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Diseño de un ADCS

En las siguientes transparencias estudiaremos diferentes
consideraciones a la hora de diseñar un ADCS (considerando
tanto la parte de control como la de estimación).

En primer lugar estudiaremos los requisitos y com estos se
relacionan con otros subsistemas (trade-offs).

En base a los requisitos expondremos los métodos antes
vistos, que también se relacionarán con el tipo de
apuntamiento necesario (inercial o hacia Tierra).

Estudiaremos con más detalle los requisitos de maniobra y de
las cargas útiles.
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Diseño de un ADCS

Requisitos t́ıpicos de un ADCS

356 Spacecraft Subsystems 11.1 

TABLE 11-1. Control System Design ProCess. An iterative process is used for designing the 
ADCS as part of the overaU spacecraft system. 

Step Inputs Outputs RreSat Example 
1 a Define control Mission Us! of different control Orbit InJection: none-provlded modes requirements, modes during mission by launch vehicle 
1b. Deflneorderlve mission profile, (See Table 11-2) Normal: nadir pointing, system-level type of Insertion Requirements and < 0.1 deg; autonomous requirements for launch constraints determination (Earth-relatlve) by control vehicle (See Table 11-3) mode Optional slew: One 30 deg 

maneuver per month to 
a target of opportunity 

2. Select type Payload, Method for stabilizing and Momentum bles stabilization of spacecraft thermal and control: 3-axis, spinning, or with a pitch wheel, electro-control by power needs gravity gradient magnets for momentum attitude Orbit, pointing dumping, and optionally, control mode direction thrusters for slewing (Sec. 11.1.2) (shared with AV system Disturbance In navigation) environment 
3. Quantify Spacecraft Values for forces from Gravity gradient 1.8 x 1 N'm disturbance geometry, orbit, gravity gradient, magnetic normal pointing; 4.4 x 1 ()-5 N'm environment solar/magnetic aerodynamics, solar during target-ot-opportunlty (Sec. 11.1.3) models, mission pressure, Intemal mode 

prome disturbances, and powered Magnetic: 4.5 x 1 ()-5 N'm flight effects on control 
(cg offsets, slosh) Solar: 6.6 x 10-6 N'm 

Aerodynamic: 3.4 x 1 N'm 
4. Select and . Spacecraft Sensor suite: Earth, Sun, 1 Momentum wheel, slzeADCS geometry, Inertial, or other sensing Momentum: 40 N'm-s hardware pointing devices 2 Horizon sensors, (Sec. 11.1.4) accuracy, Control actuators, e.g., orbit conditions, Scannlng,O.1 deg accuracy 

mission reaction wheels, thrusters, 3 Electromagnets, 
requirements, or magnatlc torquers Dipole moment: 10 A·m2 
lifetime, orbit, Data processing 4 Sun sensors, pointing electronics, if any, or 
direction, processing requirements 0.1 deg accuracy 
slew rates for other subsystems or 1 3-axis magnetometer, 

ground computer 1 deg accuracy 
5. Define All of above Algorithms, parameters, . Determination: Horizon dala determination and logic for each filtered for pitch and roll. and control determination and control Magnetometer and Sun sensors algorithms mode used for yaw. 

Control: Proportlonal-plus-
derivative for pitch, Coupled roll-
yaw control with electromagnets 

6. Iterate and All of above Reflned requirements 
document and design 

Subsystem specification 

the spacecraft is on station, the payload pointing requirements usually 
dommate. These may require Earth-relative or inertial attitudes, and fixed or spinning 
fields of view. In addition, we must define the need for and frequency of attitude slew 
maneuvers. Such maneuvers may be necessary to: 

11.1 Attitude Determination and Control 357 

TABLE 11-2. Typical Attitude Control Modes. Performance requirements are frequently 
taUored to these different control operating modes. . 

Mode Description 

Orbit Period during and after boost while spacecraft Is brought to final orbit. OptIons 
Insertfon Include no spacecraft control, simple spin stabHlzatlon ofsoOd rocket motor, and full 

spacecraft control using liquid propulsion system. 
AcqUIsition Initial determination of attitude and stabilization of vehicle. Also may be used to 

recover from power upsets or emergencies. 
Normal, Used for the vast majority of the miSS/on. Requirements for this mode should drive 
On-StatJon system design. 
Slew Reorienting the vehicle when required. 
Contingency Used In emergencies if regular mode fans or Is disabled. May use less power or 
or Safe sacrifice normal operation to meet power or thermal constraints. 
SpecIal Requirements may be different for special targets or time periods, such as eclipses. 

