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Control de actitud

El sistema de control de actitud de los satélites se puede
dividir a muy grandes rasgos en dos grandes tipos:

Satélites estabilizados por rotación: se aprovechan del efecto
giroscópico para mantener una dirección inercialmente fija.
Más barato y sencillo.
Satélites estabilizados en los tres ejes: utilizan algún
mecanismo de control activo para mantener su actitud fija
respecto a alguna referencia.

Muchos satélites pueden usar los dos modos, según la fase de
la misión (particularmente sondas interplanetarias).

También se pueden estabilizar satélites utilizando el gradiente
gravitatorio (no require control activo de ningún tipo, pero es
poco preciso), o mediante algún sistema de rotación doble
(esencialmente similares a los estabilizados por rotación). En
las siguientes transparencias veremos los tipos de
estabilización comúnmente empleados.
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Otra clasificación de los métodos de control de actitud en dos
clases: control activo y control pasivo.
No obstante, la palabra pasivo tiene, en teoŕıa de control,
varias interpretaciones.

Control pasivo en el sentido energético: un sistema de control
que no requiere ningún tipo de fuente de enerǵıa adicional para
su funcionamiento.
Pasivo en el sentido estructural: un sistema de control que
carece de lógica de comando, es decir, no necesita ningún tipo
de procesado de información para su actuación, puesto que
aprovecha algún tipo de efecto f́ısico o natural.
Además, existe el concepto de “Sistema Pasivo”, una
definición matemática utilizada en control no lineal.

Ésto no se debe confundir con la distinción entre Bucle
Abierto y Bucle Cerrado.
Los sistemas que denominaremos de Control Pasivo no lo son
estrictamente, sino que en general incorporan algún elemento
activo complementario. 3 / 56
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Los sistemas de Control Pasivo tipicamente encontrados en
veh́ıculos espaciales son los siguientes:

Estabilización por rotación (spin stabilized systems).
Estabilización por rotación doble (dual-spin stabilized systems).
Estabilización por gradiente gravitatorio (G2).
Estabilización por volante de inercia (bias-momentum
stabilized systems). Éste método también se puede considerar
activo.
Estabilización por momentos magnéticos. Éste método
también se puede considerar activo.
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Estabilización por rotación
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2. Sistemas de Control Pasivo

Dinámica y Control de la Actitud

1. Estabilización por rotación (spin stabilized systems).

Sistema simple para estabilizar la actitud. Si
el sistema es puramente pasivo, el eje de
rotación debe ser el eje mayor. Por tanto
exige vehículos espaciales oblatos.

Las perturbaciones provocarán un
movimiento de nutación del eje de rotación,
que puede ser eliminado mediante
amortiguadores de nutación

Para acelerar o frenar la rotación se emplean
propulsores o (para frenar) sistemas yo-yo.
Los propulsores también se pueden emplear
para orientar el eje de rotación.

Estabilización por rotación: Sistema
simple y económico para estabilizar la
actitud.

Si el sistema es puramente pasivo, el
eje de rotación debe ser el eje mayor.

T́ıpico en veh́ıculos con simetŕıa de
revolución, que deben ser oblatos y no
prolatos.

Las perturbaciones provocarán un
movimiento de nutación del eje de
rotación, que puede ser eliminado
mediante amortiguadores de nutación.

Para acelerar o frenar la rotación se emplean propulsores o
(para frenar) sistemas yo-yo.
Los propulsores también se pueden emplear para re-orientar el
eje de rotación (coning o “coneo”). 5 / 56
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2. Sistemas de Control Pasivo
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2. Estabilización por rotación doble (dual-spin stabilized systems)

Cuando se requiere mayor precisión de
actitud o por requisitos de lanzamiento el
vehículo no puede ser oblato, se recurre al
sistema de estabilización de rotación doble.

Una parte del vehículo (rotor) gira a una
cierta velocidad, mientras que otra parte del
vehículo (plataforma) no gira o rota muy
despacio. En la plataforma se suelen ubicar
instrumentos de medida.

Si el rotor adquiere el suficiente momento
angular, la rotación puede ser alrededor del
eje menor o incluso el intermedio,
permitiendo mayor libertad en la forma del
vehículo y mejorando la maniobrabilidad.

Estabilización por rotación doble: Cuando
se requiere mayor precisión de actitud o
por requisitos de lanzamiento el veh́ıculo
no puede ser oblato, se recurre al sistema
de estabilización de rotación doble.

Una parte del veh́ıculo (rotor) gira a una
cierta velocidad, mientras que otra parte
del veh́ıculo (plataforma o estator) no
gira o rota muy despacio.

En la plataforma se suelen ubicar
instrumentos de medida.

Si el rotor adquiere el suficiente momento cinético, la rotación
puede ser alrededor del eje menor o incluso el intermedio,
permitiendo mayor libertad en la forma del veh́ıculo y
mejorando la maniobrabilidad.
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3. Estabilización por gradiente gravitatorio (G2)

Otros ejemplos:

El G2 puede ser utilizado para
estabilizar de forma simple y barata,
de forma que siempre se apunte a un
cuerpo central y la órbita sea
casi-circular.

Es un mecanismo lento y poco preciso,
requiere elementos disipadores.

Proporciona baja maniobrabilidad y
poca estabilidad en guiñada.

El gradiente gravitatorio tiende
a alinear el eje menor con la
vertical local, el eje intermedio
con la dirección de la órbita y
el eje mayor perpendicular al
plano de la órbita, lo que debe
ser considerado en el diseño.
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3. Estabilización por gradiente gravitatorio (G2)
El momento ejercido por las fuerzas
gravitatorias (gradiente gravitatorio) puede ser
utilizado para estabilizar el vehículo de forma
simple y barata, de forma que siempre apunte
a un cuerpo central. Las desventajas son: baja
precisión, poca maniobrabilidad y necesidad de
elementos disipadores para amortiguar las
oscilaciones del vehículo (ya que es un
mecanismo lento que aporta poca
amortiguación).

El gradiente gravitatorio tiende a alinear el eje
menor con la vertical local, el eje intermedio
con la dirección de la órbita y el eje mayor
perpendicular al plano de la órbita, lo que
debe ser considerado en el diseño.
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3. Estabilización por gradiente gravitatorio (G2)

El G2 en algunos casos es un mecanismo secundario, para
ahorrar combustible en los momentos en los que no es cŕıtico
una actitud precisa.

Los satélites de más larga vida incorporan este tipo de
estabilización.
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4. Estabilización por volante de inercia (bias-momentum stabilized systems)

El mismo concepto de los sistemas de
rotación doble se puede incorporar a un
vehículo espacial con una rueda interna
(volante de inercia) rotando a una gran
velocidad, eliminando así la necesidad
de elementos externos rotatorios.

