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Source: NASA/JWST

Learning Outcomes

By the end of this lecture you should be familiar 

with…

- Know what ADCS means

- Understand the functions of the ADCS

- Identify the drivers for dimensionning

- Design you ADCS

Content source

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

Chapter 18 in “Space Mission Engineering: the New 
SMAD” by Wertz, Everett, and Puschell

The content is adapted from the slides from Muriel 

Richard teaching this class from 2010 to 2019

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


Introduction
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The Space Mission Engineering Process

How Does a Space Project Start? 



Definitions
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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) 



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
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Example on CubETH



Subsystems Interactions and ITERATIONS



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, possib ly 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”



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).”



ADCS Requirements
BUS REQUIREMENTS

• Telecom subsystem: Antennas requirements. (function of the orbit and your GS)

• Thermal Subsystem: Do I 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”
• Ex: Acquisition, observation, Safe Mode, Manoeuvre, docking, etc..

For each mode often:

• 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, […]



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.



Performance budgets

• The AOCS shall provide budgets for the following performances:

1. absolute attitude pointing budgets,

2. on-board absolute attitude knowledge budgets,

3. relative attitude pointing budgets,

4. contribution to propulsion related budgets,

5. orbit correction performance budgets,

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



ADCS Modes

• Nominal

• May involve several guidance types:

• Sun pointing

• Nadir pointing

• Local vertical/Local Horizontal…

• May include 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



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 0 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…

• Other: thruster misalignment, mismatch of thruster outputs, uncertainty in 
CG



Atmospheric Drag

• Force created by atmospheric drag:
• Cd: drag coefficient

• A: cross-sectional area (perpendicular to velocity vector)

• : atmospheric density

• Vrel: velocity relative to the atmosphere

• b: distance of the CoP from your center of RF

• 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); 

• Calculate aerodynamic torque on the satellite.
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Atmospheric Drag



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

• Psr : solar pressure, determined from the solar flux (=I/cR2)

• Cr: satellite reflectivity (1+k)

• Csp: solar pressure center

• b: distance of CoP from your center of RF

• Variation depending on the solar cycle and solar flares
• Psr ~ 4.51 10-6 N/m2

• 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 (Cr ~ 1.4 – 1.8)

Fsr = PsrCrA

Tsr =


b ´


Fsr



Magnetic Torque

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

• m is the satellite magnetic dipole due to current 
loops and residual magnetization in the spacecraft. 
It is also called residual dipole and is expressed in 
Am2.

• 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 = 104

Gauss.

• Typical values for a small spacecraft in LEO:

• B ~ 10-4 -10-5 Tesla

• M = 1 Am2 for sat>100kg, 1-0.1e-3Am2 (Cubesat 3kg)

• Tmag ~ 3.10-6 N m

Tmag =msatellite ´B
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Gravity-Gradient Torque

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

• 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 dFi acting on a satellite mass 
element dmi located at position ri relative to 
geocenter is:

• Integrating over entire satellite: 
• I: 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:

• : deviation from Z axis

















=

== 

333231

232221

131211

3
.

3

III

III

III

I

I
a

dT iigg rrFr


Tx =
3m

2r3
Iz - Iy sin(2q y )

Ty =
3m

2r3
Iz - Ix sin(2q x )

approximation, CG=CRF

i

i

i
i dm

r
d

3

.r
F

−
=



M.N.      25

External Torques Summary

<150km →DRAG



Internal Torques



Useful Formulas



Attitude sensors
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Attitude Sensors



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

• Earth sensor

• 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

• Sun sensor

• Provides 2-axis attitude w.r.t. Sun

• Either coarse analogue (acquisition) or fine digital

• Navigation camera

• Celestial body imaging and navigation algorithms

Scanning infra-red Earth sensor

2-axis Digital Sun sensor

Autonomous CCD-Star Tracker
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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

• No space qualified European sensor 

• Coarse rate sensors

• Provides angular rate <10 deg/h

• Light and cheap sensor for detumbling, acquisition, 
short term attitude propagation

3-axis MEMS rate sensor

3-axis magnetometer

4-axis Fiber Optic Gyroscope



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



Attitude Sensors - Summary

DYN→0.02˚ in GEO

ST →0.03˚
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Attitude Actuators

• Wheels
• Reaction Wheels

• 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

• Momentum Wheels
• 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

• Control Moment Gyros (CMGs)

• 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



• Others
• Propulsion

• High to low external torque capacity

• Use for orbit control and initial acquisition

• Efficiency Isp(s): m.g Isp = F.t = Msat.V 

• 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= m x B

• m = nIA, n number of rounds, I current, A area

• LEO: acquisition/safe mode and RW desaturation

Attitude Actuators

Solid Cold Gas Generator

Magnetic torquer 

Cold Gas Thruster



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…)
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Attitude Control Strategies - Passive