TABLE 11-3. Typical AHltude Determination and Control Performance Requirements. 

Area 

Accuracy 

Range 

Accumcy 

Range 

Jitter 

Drift 

SettJJng 17me 

Requirements need to be specified for each mode. The following lists the areas of 
perfonmanca frequently specified. 

Definition· Examples/Comments 
DETERMINATION 

How well a vehicle's orientation with 0.25 deg, 3 0, all axes; may be real-time 
respect to an absolute reference Is known or post-processed on the ground 
Range of angular motion over which Any attitude within 30 deg of nadir 
accuracy must be met 

CONTROL 
How well the vehicle attitude can be 0.25 deg, 3 0; Includes determination and 
controlled with respect to a commanded control errors, may be taken with respect 
direction to an Inertial or Earth-fixed reference 
Range of angular motion over which All attitudes, within 50 deg of nadir, within 
control performance must be met 20 deg of Sun 
A specified angle bound or angular rate 0.1 deg over 1 min, 1 degls,1 to 20 Hz; 
limit on short-term, high-frequency motion usually specified to keep spacecraft 

motion from blurring sensor daIa 

A Omit on slow, low-frequency vehicle 1 deglhr, 5 deg max. Used when vehicle 
motion. Usually expressed as angleltlme. may drift off target with Infrequent resets 

(espectally If actual direction Is known) 
Specifies allowed time to recover from 2 deg max motion, decaying to < 0.1 deg 
maneuvers or upsets. In 1 min; may be used to Ifm!t overshoot, 

ringing, or nutation 

• DefInItIons vary with procuring and designing agencies, espectally In details (e.g., 1 or 3 0, amount of 
averaging or mterlng aUowed). " Is always best to define exactly what Is required. 

• Repoint the payload's sensing systems to targets of opportunity 
• Maneuver the attitude control system's sensors to celestial targets for attitude 

determination 
• Track stationary or moving targets 
• Acquire the desired satellite attitude initially or after a failure 
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Diseño de un ADCS

Estudio de los requisitos derivados de/hacia otros subsistemas358 Spacecraft Subsystems 

Mission 

o 0Ib1t? 
o Autonomy? 
o Mlsslon LIfII? 

o Earth-Pointing or Inertial-Pointing? 
o Control During .1 V Bums? 
o Separate Payload Platform? 
o AccuracyISlabDily Needs? 
o Slewing RequlJements? o Onboard Navigation Data Required? 

Thermai 
o Special 

Thermal 
Maneuvers 
Required? 

1 Power 

0 Special r oACSLoad 

3-lOOs __ R8QU_IaII_on-J0 

VB. PassIve 
StabDizallon 

Propulsion 

o On-orbit VB. Ground 
Determination 

o Sensor Selection 
Power 
o Solar Array 

Pointing 
Required? 

o Thruster Size 
o PropeOant Load 

o ActuatIon Devlce 
Selection 

o Computational 
ArchIIscIure 

o MInImum 
Impulse Bit 

° Communications 
o Antenna 

Pointing 
Accuracy 

Structures 
o Centero! 

Mass 
Constraints 

o Inertia 
ConstraInts 

o RexlbDily 
Constraints 

o Thruster 
Location 

o Sensor 
Mounting 

11.1 

FJg.11-2. The Impact of Mission Requirements and Other Subsystems on the ADCS 
Subsystem. Direction of arrows shows requirements flow from one 'subsystem to 
another. 

In most cases, we do not need to rotate the spacecraft quickly. But retargeting time 
may be critical for some applications. In either case, slewing mainly influences the 
choice and size of actuators. For example, the vehicle's maximum slew mte deter-
mines the thrusters' size or the reaction wheel's maximum torque. High-mte maneu-
vers may require other actuation systems, such as a second set of high-thrust reaction 
jets or perhaps control moment gyros. 

For FireSat, we assume that the launch vehicle places us in our final orbit, with no 
need for ADCS control during orbit insertion. The normal pointing requirement is 
0.1 deg, nadir-oriented. Attitude determination must be autonomous, providing Earth-
relative knowledge better than 0.1 deg (to support the pointing requirement) while the 
vehicle is within 30 deg of nadir. In addition to these basic requirements, we will 
consider an optional requirement for occasional of the spacecraft to a region 
of interest. We want to examine how such a requirement would influence the design, 
increasing the complexity and capability of the ADCS. For this option, we will assume 
the requirement to repoint the vehicle once every 30 days. It must repoint, or slew, up 
to 30 deg in under 10 min, and hold the relative nadir orientation for 90 min. 