Además el volante de inercia se puede
emplear como parte de un sistema de
control activo, por lo que este sistema
de control es considerado activo por
ciertos autores. Dicho uso exige
incorporar un mecanismo de descarga
de momento para evitar la saturación
del volante.El mismo concepto de los sistemas

de rotación doble se puede incorporar
a un veh́ıculo espacial con una rueda
interna (volante de inercia) rotando a
una cierta velocidad base, eliminando
aśı la necesidad de elementos
externos rotatorios.

Además se puede emplear
como parte de un sistema de
control activo.

El volante de inercia se suele
colocar con el eje
perpendicular al plano orbital,
combinándose con el G2.

Para realizar maniobras en el
plano orbital, si se acelera o
frena el volante, provoca que el
veh́ıculo rote en la dirección
opuesta, por conservación del
momento cinético.

9 / 56

Métodos de control de actitud
Control de un satélite estabilizado por rotación

Control triaxial

Sistemas de control pasivos
Sistemas de control activos
Diseño

Estabilización por momentos magnéticos
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5. Estabilización por momentos magnéticos

Usando varillas magnéticas, se puede aprovechar el campo magnético
de la Tierra para orientar un vehículo mediante las fuerzas de Lorenz.

Usando magnetopares, se puede
aprovechar el campo magnético de
la Tierra para orientar un veh́ıculo
mediante las fuerzas de Lorenz.

Sólo útil en órbita baja de
planetas con campo magnético
de suficiente intensidad.

Puesto que el campo
magnético de la Tierra siempre
apunta hacia el Norte, se debe
cambiar la polaridad de los
actuadores cada media órbita.
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5. Estabilización por momentos magnéticos

Puesto que el campo magnético de la Tierra siempre apunta hacia el
Norte, se debe cambiar la polaridad de los actuadores cada media órbita!
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Los sistemas de Control Pasivo permiten un nivel de
estabilidad adecuado para muchas aplicaciones
No obstante (sobre todo al principio de su vida útil), todos los
veh́ıculos necesitan realizar:

Maniobras de actitud.
Ajustes de la velocidad de rotación
Maniobras de stationkeeping (mantener el apuntamiento a la
estación o estaciones base).

Para ello es necesario un sistema de control que será activo
tanto en el sentido energético como en el estructural,
precisando de una fuente de enerǵıa y una lógica de control.

En misiones que requieran gran precisión en la actitud dicho
sistema será primario. En este caso se dice que el satélite
está estabilizado en tres ejes o triaxialmente estabilizado.

En otros casos puede ser un sistema secundario que sólo se
activará cuando sea necesario.
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1. Sistemas de Control de Reacción.

En sistemas que requieran elevada
maniobrabilida, la solución más empleada
es un sistema de control de reacción o RCS,
que emplea un conjunto de propulsores
distribuidos por el vehículo para modificar la
actitud.
Puesto que en cada maniobra se consume
combustible, se debe optimizar el uso de los
propulsores para evitar un agotamiento
prematuro y fallo de la misión; por tanto se
debe permitir un margen de error para
evitar un exceso de activaciones.
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2. Sistemas de Control Activo
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1. Sistemas de Control de Reacción.

La llamada “lógica de propulsión”
establece cuando se disparan los
propulsores y cuando se acepta un
pequeño error de actitud/velocidad.
Normalmente es una combinación de
“zonas muertas” (sin actuación) e
histéresis (para evitar el disparo
repetitivo de propulsores). Además los
propulsores son actuadores “todo o
nada”, con lo que siempre actúan en
saturación. Por tanto un RCS es
intrínsecamente no-lineal.

En sistemas que requieran elevada
y/o rápida maniobrabilida, se
emplea un sistema de control de
reacción o RCS, que emplea un
conjunto de propulsores
distribuidos por el veh́ıculo para
modificar la actitud.

La llamada “lógica de
propulsión” establece cuando
se disparan los propulsores y
cuando se acepta un pequeño
error de actitud/velocidad.

Normalmente es una
combinación de “zonas
muertas” (sin actuación) e
histéresis (para evitar el disparo
repetitivo de propulsores).

Además los propulsores suelen
ser actuadores “todo o nada”,
con lo que siempre actúan en
saturación.

Por tanto un RCS es
intŕınsecamente no-lineal. 12 / 56
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Para la mayor precisión de actitud,
maniobrabilidad en los tres ejes y
estabilización en cualquier
orientación independientemente de
los momentos de inercia, se usan
sistemas de intercambio de
momento angular que usan ruedas
de reacción, volantes de inercia y/o
CMGs, basados en la conservación
del momento cinético.

No obstante es un sistema caro,
poco tolerante a fallos, y requiere
un sistema propulsivo auxiliar (en
algunos casos magnetopares) para
descargar el momento de las ruedas
y aśı evitar la saturación.
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2. Sistemas de Intercambio de Momento Angular

Otro ejemplo:
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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.

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

19 / 56

Métodos de control de actitud
Control de un satélite estabilizado por rotación

Control triaxial

Sistemas de control pasivos
Sistemas de control activos
Diseño

Diseño de un ADCS
Efecto de los requisitos de la carga útil en los sistemas a elegir
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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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Control de un satélite estabilizado por rotación

Por la regla del eje mayor sabemos que un satélite rotando en
torno a su eje mayor es estable; además hemos estudiado que
su respuesta a perturbaciones externas es un movimiento de
precesión y nutación, que terminará disipándose.
Los objetivos de un sistema de control para un satélite
estabilizado por rotación pueden ser:

Iniciar o incrementar la rotación.
Aumentar la estabilidad de la rotación.
Modificar la dirección del eje de rotación.
Frenar la rotación.

El primer objetivo es trivial de conseguir con toberas
propulsivas, aunque muchas veces los satélites empiezan con
una cierta rotación que ya poséıa el veh́ıculo lanzador (tal vez
en el eje equivocado).
El segundo objetivo se puede conseguir con disipadores de
nutación, que aumentan la disipación de enerǵıa y por tanto
refuerzan la regla del eje mayor (ver tema 2). 21 / 56
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Modificar el eje de rotación

Una forma de modificar el eje de rotación seŕıa frenar dicha
rotación, entonces modificar el eje con otra rotación, y
posteriormente volver a hacer rotar el eje. No obstante este
procedimiento seŕıa lento y caro en términos de gasto de
combustible. Veamos otro procedimiento, la llamada maniobra
de “coning”.

Para simplificar nos centramos en el caso axisimétrico
(I1 = I2 = I < I3) y consideramos que podemos realizar
maniobras impulsivas: podemos modificar el momento cinético
instantáneamente en un ∆Γ usando toberas.

