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&% Learning Outcomes

By the end of this lecture you should be familiar
with...

- Know what ADCS means

- Understand the functions of the ADCS
- ldentify the drivers for dimensionning

- Design you ADCS

The content is adapted from the slides from Muriel ‘
Richard teaching this class from 2010 to 2019 1 : Content source

Chapters 1 & 19in “Spacecraft Systems Engineering” by
Fortescue, Stark, & Swinerd

. Chapter 18 in “
\/ : ” by Wertz, Everett, and Puschell

Source: NASA/JWST



https://epfl.swisscovery.slsp.ch/discovery/fulldisplay?docid=alma990101338630205516&context=L&vid=41SLSP_EPF:prod&lang=en&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=any%2Ccontains%2CSpace%20Mission%20Engineering%3A%20the%20New%20SMAD&facet=rtype%2Cexclude%2Creviews%2Clk
https://epfl.swisscovery.slsp.ch/discovery/fulldisplay?docid=alma990101338630205516&context=L&vid=41SLSP_EPF:prod&lang=en&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=any%2Ccontains%2CSpace%20Mission%20Engineering%3A%20the%20New%20SMAD&facet=rtype%2Cexclude%2Creviews%2Clk
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Attitude: satellite’s angular motion

State: set of variables that completely
describe the satellite’s Attitude

— Yaw/Pitch/Roll/angular speeds
— Quaternions/angular speeds

— The State is given in which Reference
Frame?

Determination (Navigation): Estimation
of the Attitude (orbital position) from
sensors = processed in real time or a
posteriori

Guidance: Command of the desired
Attitude. Depends on requirements of
the mission: science, and subsystems

Control: Process to steer the system
aiming at minimizing the difference
between the actual state (navigation)
and the desired state (guidance)

Magative Orbit

Definitions
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Definitions and Functions

Attitude Determination and Control Subsystem (ADCS)

Attitude measurements and estimation, also called “determination”

Attitude guidance

Attitude control

Acquisition and maintenance of a safe attitude in emergency cases and return to nominal mission upon command

Orbital Control Subsystem (OCS -> AOCS)

Orbital navigation (position & velocity estimation), also called orbit determination
Orbital guidance (done on-ground)
Orbital control (maneuvers)

Guidance, Navigation and Control (GNC) — Rendezvous, formation flying, interplanetary vehicles...

Orbital guidance is done on-board
Real-time on-board trajectory guidance and control
Real-time on-board relative position estimation and control
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ADCS Functional Block Diagram

Commanded
desired state Disturbances
(Guidance) Torques
o) . 4
. AD Control Aé)p AD
| Control estimate | Torque Vehicle real
1 Algorithms Generator Dynamics
(Actuators)
Attitude . Attitude j
0 Determination Sensors
" (Navigation)
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Example on CubETH

Mode
Selection | —
Health Status
Telemetrie

— time —— —r est — g_cmd
Orbit Propagator = |
TLE/GPS — IGRF | v est Attitude Command ||
Sun Ephermis - Generation w emd
I I -
bv_i_est sv_i_est Error Mode
| I handling handling
Guidance ‘t_cmg - Viagnetic
Dipole
g_est Distribution
Attitude Estimator w_est Controller Algorithm
Navigation| Contro
w_meas ADCS Software
PWM (3x)
— Gyros | w_real
bv_b_meas J— bv_b_real — —_— t_rgal —_ ||
I— Satellite Dynamics
Magnetometer ' Magnetic Torquers (3x)
sv_b_meas sv_b_real t_dist
| | l: r real Orbhit
' Sun Sensors v real Propaiiggt:Fr
. bv i real :
Disturbances . Sun Ephermis
< sv_i_real
Sensors Dynamics Actuators

Environment
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Subsystems Interactions and ITERATIONS

Mission
* Earth-Pointing or Inertial-Pointing?
* Control During AV Burns? *» Orbit?
+ Separate Payload Platform? * Autonomy?
+ Accuracy/Stability Needs? * Mission Life?
+ Slewing Requirements? * Onboard Navigation Data Required?
s R
Powar
Thermal + ACS Load
* Special + Special
Thermal Regulation
Maneuvers ADCS Trades :
Required? « Spinner vs. 3-Axis
vs. Passive
. J Stabilization
+ On-orbit vs. Ground Power
Determination + Solar Array
g » Sensor Selection Pointing
+ Actuation Device Flsquired?
Propulsion Selection
* Thiuster Size * Computational
+ Propellant Load Architecture
* Minimum Structures
Impulse Bit * Center of
L ) Mass
Constraints
* Inertia
Constrainls
* Flexibility
Communications Constrainis
* Antenna * Thruster
Pointing Location
Accuracy * Sensor
Mounting )
L.
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Subsystem
Functionality and
Requirements
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Requirements definitions

Pointing (angular position, deg or radians) and Stability requirement (angular rate, deg/s or radians/s) -
Requirement typical attributes:

®* A probability is associated to the requirement

®  Statistical interpretation (temporal, ensemble or mixed) is defined

®* The distinction between real-time and “a posteriori” knowledge should be done

* The fact that the performance is reached in real time, or can be achieved “a posteriori” through dedicated processing, possibly in the ground

control centre, is an important characteristics of the requirement

®* The frequency content is sometimes important, especially to take into account that the AOCS cannot have any effect on some high
frequency physical phenomena like micro-vibrations.

