Attitude Determination and
Attitude Control

= Placing the
telescope in orbit
is not the end of
the story.
It is necessary to
point the telescope
towards the
selected targets,
or to scan the
selected sky area
with the telescope.
So the satellite
attitude needs to
be measured and
controlled.

Attitude Control

= Is the control of the angular position and
rotation of the spacecraft, either relative to the
object that it is orbiting (Earth, Moon ..), or
relative to the celestial sphere.

= The attitude control system (ACS) is composed
of : Attitude Sensors, Controller, Actuators.
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ACS: Gravity Gradient

Description:

Uses the change in gravity with altitude to create a torque when the principal axes
are not aligned with the orbital reference frame. Long booms are usually extended
to create the torque. The gravity gradient provides the restoring or stabilizing
torque but does not damp the librational motion. Viscous dampers are added to
dissipate the energy and damp out the librations. The gravity gradient torque can
be a control torque but it can also be a disturbance torque if there are products of
inertia. For example, LANDSAT had large products of inertia and the gravity
gradient was the dominant disturbance torque.

Advantages:
Simple, reliable, cheap, long lifetime.

Disadvantages:

Poor pointing accuracy (5 deg), poor yaw control, thermal bending of boom
causes oscillations, tendency to flip upside down.

(from D. Mortari)

Description: ACS: Slngle Splll
The entire spacecraft spins, which provides
inertial orientation. The spinning provides
gyroscopic stiffness, and stability.

The nutation damper damps out the nutation,
but precession still exists. Spin is about the
axis of maximum moment of inertia, that i~ C
usually, but not always, the orbit normal.
Solar arrays are fixed to the body.
Advantages:

Simple, reliable, long lifetime.

Disadvantages:

Sensor collection is limited to scanning
obtained by spin motion. High angular
momentum results in poor maneuverability,
i.e., reorientation of spin axis. Poor power
efficiency, only half the solar cells are
illuminated at any one time. Must spin about
the axis of maximum moment of inertia.

(from D. Mortari) —

Spinning Satellites Examples

* Spinning is used in
satellites for astronomy
when sky scanning is
required.

COBE, WMAP, Planck all
spin at 1-10 rpm, so the
telescopes (antennas) can
scan the sky at a rate o
deg/s.

Complex scan patterns can
be obtained by combining
satellite spin and slow re-
orientation manouvers (see
COBE, WMAP, Planck)




Flat spin: in the absence of perturbations ~ Using the ACS and perturbations, the spin
the spin axis orientation remains constant  axis orientation can be continuously
with respect to the inertial frame of distant reoriented away from the earth center.

stars — Not useful for astronomy. This is useful for full-sky surveys (COBE)
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Dual-Spin Satellite (2/6)

A vehicle consisting of two primary components free to perform relative rotations

about a common bearing axis is called a "dual- spin" vehicle, and the idea of

stabilizing such a vehicle by spinning one part (the "rotor") while the other part

(the "despun platform") rotates more slowly - or not at all - is called the dual-spin

attitude stabilization concept.

This dual-spin configuration thus serves to create a spin stabilized satellite.
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ACS: Dual Spin

Description:

The limitations of single spin satellites are partially overcome with dual spin
satellites. With a dual spin satellite the payload, e.g. the antenna, is despun while
the other portion of spacecraft spins to provide gyroscopic stability. Nutation is
damped by nutation damper, located on either the spun or despun portion. Many
of the geosynchronous communication satellites have been dual spin.

Advantages:
Despun payload allows Earth pointing payload. Can have spin about minimum
moment of inertia axis. Reliable, long lifetime.

Disadvantages:

Poor power efficiency because solar cells are on spinning portion. High angular
momentum results in poor maneuverability, i.e., reorientation of spin axis.
Sensitive to mass imbalances.

(from D. Mortari)

ACS: Momentum Bias

Description: The momentum bias satellite is a variation of the dual spin concept that
overcomes some of the problems of the dual spin. With the momentum bias spacecraft
the gyroscopic stability is provided by a rapidly spinning momentum wheel rather than
the bus. The payload and bus are despun or rotating at orbital rate. The momentum
wheel provides control about the spin (pitch) axis and some combination of nutation
damper, magnetic torquing, or propellant provide control about the yaw and roll axes.
Use of propellant is avoided whenever possible. Magnetic or propellant are used for
momentum damping.

Advantages: Better pointing accuracy, better power efficiency due to despun solar
arrays. Still relatively cheap and not complex which means less weight than three axis
systems. When the pointing requirements are not stringent, i.e., > 0.5 deg, the
momentum bias ACS is usually the desired approach. The momentum bias approach
with magnetic torquers is the dominant type of ACS in LEO.

Disadvantages: Usually poor yaw control. Gyroscopic stiffness results in poor
maneuverability. Poorer reliability and lifetime. Due to its lower cost and complexity
and relatively accurate pointing capability this has been the most popular type of ACS.

