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UARS Attitude Control System

M Wessrucrore ] MUUTIPLEX DATA 8US
' MOUNTED
] L
| EARTH SENSOR 1
H ™ REMOTE
H EARTH SENSOR 2 INTERFACE
H UNTSA & B
| SO ————
AXED HEAD STAR L]
TRACKER 1
FIXED HEAD STAR
TRACKER 2 i MACS ATTITUDE CONTROL EL [ PROPULSION MODULE
s o e
poy INTERFACE | 1aLocx DRIVE H 1
B L e Cremr) |
M TER1 | m ACO! N - ' 2 ) o
U 1
EARTH POINTING || !_[T¥ MAG TORGUER | sTRUCTURE
| A A 2 ! SHUTTLE RETRIEVAL T ORTED. |
r~| 4 REACTION 1 I
RUY PROVIDE INTER- WHEEL DRIVES |11 [T Z MAG TORQUER
i il sl M 45 T !
L} SENSORS AND AU 1 L
_____________ - AND SAFE HOLD POWER CONDITIONING
r H ACS AND SWITCHING H~{_X REACTION WAL |
1
| COARSE SUN I ! FUSE AL
: SENSOR 1 ] COMPONENTS Ll 3
: COARSE SUN ! POWER SWITCH ALL DRIVERS
I SENSOR 2 1 COMPONENTS EX RRY
)
! souananmary mounte | CONDITION POWER
Lo TARAR Y MO} FOR ELECTRONICS
ey WHEEL TACHOMETER
o aH SIGNALS
P [ cssieve !
1
1 1
' €SS 2 EYE | $/C POWER BUS
i STRUCTURE | 5
s MOUNTED !
| S aqandythdpiut S -

Attitude Measurements

+ Measurement of an angle or angular rate of the
spacecraft with respect to a reference frame, e.g.,
— Earth’ s magnetic field
+ Magnetometer
— Direction to the sun
+ Sun sensor
— Earth’ s shape
+ Earth horizon sensor
— Inertial frame of the universe
+ Star sensor
+ Gyroscopes
+ Mission requirements dictate spacecraft sensor
configuration
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Potential Accuracies of Attitude

Measurements
Reference object Potential accuracy
Stars 1 arc second
Sun 1 arc minute
Earth (horizon) 6 arc minutes
RF beacon 1 arc minute
Magnetometer 30 arc minutes
Narstar Global Positioning System (GPS) 6 arc minutes

Note: This table gives only a guideline. The GPS estimate depends upon the ‘baseline’
used (see text).

Fortescue

Magnetometer

+ lonized gas magnetometer

* Flux gate magnetometer
— Alternating current passed through one coil
— Permalloy core alternately magnitized by electromagnetic field
— Corresponding magnetic field sensed by second coil

— Distortion of oscillating field is a measure of one component of the
Earth’ s magnetic field

North magneti th geographic
pole e

Copyright ©Addison Wesley Longman, Inc

+ Three magnetometers required to determine direction of planet’s
magnetic field vector and magnitude of the field

+  Two uses: exploratory measurements of unknown fields, and
spacecraft attitude measurement for known fields
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Body Orientation from
Magnetometer

- Earth’ s magnetic field vector, b, function of spacecraft
position, (x, y, 2)
+ Body orientation vector, bg, related to b, by
— rotation matrix, Hg/, from inertial to body frame and
— calibration rotation matrix, S

b,=S,,b

mag"> mag
b, =Hj[ b, (x.y,z)+error |

S (8, N ,83) = calibration rotation matrix

mag

H, = body to inertial rotation matrix

Estimation of yaw, i, pitch, 8, and roll, ¢», angles requires
additional information

— Equation has 2 degrees of freedom, but there are 3 unknowns

Single-Axis Sun
Sensor

tana=d/h

sin'=nsino (Snell's law)

n = index of refraction

Transparent block of material, known refractive index, n,
coated with opaque material

Slit etched in top, receptive areas on bottom

Sun light passing through slit forms a line over photodetectors
Distance from centerline determines angle, a