11.1 Attitude Determination and Control 359 

11.1.2 Selection of Spacecraft Control Type 
Once we have defined the subsystem requirements, we are ready to select a method 

of controlling the spacecraft. Table 11-4 lists several different methods of control, 
along with typical chamcteristics of each. 

TABLE 11-4. Attitude Control Methods and Their Capabilities. As requirements become 
tighter, more complex control systems become necessary. 

Pointing Attitude Typical Ufetlme 
Type Options Maneuverability Accuracy Umlts 

Gravity-gradlent Earth local Very nmlted ±5 deg (2 axes) None 
vertical only 
Earth local Very limited :t5 deg (3 axes) ute of wheel 

and omentum vertical only bearings 
Bias Wheel 
pessJve Magnetic North/south only Very limited :t5 deg (2 axes) None 

Pure Spin InertlaDy fixed High propellant ±D.1 d:\to±1 degln Thrusterpropenant 
StabOlzaUon any direction usage to move stIfI 2 axes rorrtlonal (lfappOes)O 

Repaint with momentum vector to spin rate 
precession 
maneuvers 

Dual-5pin limited only by Momentum vector Same as above for Thruster propeDant 
StabOlzaUon articulation on same as above spin section (If appOes)" 

daspun platform Despun platform Despun dictated by ° Despln bearings 
constrained by Its payload reference 
own geometry and polnllng 

Bias Momentum Best suited for Momentum vector ±O.1 deg to ±1 deg PropeDant 
(1 wheel) local vertical of the bias wheel [lfappUes)* 

pointing pretersto= ute of sensor and normal to orb wheel bearings plane, constraining 
yaw maneuver 

Zero Momentum No constraints No constraints ±D.1 deg to ±5 deg PropeDant 
(thruster only) High rates possible 

Zero Momentum No constraints No constraints ±D.OO1 deg to ±1 deg =0 (3whesls) 
ute of sensor and 
wheel bearings 

Zero Momentum No constraints No constraints ±D.OO1 deg to ±1 deg PropeDant 
CMG High rates possible (If appDes)* 

ute of sensor and 
wheel bearings 

"Thrusters may be used for slewing and momentum dumping at an altitudes. Magnetic torquers may be 
used from LEO to GEO. 

Passive Control Techniques. Gravity-gradient control uses the inertial properties 
of a vehicle to keep it pointed toward the Earth. This relies on the fact that an elongated 
object in a gmvity field tends to align its longitudinal axis through the Earth's center. 
The torques which cause this alignment decrease with the cube of the orbit milius, and 
are symmetric around the nadir vector, thus not influencing the yaw of a spacecraft 
around the nadir vector. This tendency is used on simple spacecraft in near-Earth 
orbits without yaw orientation requirements, often with deployed booms to achieve the 
desired inertias. 
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Diseño de un ADCS
Selección del sistema o sistemas a utilizar

358 Spacecraft Subsystems 

Mission 

o 0Ib1t? 
o Autonomy? 
o Mlsslon LIfII? 

o Earth-Pointing or Inertial-Pointing? 
o Control During .1 V Bums? 
o Separate Payload Platform? 
o AccuracyISlabDily Needs? 
o Slewing RequlJements? o Onboard Navigation Data Required? 

Thermai 
o Special 

Thermal 
Maneuvers 
Required? 

1 Power 

0 Special r oACSLoad 

3-lOOs __ R8QU_IaII_on-J0 

VB. PassIve 
StabDizallon 

Propulsion 

o On-orbit VB. Ground 
Determination 

o Sensor Selection 
Power 
o Solar Array 

Pointing 
Required? 

o Thruster Size 
o PropeOant Load 

o ActuatIon Devlce 
Selection 

o Computational 
ArchIIscIure 

o MInImum 
Impulse Bit 

° Communications 
o Antenna 

Pointing 
Accuracy 

Structures 
o Centero! 

Mass 
Constraints 

o Inertia 
ConstraInts 

o RexlbDily 
Constraints 

o Thruster 
Location 

o Sensor 
Mounting 

11.1 

FJg.11-2. The Impact of Mission Requirements and Other Subsystems on the ADCS 
Subsystem. Direction of arrows shows requirements flow from one 'subsystem to 
another. 

In most cases, we do not need to rotate the spacecraft quickly. But retargeting time 
may be critical for some applications. In either case, slewing mainly influences the 
choice and size of actuators. For example, the vehicle's maximum slew mte deter-
mines the thrusters' size or the reaction wheel's maximum torque. High-mte maneu-
vers may require other actuation systems, such as a second set of high-thrust reaction 
jets or perhaps control moment gyros. 