(from D. Mortari)




Typically a spacecraft will have several momentum
wheels oriented along orthogonal axes.

Reaction

To change its rotation along those axes it will
increase or decrease the spin of the momentum (momentum)

wheels

wheels in the opposite direction. When the
spacecraft achieves its desired orientation, it can
then halt its rotation by braking the momentum
wheels by the same amount.

Momentum wheels are usually spun by electric
motors. Both spin-up and braking are controlled
electronically by computer controls.

The strength of the materials of a momentum wheel
establishes a speed at which the wheel would come 3
apart, and therefore how much angular momentu:
it can store.

Since the momentum wheel is a small fraction of
the spacecraft's total inertia, easily-measurable
changes in its speed provide very precise changes
in angle.

Example:

* Inthe CNES ACS:

* Three magnetic-bearing
reaction wheels apply a torque
on the satellite to rotate it about
one of its three axes.

» Two magnetic torquers interact
with the Earth's magnetic field
to generate torques and thus
control the speed of rotation of
the reaction wheels.

» Thrusters complete the system.

ACS: Three Axis

Description:

All three axes are independently controlled by mass expulsion, reaction wheels
(RWs) or control moment gyros (CMGs). Usually RWs or CMGs are used for
control and propellant (sometimes magnetic torquing) is used for momentum
dumping.

Advantages:

Pointing accuracy, maneuverability and adaptability to changing mission
requirements.

Disadvantages:

Cost, weight, complexity and lifetime.

(from D. Mortari)

ACS methods:

Passive Semi-passive Active

Gravity gradient

Spinner with nutation
damper

Dual spinner with
nutation damper

Momentum bias with
magnetics

Reaction wheels with
magnetics for
momentum dumping

CMGs with magnetics
for momentum dumping

Propellant

Reaction wheels with
propellant for
momentum dumping

CMGs with propellant
for momentum dumping

(from D. Mortari)

Attitude Control Methods and their Capabilities
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Actuators

Actuators are usually broken into four classes: mass expulsion, momentum exchange,
environmental and dissipative. An ACS may have actuators from any or all the classes.

Mass Expulsion

Reaction wheel

Momentum Exc. Envir

Momentum wheel Magnetic

CMG

Aerodynamic

Gravity gradient

p
Nutation damper
GG viscous damper

There are two types of magnetic torquers. Those used for momentum dumping or control in
momentum bias systems, and the eddy current dampers used in gravity gradient systems.

Range of torques available from some of these actuators (From Chobotov)

Actuator Type

Reaction Control (RCS)
Magnetic Torquer
Gravity Gradient
Aerodynamic

Reaction Wheel
Control Moment Gyro

Torque Range (N-m)

From this table we see that RW's

102-10 and CMGs are used when

10210+
10¢-10%
104- 104
100-1

precision pointing and/or high
torque is required. Satellites that
perform rapid attitude maneuvers
or have articulating payloads
which create large disturbance

102-10* torques require CMGs




Sensors

The types of sensors used for attitude determination are:

horizon sensors (or conical Earth scanners),

sun sensors,

star sensors,

magnetometers,

inertial reference units (Inertia Measurement Unit or attitude
reference units ARU), and

6. GPS receivers.
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Horizon sensors measure pitch and roll to an accuracy of about 0.1-0.5 deg. An accuracy
less than 0.05 deg can be achieved by extensive calibration and accounting for the equatorial
bulge. Sun and star sensors provide directions. An horizon sensor does not provide yaw
information (for momentum bias systems it is not necessary to measure yaw). One wide-
FOV or two narrow-FOV star sensors are needed to provide attitude. Since the star sensors
cannot provide continuous attitude measurements an IMU/ARU is needed to provide the
attitude between measurements. IMUs suffer from drift and biases and need frequent
updates which are provided by the star sensors. Magnetometers measure Earth's magnetic.
Accuracies no better than 1 deg can be obtained. The GPS receivers are used in an
interferometer mode to determine attitude. Accuracies as good as 0.01 deg are expected
using GPS.

Sun Sensors

Most common because they are light weight, not expensive, limited power
required and because they provide an accuracy which is acceptable for most of the
missions.

Sun is the principal source of energy (exemption: interplanetary spacecraft). Solar
flux goes as 1/r2.

Sun (in the Inertial Reference Frame) is evaluated by using interpolating functions
(armonic series expansion) which least square fit the Sun positions recorded in the

star atlas.

They are used to synchronize command with spin period, and they are used to
protect star sensors.

At 1AU the sun may be considered as a point (0.267 deg.).

For GEO there is the parallax error (0.03 deg as max values).