With index of refraction, n, angle to sun, a, is determined
Photodetectors provide coarse or fine outputs

10
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Dual-Axis Sun Sensors

Orthogonal sun sensors determine direction (two
angles) to the sun

Narrow
aperature for
sunlight to enter
1

Quartz

%

Z>>]
al

S

S
<SP

&3

Optics
mask

tanor
1
- { tan 3

sun=
M 1+ tan o+ tan® B {

SB = SSunSSun

s, =Hj (s, +error)
Two measurements, three unknowns
Three-axis attitude determination requires additional information |,

11

Dual-Axis Sun Sensors

Dual single-axis detection Four-quadrant detection
Sunlight
Apenu’re Plate
Z__ Quad
Detector
12

12

2/12/20



Static Earth Horizon Sensor

* Infrared sensing

- Field of view larger than the entire earth’ s edge
(limb)

- Determines local vertical: provides orientation with
respect to the nadir

Infrared
~———— — sensing
element

Horizon

13

Scanning Earth Horizon Sensor

+ Spinning assembly identifies light and dark IR areas
+ Width of light area identifies width angle, n

‘Spacecraft

~

Instantaneous -
feldofview s / Il
AR 7~ Directon
K/ /' ofscan
i\
\
\

— —

/
4 ) Roll Axis

—_ Figure 5.10 Scan cone

Germgnium Lens Bolometer Electronic:

Q = ws‘(‘anner (tLOS - tAOS) : Wldth angle

11051405 - Time of loss/acquisition of signal

cos p = cosy cosn +siny sinncos(Q/2)
p :Earth angular radius
7 :Half-cone angle

Fortescue . 14
n: Scanner nadir angle

14
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Dual Earth Horizon Sensor

Measures roll and pitch angles, more
precise nadir angle

lastanlareoss field of view

| quo-::m of wn |

. . Di:e-:n:r\
hatizn of taved 15

15

Star Tracker/Telescope

+ Coarse and fine fields field of view

+ Star location catalog helps identify target

+ Instrument base must have low angular velocity
* (x, y) location of star on focal plane determines

angles to the star /s cover
& %
i ™

MOUNTING
INTERFACE OPTICS

FOCAL PLANE

FOCAL ELECTRONICS
PLANE h

E DATA
ELECTRONICS PROCESSING
ENCLOSURE MEMORY ELECTRONICS

16
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Typical Spacecraft Sensor Suites

+ Most precise measurements (e.g., scientific
satellites, lunar/deep space probes)
— star trackers
+ Moderate accuracy requirements
— coarse digital sun sensors
— horizon sensors
— magnetometers
+ Spinning satellites
— single-axis sun sensors
— magnetometers
— horizon sensors
+ High-altitude (e.g., geosynchronous) satellites
— optical sensors
— gyroscopes

17

Mechanical Gyroscopes

Output axis

( -~
Spin axis I 4
Input axis

+ Body-axis moment equation

‘Angular momentum: h,=1I,0, ‘

M,=h,+®,h,

o,=1,"(M,-®,1,0,)

+ Assumptions
— Constant nominal spin rate, w,, about z axis
= bhx=ly<<ly,

— Small perturbations in w,and w,

18
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Output axis
Gyroscope Equations +
of Motion ( \
o \
Linearized equations of  spin axif . ’ s
angular rate change Input axis

Ao, I, 0 0
Ad)‘ - 0 I)‘)' 0
0 0o 0 I,

MX
M,
0

0 -0, Ao, I, 0 0 Ao,
-l e, 0 -Ae, || 0 I, 0 | Ao,
-Aw, Ao, 0 0 0 I, o,

19
Output axis
(WL Gyroscope Natural
vyl ‘
Spinaxi{ I ) 7 Frequency
Input axis
Laplace transform of dynamic equation
s ~o_ (I,-1.)/1, || Ao M.(s)/1,
_wzu (Izz - I)cx) / Iyy s A(Dy(s) - M}'(s) / I,V}'
Characteristic equation [A(s)=s*+ 0, (ﬁ-lj =0
of small perturbations Example
p 0, = 36,000 rpm = 3,770 rad/sec
N
w, = a)zu (% — j rad | sec Thin d1sk:i= 2
Al , = 3,770 rad/sec = 600 Hz 20
20
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Two-Degree of Freedom Gyroscope