Inicialmente, sea una rotación pura n en torno al eje 3 (eje de
simetŕıa y mayor), de forma que �ω y �Γ están alineados.

Recordemos el estudio del movimiento forzado (efecto
giroscópico): sabemos que si aplicamos un par perpendicular
al eje 3, se produce un movimiento de precesión y nutación.
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Modificar el eje de rotación

Para simplificar, vamos a suponer, en vez de usar el
movimiento forzado, que podemos modificar
“instantáneamente” �Γ, con impulsos casi instantáneos, de
forma que �Γf = �Γi +∆�Γ

En el tema 3 estudiamos que el movimiento libre de un satélite
axisimétrico rotando en torno a su eje de simetŕıa era un
movimiento de precesión, de forma que la velocidad ángular �ω
rota formando un cono en torno al momento cinético �Γ.

Por tanto con la hipótesis de cambio de momento cinético
instantáneo eliminamos el movimiento de nutación, que
complica el problema, y podemos usar los resultados exactos
del movimiento libre de un sólido axisimétrico.
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Coning
Supongamos que se quiere girar el eje de rotación un ángulo θ.
La idea es aplicar un ∆�Γ de forma que el nuevo �Γ forme un
ángulo θ/2 con la velocidad angular. Esto causará que la
velocidad angular gire en torno al nuevo �Γ formando un cono
y cuando haya girado un ángulo de 180 grados habrá girado
un ángulo θ respecto a su antigua posición. Entonces se aplica
un nuevo ∆�Γ de forma que el �Γ final sea paralelo a la
velocidad angular. En la figura, HG = �Γ.
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illustrated in  Figure 10.10   . Recall from Section 9.4 that to change the angular momentum of the spacecraft 
requires applying an external moment, 

  

∆
∆

H MG G

t

dt!
0
∫

      

 Thrusters   may be used to provide the external impulsive torque required to produce an angular momentum 
increment  ∆HG1

    normal to the spin axis. Since the spacecraft is spinning, this induces coning (preces-
sion) of the spacecraft about an axis at an angle of   θ  /2 to the direction of  HG0

   . Since the external couple is 
normal to the  z  axis, the maneuver produces no change in the  z  component of the angular velocity, which 
remains   ω   0 . However, after the impulsive moment, the angular velocity comprises a spin component   ω  s   and 
a precession component   ω  p  . Whereas before the impulsive moment   ω  s        !        ω   0 , afterwards, during coning, the 
spin component is given by Equation 10.20, 

  
ω ωs

A C
A

!
"

0
      

 The   precession rate is given by Equation 10.22, 

  
ω

ω
θp

C
A

! 0

2cos( )/
  (10.94)      

 Notice   that before the impulsive maneuver, the magnitude of the angular momentum is  C ω   0 . Afterwards, 
it has increased to 
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 FIGURE 10.10  
       Impulsive coning maneuver.    
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Coning

De la figura, se ve que ∆Γ1 = ∆Γ2 = Γ tan θ/2, luego el total
∆Γconing = 2Γ tan θ/2. El momento cinético final es igual al
inicial (el intermedio es ligeramente mayor: Γ

cos θ/2).

El tiempo que se tarda en realizar la maniobra será π (media
vuelta) dividido por la velocidad angular de precesión: t = π

φ̇
.

Como del tema 3 se tiene φ̇ = I3n
I cos θ/2 = Γ

I cos θ/2 , se tiene

t = πI cos θ/2
Γ .

Por otro lado durante ese tiempo el cuerpo habrá rotado
respecto a su eje de simetŕıa, en ejes cuerpo (ver tema 2), un

ángulo ψ = tλ = πI cos θ/2
Γ

n(I−I3)
I = π(I−I3) cos θ/2

I3
.

En general este ángulo no será 180 grados (a menos que
(I−I3) cos θ/2

I3
= 1) luego habrá que usar un par de toberas

distintas a las que se usaron para empezar la maniobra.
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Coning múltiple

Una idea para reducir el consumo de combustible (o para
ángulos de giro demasiado grandes) es dividir la maniobra de
coning en m pequeñas maniobras intermedias, como se ve en
la figura:
604  CHAPTER 10 Satellite attitude dynamics

over again.) From Equation 10.95, the time required for  n  small-angle coning maneuvers through a total 
angle of   θ   is 

  
t n

A
C nn ! π
ω

θ

0 2
cos   (10.98)      

 The   ratio of this to the time  t  1  required for a single coning maneuver is 

  

t

t
n nn

1

2

2

!
cos

cos

θ

θ   (10.99)      

 The   time is directly proportional to the number of intermediate coning maneuvers, as illustrated in 
 Figure 10.13   .  
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 FIGURE 10.12  
       Ratio of delta-H for a sequence of small coning maneuvers to that for a single coning maneuver, as a function of the 
angle of swing of the spin axis.    
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 FIGURE 10.11  
       A sequence of small coning maneuvers.    En cada maniobra hay que rotar Γ un ángulo θ/2m y esperar
un giro de 180 grados.
El consumo total será ∆Γconing = 2mΓ tan θ/2m (si m es
grande tiende a θΓ, merece la pena para ángulos grandes).

El tiempo de maniobra será t = mπI cos θ/2m
Γ (si m es grande
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Frenar la rotación: mecanismo yo-yo

El mecanismo yo-yo es un dispositivo de un único uso que se
emplea para frenar total o parcialmente la rotación de un
veh́ıculo. El mecanismo consiste en dos masas simétricas
fijadas al veh́ıculo por una unión que se puede liberar, y a su
vez unidas a un hilo que está fijado en otro punto al veh́ıculo.
Todo esto en un plano perpendicular a la rotación que se
pretende frenar.
Para frenar la rotación, se liberan las masas; éstas se
empiezan a separar del veh́ıculo y el hilo comienza a tensarse,
hasta que se tensa en el punto donde está fijado en el veh́ıcuo
y entonces también se libera el hilo. Si la longitud del hilo
está bien diseñada, en este punto se habrá frenado el veh́ıculo.
Hipótesis: las masas se consideran puntuales de masa m/2, el
hilo no tiene masa y no es flexible, veh́ıculo axilisimétrico de
radio R rotando inicialmente en su eje de simetŕıa con
velocidad n0.
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Mecanismo yo-yo
Inicialmente, la enerǵıa cinética es T0 =

1
2

�
I3n

2
0 +mR

2
n
2
0

�
y

el momento cinético inicial Γ0 = I3n0 +mR
2
n0. Usando el

parámetro K = 1 + I3
mR2 , podemos escribir T0 =

1
2mR

2
Kn

2
0 y

Γ0 = mR
2
Kn0.