®* Example ECSS-E-ST-60-10C: “The ADCS shall ensure an absolute rate error of TBS microradians per second, at TBS % confidence
level, using the TBS (temporal, ensemble or mixed) statistical interpretation, for all frequencies lower than TBS Hz”

T}’pical requirements seen in practice are for exa:mple:

. “The instantaneous half cone angle between the actual and desired payload
boresight directions shall be less than 1,0 arcmin for 95 % of the time”

. “Over a 10 second integration time. the Euler angles for the transformation
between the target and actual payload frames shall have an RPE less than 20
arcsec at 99 % confidence, using the mixed statistical interpretation.”

. “APE(g) < 2,5 arcmin (95 % confidence, ensemble interpretation), where
£ = arccos(Xarget.Xactual)
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Requirements definitions

Agility requirement

- Example: “The ADCS shall provide the capability to perform attitude
manoeuvres in the following conditions:
« 1. TBS degrees on roll axis in less than TBS seconds, including the tranquilization phase.
« 2. TBS degrees on pitch axis in less than TBS seconds, including the tranquilization phase.
« 3. TBS degrees on yaw axis in less than TBS seconds, including the tranquilization phase.”

Orbit control requirement

- Example: “The OCS shall perform the Delta-V commanded by the ground for the
orbit control with an accuracy better than:
1. TBS % of the Delta-V magnitude along the commanded direction.
2. TBS % of the Delta-V magnitude on the perpendicular directions (parasitic impulses).”
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ADCS Requirements
BUS REQUIREMENTS
® Telecom subsystem: Antennas requirements. (function of the orbit and your GS)
® Thermal Subsystem: Do | need to cool down/heat some parts? (avoiding certain attitude for certain time)
® Power Subsystem: Solar panels and power requirements
® Propulsion/docking: necessary high precision to burn!

® Other issues from the BUS?
SCIENCE REQUIREMENTS: high pointing requirements! And not only....

Before the design of the subsystem = DESIGN of the REQUIREMENTS (put all together)

®Usually divided into “Operational Modes”
i Ex: Acquisition, observation, Safe Mode, Manoeuvre, docking, etc..

C Pointing accuracy: “The AOCS shall ensure a pointing stability of 8 arcsec at 99.7% confidence level for 10 hours”
® Stability: =resistance to the external torques [rad/s]
® Attitude RANGE: avoiding zones

® Attitude knowledge: “The AOCS shall ensure [...] an absolute attitude knowledge performance of TBS micro-radians, at TBS % confidence level, using the TBS (temporal,
ensemble or mixed) statistical interpretation.”

ECSS standard CLASS of requirements: APE, RPE, AKE, RKE, [...]
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Error definitions

-  Knowledge: difference between “known/estimated” and “achieved/true”

« Absolute knowledge error (AKE)
« Relative knowledge error (RKE) — relative to a specific duration of observation for instance

- Performance: difference between “target/desired” and “achieved/true”

« Absolute performance error (APE)
« Relative performance error (RPE)

- Examples: sensor noise, sensor bias, actuator noise, actuator bias, disturbance
forces and torques (e.g. microvibrations, manoeuvres, external or internal
subsystem motions), friction forces and torques, misalignments, thermal
distortions, assembly distortions, digital quantization, control law performance

(steady state error), jitter, etc.
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Performance budgets

 The AOCS shall provide budgets for the following performances:
absolute attitude pointing budgets,

on-board absolute attitude knowledge budgets,

relative attitude pointing budgets,

contribution to propulsion related budgets,

orbit correction performance budgets,

o Uk WNPE

duration budgets (mode transitions, agility, convergence, AOCS availability and outages).
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ADCS Modes

* Nominal
* May involve several guidance types:
® Sun pointing
®* Nadir pointing
®  Local vertical/Local Horizontal...
* Mayinclude acquisition mode, in between modes

 Safe mode
* End-of life disposal

* Mapping of the ADCS/OCS modes into satellites modes needs to be done to clarify all the possible
configurations in which the satellite can be in relation with the AOCS
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Disturbance torques
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Disturbance Torques on Satellite

. External torques Sizing Varies as
« Aerodynamic drag LEO exp(-r)
- Solar radiation pressure LEO-GEO Const.
- Magnetic LEO-GEO 1/r3
« Gravity-gradient LEO-GEO 1/r3

. Secular: mean not 0 over T(=1orbit usually) = Drift > Saturation of the actuators
. Cyclic: mean O over T

. Internal torques

* Angular momentum exchange between moving parts (rotating machinery)
* Antenna, solar array, boom deployments and actuation

* Scanning motion of instruments

* Liquid sloshing

* Thermal shock on flexible structures

* Dynamics of flexible bodies...