* Free gyro mounted on gimbaled platform

- Gyro “stores” reference direction in space
+ Angle pickoffs on gimbal axes measure pitch

and yaw angles

Direction can be precessed by applying a torque
21

21
Single-Degree of o
Zﬁ: } OUTPUT (Precession] DAXIS
Freedom Gyroscope g
q A;g:} SPIN REFERENCE AXIS
« Gyro axis, ¢, constrained to l Ige ) sem axis
rotate with respect to the BAJE P
output axis, y, only
A8 Ao,
Ad)y - (hrotorwa +M Yeontrol )/ Iyy
« “Synchro” measures axis rotation, and “torquer”
keeps Ay small
+ Torque applied is a measure of the input about
the x axis
M, =k,AO+k,A0, +kAu,
22
22
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Rate and Integrating

Gyroscopes
Ri\;::iar:;:‘g frnne‘:l::?:nd axis)

Large angle feedback A
produces a rate gyro Aw}’ss =0= (h"‘”‘”wass + kyAbg )/ I w
— Analogous to a h

mechanical spring Aby =——"""Aw,

restraint k, 5

Ad, =0=(h,, A0, +k,A0, /I,

Large rate feedback

roduces an integratin h
P 9 9 Ao, =——""Aw

gyro Yss k Xss
— Analogous to a mechanical o
damper restraint A@SS = Aq)ss

23

23

Optical Gyroscopes

« Sagnac interferometer measures winor f_—

rotational rate, 2 -

— 2 =0, photons traveling in opposite i i
directions complete the circuit in the _

same time Light source Halrf:ilrlvjrmd

— 2 %0, travel length and time are -: —

different

« On a circular path of radius R:

Viewing screen

ZnR( RQ] 27rR( RQ)
= - S 1+

ccw — cw
C C C C
AmR® 4A
At=tey —teew =——F 2=—5Q
C C
‘c:speed of light; R :radius; A:area‘ o

24
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Ring Laser Gyro

; ANODE SERVO
HELU/NEON ; DRIVEN

MIRROR

+ Laser in optical path creates
photon resonance at
wavelength, A : p ATHOE

- Frequency change in cavity is - ;
proportional to angular rate INTERFERENCE

T
LIGHT BEAMS

- Three RLGs needed to

DITHER MOTOR

measure three angular rates " oo~ wmnon

VERTICAL AXIS

CERVIT GLASS
BLOCK

4A
Af =220
/=P

P :perimeter length

25

Fiber Optic Gyro

Polarization
controller

Polarization
controller

Fiber
coupler

EO phase
modulator

* Long fiber cable wrapped in circle
- Photon source and sensor external to fiber

optics 4AN
+ Length difference for opposite beams, AL AL = c Q
A :included area
N :number of turns 8mAN
. : Ap=""0
- Phase difference proportional to angular Ac
rate

26

26
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Vibrating Piezoelectric Crystal
Angular Rate Sensor

“Tuning fork” principle
4 piezoelectric crystals = -
— 2 active, oscillating out of phase
with each other
INPUT AXIS
»

— 2 sensors, mounted perpendicular
to the active crystals

Fig. 9.1 Vibration modes of tuning fork gyroscope: (a) input mode; () output mode.