• Gravity gradient
• Interact with gravitational field to maintain 

attitude (10-5Nm)

• Effective near Earth

• Gravity-gradient torque must be greater than all 
other torques
• Principal moment of inertia must be smaller than 

the others, causing the minor axis to align along 
the nadir vector

• Ix+Iy>Iy>Ix>Iz CONSTRAINT
• Booms are often deployed along the minor axis

• Gravity-gradient torque causes the satellite to 
oscillate
• passive damper is generally used

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

• Solar sails may use flaps for attitude control of the 
sail



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 Iz >> Ix, Iy (Disk)
• Note that high Iz and/or large  give gyroscopic stiffness

• Dual spin-stabilization
• Two satellite components spin at different rates (one could be the satellite and the other a wheel)

• A dual spin system provides platforms for both scanning and inertially fixed pointing instruments

t
I

rFd =




http://upload.wikimedia.org/wikipedia/commons/thumb/c/cd/Praezession.png/170px-Praezession.png

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

• Momentum bias system:
• Use momentum wheel along pitch axis

• Zero-momentum bias system: wheels on 3 axis
• Reaction Wheels CMGs

Low maneuver rates High maneuver rates
Low propellant needed for Low propellant use
desaturation (unloading)
3or4RWs? Different configuration
Redundancy



Attitude Control Strategies - Active

• Reaction Control System

• High Maneuver Rates

• Moderate Propellant Use

• Shuttle, Voyager

A. Typical control of the Nutation at kick-stage (due to THR 
misalignment)

B. Typical DENUTATION (bang bang) (no THR-residual nutation)

F =
2IzIx

T

bH (Iz - Ix )sin(2q )

How much 

propellant?

z

b
A)

z

b B)

F =
p Ixw xy

4tdenutb



Attitude Determination and Control Algorithms

Dynamics fundamental principle: 
• In an inertial frame (fixed wrt stars) Ri = (Xi, Yi, Zi)
• In satellite frame (attached to the satellite body):

Euler Equations:

• 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 accuracy of measurements

• Control requires good mathematical simulations of the entire system
• Apply linear theory for preliminary analysis and design, then use non-linear effects

Text =
dh

dt Ri


Text =

¶
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h
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ADCS Design processes
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ADCS Design Process

• Steps:
1. Define control modes and requirements
2. Define control strategy
3. Quantify disturbances
4. Select and size hardware
5. Define determination and control algorithms
6. Iterate and document

• 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.



ADCS Design Process

• Actuator sizing simplified equations

• When sizing wheel, it is important to distinguish between cyclic and secular 
disturbances, and between angular momentum storage and torque authority

• Size the angular momentum capacity of a reaction wheel to handle the cyclic storage (for ¼ or 
½ of the orbit)

• Secular torque and storage capacity determine frequency of wheel desaturation

• Pointing accuracy or slew requirements determine needed torque capability of the wheels

• Size thrusters for external disturbances (secular), desaturation of the wheels, or 
slewing (bang-bang system)

• Slew rate defines thrust level given a moment arm

• Calculate minimum impulse bit to determine smallest repeatable impulse that the device can 
provide

• Depending on mission needs, calculate number of pulses (thrust on/thrust off), and propellant 
mass required

Typical thruster operation



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



Earth’s Gravitational Field Orbital Perturbations

• Earth is not a sphere

• Non-uniform distribution of mass

• Gravitational potential for a perfect sphere:

• For an oblate sphere:

• Most important terms: 

• Impact: Regression of nodes:

Rotation of apsides:
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Orbital perturbations - example

Precision of orbit propagation…

Atmospheric drag 

influence…

J2 influence on orbit



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 V needed for control purposes is 10% of the total primary mission V. 
Choose and size your secondary propulsion system (if you haven’t done so during Propulsion HW), 
check Isp and calculate propellant mass.
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Learn more and dig deeper into Space Propulsion

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

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

EPFL Space Center public webinars (2022). 

- Get hands on at EPFL Rocket Team (ERT) → https://epflrocketteam.ch/
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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/


Contact EPFL Space Center

Station 13

CH-1015 Lausanne

Tel: +41 (0) 21 693 69 67

email: eSpace: espace@epfl.ch

Space Innovation: info@space-innovation.ch

Website https://space.epfl.ch/

Prof. Jean-Paul Kneib Academic Director

Emmanuelle David Executive Director

Martine Harmel Space innovation Coordinator
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