La situación en un momento intermedio es la de la figura:

 It   will be convenient to write this as 

  
H KmRG0

2
0! ω   (10.103)     

  where the nondimensional factor K is defined as   

  
K

C

mR
! "1

2   (10.104)     

   K R     is the initial radius of gyration of the system.   
 The   initial rotational kinetic energy of the system, before the masses are released, is 

  
T C mR KmR0 0

2 2
0

2 2
0

21
2

1
2

1
2

! " !ω ω ω   (10.105)      

 At   any state between the release of the weights and the release of the cords at the hinges, the velocity of 
the yo-yo mass must be found in order to compute the new angular momentum and kinetic energy. Observe 
that when the string has unwrapped an angle   φ  , the free length of string (between the point of tangency  T  
and the yo-yo mass  P ) is  R φ  . From the geometry shown in  Figure 10.16 , the position vector of the mass 
relative to the body frame is seen to be 

  

r i j i j

r r

! " " #( ) ( )R R R R

T G P T

cos sin sin cosφ φ φ φ φ φ! !
" #$$$ %$$$

! !
" #$$$$$ %$$$$

! !! "" #( ) ( )R R R Rcos sin sin cosφ φ φ φ φ φi j

  (10.106)      

 Since    r  is measured in the moving reference, the absolute velocity  v  of the yo-yo mass is found using 
Equation 1.56 

  
v

r
r! " $

d
dt





rel

ω   (10.107)     
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 FIGURE 10.16  
       Two identical string and mass systems wrapped symmetrically around the periphery of an axisymmetric spacecraft. For 
simplicity, only one is shown being deployed.    
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Mecanismo yo-yo
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the yo-yo mass must be found in order to compute the new angular momentum and kinetic energy. Observe 
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Para frenar la rotación, se liberan las masas; éstas se
empiezan a separar del veh́ıculo y el hilo comienza a tensarse,
hasta que se tensa en el punto donde está fijado en el veh́ıcuo
y entonces también se libera el hilo. Si la longitud del hilo
está bien diseñada, en este punto se habrá frenado el veh́ıculo.
Hipótesis: las masas se consideran puntuales, el hilo no tiene
masa y no es flexible, veh́ıculo axilisimétrico rotando
inicialmente en su eje de simetŕıa con velocidad n0.
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Mecanismo yo-yo

En la figura, el hilo se ha soltado ya un ángulo φ, y el vector �r
es el vector de posición de una de las masas (la otra tiene una
posición simétrica, por lo que basta estudiar una de ellas). Por
las hipótesis el hilo estará tangente justo en el punto T hasta
donde se ha soltado. Usamos unos ejes móviles con el cuerpo �i
y �j como en la figura.

En estos ejes, �r se escribirá como la suma
�r = �GT + �TP = R(cosφ�i + senφ�j) + Rφ(senφ�i − cosφ�j).

Para hallar la enerǵıa cinética y el momento cinético en este
estado intermedio necesitamos la velocidad (inercial). Se tiene

�v = �̇r |IN = �̇r |ROT + �ω ×�r

donde �ω = n�k .

Operando, �̇r |ROT = φ̇Rφ(cosφ�i + senφ�j) y
�ω ×�r = nR(cosφ�j − senφ�i) + nRφ(senφ�j + cosφ�i).
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Mecanismo yo-yo

Por tanto
�v = R

�
(φ̇+ n)φ cosφ− n senφ

�
�i +R

�
(φ̇+ n)φ senφ+ n cosφ

�
�j .

Calculando el módulo de la velocidad:

v = R

��
(φ̇+ n)φ cosφ− n senφ

�2
+

�
(φ̇+ n)φ senφ+ n cosφ

�2
.

Operando: v = R

�
(φ̇+ n)2φ2 + n2.

Por tanto,T = 1
2

�
I3n

2 +mR
2((φ̇+ n)2φ2 + n

2)
�
y usando el

parámetro K , T = mR2

2

�
Kn

2 + (φ̇+ n)2φ2
�
.

Por otro lado el momento cinético de las masas
será Γm = |�r ×m�v |. Efectuando este producto hallamos
Γm = mR

2(n + (n + φ̇)φ2).

Luego Γ = I3n+mR
2(n+(n+ φ̇)φ2) = mR

2(Kn+(n+ φ̇)φ2).
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Mecanismo yo-yo
Aplicando conservación del momento cinético y conservación
de la enerǵıa: T = T0, Γ = Γ0, llegamos a dos ecuaciones:

K (n20 − n
2) = (φ̇+ n)2φ2, K (n0 − n) = (n + φ̇)φ2

Dividiendo la primera por la segunda, obtenemos
n0 + n = n + φ̇, luego φ̇ = n0, es decir, la tasa de
“desenrrollamiento” del hilo es igual a la velocidad angular
inicial del veh́ıculo durante todo el proceso. Sustituyendo este
valor en la segunda ecuación y despejando φ, hallamos el
ángulo de hilo suelto en función de la velocidad actual:

φ =

�
K
n0 − n

n0 + n

Si queremos que al final del proceso n = 0, sustituyendo,
llegamos a φ =

√
K , y puesto que la longitud de hilo l = Rφ,

obtenemos l = R
√
K , independiente de la velocidad inicial!

Se puede encontrar longitud de hilo apropiada para cualquier
valor de n ∈ (−n0, n0). 32 / 56



Métodos de control de actitud
Control de un satélite estabilizado por rotación

Control triaxial

Sistema de intercambio de momento cinético
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Satélites estabilizados en tres ejes

Los satélites estabilizados en tres ejes pueden tener cualquier
tipo de apuntamiento (inercial, orbital...).
Los objetivos pueden ser dos: mantener al satélite de forma
estable en una actitud prefijada (estabilización) o realizar una
maniobra de actitud (bien sea un seguimiento—tracking— o
simplemente cambiar de una actitud a otra).
En primer lugar nos centraremos en el objetivo de
estabilización de una cierta actitud inercialmente fija (es decir
sin velocidades angulares, lo que seŕıa un apuntamiento
inercial); el objetivo de modificar la actitud es más
complicado.
Estudiaremos este objetivo para los dos tipos de actuadores:
ruedas y volantes de inercia, y sistemas de control de reacción.
En segundo lugar consideraremos el objetivo de pasar de una
actitud inicial a otra final, sólo para el caso de ruedas y
volantes de inercia.
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Veh́ıculo con ruedas y volante de inercia
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Fig. 6.10 Gyrostat in a circular orbit.