. gct;her: thruster misalignment, mismatch of thruster outputs, uncertainty in
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Atmospheric Drag

* Force created by atmospheric drag:

Cd: drag coefficient

* A:cross-sectional area (perpendicular to velocity vector)
p: atmospheric density

V,: velocity relative to the atmosphere

b: distance of the CoP from your center of RF

r,

rag —

* Drag coefficient is Cd ~ 2 for spheres and 2.2 for flat plate in rarefied gas

* Atmospheric density
* Varies with solar cycle and solar flares and geomagnetic activity
* Can see an order of magnitude differences
* Several models attempt to represent fluctuations (see next slide)

* Objectives:
* calculate rate at which satellite is losing altitude (orbit decay rate);
* C(Calculate aerodynamic torque on the satellite.

2

_GiAp

v

rel
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Atmospheric Drag

TABLE 8-5. Tables of Density by Altitude. The Harris-Priester model uses data tables of

this type. Long, et al. (1989, 4-58)

i titude Base Nominal Scale
M AMisie Dol Mg | b A Dol BN g by bamy | | ey | e
(km)  h,(km) p,(kg/m’) HGm) | (km) h,(km) p,(kg/m’) H (km) (km) (kg/m’) (kg/m’) (km) (kg/m”) (kg/m”)
0-25 0 1.225 7249 | 150-180 150  2.070x 10~ 22523 100 4974x107  4974x1077|| 420 1558 x 10712 | 5684 % 10712
25-30 25 3899x102 6349 | 180-200 180  5.464x 1070 29.740 120 2490x 107% 2490 108 440 1091 x 10712 | 4355 10712
30-40 30 1774x102 6682 | 200250 200  2.789x 1070 37.105 130 8377x10%  8710%102|| 460 7701 x 10713 | 3362 x 10712
40-50 40 3972x107  7.554 | 250-300 250  7.248x 107!l 45.546 140 389x10°  4.059x107°|| 480 5474x 10713 | 2.612x 10712
5060 S0 1.057x107 8382 | 300-350 300  2418x 107! 53.628 150 2122x107  2215%107°||  s00 3916x 10713 | 2,042 x 10712
60-70 60  3206x10% 7714 | 350-400 350  9.518x 1077 53298 160 1263x10°  1344x107°|| s20 2819% 10713 | 1.605x 10712
70-80 70 8.770x1075 6549 | 400450 400  3725x107'% 58515 170 8.008x 10717 8758 10710(| s40 2002x 10713 | 1267x 10712
80-90 80  1.905x105 5799 | 450-500 450  1.585x107'* 60.828 180 5283x107'%  6.010x107'°|| s60 1488x 10713 | 1005 10712
90-100 90 3.396x10° 5382 | 500-600 500  6967x107  63.822 190 3617x 10710 4297x10710|| sgo 1092x 10713 | 7.097x 10713
100-110 100  5207x10°7 5.877 | 600-700 600  1.454x10713 71835 200 2557x 10710 3162 107'°|| 600 8.070x107'%|  6.300x 10713
110-120 110 9.661x10° 7263 | 700-800 700  3.614x107'* 88.667 210 1839x10710  2396x1070|| 620 | 6012x107¢| sa23x10713
120-130 120  2438x10° 9473 | 800-900 800  1.170x107'* 124.64 220 1341x 10710 1853%10710|| 640 4519x 107 |  4a121x1073
130-140 130  8.484x10° 12.636 |900-1000 900  5245x 10715 18105 230 9949x107"  14s5x1071%|| s60 3430x 10714 | 3325%10713
140-150 140  3.845x107 16.149 | 1000- 1000  3.019x 10715 268.00 240 7488x 1071 1157x1071%)| es0 2620x 10714 | 269110713
Exponential Aumghe;ic Mode;i ﬁﬂ}”“s’g a very \:.i:;tpzle g,;,smg% his ::.eﬂl;i 250 5.709x 10::: 9.308 x 10'111' 00 | 2043 10": 2.185x 10713
fﬁ:ld&ﬁwﬁ:ﬁoﬁ&ﬂc{m;@ for 0 km, CIRA.72 for 25-500 km, and 260 4403x1070  7555x10°7 720 | 16071074 17791070
CIRA-72 with exospheric temperature, exospheric temperature, T, = 1000 K for 280 2697x107M s09sx 107! (| 760 1036x 1074} 1.190x 10713
ﬁgﬁlfmﬁfm?ﬁf fhaicdt;ﬁir;w isiReRERma Sl disrsat 290 2139x 1071 4226 % 1071 || 780 8.496x 10715 | 9776 x 1071
300 1708 x 10711 3.526x 107 || s00 7069 x 10715 | 8.059x 10714
320 1.099x 1071 2s5mx 107 || 840 4680x 10715 | 5741 x 10714
340 7214x 10712 1819%107"|| 8s0 3200% 10715 | 4210x 10714
360 4824x 10712 1337x107V|| 920 2210x 10715 | 3130 % 10714
380 3.274x 1072 9955x 107'2|[ 960 1560 % 10715 | 2.360x 10714
400  2249x 1077 7.492x107'2|| 1000 | 1L1SOx107'%| 1.810x 10714




“Space
Center

Solar Radiation Pressure

* Like drag, solar radiation is a non-conservative perturbation, and is more
pronounced at higher altitude

* A:illuminated surface area, perpendicular to Sun-satellite incidence direction
P, : solar pressure, determined from the solar flux (=I1/cR?)