With zero rate along the long axis,
sensors do not detect vibration ] ]
Differential output of sensors is Pl Rotational Axis
proportional to angular rate

MEMS Angular Rate Sensor

DRIVE
TINES |'J DRIVE 05CILLATOR
0C RATE
) REF. SIGNAL
v
= 1

SYNCH.
DEMODULATOR
PICKUP
TINES

27

PICKUP AMPLIFIER

27

Spring Deflection Accelerometer

29 19 0 19 2g
[NESEENE NS ERNNEE)

Proof
Mass

Sensitivity axis

Ak =—k Ax/m

Av="" A
k

N

+ Deflection is proportional to acceleration
+ Damping required to reduce oscillation

28

28
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Force Rebalance

Accelerometer J =ma
depower _ . _ _ _ ___ _ _ _ o _
input r _:
—>— Electronics | de output
: module 7 '
N Rol
| |
{ |
! | Sealed
: ' {” housing
=Y P | Self-test
{ Ut S 6 —fa—:?
Position T __ 74 __\_ __________ 1t
sensor
Stop Stop Torque motor
Pendulous
mass

Ak = f./m=(—k,At—kAx)/m

Voltage required to re-center the proof mass
becomes the_measure of acceleration 29

MicroElectroMechanical System
(MEMS) Accelerometer

Proof mass Inner

Metalization

Outer resistors

Inner longitudinal

piezoresistors One of four

damping slots

¥

SN

Outer
longitudinal
piezoresistors

silicon substrate

15



] Inertial Measurement
Units

Oy ¢ Gimbaled Physical Platform

Accelerometers _~Azimuth axis

3 accelerometers

3 rate or rate-integrating
gyroscopes

Platform orientation “fixed” £
In space ‘ \ 3 “N\—Synchro
Vehicle rotates about the : '
platform

Need for high precision
instruments

Drift due to errors and
constants of integration
Platform re-oriented with
external data (e.g., GPS)

_— Resolver

ach pis

31

Gimbal-less Physical Platform

- Air bearing floats Servo-driven reference frame
platform in lieu of ==
gimbals

- Peacekeeper IMU*

« Reduced errors due to
fluidic suspension

* Instruments subjected
to low dynamic range,
allowing high
precision

*IEEE Control Systems Magazine, 2/08

32

32
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Strapdown Inertial Measurement Units

®x
. Compute

y it

vector
[OF3 ‘Gyro torquing’
signals
ax a,
‘Standard' f——=Position
3 ay Axis e LN. equations
accelerometers transform as per S
a a gimballed system Velocity

- Rate gyros and accelerometers rotate with vehicle

+ High dynamic range of instruments is required

+ Inertial reference frame is computed rather than
physical

+ Use of direction cosine matrix and quaternions for
attitude reference 3

33

MicroElectroMechanical (MEMS)
Strapdown Inertial Measurement Units

+ Less accurate than precision physical platform
+ High drift rates
+ Acceptable short-term accuracy

+ Can be integrated with magnetometer and pressure
sensor, updated with GPS

Azl Qz

Barometric Pressure Sensor 3D Magnetometer

(MS2100 + Sen-Z)

3D Gyroscope (IDG-500 + Acceleromet ter
1SZ-500, ADC ADS8341) (SCA3100-D04)

34

34

2/12/20

17



Position Fixing for Navigation
(2-D Examples)

AN

Lines of Position:
Lines, Circles, and

Hyperbolae

.-.(9

Kayton & Fried

I

A=+ ~epB
. Time Difference: Hyperbolic
Ambiguous fix q R
\ duie tﬁ e use lines of position
of two stations / / | \
Range-Range BD — AD = k on any one line

Three pairs of stations provide a fix

35

35
L( « Pulse Radar
+ Pulse radar measures range by sending a pulse and
measuring time to receive return
- Elevation and azimuth angles measured from
tracking antenna angles
R = CAt = C(treceive - z‘transmit)
St I ky 10°
2% Star goloxy Sky 10°K 0%, 280 M
P 6000°, 5000 Mc
lobes Y Atmosphere 290°K
N :
Land Sea (300°K)
36
36

2/12/20

18



Doppler Radar

& =, Doppler Effect
Doppler Effect (wave source Demo
moving to the left)

Doppler radar measures velocity along line of sight
Transit satellite constellation (5 satellites, minimum)
— navigation signals to 200-m accuracy

— point of closest approach determined by inflection in Doppler

curve (received signal frequency vs. time)