The rotational equation of motion is then simply given by

!̇H =
{

d !H
dt

}

B
+ !ωB/N × !H = !M (6.170)

where !M is the gravity-gradient torque acting on the vehicle. For the principal-axis
frame B, the equations of motion can be written as

J1ω̇1 − (J2 − J3)ω2ω3 + ḣ1 + ω2h3 − ω3(−H0 + h2) = M1 (6.171a)

J2ω̇2 − (J3 − J1)ω3ω1 + ḣ2 + ω3h1 − ω1h3 = M2 (6.171b)

J3ω̇3 − (J1 − J2)ω1ω2 + ḣ3 + ω1(−H0 + h2) − ω2h1 = M3 (6.171c)

where Mi = !M · !bi.
For small relative angles between B and A, we have

ω1 = θ̇1 − nθ3 (6.172a)

ω2 = θ̇2 − n (6.172b)

ω3 = θ̇3 + nθ1 (6.172c)

and

M1 = −3n2(J2 − J3)θ1 (6.173a)

M2 = 3n2(J3 − J1)θ2 (6.173b)

M3 = 0 (6.173c)

where n is the orbital rate and θ1, θ2, and θ3 are called the roll, pitch, and yaw
attitude angles of the spacecraft relative to the LVLH reference frame A.

Supongamos la situación de la figura: un cuerpo en órbita con
dos ruedas en torno a los ejes cuerpo 1 y 3 y un volante de
inercia en la dirección de 2. Las ecuaciones de Euler se
modifican de la siguiente forma:

I1ω̇1 + (I3 − I2)ω2ω3 + ḣ1 + ω2h3 − ω3(−H0 + h2) = M1

I2ω̇2 + (I1 − I3)ω1ω3 + ḣ2 + ω3h1 − ω1h3 = M2

I3ω̇3 + (I2 − I1)ω2ω1 + ḣ3 − ω2h1 + ω1(−H0 + h2) = M3

H0 es la parte constante del momento cinético del volante de
inercia y hi los de las ruedas (y la parte variable del volante,
que también puede modificarse): variables de control. 34 / 56
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The rotational equation of motion is then simply given by

!̇H =
{

d !H
dt

}

B
+ !ωB/N × !H = !M (6.170)

where !M is the gravity-gradient torque acting on the vehicle. For the principal-axis
frame B, the equations of motion can be written as

J1ω̇1 − (J2 − J3)ω2ω3 + ḣ1 + ω2h3 − ω3(−H0 + h2) = M1 (6.171a)

J2ω̇2 − (J3 − J1)ω3ω1 + ḣ2 + ω3h1 − ω1h3 = M2 (6.171b)

J3ω̇3 − (J1 − J2)ω1ω2 + ḣ3 + ω1(−H0 + h2) − ω2h1 = M3 (6.171c)

where Mi = !M · !bi.
For small relative angles between B and A, we have

ω1 = θ̇1 − nθ3 (6.172a)

ω2 = θ̇2 − n (6.172b)

ω3 = θ̇3 + nθ1 (6.172c)

and

M1 = −3n2(J2 − J3)θ1 (6.173a)

M2 = 3n2(J3 − J1)θ2 (6.173b)

M3 = 0 (6.173c)

where n is the orbital rate and θ1, θ2, and θ3 are called the roll, pitch, and yaw
attitude angles of the spacecraft relative to the LVLH reference frame A.

Ignoraremos el gradiente gravitatorio (se podŕıa considerar el
problema de estabilizar asintóticamente la posición de
equilibrio en órbita).

Supondremos que podemos manipular directamente los
momentos cinéticos de las ruedas mediante motores eléctricos
internos.
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Estabilización
Para el movimiento libre, linealizando en torno a velocidades
angulares nulas obtendŕıamos:

I1δω̇1 + ḣ1 + δω2h3 − δω3(−H0 + h2) = 0

I2δω̇2 + ḣ2 + δω3h1 − δω1h3 = 0

I3δω̇3 + ḣ3 − δω2h1 + δω1(−H0 + h2) = 0

Es decir:

d

dt




δω1

δω2

δω3



 =




0 0 −H0

I1
0 0 0
H0
I3

0 0








δω1

δω2

δω3



+




1/I1 0 0
0 1/I2 0
0 0 1/I3








u1

u2

u3





donde hemos hecho �u:

�u = −





ḣ1
I1
ḣ2
I1
ḣ3
I1



+




0 − h3

I1
h2
I1

h3
I2

0 − h1
I2

− h2
I3

h1
I3

0








δω1

δω2

δω3





Obsérvese que para un cierto �u podŕıamos encontrar los
valores de �h resolviendo una ecuación diferencial. 36 / 56
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Estabilización
Por otro lado el cuaternión que describe la actitud
será pequeño (si estamos cerca de una actitud que queremos
mantener).
Siguiendo la teoŕıa del Tema 2, se tendrá entonces q = q̄ � δq,
donde q̄ es la actitud que queremos mantener y

δq(�a) =
1�

4 + ��a�2

�
2
�a

�

Por otro lado la relación entre �a y la velocidad angular es
�̇a ≈ δ�ω +�a× �ωr , como �ωr = �0 simplemente �̇a ≈ δ�ω. Es decir
Es decir:

d

dt




a1

a2

a3



 =




1 0 0
0 1 0
0 0 1








δω1

δω2

δω3





Combinando las ecuaciones de error en velocidad angular y
actitud encontramos la descripción del sistema (siguiente
transparencia). 37 / 56
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Estabilización
Descripción del sistema:

d

dt





δω1
δω2
δω3
a1
a2
a3




=





0 0
−H0
I1

0 0 0

0 0 0 0 0 0
H0
I3

0 0 0 0 0

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0









δω1
δω2
δω3
a1
a2
a3




+





1/I1 0 0
0 1/I2 0
0 0 1/I3
0 0 0
0 0 0
0 0 0








u1
u2
u3





Llamando �x a las variables que describen al estado, es una
descripción clásica

�̇x = A�x + B�u

Se puede usar “nuestro método favorito lineal” para encontrar
una ley de control �u, que luego habrá que convertir en
comandos de velocidad angular de las ruedas resolviendo la
ecuación diferencial que relaciona �u con los pares de las
ruedas, en cada instante, y luego se podrá transformar en
comandos del motor de las ruedas.
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Cambio de actitud entre dos apuntamientos inerciales
Hemos estudiado en el tema 2 como calcular una velocidad
angular que me permite pasar de una cierta actitud a otra.
Denotémosla como ωref (t).
Sustituyendo esta velocidad angular de referencia en las
ecuaciones del sólido con ruedas y volantes de inercia (e
ignorando los pares de perturbación) podemos calcular
(anaĺıticamente o numéricamente) un valor de control de
referencia u