C,: satellite reflectivity (1+k)

C,,: solar pressure center

b: distance of CoP from your center of RF

F, =P.C.A
0 0 0
I, =bUF,

* Variation depending on the solar cycle and solar flares
P~ 4.51106 N/m?2

* Process of calculation involves:
* Determination of shadows on the spacecraft itself
* Pressure distribution creates a torque
* Determination satellite-sun worst case line of sight (incidence from the Sun)
» Determination of the satellite’ s reflectivity (C, ~ 1.4 — 1.8)
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Magnetic Torque

Magnetic torque present when in orbit around a
planet with substantial magnetic field, like Earth
and Jupiter. The torque is given by:

T =m y>;

mag satellite

m is the satellite magnetic dipole due to current
loops and residual magnetization in the spacecraft.
Itis also called residual dipole and is expressed in
Am?.

B is the planet magnetic field vector expressed in
spacecraft coordinates; it is proportional to 1/r3,
where r is the radius vector to the spacecraft. It is
measured in Tesla (SI), or Gauss (CGS). 1 Tesla = 10*
Gauss.

Typical values for a small spacecraft in LEO:
* B~10%-10"Tesla
* M=1Am?forsat>100kg, 1-0.1e-3Am? (Cubesat 3kg)
Trmag ™ 3-106 N'm

Magnetic
field lines

B ~ 2MEarth
PolarOrbit = 3
r
B ~ MEarth

EquatoriaDrbit = 7"3

M, . =7.96x10"Tesla.m’



Gravity-Gradient Torque

Magnitude of the gravitational force of the Earth (or
central body) varies as 1/r3

e The gravitational force on one part of the satellite is
different from another part (if typically separated by
some relatively large distance), resulting in a net
torque

* Example: Moon, Mercury

Gravitational force dF; acting on a satellite mass
element dm; located at position r; relative to
geocenter is:

dF, = — 25 g,

l 3
7.

1

Integrating over entire satellite:
* |: moment of inertia tensor

For a circular orbit and an Earth-referenced
spacecraft (Z to nadir, X along velocity vector), the
torque is given by:

* 0: deviation from Z axis

gravity

a
[ll ]12 [13
I=\1, I, I,
[31 132 33
3u :
T :FIZ—Iy‘sm(%?y)
3 :
T, =2—:§IZ—IX sin(206.)

approximation, CG=CRF
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Internal Torques

+0.02 -

Aty

X—AXIS RATE {DEG/S)

—15MIN M—20MIN —-ﬂMlnl——:ﬁ}Mln—ﬂ

CREW JOGGING CREW AWAKE CREW ASLEEF

Jitter Caused by Crew Motion Onboard Skylab. (Adapted from Chubb, ef al., [1975])

I AXIS
LUNAR MODULE/APOLLO L
TELESCOPE MOUNT A:::'Ys&ﬁm ORBITAL WORKSHOP

SERVICE MODULE ot
X AXIS / MULTIPLE STRUCTURAL
NG
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X _ m (HE W)
b = 72
- RECTANGULARPLATE | - %"'I
H | =ﬂw2
. . u” 92
I mdz
X N a
/ DISK |w—r!‘%z
|, = ﬁ
=

T

Useful Formulas

|_""_d2
.u.q—d_

2,2
CYLINDRICAL SHELL .WJ"[*:.l +:-_z

i ='“d2_+|;z.)
= B 12

. md?

2.2
SOLID CYLINDER Iy = "'"_2[3% tL J

l NOTE THAT FOR ANY PLANE FIGURE, IF THE
X-AXIS IS L TO THE PLANE, I, = I, + I,
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Attitude sensors
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Attitude Sensors

* Optical sensors:
®  Star tracker

®*  Provides precise 3-axis inertial attitude 10”
from Lost in Space (star pattern recognition)

®  Orbital position required for Earth pointing

* New generation: APS (CMOS) instead of CCD
®* Earthsensor

®*  Provides 2-axis attitude w.r.t. Earth

*  Third axis = sun sensor or gyroscopic stiffness

®* 0.03 deg GEO (radiance sensitivity)

®* Scanning (dynamic) or static
® Sunsensor

®* Provides 2-axis attitude w.r.t. Sun

* Either coarse analogue (acquisition) or fine digital
®* Navigation camera

®* Celestial body imaging and navigation algorithms

2-axis Digital Sun sensor
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Attitude Sensors

* Magnetic and Inertial sensors:

®* Magnetometer
®*  Provides (coarse) magnetic field measurement
* Light and cheap sensor for acquisition in LEO

®* Integrating gyros
®*  Provides integrated angular rate
* High bandwidth and accuracy (but drift error)
* Hybridisation with optical sensor (Kalman filter)

®* Accelerometer
* Stand-alone or within IMU 4-axis Fiber Optic Gyroscope
* No space qualified European sensor

* Coarse rate sensors 1

1044 Conventional RGs

®*  Provides angular rate <10 deg/h

short term attitude propagation

* Light and cheap sensor for detumbling, acq@sif?eé?
i6 102 4
3
b

. ! 101 Silicon based
wfi iomju it M Coriolis sensor
Gyro messement %%&MW 100 =3 y v
T e
10_ l— T L L] Ll T T T T >
3-axis MEMS rate sensor | | 1 an Ropa s L a0 e 1000