For FireSat, we assume that the launch vehicle places us in our final orbit, with no 
need for ADCS control during orbit insertion. The normal pointing requirement is 
0.1 deg, nadir-oriented. Attitude determination must be autonomous, providing Earth-
relative knowledge better than 0.1 deg (to support the pointing requirement) while the 
vehicle is within 30 deg of nadir. In addition to these basic requirements, we will 
consider an optional requirement for occasional of the spacecraft to a region 
of interest. We want to examine how such a requirement would influence the design, 
increasing the complexity and capability of the ADCS. For this option, we will assume 
the requirement to repoint the vehicle once every 30 days. It must repoint, or slew, up 
to 30 deg in under 10 min, and hold the relative nadir orientation for 90 min. 

11.1 Attitude Determination and Control 359 

11.1.2 Selection of Spacecraft Control Type 
Once we have defined the subsystem requirements, we are ready to select a method 

of controlling the spacecraft. Table 11-4 lists several different methods of control, 
along with typical chamcteristics of each. 

TABLE 11-4. Attitude Control Methods and Their Capabilities. As requirements become 
tighter, more complex control systems become necessary. 

Pointing Attitude Typical Ufetlme 
Type Options Maneuverability Accuracy Umlts 

Gravity-gradlent Earth local Very nmlted ±5 deg (2 axes) None 
vertical only 
Earth local Very limited :t5 deg (3 axes) ute of wheel 

and omentum vertical only bearings 
Bias Wheel 
pessJve Magnetic North/south only Very limited :t5 deg (2 axes) None 

Pure Spin InertlaDy fixed High propellant ±D.1 d:\to±1 degln Thrusterpropenant 
StabOlzaUon any direction usage to move stIfI 2 axes rorrtlonal (lfappOes)O 

Repaint with momentum vector to spin rate 
precession 
maneuvers 

Dual-5pin limited only by Momentum vector Same as above for Thruster propeDant 
StabOlzaUon articulation on same as above spin section (If appOes)" 

daspun platform Despun platform Despun dictated by ° Despln bearings 
constrained by Its payload reference 
own geometry and polnllng 

Bias Momentum Best suited for Momentum vector ±O.1 deg to ±1 deg PropeDant 
(1 wheel) local vertical of the bias wheel [lfappUes)* 

pointing pretersto= ute of sensor and normal to orb wheel bearings plane, constraining 
yaw maneuver 

Zero Momentum No constraints No constraints ±D.1 deg to ±5 deg PropeDant 
(thruster only) High rates possible 

Zero Momentum No constraints No constraints ±D.OO1 deg to ±1 deg =0 (3whesls) 
ute of sensor and 
wheel bearings 

Zero Momentum No constraints No constraints ±D.OO1 deg to ±1 deg PropeDant 
CMG High rates possible (If appDes)* 

ute of sensor and 
wheel bearings 

"Thrusters may be used for slewing and momentum dumping at an altitudes. Magnetic torquers may be 
used from LEO to GEO. 

Passive Control Techniques. Gravity-gradient control uses the inertial properties 
of a vehicle to keep it pointed toward the Earth. This relies on the fact that an elongated 
object in a gmvity field tends to align its longitudinal axis through the Earth's center. 
The torques which cause this alignment decrease with the cube of the orbit milius, and 
are symmetric around the nadir vector, thus not influencing the yaw of a spacecraft 
around the nadir vector. This tendency is used on simple spacecraft in near-Earth 
orbits without yaw orientation requirements, often with deployed booms to achieve the 
desired inertias. 
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Diseño de un ADCS

Efecto de los requisitos en los sistemas a elegir364 spaceeraft Subsystems 11.1 

TABLE 11-7. Slewing 'Requirements That Affect Control Actuator Selection. Spacecraft 
slew agUity can demand larger actuators for Intermittent use. 

Slewing Effect on Spacecraft Effect on ADCS 
None Spacecraft constrained to • Reaction wheels, if planned, can be 

one attitude-hlghly srnaJler 
improbable • If magnetic torque can dump momentum, 

may not need thrusters 
Nominal rates- Minimal • Thrusters very Dkely 0.05 deg/s (maintain • Reaction wheels adequate by local verUcaI) to themselves only for a few special cases 0.5deg/s 
High rates- • Structural impact on • Control moment gyros very likely or two > O.5deg/s appendages thruster force levels-one for 

• Weight and cost Increase stationkeeplng and one for high-rate 
maneuvers 

Trade studies on pointing requirements must consider accuracy in determining 
attitude and controlling vehicle pointing. We must identify the most stringent require-
ments. Table 11-8 summarizes effects of accuracy requirements on the spacecraft's 
ADCS subsystem approach. Section 5.4 discusseS how to develop pointing budgets. 