ref
i . Este valor es “en bucle abierto” (no utiliza

realimentación).
Linealizando en torno a este perfil de referencia y calculando
un controlador extra en bucle cerrado (que se sumará al valor
de referencia) podemos garantizar que (al menos ante
pequeños errores y perturbaciones) el veh́ıculo se
mantendrá en la trayectoria deseada. Se verá un ejemplo en
clase para aclarar ideas y ver ciertas consideraciones
particulares.
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Control no lineal
“Control no lineal” es un nombre amplio que designa a un
abanico de técnicas que no requiere el uso de linealización.
Consideremos el siguiente problema. Partiendo de un estado
inicial dado por �ω(0) y q(0) queremos alcanzar el reposo en la
actitud identidad, pero nos “conformamos” con que el sistema
tienda a dicho estado, es decir, nuestro objetivo es que
�ω(t) → �0 y q0(t) → 1, �q(t) → �0 cuando t → ∞.
Es decir hacemos “asintóticamente estable” el equilibrio del
sistema en el origen.
Si esto es cierto para cualquier condición inicial se dice que el
equilibrio es globalmente asintóticamente estable.
Obsérvese que la actitud objetivo puede ser cualquier actitud
que se desee con sólo hacer una rotación fija del sistema de
referencia inercial, q� = q

∗
ref � q.

Vamos a resolver este problema con la llamada “técnica de las
funciones de Lyapunov”.
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Control no lineal: el sistema

Ahora no linealizamos, luego el sistema es el original,
cambiando como antes los términos que dependan de las
ruedas por términos de control.

Empecemos por la velocidad angular:

ω̇1 =
I2 − I3

I1
ω2ω3 +

u1

I1

ω̇2 =
I3 − I1

I2
ω3ω1 +

u2

I2

ω̇3 =
I1 − I2

I3
ω1ω2 +

u3

I3
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Control no lineal: función de Lyapunov
¿Podemos encontrar un valor de u1, u2 y u3 que garantice que
el equilibrio �ω = �0, sea asintóticamente estable?
La técnica de las funciones de Lyapunov consiste en lo
siguiente. Sea una función V regular (continua, diferenciable)
que depende del estado (en este caso la velocidad angular y
los cuaterniones), tal que:

Es siempre positiva para cualquier valor de los estados, excepto
cuando el estado es cero; para dicho valor es cero (esto se
denomina definida positiva).
La derivada con respecto al tiempo de V es definida negativa
(es decir negativa para cualquier valor de los estados excepto
cero).

Entonces se demuestra que el origen (valor cero del estado) es
asintóticamente estable (Idea: entender como funciona este
método imaginando las curvas de nivel de V en función del
estado).
Además si el ĺımite de V cuando el estado tiende a infinito es
infinito, este resultado es global. 42 / 56
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Control no lineal: encontrando el control

Usemos la función de Lyapunov

V = I1
ω2
1

2k
+ I2

ω2
2

2k
+ I3

ω2
3

2k

Vemos que cumple la primera condición (se ha desplazado q0

para que el equilibrio en q0 = 1 sea el origen).

k es una constante positiva que definiremos más adelante.

Tomando derivada:

Vt = I1
ω1ω̇1

k
+ I2

ω2ω̇2

k
+ I3

ω3ω̇3

k

Sustituyendo los valores de las derivadas:

Vt =
ω1((I2 − I3)ω2ω3 + u1)

k
+

ω2((I3 − I1)ω3ω1 + u2)

k
+

ω3((I1 − I2)ω1ω2 + u3)

k
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Control no lineal: encontrando el control

Simplificando

Vt =
ω1u1

k
+

ω2u2

k
+

ω3u3

k

Elegimos ahora: u1 = −c1ω1, u2 = −c2ω2, u3 = −c3ω3,
donde ci es una constante positiva. Sustituyendo:

Vt = −c1ω2
1 + c2ω2

2 + c3ω2
3

k

Aplicando la técnica de Lyapunov, queda demostrado que el
equilibrio �ω = 0 es globalmente asintóticamente estable.

44 / 56



Métodos de control de actitud
Control de un satélite estabilizado por rotación

Control triaxial

Sistema de intercambio de momento cinético
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Control no lineal: el sistema

Consideremos ahora también la cinemática de la actitud. El
problema es más complejo.

ω̇1 =
I2 − I3

I1
ω2ω3 +

u1

I1

ω̇2 =
I3 − I1

I2
ω3ω1 +

u2

I2

ω̇3 =
I1 − I2

I3
ω1ω2 +

u3

I3

q̇0 = −1

2
(q1ω1 + q2ω2 + q3ω3)

q̇1 =
1

2
(q0ω1 − q3ω2 + q2ω3)

q̇2 =
1

2
(q3ω1 + q0ω2 − q1ω3)

q̇3 =
1

2
(−q2ω1 + q1ω2 + q0ω3)
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Control no lineal: función de Lyapunov

¿Podemos encontrar un valor de u1, u2 y u3 que garantice que
el equilibrio �ω = �q = �0, q0 = 1 sea asintóticamente estable?

Además del resultado de Lyapunov, necesitamos el llamado
”Teorema de La Salle”:

Sea una función de Lyapunov V tal que su derivada es
semidefinida negativa (es decir negativa para algún valor de
los estados además de cero). Llamemos E al conjunto de los
puntos que verifica V̇ = 0.
Sea M el conjunto invariante del sistema más grande
contenido en E .

Entonces se demuestra que el estado tiende a E cuando el
tiempo tiende a infinito.

¿Qué es un conjunto invariante de un sistema? Es un conjunto
tal que si la condición inicial empieza en el conjunto, el estado
permanece en el conjunto durante todo t.
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Control no lineal: encontrando el control

Usemos la función de Lyapunov

V = I1
ω2
1

2k
+ I2

ω2
2

2k
+ I3

ω2
3

2k
+ (q0 − 1)2 + q

2
1 + q

2
2 + q

2
3

Vemos que cumple la primera condición de Lyapunov (se ha
desplazado q0 para que el equilibrio en q0 = 1 sea el origen).
Tomando derivada:

Vt = I1
ω1ω̇1

k
+ I2

ω2ω̇2

k
+ I3

ω3ω̇3

k
+ 2(q0 − 1)q̇0 + 2q1q̇1 + 2q2q̇2 + 2q3q̇3

Sustituyendo los valores de las derivadas:

Vt =
ω1((I2 − I3)ω2ω3 + u1)

k
+

ω2((I3 − I1)ω3ω1 + u2)

k
+

ω3((I1 − I2)ω1ω2 + u3)

k

−(q0 − 1) (q1ω1 + q2ω2 + q3ω3) + q1 (q0ω1 − q3ω2 + q2ω3)