- - _(satellite)
GeoSat Follow On (GFO) - 2000 December 8
N
* : 'r?me(slvin ) : : 37
37
Apollo Lunar Module Radars
+ Landing radar - Rendezvous radar
— 3-beam Doppler — continuous-wave
— radar altimeter tracking radar
— LM descent stage — LM ascent stage
38
38
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http://en.wikipedia.org/wiki/Transit

— Inclination : 55 deg

— Ephemeris
- ID

— Clock data
— Details of satellite signal at

Global
Positioning
System

Six orbital planes with four satellites each
— Altitude: 20,200 km (10,900 nm)

— Constellation planes separated by 60 deg

Each satellite contains an atomic clock and
broadcasts a 30-sec message at 50 bps

39

39

Position Fixing
from 4 GPS
Satellites

+ Pseudorange estimated
from speed of light and
time required to receive

81
(x1y12) 82

(X2 ¥z zp)

HV
s3

(xa yg z3)

S4

A (Xa Ya z4)
User #
Position  (x y, z,)

signal

R, =cAt
R, =cAt,

R, =cAt,

R, =cAt,

User clock inaccuracy produces error, C, = cAt

40

40
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http://en.wikipedia.org/wiki/Gps
http://www.youtube.com/watch%3Fv=v_6yeGcpoyE

Position Fixing from
Four GPS Satellites

+(=x) +(z-z) =R, +C,
+(n-0) *+(z-2) =R, +C,
+(ys=0.) +(zs-2,) =R, +C,
+(ri=n) +(z-z) =R, +C,

Four equations and four unknowns (x,, y,, Z,, C.)
Accuracy improved using data from more than 4 satellites

41
41
Integrated Inertial
Navigation/GPS System

Calculation of satellite

positions and velacities; MU

clock, ionosphere, and —l

troposphere corrections l
NCO commands GNSS NCO Inertial

control  <-—— navigation <—
{ algorithm  equatic

GNSS GNSS

receiver estimates
INS/GNSS
M e —
Isand Qs Kalman filter
‘—7— INS Correction
\J
ff;fz,,’f, ong Qo are Integrated navigation solution
= signals
42
42
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Angular Attitude Actuators

Momentum/reaction wheels
Control moment gyroscope
Nutation dampers

Magnetic coils
Thrusters
Solar radiation pressure

43

43

Momentum/Reaction Wheels

Flywheels on motor shafts

Reaction wheel rpm is varied to trade angular
momentum with spacecraft for control
Three orthogonal wheels vary all components of angular momentum
Fourth wheel at oblique angle would provide redundancy

Three Axis Stabilisation

Yaw Axis Satellite

Pitch Axis Direction

Of Motion

Reaction or
Momentum Wheels

44

44
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Momentum/ Reaction
Wheels

+ Momentum wheel operates at high rpm and provide
spin stability (~dual-spin spacecraft) plus control
torques

- Reaction wheel rpm is low, varied to trade angular
momentum with the spacecraft for control
— Three orthogonal wheels vary all components of angular momentum
— Fourth wheel at oblique angle provides redundancy 45

45

Control Moment Gyroscope

Gyros operate at constant rpm

Small torque on input axis produces large torque on output axis,
modifying spacecraft momentum

One or two degrees of freedom

International Space Station
ment Gyros

Inner gimbal

Mounting ring (gym-room)
7 - . 2P

46

46
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magnetic field

Nutation Dampers
+ Nutation dampers dissipate angular energy
— Eddy current on a conducting pendulum in a

— Mass moving in a gas or viscous fluid

THERMAL COVER ~= TORSION ROD

MAGNET ARM
TORSION ROD HOUSING

MAGNET HOUSING
MAGNET HOUSING
MAGNET

CONDUCTOR VANE PLUNGER

MAGNET HOUSING ADAPTER

ADJUSTABLE BUMPER STOP

POLE PIECE

BUMPER SPRING

47

47
Magnetic Torquers
m=N/A(ixB)

- Current flowing through a loop N number of loops
generates a magnetic torque e current
through interaction with the (At included area of loops
Earth’ s magnetic field i: unit vector along coil axis