Bias error (9/hr)
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Attitude/Navigation Sensors

* Global Positioning System:

« Although long tried, GPS never really made as useful
attitude sensor

« Cheap technique
- Key issue is multi-path reflection of GPS signals

- Requires multiple antennae (minimum 3 for a 3 axis
determination)

- GPS extensively used for navigation

ser segment

stations

et Linngi A et oM AU v i A 0 Sl N e o et e i e
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Attitude Sensors - Summary

Sensor Type Accuracy (Degrees) Remarks

Sun Sensor 0.01-0.1 Simple, reliable, cheap, intermittent

Earth Sensor 0.02-0.03 Expensive, limited application, no- DYN->0.02° in GEO
yaw ST 0.03°

Magnetometer Cheap, LEO only

Star Tracker
L E Expensive, heavy complex

Modern (wide angle) Cheap, light, simple
Gyroscope

Mechanical Costly, massive

Tactical Cheap, light, simple
GPS . Cheap, simple
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e  Wheels

Attitude Actuators

Electric motor spins wheel, provide one axis of control

Typical arrangement is 4 wheel in a tetrahedron for redundancy
Momentum capacity 10-40 Nms

Torque up to 0.1Nm (momentum exchange)

Desaturation necessary, microvibration issues

Reaction wheel operating at non-zero momentum (non-zero nominal
spin rate) to provide gyroscopic stiffness

Same arrangement as reaction wheels

Momentum dumping is required to keep the speed at a set constant
value

CMG is a gimballed momentum wheel

Torque applied to the gimbal produces a change in the angular
momentum perpendicular to the existing angular momentum vector
(h), and thus a reaction torque on the body

Heavy, need lots of power, noisy but very high control authority (ISS)

12 Nms Reaction wheel

x5

I

SOLAR PANEL CENTRAL RIGID
BOOY
,9 7E " ;
- A -
L_/
;

memuu‘/
WHEELS

Inner Gimbal
Torquer

Outer
Gimbal
Torquer

Mounting
Plane
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Others
« Propulsion

High to low external torque capacity

Use for orbit control and initial acquisition
Efficiency Isp(s): Am.g Isp = F.At = M. AV
Cold gas, hydrazine, bi-liquid

Electric propulsion (high Isp, low thrust)

Residual net force on the system (hence also changes the
orbit)

- Magnetic torquers

Interaction with Earth magnetic field
T=mxB

m = nlA, n number of rounds, | current, A area
LEO: acquisition/safe mode and RW desaturation

Attitude Actuators

Cold Gas Thruster

Magnetic torquer



Attitude Control
strategies
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Attitude Control Strategies & Capabilities

Passive
* Gravity gradient
« Aerodynamic
« Spin (&dual spin)
 Magnetic

Active
«  Momentum Bias (MW)

« Zero Momentum (THR,
RW,CMG)

To get full attitude
determination, 2
reference directions are
required (e.g Sun,
magnetic field, stars,
Earth horizon...)

Pointing Attitude Typical Lifetime
Type Options Maneuverability | Accuracy Limits
ravity-gradient | Earth local Very limited +5 deg (2 axes) None
vertical only
ravity-gradient | Earth local Very limited +5 deg (3 axes) Life of wheel
and Momentum | vertical only bearings
ias Wheel
| Passive Magnetic | North/south only | Very limited +5 deg (2 axes) None
Pure Spin Inertially fixed | High propellant +0.1degto+1degin | Thrusterpropellant
tabilization any direction usage to move stiff | 2 axes (proportional | (if applies)*
Repoint with momentum vector | to spin rate
precession
g maneuvers
'Dual-Spin Limited only by | Momentum vector |Same as above for | Thruster propellant
 Stabilization articulationon | same as above spin section (if applies)*
‘ despun platform | pegpun platform | Despun dictated by |Despin bearings
constrained by its | payload reference
) own geometry and pointing
Bias Momentum | Best suited for | Momentum vector | 0.1 deg to +1 deg | Propellant
1 wheel) local vertical of the bias wheel (if applies)’
pointing prefers to stay Life of sensor and
] normal to orbit wheel bearings
plane, constraining
E yaw maneuver
Zero Momentum | No constraints | No constraints £0.1 degto +5deg | Propellant
thruster only) High rates possible
?Zero Momentum | No constraints | No constraints +0.001 deg to +1 deg | Propellant
i(3 wheels) (if applies)*
Life of sensor and
wheel bearings
%ero Momentum | No constraints | No constraints +0.001 deg to +1 deg | Propellant
CMG High rates possible (if applies)*
f Life of sensor and

wheel bearings
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Attitude Control Strategies - Passive

e Gravity gradient

* Interact with gravitational field to maintain
attitude (10°Nm)

* Effective near Earth L , e
* Gravity-gradient torque must be greater than all \2
other torques

®  Principal moment of inertia must be smaller than
the others, causing the minor axis to align along
the nadir vector