+q2 (q3ω1 + q0ω2 − q1ω3) + q3 (−q2ω1 + q1ω2 + q0ω3)
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Control no lineal: encontrando el control

Simplificando

Vt =
ω1u1

k
+

ω2u2

k
+

ω3u3

k
+ (q1ω1 + q2ω2 + q3ω3)

Elegimos ahora: u1 = −(kq1 + c1ω1), u2 = −(kq2 + c2ω2),
u3 = −(kq3 + c3ω3), donde ci es una constante positiva.
Sustituyendo:

Vt = −ω1(kq1 + c1ω1)

k
− ω2(kq2 + c2ω2)

k
− ω3(kq3 + c3ω3)

k

+(q1ω1 + q2ω2 + q3ω3)

= −c1ω2
1 + c2ω2

2 + c3ω2
3

k

Ya no podemos aplicar Lyapunov directamente, sino que
necesitamos La Salle. En primer lugar, el conjunto E es
simplemente ω1 = ω2 = ω3 = 0 para todo t.
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Conjunto invariante
Sustituyamos en el sistema ω1 = ω2 = ω3 = 0 para todo t (lo
que en particular implica que sus derivadas son nulas):

0 = 0 + u1

0 = 0 + u2

0 = 0 + u3

q̇0 = 0

q̇1 = 0

q̇2 = 0

q̇3 = 0

Luego el conjunto invariante verifica u1 = u2 = u3 = 0, y q

constante.

Por tanto, como u1 = −(kq1 + c1ω1), u2 = −(kq2 + c2ω2),
u3 = −(kq3 + c3ω3), obtenemos q1 = q2 = q3 = 0.
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Conjunto invariante
Finalmente, del hecho de que el cuaternión debe ser unitario,
obtenemos q0 = ±1. Al ser q0 = 1 el origen de la función de
Lyapunov, es el que se estabiliza. De hecho, se puede
comprobar que q0 = −1 es inestable (lo cual es un
inconveniente al ser en realidad el mismo punto; se
comprobará por simulación).
Si se usa k negativo en la ley de control entonces q0 = −1 se
vuelve estable y q0 = 1 inestable. Esto se comprueba
modificando la función de Lyapunov a

V = −I1
ω2
1

2k
− I2

ω2
2

2k
− I3

ω2
3

2k
+ (q0 + 1)2 + q

2
1 + q

2
2 + q

2
3

Si se fija k = k0 · sgn(q0) entonces se vuelve estable el
equilibrio “más próximo”!
Obsérvese que en la ley de control no aparecen las inercias: no
es necesario conocerlas. Pero si es necesario conocer el estado
(�ω y q) para poder aplicar la ley de control.
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Sistema de control de reacción
Si ahora tenemos toberas, éstas actúan como pares.
Supongamos la estabilización de una actitud inicial inercial
(velocidad angular cero). Si linealizamos y tomamos ángulos
de Euler 1-2-3 en torno a dicha actitud inicial, combinando las
ecuaciones cinemáticas y dinámicas linealizadas el sistema a
controlar escrito en la forma t́ıpica de control resultaŕıa:

I1θ̈1 ≈ u1,

I2θ̈2 ≈ u2,

I3θ̈3 ≈ u3,

Debeŕıamos diseñar u1, u2 y u3 para estabilizar el sistema; los
ejes son independientes entre śı. Los métodos clásicos de
control no se pueden emplear en el caso de que se usen
toberas, ya que éstas no pueden dar un valor variable, sino
solamente un valor constante, en una u otra dirección, o cero.
Es decir, las únicas posibilidades son u = 0, uMAX , uMIN ,
donde uMIN seŕıa un valor negativo (suponemos
uMIN = −uMAX ). Para diseñar leyes de control hay que usar
técnicas de control óptimo. 51 / 56
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Maniobras con toberas

Consideremos sólo un eje, con la ecuación α̈ = u (donde u se
ha redefinido dividida por la inercia), con condiciones iniciales
α̇0 y α0. Integrando la ecuación diferencial obtenemos
velocidad y posición:

α̇− α̇0 = tu, α− α0 − tα̇0 =
t
2

2
u

Eliminando el tiempo:

α− α0 =
α̇0(α̇− α̇0)

u
+

(α̇− α̇0)2

2u

Se trata de la ecuación de una parábola, cuya forma
dependerá de las condiciones iniciales y de la elección del
control (u = 0, uMAX ,−uMAX ). Si u = 0 obsérvese que no se
puede eleminar el tiempo y se reduce a la recta α− α0 = tα̇0.
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Maniobras con toberas
Ejemplo de parábolas con condición inicial nula (las flechas
indican la dirección que se sigue):
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                                                                          α!

                                                u<0 u>0

α

 
 
The arrows indicate that each parabola is followed with a specified direction. If for instance motion 
starts from the origin with M>0, then 0>α!!  and α!  will increase. By increasing the input u the 
parabolas are more open. Taking the extreme approximation of infinite torque, parabolas would be 
replaced by vertical lines, so that the maneuver would be impulsive, with a change in α!  associated 
to a constant α. On the contrary, if u=0 we would have a phase portrait given by horizontal lines, 
with no change in α! . In general, phase plane maneuvers are designed in order to have both 0α!  and 

fα!  equal to zero, that is to say rest-to-rest maneuvers. In addition, since the origin of the phase 
plane is arbitrary, either α0 or αf is set to zero. 
 
We can now design a maneuver in the phase plane assuming impulsive torques. This is the case of 
maneuvers performed by using high thrust propulsive systems. 
 

 α!  
 
 1 M>0 start 
 
                                                     M>0 
 

                                                                      0 α 
 M<0 

       start 
        end                3             2 

 
 
Starting from point 0 to end in the origin, if we apply a positive torque we would reach point 1, but 
here α!  is positive and we would de part from the desired attitude. We must then start with a 
negative torque, to reach point 2, switch off the controller to keep α!  constant until point 3 is 
reached and then provide a positive torque to reach the target final attitude. Of course, should the 
initial attitude be negative all the maneuver has to be performed in the opposite way. Notice also 
that the vertical arcs of the phase plane are traced in almost zero time, since the torque is assumed 
infinite, and are equivalent to impulsive maneuvers. The total maneuver time depends then only on 
the horizontal arcs of the phase plane trace. In theory, we would like to have α!  as high as possible 
to minimize maneuver time, so that the horizontal arc would be drawn in a short time. The major 
issue in this case is thruster synchronization, since with high α!  even a small time error would mean 
to reverse the control (point 3 in the example) in a different point on the phase plane, so the target 
attitude would not be reached.  
 
We can now consider a more realistic case, with bounded maximum torque. 
 