B: local flux density
Ao
2 4’
Iy
,,,,,,,,,,,,,,,,,,,,,,,, e 48
48
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Reaction Control Thrusters

+ Direct control of angular rate
* Unloading momentum wheels or control-moment gyros
+ Reaction control thrusters are typically on-off devices using

— Cold gas. Issues

— Hypergolic propellants - Specific impulse
— Catalytic propellant — Propellant mass
— lon/plasma rockets ~ Expendability

Apollo Lunar Module RCS Space Shuttle RCS

N i o=

« Thrusters commanded in pairs for pure couple 2

49
Reaction Control Thrusters
Cold Gas Thruster Monopropellant Hydrazine
(used with inert gas) Thruster
Hypergolic, Storable
Bipropellant Thruster
50
50
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Solar Radiation Pressure

Control Panels

Solar radiation pressure
Vanes deflected differentially
Analogous to aerodynamic control surfaces
Long moment arm from center of mass

Mariner 4 Solar Vanes »

£

-
e uwr

=~
: - o

51

51

Sensors and Actuators for
Spacecraft Mechanisms

52

52
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Potentiometer,
Synchro, and

Tachometer

Permanent magnets
fixed in stator
+v Shat vy Ve
s
! Motor T} \:E)JE Commutator
Ry R Coupling 1 1]
Resistance Vou= RixV Wire-wound w ‘Angular velocity
clement - - i armature Carbon
? Wiper Resistance brushes
element
i oy
Yout0® :
Statorl, i TN Meandi
Low frequency = Rotation frequency
High frequency ripple due to commutation
i B Time
VU‘-'t‘ Stator2
240
Stator3 Vout
120
53
ili
Index grating Silicon solar cells
Graduated disc with Condenser lens
radial grating
Miniature lamp: Reference mark
(reference pulse
grating)
Encoder shaft

Hall Effect Encoder

54

54
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Linear
Variable
Differential
Transformer

Stainless steel
- 7
(=2

a.c. source

09U
=
S(TE)  (TV)
Secondary -
High permeability,
nickel-iron core Output
Thred for attaching (= zero when core
core to moving link is at centre)
Output |+ i
voltage o i
|
B b+
—150 ~100 -50 50 100 150
! Core position
e (% nominal range)

Nominal linear
range

Coreat Coreat Coreat
~100% 0 +100%

55

55

Strain Gage

‘ Wheatstone Bridge ‘

v (ommem )

Gage Factor

56

56
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Electric Actuator
Brushed DC Motor

’ Two-pole DC Motor ‘

+ - + _

Current flowing through armature generates a magnetic field
Permanent magnets torque the armature

When armature is aligned with magnets, commutator reverses
current and magnetic field

Multiple poles added to allow motor to smooth output torque and

to start from any position
57

57

Electric Actuator
Brushless DC Motor

. . gy
Armature is fixed, and 2
permanent magnets rotate ‘

Electronic controller
commutates the
electromagnetic force,
providing a rotating field
Advantages
Efficiency
Noise

Lifetime
Reduced EMI
Cooling
Water-resistant

58

58
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Electric Actuator
Stepper Motor

Brushless,
synchronous
motor that moves
in discrete steps
Precise, quantized
control without
feedback

Armature teeth
offset to induce
rotary motion

59

59
o Valve responding
o | Lo
{ N
| ‘Armature
Ps f= Ps
I — 4»_’ ‘ 3 Actuator shaft
- Cofindor
Used principally for launch vehicle thrust vector
and propellant control
Not widely used on spacecraft
60
60
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Ball/Roller Screw Linear Actuator
Transforms rotary to linear motion

61

61

Next Time:
Electrical Power Sysfems

62

62
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Supplemental Material

63

63

Control-Moment Gyro
Flywheel on a motor shaft

RPM is fixed, axis is rotated to impart torque

Top View

64

64
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