FireSat Control Selection. For FireSat, we consider two options for orbit insertion 
control. Frrst, the launch vehicle may directly inject the spacecraft into its mission 
orbit. This common option simplifies the spacecraft design, since no special insertion 
mode is needed. An alternate approach, useful for small spacecraft such as FrreSat, is 
to use a monopropellant system on board the spacecraft to fly itself up from a low park-
ing orbit to its final altitude. For small insertion motors, reaction wheel torque or 
momentum bias stabilization may be sufficient to control the vehicle during this bum. 
For larger motors, AV thruster modulation or dedicated ADCS thrusters become 
attractive. 

Once on-station, the spacecraft must point its sensors at nadir most of the time and 
slightly off-nadir for brief periods. Since the payload needs to be despun and the space-
craft frequently reoriented, spin stabilization is not the best choice. Gravity-gradient 
and passive magnetic control cannot meet the 0.1 deg pointing requirement or the 
30 deg slews. This leaves 3-axis control and momentum-bias stabilization as viable 
options for the on-station control as well. 

Depending on other factors, either approach might work, and we will baseline 
momentum bias control with its simpler hardware requirements. In this case, we will 
use a single pitch wheel for momentum and electromagnets for momentum dumping 
and roll and yaw control. 

For the optional off-nadir pointing requirement, 3-axis control with reaction wheels 
might be more appropriate. Also, 3-axis control often can be exploited to simplify the 
solar array design, by using one of the unconstrained payload axes (yaw, in this case) 
to replace a solar array drive axis. Thus, the reduced array size possible with 2 deg of 
freedom can be achieved with one array axis drive and one spacecraft rotation. 

11.1.3 Quantify the Disturbance Environment 
In this step, we determine the size of the external torques the ADCS must tolerate. 

Only three or four sources of torque matter for the typical Earth-orbiting spacecraft. 
They are gravity-gradient effects, magnetic-field torques on the vehicle, impingement 

11.1 Attitude Determination and Control 365 

TABLE 11-8. Effect of Control Accuracy on Sensor Selection and ADCS Design. Accurate 
pointing requires better, higher cost, sensors, and actuators. 

Required 
Effect on Accuracy 

(3a) Spacecraft Effect on ACCS 

>5deg • Permits major cost savings WIthout attitude determinatIon 
• Permits gravity.gradlent (GG) • No sensors required for GG stablDzation 

stabilization • Boom motor, GG damper, and a bias 
momentum wheel are only required actuators 

Wlfh attitude determinatIon 
• Sun sensors & magnetometer adequate for 

attitude determination at 2 deg 
• Higher accuracies may require star trackers or 

horizon sensors 

1 deg to • GG not feasible • Sun sensors and horizon sensors inay be 
5deg • Spin stabilization feasible H adequate for sensors, especiaDy a spinner 

stiff, Inertlally fixed attitude Is • Accuracy for 3-axIs stabilization can be met with 
acceptable RCS deadband control but reaction wheels will 

• Payload needs may require save propellant for long missions 
despun platform on spinner • Thrusters and damper adequate for spinner 

• 3-axls stabilization wDl work actuators 
• Magnetic torquers (and magnetometer) useful 

0.1 deg to • 3-axls and momentum-bias • Need for accurate attitude reference leads to 
1 deg stabilization feastble star tracker or horizon sensors & possibly gyros 

• Dual-spin stabirlzation also • Reaction wheels typical with thrusters for 
feasible momentum unloading and coarse control 

• Magnetic torquers feasible on light vehicles 
(magnetometer also required) 

<0.1 deg • 3-axIs stabilization Is • Same as above for 0.1 deg to 1 deg but needs 
necessary star sensor and better class of gyros 

• May require articulated & • Control laws and computational needs are more 
vibration-isolated payload complex 
platform with separate sensors • AeXlble body performance very Important 

by solar-radiation, and, for low-altitude orbits, torques. 8.1 
discusses the Earth environment in detail, and Chap. 10 and.SIDger [1964] F,,!-de a 
discussion of disturbances. Tables 11-9A and 11-9B summanze the four major distur-
bances, provide equations to estimate their size for the worst case, and calculate values 
for the FrreSat example. . 

