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Course Content

• Week 1: Brief history & context: Background to the development of space, 

agencies, space history/policy, space economics, funding, future missions – case 

studies.

• Week 2: Introduction to space system design methodology: requirements, trade-

off analysis, design specifications, system budgets. Introduction to space system 

architecture. Launch Vehicles.

• Week 2: Space and Spacecraft Environment: Radiation, vacuum, debris, spacecraft 

charging, material behaviour and outgassing.

• Week 3: Orbit Mechanics: celestial mechanics, orbits, trajectory design and 

spacecraft maneuvers

• Weeks 4-10: Spacecraft sub-systems design: Structure & configuration; Power, the 

power budget and solar array and battery sizing; Communications and the link 

budget; Attitude determination and control; Orbit determination and control; 

propulsion Thermal control.

• Week 11: Mission and payload types Spacecraft configuration: examples of 

configuration of spacecraft designed for various missions small satellite case study.

• Week 12: Assembly, Integration and Test processes; Launch campaign; Space 

mission operations. Space Project Management

• Week 13: Review, tutorial problems/exam mock up



Attitude Determination and Control Systems (ADCS)

• Key Subsystem of Spacecraft

• Important for stability and pointing

• Think of a person taking a picture with a camera (blurry 

pictures if not stable)

• ADCS Systems are complicated:

– Fusion of software/hardware components

– Need electronics/aerospace/controls principles 

• Brief overview of ADCS components:

– Stabilisation

– Sensors for attitude determination

– Actuators
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Introduction to ADCS

• Attitude Control Systems (ACS): Orientation of a spacecraft in a 
particular direction (pointing) during a mission, despite external 
disturbances

• Need to know s/c attitude (Determination) and then point using 
an actuator (Control) to desired target

• An ADCS system takes sensor readings from sensors in order to 
provide rate and position estimates of the spacecraft with respect 
to its centre of gravity (mass). Then, in a closed loop system a 
command is implemented to use actuators to point the spacecraft 
to a particular direction of interest or in order to cancel an 
external disturbance. The closed loop system performs these 
tasks in ‘feedback’ type of way until the attitude error is made to 
go to zero and the manoeuvre is completed.
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ADCS Block Diagram
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Reference Frames

i. The Inertial Reference Frame: The origin of the inertial reference 
frame XI ,YI , ZI is the centre of the Earth. ZI is in the same 
direction as the Earth’s geometric north pole and XI is defined in 
the vernal equinox direction and YI is perpendicular to these. 
This particular reference frame is used to calculate the latitude 
and longitude of the satellite’s centre of mass as it moves along 
its orbit.

 ii The Body Frame: The second set of coordinates XB ,YB , ZB, are 
referred to as the body frame. The origin of this frame is placed 
at the spacecraft centre of mass. This frame is considered to be 
fixed in the satellite’s body and is used to determine the 
satellite’s orientation with respect to other reference frames 
(e.g. orbit reference frame)
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Reference Frames
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Attitude Control Types

a.  Gravity Gradient:  Uses the inertial properties of a vehicle to keep it 

pointed to the Earth. It relies on the fact that an elongated object in a 

gravity field tends to align its longitudinal axis through the Earth’s 

centre. Example: UoSAT-12 Earth Observation satellite

b.  Spin Stabilsation: A passive control technique in which the entire 

spacecraft rotates as to enable its angular momentum vector to be 

approximately fixed in inertial space. Uses gyroscopic properties to 

compensate/cancel external disturbance. Example: Boeing 376 

Communications satellite

c.  3-axis Control: Spacecraft is stabilised about three its three body 

referenced axes of rotation using active means of control such as 

thrusters, reaction wheels, magnetorquers.  Ikonos-1 Earth 

Observation satellite
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External Disturbances

• In order to determine and size of the ACS, one must first 

quantify the torques acting on a spacecraft. These can be 

distinguished into controlled actuator torques (e.g. 

magnetic torquers, reaction wheels,) and external torques 

(e.g. gravity gradient, aerodynamic, solar pressure, etc.). 
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Gravity Gradient
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Gravity Gradient
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Solar Radiation Pressure
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Solar Radiation Pressure
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Aerodynamic Disturbance
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Aerodynamic Disturbance
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Aerodynamic Disturbance
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Example Problem

• Assuming that only the disturbance on a 

spacecraft in a circular LEO is aerodynamic, use 

the data on table 1, to calculate the torque 

needed for an actuator to compensate for 

aerodynamic disturbance
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Attitude Determination

• Need to know where and with what rate of rotation 

spacecraft is pointing to

• Then we can control or ‘actuate’ the spacecraft

• We can choose sensors depending on the pointing 

(deg) and stability (deg/s) requirements of a mission

• Pointing and stability requirements are variable and 

depend on the instruments of each spacecraft (e.g. hi 

resolution camera)

• Selecting attitude sensors is also a function of cost 

and mass availability
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Sensors for Attitude Determination

Gyros

Star Camera

Sun Sensor

GPS
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Sensors

From Wetz & Larson : Space Mission Analysis and Design
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Sun Sensor (1)

• When a satellite is not in eclipse we can determine the 

direction from which the Sun’s light falls upon it. This is 

called a sun sensor

2 cm

50 m

Sun

Sunlight
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Sun Sensor (5)

• We use 2 orthogonal slits to measure the elevation & azimuth 
angles of the Sun, it is considered a point light source at 
infinity.