Presence Sun Sensors
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1) ATA,

2) Sign bit,
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4) Interpolating bits.
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Double Digital Sun Sensor
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Star sensor for spinning S/C
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A fast star sensor for balloon payloads
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We developed a system bo reconstruct the attitude of bome spinning experiments, where
high accuracy (about 1 ') and high ratation speed (u) prees per second) are required, It
is based on o stellar sensor, and gathers together hardware simplicity, cheap components, high
resolution, and sensitivity. It is composed of an optical mirror (diameter 40 cm), an armay of 6 fast

amd sersitive photodiodes. and low noise readout cs. It was designed fon
experiment, a balloon borme millimetric telescope whose goal is 1o ate high resolution maps of
large s of the sky, 1o study the temy sotropies of the cosmic back d radiation.
© N3 American fnstitute of Physics, [DOL: 10,1063/1.1602961 |

e Archoops

The Archeops Star Sensor

* Archeops was a telescope on a spinning balloon
payload, designed to map a significant fraction of
the CMB sky with a microwave telescope.

Archeops star sensor

5™

Archeops star sensor

Da Nati et al. Mem. S.A.It. 2008




Star Sensor

Fast star sensor for balloon payloads 4173
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FIG. 6. Histogram of amplitudes of star candidates detected in the Kiruna
fiight (night).
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FIG. 7. This graph shows the diode number vs time of large amplitude
candidate stars as seen by the stellar sensor telescope and the star detector
software. Bright stars rigger the star detector every tm (20 s). They are
seen as “tracks” in this plot: as the sky moves in front of the balloon, the
star triggers move from one photodiode to the next.

Archeops star sensor

The pointing solution was reconstructed with about 1' RMS, by
means also of other sensors, like gyros

Da Nati et al. Mem. S.A.It. 2008

Optical Gyroscopes

* They are based on the Sagnac effect (see
http://www-3.unipv.it/donati/papers/2c.pd, Shamir, Adi,
An overview of Optical Gyroscopes Theory, Practical
Aspects, Applications and Future Trends, May 16, 2006

« Terry Pearson, How a gyroscope works, Febuary 1997,
www.gyros.freeserve.co.uk) in which two light

waves traveling in opposite direction in the
same closed loop and generated by the same
source, undergo a phase shift proportional
to the rotating speed of the closed loop with
respect to the inertial frame.Both laser and
fiber optic gyros replaced mechanical gyros
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OLIMPO star camera

The camera is a Qimaging Retiga
Exi CCD and the PC is a 266 Mhz
Linux box. The system is provided
by the CNR of Firenze (A.
Boscaleri),

A PC-104 computer is mounted
inside the star camera pressure
vessel. The computer runs the
software that processes the CCD
images.

The computer can also command
the stepper motors for autofocus,
and regulates the lens
temperature.

The system sends the right
ascension and declination of the
center of the image to the flight
computer, which will communicate
with the TM and the data storage
system,

Da Nati et al. Mem. S.A.It. 2008




BLAST star camera
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Using a system similar ta the BLAST one, OLIMPO camera should be capable of providing a
reconstructed pointing solution with an absolute accuracy < 5°. The system is sensitive to
stars down to magnitudes ~ 9 in daytime float conditions,

It combines a 1 megapixel CCD with a 200 mm f/2 lens to image a 22 x 2.5¢ field of the
sky. An Internal computer controls the temperature, can adjusts the focus, and determines
real-time pointing solution at 1 Hz
See M. Rex, E. Chapin et al.. arXiv:astro-ph/0605039v1

Da Nati et al. Mem.S.A.It. 2008

ACS, sensors, data logging...

EEE —

i : Flight Control Computer []m

M. Rex. E. Chapin et al., arXiv:astro-
Ph/0605039v1

CCD specifications

15C 0SC
Qlmaging Camera PMI 1401 Retiga EXi
CCD Sensor Kodak KAF-1401 Sony ICX285
Light Sensitive Pixels 1360 = 1036
Pixel Size 6,45 jm = 6.45 um
Digital Output 12 bit
Pixel Well Depth 45,000 ¢ 18000 ¢
Rend Nokse 20¢ Ke

Different choises can be made for CCD cameras, depending mostly on
flight conditions (day or night) and scan strategy. which puts an upper
limit to the integration time. Deeper well depths allow longer integration
times (typically up to 200-300 ms), necessary with daylight. while
having more bits per e- means more sensitivity during the night, when
lower integration time is allowed (about 20-30 ms).

Scanning speed limits the integration time because, if too high, will
result into a smearing of the star blobs through the pixels.

Da Nati et al. Mem. S.A.It. 2008
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Magnetometers

They may be used at altitudes less than 1,000 Km, only.
(Earth magnetic field decreases with radius as 1/r%)

v=[Ed-=

Small precision is associated with the fact

q that the EMF Models are not so accurate.

f Biases not negligeable
(residuals of magnetic fields
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