* Ix+ly>ly>Ix>lz CONSTRAINT
®* Booms are often deployed along the minor axis

* Gravity-gradient torque causes the satellite to
oscillate

®*  passive damper is generally used

VHF ANTENNA

LASER RETROREFLECTOR

Z (YAW)
Y
[INTO PLANE
OF FIGURE}
M x(roLLl

Fig. 19-17. GEOQS-) Spacecraft

 Aerodynamic and solar pressure
* Has been used in emergency or by design

* Solar sails may use flaps for attitude control of the
sail
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Attitude Control Strategies — Spin Control

* Spin stabilization
* Gyroscopic stiffness of a spinning body maintains orientation
in inertial space
* Disturbance torques cause precession and nutation

* May require a nutation damper
* Requires torquers to control nutation (spin axis drift)

* Usually requires an axis of maximum inertia so that 1z >> Ix, ly (Disk)
* Note that high Iz and/or large m give gyroscopic stiffness

Precession thrusters
Spin axis

Spin control

(0] lu h Nutation
damper
AQ:er At ; T=rxF,
a sensors
field-of-view

* Dual spin-stabilization
* Two satellite components spin at different rates (one could be the satellite and the other a wheel)
e A dual spin system provides platforms for both scanning and inertially fixed pointing instruments


http://en.wikipedia.org/wiki/File:Praezession.png

EPFL
Space

Center
Attitude Control Strategies - Active
. Active 3-axis stabilization is more common but more
complex and more expensive
« Use combination of momentum wheels, reaction wheels, CMGs
whoa " '
. Pitch aJ;is-\_’_ \k“:‘::;' "'—"P_‘Hull axis
. Momentum bias system: N -l P .
damper b o ield-of-view
« Use momentum wheel along pitch axis pichand ol \'l W
reeren Yaﬁ;;j’ T {Thrusters, array
- and appendages
. _ Earth not shown)
. Zero-momentum bias system: wheels oi1 5 axis
- Reaction Wheels CMGs
— Low maneuver rates High maneuver rates z{f,:,i::m
menis |45 | | ow propellant needed for Low propellant use Pronats | SRS —
Z ] LA Prop: - Prop ol T/ T e,
e R ys e S desaturation (unloading) penarar L2 K
Fokd-ofviow +} o 30r4RWs? Different configuration feld-ofview \ 1T

Yaw axis - rusters, arra L
A" e Redundancy %.

M.N. 40
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Attitude Control Strategies - Active

Pitch thrusters ' Rol thrusters
* Reaction Control System Yaw thrasters Fitc:mrl:ters |
. _ — Yaw thrusters
* High Maneuver Rates Rolltrusters — -
* Moderate Propellant Use Pitchatis —_ T Pollenis
\‘i/ g/  j= Yew sensor
* Shuttle, Voyager _ g | A4 eitotview
A. Typical control of the Nutation at kick-stage (due to THR Ptch and oll “‘**;f‘ ’; orbit
misalignment) fild-of-view s
Yawexis. ¥ (Array and
B. Typical DENUTATION (bang bang) (no THR-residual nut?&i)on) _ A’ ;gtﬂg;mgs

V2,

2[IT
Ve F — z7Xx
\f* bH(I_ -1 )sin(20)

How much
propellant?

wl
4¢, b

denut
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Attitude Determination and Control Algorithms

* Inaninertial frame (fixed wrt stars) Ri = (Xi, Yi, Zi)
* |In satellite frame (attached to the satellite body):

Euler Equations:
L h 1 L
L =— Follh
Dt Rsat
[]
h=Iw

_dh
ext dt &

* The basic algorithms for attitude determination depend on the coordinate frames of

interest and the geometry of the measurements
* Use either Euler angles (roll, pitch, yaw)

* Or Quaternions (scaled vectors for Eigen-axis rotations of coordinate frames)

* Sensor readings may be use some form of averaging, smoothing or Kalman filtering to

increase daccuracy of measurements

e Control requires good mathematical simulations of the entire system
* Apply linear theory for preliminary analysis and design, then use non-linear effects
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ADCS Design processes
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Step

Inputs

Qutputs

1a. Define control
modes

Mission
requirements,
mission profile,

List of different control
modes during mission
(See Table 11-2)

1b. Define orderive . "
system-level | tYpe of insemion | paqirements and
requirements | for launch constraints
‘bycontrol | venicle (See Table 11-3)
mode

2. Select type Payload, Method for stabilizing and
of spacecraft thermal and control: 3-axis, spinning, or
control by power needs gravity gradient
attitude I
control mode g:t;g;igﬁmtlng
(Sec. 11.1.2)

Disturbance
environment

3. Quantify Spacecraft Values for forces from
disturbanc - —=-metry, orbit, | gravity gradient, magnetic
environment suiar/magnetic | aerodynamics, solar
(Sec. 11.1.3) models, mission | pressure, internal

profile disturbances, and powered
flight effects on control
(cg offsets, slosh)

4, Select and Spacecraft Sensor suite: Earth, Sun,
size ADCS geometry, inertial, or other sensing
hardware pointing devices
(Sec. 11.1.4) aguracyé." Control actuators, e.g.,

Dmi;;;?]” WONS. | reaction wheels, thrusters,
) or magnetic torquers
requirements,
lifetime, orbit, Data processing
ting electronics, if any, or
direction, processing requirements
slew rates for other subsystems or
ground computer

5. Define All of above Algorithms, parameters,
determination and logic for each
and control determination and control
algorithms mode

6. Iterale and All of above Refined requirements
document and design

Subsystem specification

ADCS Design Process

Steps:

Define control modes and requirements
Define control strategy

Quantify disturbances

Select and size hardware

Define determination and control algorithms
lterate and document

I

ADCS performance to rarely driven by external
torques. Those are often predictable to a large
extent and compensated.