• One detector detects , but the other detector detects angle  
which is the projection of the sun direction on to the YB plane

• XB plane: Fsincos = Fsin, sin = sincos, hence  is 
modulated by 
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Horizon Sensor (1)

• A satellite in LEO can also detect the limb of the Earth

• This is because the Earth is much brighter than the 

background sky

• The ability to detect the Earth’s horizon enables us to 

detect roll and pitch on the satellite but as the Earth is 

almost spherical we cannot detect yaw

S

a

R



For a satellite S at orbital attitude a, then the angle 

 to the horizon is

sin = R/a



25
Horizon Sensor (2)

• We use a simple single pixel array canted at this 

angle, so then the satellite is perfectly nadir pointing, 

the horizon of the Earth should be in the middle of 

the array.

• Knowing FOV of sensor and how many pixels, we can 

determine angular resolution per pixel.

• This converts number of pixels shifted into a pitch 

angle

• A similar sensor at /2 gives roll angle



26
Star Sensor

• A star sensor is a telescope that images star patterns for 
bright stars in the sky

• Once a pattern has been formed it is then compared with 
a catalogue of bright stars held in memory

• Sophisticated pattern matching algorithms are used to 
make the match

• This then allows us to determine directly the attitude of 
the spacecraft as we have identified several inertial 
directions

• Does it matter where we are in orbit? No. Stars are at 
infinity so small shifts in satellite position are negligible

• Star trackers latch on to particular stars or planets and 
track their progress in time across star camera images.

• The provide not only attitude information (kinematics), 
but also estimates of angular relation (dynamics)
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Magnetometers

• Satellites in LEO move through the Earth’s B field and 

we have sophisticated models of the magnetosphere

• Knowing the satellites position in orbit, we know the 

direction of the local B field vector.

• So by measuring the B field with a magnetometer we 

can estimate the attitude changes as we move around 

in orbit

• The B field model is the IGRF (International 

Geomagnetic Reference Frame) and expresses the B 

field in spherical harmonics
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Rate Gyroscope

• Single gimbal wheel with spinning & damper on the 

wheel axis

• External torque from the satellite cause the gimbal to 

rotate

• Equilibrium is established with the spring resulting in a 

fixed angular offset which is proportional to the rotation 

rate of the satellite
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Actuators

• Actuators can be divided into inertial and non-inertial actuators. 
Inertial actuators are devices that generate torques, by modifying 
their angular momentum. They can be grouped into three categories:

– Momentum Wheels (MW): They provide constant angular 
momentum for gyroscopic stabilisation. Orientation of the spin 
axis is fixed with respect to inertial space. Attitude Control is 
achieved by varying the spin speed of the wheel about some 
nominal value.

– Reaction Wheels (RW): They provide torque to a vehicle by 
increasing or decreasing the speed of the wheel, with the wheel 
nominally at rest. 

– Control Moment Gyroscopes (CMG): A momentum wheel 
gimballed in one or two axes. Control torques are generated by 
changing the direction of the momentum vector, by changing the 
direction of the spinning wheel’s axis. 
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Actuators

• Non-inertial actuators:

• 1. Magnetic torquers (MT): Magnetic coils or 

electromagnets that generate magnetic dipole moments, 

M. A magnetic torquer produces torque proportional  

(and perpendicular) to Earth’s magnetic field, B. It is 

often used as a second actuator on spacecraft to 

desaturate momentum exchange systems.

• Thrusters: Produce a thrust (force) or torque around the 

centre of mass by expelling mass. 
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Rotational Motion
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Torque
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Torque
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Torque



35
Gyroscopic Rigidity
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Inertia
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Inertia
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Principal Axes
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Inertia Matrix



40
Angular Momentum of Rigid Bodies
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Angular Momentum of Rigid Bodies
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Euler’s Equations
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Roll, Pitch and Yaw
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Spacecraft Attitude Control Types

Spacecraft

Zero-Momentum Bias Momentum Bias

3-Axis

Zero-Momentum Bias

Spinner Hybrid

Partially De-Spun

3-Axis

Momentum Bias
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3-Axis Stabilised (Zero Momentum Bias)
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3-Axis Stabilised (Zero Momentum Bias)
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Spinning Spacecraft
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Hybrid Spacecraft
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External Torques
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Internal Torques
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Attitude Control
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Attitude Control
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Attitude Control
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3-Axis Stabilised (Zero Momentum Bias)
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Attitude Control
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Attitude Control
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Attitude Control
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Attitude Control
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Attitude Control
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Attitude Control



Example-Problem

Calculate the torque, angular momentum and acceleration for a rest-to-
rest single axis manoeuvre of 90 degrees to be completed in 180 seconds. 
Use Ixx=Iyy=Izz=2.5 kgm2. Draw plots of the profiles of the attitude angle, 
angular rate and torque. 
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