Disturbances can be affected by the spacecraft orientation, mass properties, and 
design symmetry. For the normal FrreSat orientation, the torque is due to th.e 
residual magnetism in the spacecraft. If, however, we use the optional off-nadir 
pointing, the gravity-gradient torque increases over an of become 
as large as the magnetic torque. Note that we use 1 deg ID the graVIty-gradient calc?-
lations, rather than the 0.1 deg pointing accuracy. This is to account for our uncertain 
knowledge of the principal axes. If the principal axes are off by several degrees, 
angle may dominate in the disturbance calculations. We also note a less symmetriC 
solar array arrangement would have increased both the aerodynamtc and solar torques, 
making them closer to the magnetic torque in this example. 
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Diseño de un ADCS

Efecto de los requisitos de maniobras en los sistemas a elegir364 spaceeraft Subsystems 11.1 

TABLE 11-7. Slewing 'Requirements That Affect Control Actuator Selection. Spacecraft 
slew agUity can demand larger actuators for Intermittent use. 

Slewing Effect on Spacecraft Effect on ADCS 
None Spacecraft constrained to • Reaction wheels, if planned, can be 

one attitude-hlghly srnaJler 
improbable • If magnetic torque can dump momentum, 

may not need thrusters 
Nominal rates- Minimal • Thrusters very Dkely 0.05 deg/s (maintain • Reaction wheels adequate by local verUcaI) to themselves only for a few special cases 0.5deg/s 
High rates- • Structural impact on • Control moment gyros very likely or two > O.5deg/s appendages thruster force levels-one for 

• Weight and cost Increase stationkeeplng and one for high-rate 
maneuvers 

Trade studies on pointing requirements must consider accuracy in determining 
attitude and controlling vehicle pointing. We must identify the most stringent require-
ments. Table 11-8 summarizes effects of accuracy requirements on the spacecraft's 
ADCS subsystem approach. Section 5.4 discusseS how to develop pointing budgets. 

FireSat Control Selection. For FireSat, we consider two options for orbit insertion 
control. Frrst, the launch vehicle may directly inject the spacecraft into its mission 
orbit. This common option simplifies the spacecraft design, since no special insertion 
mode is needed. An alternate approach, useful for small spacecraft such as FrreSat, is 
to use a monopropellant system on board the spacecraft to fly itself up from a low park-
ing orbit to its final altitude. For small insertion motors, reaction wheel torque or 
momentum bias stabilization may be sufficient to control the vehicle during this bum. 
For larger motors, AV thruster modulation or dedicated ADCS thrusters become 
attractive. 

Once on-station, the spacecraft must point its sensors at nadir most of the time and 
slightly off-nadir for brief periods. Since the payload needs to be despun and the space-
craft frequently reoriented, spin stabilization is not the best choice. Gravity-gradient 
and passive magnetic control cannot meet the 0.1 deg pointing requirement or the 
30 deg slews. This leaves 3-axis control and momentum-bias stabilization as viable 
options for the on-station control as well. 

Depending on other factors, either approach might work, and we will baseline 
momentum bias control with its simpler hardware requirements. In this case, we will 
use a single pitch wheel for momentum and electromagnets for momentum dumping 
and roll and yaw control. 

For the optional off-nadir pointing requirement, 3-axis control with reaction wheels 
might be more appropriate. Also, 3-axis control often can be exploited to simplify the 
solar array design, by using one of the unconstrained payload axes (yaw, in this case) 
to replace a solar array drive axis. Thus, the reduced array size possible with 2 deg of 
freedom can be achieved with one array axis drive and one spacecraft rotation. 

11.1.3 Quantify the Disturbance Environment 
In this step, we determine the size of the external torques the ADCS must tolerate. 

Only three or four sources of torque matter for the typical Earth-orbiting spacecraft. 
They are gravity-gradient effects, magnetic-field torques on the vehicle, impingement 

11.1 Attitude Determination and Control 365 

TABLE 11-8. Effect of Control Accuracy on Sensor Selection and ADCS Design. Accurate 
pointing requires better, higher cost, sensors, and actuators. 

Required 
Effect on Accuracy 

(3a) Spacecraft Effect on ACCS 

>5deg • Permits major cost savings WIthout attitude determinatIon 
• Permits gravity.gradlent (GG) • No sensors required for GG stablDzation 

stabilization • Boom motor, GG damper, and a bias 
momentum wheel are only required actuators 

Wlfh attitude determinatIon 
• Sun sensors & magnetometer adequate for 

attitude determination at 2 deg 
• Higher accuracies may require star trackers or 

horizon sensors 

1 deg to • GG not feasible • Sun sensors and horizon sensors inay be 
5deg • Spin stabilization feasible H adequate for sensors, especiaDy a spinner 

stiff, Inertlally fixed attitude Is • Accuracy for 3-axIs stabilization can be met with 
acceptable RCS deadband control but reaction wheels will 

