrWEﬁStgfié&@%ehlcle
(sRRpBreast unsightesambised an
sdtiddnmétilthadboiass and wa
o Tesples aoddieratmadiodtieniar2|g
ewpbplied voltages

E =K (Vu ’Vr)z _ (sz ’Vr)z

Controller variable BW calibr&&sponse to impulsive (meteorite)

[ Constant excursion for range of disturbances

=P

Large meteroid; fast |

Position (um)

T 0-2) (o)
Electrode
dF dz I

+ E \T d, =32um
= @ deiﬁ lﬂ

Electric Field: Stored Energy:

F=-Zicov'] F=2([|Efdds
f:-%[%cvz] r—f” E[ (rxf) ds

W (radisec)

e I

I
\__Small me\ermd slo

&

Excursion from center, ym

\“T

Time sscondy \

Z axes

Low BW (3 rad
Il Il J

Position (um)

Variable bandwidth
control effective at

High BW (50 ra

safeguarding rotor

34
Time (sec)

while minimizing

36

classical torques

57

5 nm centrifugal
bulge @ 70 Hz

« Suspension constratrfisvoltages

4 K[ (VY. ) = (Ve v)}

Unbalancing the
“common mode”
pull between axes
gives riseto a
controllable torque

o) vy SRR 5 i
Fo=k[(a v - (v v )]
Predicted coarse spin axis alignment track (Gyro3)
0=T0Hz VIR icted ]
E TTonmance

North-south irection

aqalnst therotor

gal bulge

7 =
Eastwest dire

)
inertial space (arc-sec)

s wajectory Boresight plot - Gyro3

On-orbit

pelformar

ce

North-South Orientation (arc-sec)

Torque field around an

electrode.

2 open DOF
inS0m of voltages not

The Gravity Probe B Gyroscope
Suspension System met its
mission requirements and

HG\%?); W@ﬂ Wgr‘ﬁﬂ%p&e Operated
over 8 orders of force magnitude: 1g
to 108g — Earth lab (1g), Spinup (0.1g)
and science operations (10mg to
10ng).

2.Centering performance: 0.5 nmgyg

3.Acceleration measurement sensitivity:
10*2g for drag-free system.

4.Reliable suspension: Robust digital
controller with two level analog
backup control loops with
independent health assessment.

5.EMI compatible with SQUID
magnetometers.

6.Minimized suspension torques for
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