Sensor and actuator (including internal
disturbances, flexible/slosh) are ultimately
limiting the system performance.
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momentum storage is:

torque (T) on the vehicle:

ADCS Design Process

Parameter Simplified Equations
Torque from | Reaction-wheel torque must equal ° i7i i ifi i
Reaction worst-case anticipated disturbance Actuator sizi ng 5|mpI|f|ed equations
E{;fm?f torque plus some margin: i When sizing wheel, it is important to distinguish between cyclic and secular
Hsjecﬁanm Taw = (Tp) (Margin Factor) disturbances, and between angular momentum storage and torque authority
Slew Torque | For max-acceleration slews * Size the angylar momentum capacity of a reaction wheel to handle the cyclic storage (for % or
for Reaction | (1/2 distance in 1/2 time): % of the orbit)
Wheels 0 17(1\? hd Secular torque and storage capacity determine frequency of wheel desaturation
E = ET(EJ d Pointing accuracy or slew requirements determine needed torque capability of the wheels
i Size thrusters for external disturbances (secular), desaturation of the wheels, or
slewing (bang-bang system)

Momentum | One approach to estimating wheel s Slew rate defines thrust level given a momentarm
Storage in | momentum, A, is to integrate the b Calculate minimum impulse bit to determine smallest repeatable impulse that the device can
Reaction worst-case disturbance torque, Tp, provide
Wheel over a full orbit. If the disturbance is

gravity gradient, the maximum o Depending on mission needs, calculate number of pulses (thrust on/thrust off), and propellant

disturbance accumulates in 1/4 of an mass required

orbit. A simplified expression for such

a sinusoidal disturbance is:

. Momentum | Same as for a momentum wheel, but 2 ‘
h= (TD)M{OJW) Storage in | with the spin rate: A (O o Volve Close
Spinner 3

where 0.707 is the rms average of a . = h 2 \

sinusoidal function, ' Rise Time J
Momentum | Roll and yaw accuracy depend on the || Torque from | Magnetic torquers use the Earth's 15 Tail-off
Storage in | wheel's momentum and the external || Magnetic magnetic field;B, and electrical z ar-o
Momentum | disturbance torque. A simplified Torquers current through the torquer to create a E // Impulse
Wheel expression for the required magnetic dipole (D) that resuits in =10 /

P
Tx—=h
x4 6,

P = orbit pBI"IOd
6, = allowable
motion

T = torque
h = angular
momentum

T
D=—
B

Magnets used for momentum dump-

ing must equal the peak disturbance +
margin to compensate for the lack of

complete directional control.

L
J(
\

0.2

0.4 0.6
Time (sec)

0.8

Typical thruster operation
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Orbital Control
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Orbit Perturbations and Maintenance

* Previous analysis of two-body motion made
simplifying assumptions. These assumptions need

to be revisited, as non-negligible perturbations
exist.

* Orbital perturbations include:

Oblateness of the Earth (non perfect symmetrical
body, non-spherical gravitational field)

* Atmospheric drag (additional force)
*  Attraction of the Sun and Moon (third body effects)
* Solar radiation pressure (additional force)

 To overcome these perturbations, determination
and control techniques must be applied

* Techniques call for periodic readjustment of the
attitude of the satellite and of the orbital elements

Acceleration, Log1(g’s)

Element

-2

Time

lllllll

lllllllll

: Lunar Gravity

Solar Gravity

1000
Altitude, km

1500
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Earth’ s Gravitational Field Orbital Perturbations

e Earthis not a sphere
* Non-uniform distribution of mass
* Gravitational potential for a perfect sphere:

__H
e For an oblate sphere: ;
D = —'u{l — ZJn (ﬁj P (sm L)} P,: Legendre polynomials
r - r

* Most important terms:
J, =0.00108263

J,=-2.54-10"°
dQ _ —3nJ,R; cos(i)
dr 28—

* Impact: Regression of nodes:
dw 3nJ,R;(4—5sin’(i))
dt 4a*(1-e*)’

Rotation of apsides:
n: mean motion
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700 F=—

600

w
=
T

altezza [km]
N
=]

300 +

200 -

Orbital perturbations - example

~max altezza
min altezza |. e ST,

50 orbite

100 orbite

150 orbite

Figura.6.5: 500 orbite (47 giorni ca)

6 8
tempo [sec]

J2 influence on orbit

Atmospheric drag
influence...
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Conclusion and next
steps

- Quizz what did we learn today?

- How you can apply what you have
learned into your projects?
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For your projects

Design of ADCS subsystem

Taking into account a simple cubic structure and basic appendages (solar arrays or other), design and
size the ADCS hardware using a design margin of 2 on the worst case torques.