• Payload needs may require save propellant for long missions 
despun platform on spinner • Thrusters and damper adequate for spinner 

• 3-axls stabilization wDl work actuators 
• Magnetic torquers (and magnetometer) useful 

0.1 deg to • 3-axls and momentum-bias • Need for accurate attitude reference leads to 
1 deg stabilization feastble star tracker or horizon sensors & possibly gyros 

• Dual-spin stabirlzation also • Reaction wheels typical with thrusters for 
feasible momentum unloading and coarse control 

• Magnetic torquers feasible on light vehicles 
(magnetometer also required) 

<0.1 deg • 3-axIs stabilization Is • Same as above for 0.1 deg to 1 deg but needs 
necessary star sensor and better class of gyros 

• May require articulated & • Control laws and computational needs are more 
vibration-isolated payload complex 
platform with separate sensors • AeXlble body performance very Important 

by solar-radiation, and, for low-altitude orbits, torques. 8.1 
discusses the Earth environment in detail, and Chap. 10 and.SIDger [1964] F,,!-de a 
discussion of disturbances. Tables 11-9A and 11-9B summanze the four major distur-
bances, provide equations to estimate their size for the worst case, and calculate values 
for the FrreSat example. . 

Disturbances can be affected by the spacecraft orientation, mass properties, and 
design symmetry. For the normal FrreSat orientation, the torque is due to th.e 
residual magnetism in the spacecraft. If, however, we use the optional off-nadir 
pointing, the gravity-gradient torque increases over an of become 
as large as the magnetic torque. Note that we use 1 deg ID the graVIty-gradient calc?-
lations, rather than the 0.1 deg pointing accuracy. This is to account for our uncertain 
knowledge of the principal axes. If the principal axes are off by several degrees, 
angle may dominate in the disturbance calculations. We also note a less symmetriC 
solar array arrangement would have increased both the aerodynamtc and solar torques, 
making them closer to the magnetic torque in this example. 
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Diseño de un ADCS

Efecto de los requisitos de la carga útil en los sistemas a elegir

362 Spacecraft Subsystems 11.1 

In a zero-momentum system, reaction wheels respond to disturbances on the vehi-
cle. For example, a vehicle-pointing error creates a signal which speeds up the wheel, 
initially at zero. This torque corrects the vehicle and leaves the wheel spinning at low 
speed, until another pointing error speeds the wheel further or slows it down again. If 
the disturbance is cyclic during each orbit, the wheel may not approach saturation 
speed for several orbits. Secular disturbances, however, cause the wheel to drift toward 
saturation. We then must apply an external torque, usually with a thruster or magnetic 
torquer, to force the wheel speed back to zero. This process, called desaturation, 
momentum unloading, or momentum dumping, can be done automatically or by com-
mand from the ground. 

When high torque is required for large vehicles or fast slews, a variation of 3-axis 
control is possible using control moment gyros, or CMGs. These devices work like 
momentum wheels on gimbals. (See Sec. 11.1.4 for a further discussion of CMOs.) 
The control of CMOs is complex, but their available torque for a given weight and 
power can make them attractive. . 

As a final type of zero momentum 3-axis control, simple all-thruster systems are 
used for short durations when high torque is needed, such as orbit insertion or during 
Il V bums from large motors. These thrusters then may be used for different purposes 
such as momentum dumping during other mission modes. 

Momentum bias systems often have just one wheel with its spin axis mounted along 
the pitch axis, normal to the orbit plane. The wheel is run at a nearly constant, high 
speed to provide gyroscopic stiffness to the vehicle, just as in spin stabilization, with 
similar nutation dynamics. Around the pitch axis, however, the spacecraft can control 
attitude by torquing the wheel, slightly increasing or decreasing its speed. Periodically, 
the pitch wheel must be desaturated (brought back to its nominal speed), as in zero-
momentum systems, using thrusters or magnets. 

The dynamics of nadir-oriented momentum-bias vehicles exhibit a phenomenon 
known as roll-yaw coupling. To see this coupling, consider an inertially-fixed angular 
momentum vector at some angle with respect to the orbit plane. If the angle is initially 
a positive roll error, then 1/4 orbit later it appears purely about the yaw axis as a 
negative yaw error. As the vehicle continues around the orbit, the angle goes through 
negative roll and positive yaw before realigning as positive roll. This coupling, which 
is due to the apparent motion of the Earth and, therefore, the Earth-fixed coordinate 
frame as seen from the spacecraft, can be exploited to control roll and yaw over a quar-
ter orbit using only a roll sensor. 