You may have to define better the pointing requirements for your case (driven mostly by your
science instruments and telecom). If too much uncertainty comes in, make the following
assumptions:

Pointing accuracy < 0.1 deg.

Pointing stability < 0.01 deg/s

Secondary Propulsion (ADCS)

To save time, assume that the AV needed for control purposes is 10% of the total primary mission AV.
Choose and size your secondary propulsion system (if you haven’ t done so during Propulsion HW),
check Isp and calculate propellant mass.



“Space
Center

Allowed settling time or max attitude overshoot when

2. Typical Attitude Contr,
T’D::a: :peration modes. o Modes. Performance requi
o quirements are frequently tailored to these different

Mode |

Description

Initial determinatio
ation of attitu,
power generation just after I(;j:J :"d Stabilization of vehicy
iecaicies, ch. Also may be usey ltoi ;gl; corr;munication with ground and
ver from power upsets or

Period during and aft
er boost whj
spacecraft control, simple spi While spacecraft j
sl niroi, e Saigs is by = -
liquid propulsion syster‘:\ ;‘P'“ Stabilization of solidrrno‘;‘:?(ht to final orbit. Options include no
ay drive certain aspects of f.‘;’&‘g‘z" and full spacecraft control using
lesign.

Used for the vast majori
jority of the miss; i
mission. Requirements for this mode should drive system design

Reorienting the vehicle when required.

Used in emergencies i
s if regular m
components to meet minimal powoedreafa

Requirements may be differ:
ent f
passes through a celestial bt:)dy‘(s)rss

ils or is di i
nd thermallﬁzzze:.' YV gunefelly:on less povwer of feer

pecial targets or time peri i
oy oot o] periods, such as when the satellite

 Typical Attitude Determination and Control P R
mode. The following lists the performance criteria frequzlrlmf:l’;':::c?t?ed

qui Requi need to be specified for

Definition*
Examples/Comments

Knowledge of and control over a vehicle’s attitude
relative to a target attitude as defined relative to an
absolute reference

0.25 deg, 3, often includes determination errors along with
control errors, or there may be separate requirements for
determination and control, and even for different axes

Range of angular motion over which determination & | Any a ithi i
ttitude
control performance must be met ratzs are Ies:'t‘r:]::'n :;Od(:zeg?soefcnad" PSR!

Specified bound on high-frequency angular motion | 0.1 deg over 60 sec, 1 degls, 110 20 Hz; prevents excessive
blurring of sensor data

Limit on slow, low-frequency angular motion 0.01 deg over 20 min, 0.05 deg max; used when vehicle may
drift off target with infrequent command inputs

10% max overshoot, decaying to <0.1degin 1 min; may also
limit excursions from a set path between targets

or recover from upsets
i ially in details (e.g. 100r 30, amount of averaging or filtering allowed). Itis always

Response acquiring new targets

* Definitions vary with p ing and dt ag 3

best to define exactly what is required.

Mission
+ Earth-Pointing or Inertial-Pointing?
« Orbit?

+ Control DuringV Burns? * Autonomy?
+ Separate Payload Platform? M'.‘:s?ig?\ L*le"
. ili ? % ¢ . "
: Qlce‘wui':wéz‘al?:"z Nneég* . Onboard Navigation Data Required?
g Requirements Power
« ACS Load

+ Special Regulation

Power
« Solar Array Pointing Required?

Structures y
. Center of Mass Constraints

. Inertia Constraints
L) FIexibiIityCons(ralnts
« Thruster Location
. Sensor Mounting

Thermal
* Special Thermal
Maneuvers Required?

>
ADCS Trades
« Spinner Vvs. 3-Axis Vs.
« On-orbit vs.Ground
+ Sensor Selection
. Actuation Device Selection
G Computational Architecture

. Passive Stabilization
Determination

Communlcatlons
« Antennd pointing Accuracy

" Minimum Impulse Bit

SME-0176-01-8

s on the ADCS. Direction of arrows shows require-

d Other Subsystem

Fi
9. 19-5. The Impact of Mission Requirements an

mey
nts flow from one subsystem to another.
Table 19-3, Fig. 19-5, Eq. 194
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Learn more and dig deeper into Space Propulsion

ENG 510 - Space Propulsion (Spring Semester) by Markus Jager

o %
@ AlRBUS &) %////E::Iorution

DEFENCE & SPACE arlaneGroup Company

Recordings of the Seminar Series on Space Propulsion by Prof. Hiroyuki Koizumi at

EPFL Space Center public webinars (2022).

54


https://edu.epfl.ch/coursebook/en/space-propulsion-ENG-510
https://people.epfl.ch/348456?lang=en
https://www.youtube.com/watch?v=yJeCVdn96iM&t=450s
https://epflrocketteam.ch/

EPFL Space Centeslf

| : | ContaCt Station 13
Space | . CH-1015 Lausanne
- Center Tel: +41 (0) 21 693 69 67

| ; email: eSpace: espace@epfl.ch
_' ": . Space Innovation: info@space-innovation.ch
im%é&ﬁo@ Website https://space.epfl.ch/
Prof. Jean-Paul Kneib Academic Director
Emmanuelle David Executive Director
Martine Harmel Space innovation
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