Effects of Requirements on Control Type. With the above knowledge of control 
types, we can proceed to select a type which best meets mission requirements. Tables 
11-5 through 11-7 describe the effects of orbit insertion, payload pointing, and payload 
slew requirements on the selection process. 

A common control approach during orbit insertion is to use the short-term spin 
stability of the spacecraft-orbit-insertion motor combination. Once on station, the 
motor may be jettisoned, the spacecraft despun using jets or a yo-yo device, and a 
different control technique used. 

Payload pointing will influence the ADCS control method, the class of sensors, and 
the number and kind of actuation devices. Occasionally, pointing accuracies are so 
stringent that a separate, articulated platform is necessary. An articulated platform can 
perform scanning operations much easier than the host vehicle, with better accuracy 
and stability. 

11.1 Attitude Determination and Control 

TABLE 11-5. Orbit Transition Maneuvers and Their Effect. Using thrusters to change orbits 
creates special chilllenges for the ADCS. 

Requirement Effect on Spacecraft Effect on ADOS 
'Uirge Impulse to 
complete orbit Insertion 

Solid motor or large 
blpropellant stage. 
Large thrusters or a 
glmbale.d engine or spin 
steblrrzation for attitude 
control during bums 

lne.rtIaI measurement unit for accurate 
reference and velocity me.asurement 
Different actuators, sensors, and control 
laws for bum vs. coasting phases 

(thousands of mls) 

Ne.e.d for navigation or guidance ' 

On-orblt plane 
changes to me.et 
payload ne.eds or 
vehicle operations 
(hundreds of mls) 

More thrusters, but may be 
enough If coasting phase 
uses thrusters 

Separate control law for thrusting 
Actuators sized for thrusting disturbances 
Onboard attitude reference for thrusting 
phase 

Orbit maintenance 
trim maneuvers 

One set of thrusters Thrusting control law 
Onboard attitude reference 

«100 mls) 

TABLE 11-6. Effect of Payload Pointing DIrections on ADCS DesIgn. The payload pointing 
requirements are usually the most Important factors for determining the type of 
actuators and sensors. 

Requirement 
Earth-pointing 
• Nadir (Earth) 
pointing 

• Scanning 
• Off-nadir 
pointing 

Inert/al 
pointing 
·Sun 
• Celestial 
targets 

• Payload 
targets of 
opportunity 

Effect on Spacecraft 
• Gravity-gradle.ntflne 

for low accuracies 
(>1 de.g) only 

• 3-axIs stebDlzation 
acceptable with 
Earth local vertical 
reference 

• Spin stebDization 
fine for me.cllum 
accuracies with few 
attitude maneuvers 

• Gravity gradient 
does not apply 

• 3-axIs control Is 
most versatile for 
frequent 
reorientations 

Effect on ADCS 
If gravify-gradlent 
• Booms, dampers, Sun sensors, magne.tometer or 

horizon sensors for attitude determination 
• Momentum whe.el for yaw control 
lfS-axis 
• Horizon sensor for local vertical reference 

(pitch and rolQ 
• Sun or star sensor for third-axis reference and 

attitude determination 
• Re.actlon whe.els, momentum whe.els, or control 

moment gyros for accurate pointing and propellant 
conservation 

• Reaction control system for coarse control and 
momentum dumping 

• Magnetic torque.rs can also dump momentum 
• lne.rtIaI me.asurement unit for mane.uvers and 

attitude determination 
If spin 
• Payload pointing and attItUde sensor operations 

limited without despun platform 
• Ne.e.ds thrustars to reorient momentum ve.ctor 
• Requires nutation damping 
lf3-aJds 
• Typically, sensors Include Sun sensors, star tracker, 

and inertial meesurament unit 
• Reaction whe.els and thrusters are typical actuators 
• May require articulate.d payload 

(e.g., scan platfprm) 
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Diseño de un ADCS

Con estas ideas se puede al menos tener una idea del tipo de
actuadores y sensores necesarios, en base al tipo de sensor y
requisito.

Para más ideas de diseño inicial, se recomienda el libro ”Space
Mission Analysis and Design”, de Wertz/Everett/Puschell.

Una vez elegidos los sistemas, es necesario probar
(inicialmente en simulación) los algoritmos de estimación,
determinación y control que hemos estudiado a lo largo de la
asignatura, y comprobar que al menos en simulación se
cumplen los requisitos.

T́ıpicamente se analiza el comportamiento de los sistemas
frente a perturbaciones con simulaciones de Monte Carlo
(muchas simulaciones con diferentes perturbaciones “al
azar”).

Una vez se tiene el hardware real, se pueden realizar
simulaciones HIL (Hardware in the Loop).
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