Para ir de un punto a otro tendŕıamos que movernos por las
parábolas:
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 α!  
 
 M>0 with umax

 

            end M>0 with u<umax 

 
 
 
 α 
  
 
 start 

                          M<0 
 

 
We will consider only the parabolas corresponding to umax so that α!  is the maximum possible and 
time is minimum. The problem is to find the position in which the torque has to be switched in sign. 
If the maneuver is completed according to the control logic: 
 

( )α−= signuu max  
 

once on the axis α!  the sign of α changes so that the phase plane portrait would look like in the 
following figure: 
 

α!

           -α0 α0

α

 
 
There is evidently a limit cycle, the system would behave like an undamped second order oscillator. 
 
Change the control logic to: 

( )α+α−= !ksignuu max  
 

so that the switch in the sign of the control torque is along an inclined straight line. We would like k 
to be positive in order to have a negative inclination of the switching line: 
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Maniobras con toberas
Primera idea: usar una ley de control u = −uMAX signo(α). El
resultado es un ciclo ĺımite:
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 α!  
 
 M>0 with umax

 

            end M>0 with u<umax 

 
 
 
 α 
  
 
 start 

                          M<0 
 

 
We will consider only the parabolas corresponding to umax so that α!  is the maximum possible and 
time is minimum. The problem is to find the position in which the torque has to be switched in sign. 
If the maneuver is completed according to the control logic: 
 

( )α−= signuu max  
 

once on the axis α!  the sign of α changes so that the phase plane portrait would look like in the 
following figure: 
 

α!

           -α0 α0

α

 
 
There is evidently a limit cycle, the system would behave like an undamped second order oscillator. 
 
Change the control logic to: 

( )α+α−= !ksignuu max  
 

so that the switch in the sign of the control torque is along an inclined straight line. We would like k 
to be positive in order to have a negative inclination of the switching line: 
 

Para evitar la oscilación: u = −uMAX signo(α+ kα̇), con
k > 0. El resultado:
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α!  
 
 

 
 
 α0 
 α 
 
 
 

 line α−=α
k
1

!  
 

 
Reaching the switching line, u changes its sign, so that the phase plane trace is switched to a 
parabola with reversed axis; as the number of torque switches increases, the trace gets closer and 
closer to the origin. k is then an index of the damping in the oscillations. However, rigorously, an 
infinite number of switchings are needed to reach exactly the origin in a general case. 
 
If we draw the two parabolas that pass through the origin, corresponding to positive and negative 
torque, since for 0α!  equal to zero we have: 
 

2

u2
1

α=α !  

we can consider the following switching curve: 
 

!
"
#

$
%
&

αα−α−= !!
u2

1
signuu max  

 
The phase plane portrait of the maneuver will then be: 
 

          α!  
 
 
 
                                               Switching line α0 α 

 
 
It can be shown that this is the minimum time maneuver. If the initial and final velocities are zero, 
the satellite accelerates at the maximum level for half the rotation, then decelerates at same level for 
the second half of the rotation. The sign of the control torque becomes a function of α and α! . 
 
Finally, if we want to consider a minimum fuel maneuver we should fix a maximum maneuver 
time. This can be seen as a minimum time maneuver with one intermediate coast arc (at constant 
α! ) if the allowed maneuver time is greater than the minimum maneuver time for the same rotation. 
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Maniobras con toberas
Para llegar en un tiempo finito se puede usar
u = −uMAX signo(α− 1

2uMAX
α̇|α̇|) (ejercicio). El resultado:
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α!  
 
 

 
 
 α0 
 α 
 
 
 

 line α−=α
k
1

!  
 

 
Reaching the switching line, u changes its sign, so that the phase plane trace is switched to a 
parabola with reversed axis; as the number of torque switches increases, the trace gets closer and 
closer to the origin. k is then an index of the damping in the oscillations. However, rigorously, an 
infinite number of switchings are needed to reach exactly the origin in a general case. 
 
If we draw the two parabolas that pass through the origin, corresponding to positive and negative 
torque, since for 0α!  equal to zero we have: 
 

2

u2
1

α=α !  

we can consider the following switching curve: 
 

!
"
#

$
%
&

αα−α−= !!
u2

1
signuu max  

 
The phase plane portrait of the maneuver will then be: 
 

          α!  
 
 
 
                                               Switching line α0 α 

 
 
It can be shown that this is the minimum time maneuver. If the initial and final velocities are zero, 
the satellite accelerates at the maximum level for half the rotation, then decelerates at same level for 
the second half of the rotation. The sign of the control torque becomes a function of α and α! . 
 
Finally, if we want to consider a minimum fuel maneuver we should fix a maximum maneuver 
time. This can be seen as a minimum time maneuver with one intermediate coast arc (at constant 
α! ) if the allowed maneuver time is greater than the minimum maneuver time for the same rotation. 
 

Si fijamos un tiempo ḿınimo y queremos gastar el ḿınimo
combustible (ejercicio):
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                                                                                 α!

α0

     α

 
 
In this case, the switching from one parabola to the other occurs in a finite time. Notice that if tmax is 
equal to the minimum time we would reduce the coast arc to zero and find again the minimum time 
solution. Fixing tmax becomes equivalent to fixing maxα! . 
 
The process just show is valid only if the rotation is around one principal axis; in other cases, the 
complete set of Euler equations should be used as system dynamics (and optimization dynamic 
constraint) and a closed form solution can no longer be found. 
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Maniobras con toberas: consideraciones prácticas
El procedimiento anaĺıtico estudiado no se podŕıa emplear si
no se pueden despreciar los términos no lineales (los
acoplamientos hacen que haya que estudiar toda la dinámica
simultáneamente). Es necesario usar cálculo de variaciones.
Por otro lado, en la práctica, es suficiente con garantizar que
las soluciones converjan siempre a un ciclo ĺımite
suficientemente próximo al origen (para evitar encender los
propulsores con demasiada frecuencia). Para ello se usan
zonas muertas e histéresis (Schmitt Trigger).
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Nonlinear control with constant thrust actuators 
 
Considering the dynamic behavior of a satellite projected in the phase plane, it is possible to set up 
a nonlinear controller decoupled for each axis. The control is based on a combination of the angle ϑ 
and its derivative dϑ. In particular, a nonlinear switch called “Schmitt trigger” activates the 
controller on the basis of the value of a variable ϑ+τdϑ. Assume, for example, that the value of 
ϑ+τdϑ is greater than a given limit uon. In this case the actuators would be switched on until the 
same variable ϑ+τdϑ falls below a second limit uoff. 
 

 

uon 

-uon 

uoff 

-uoff 

U 

ε 
2sI

1

⋅
 

1+τs 
ϑϑ !!" +=  

ϑ  cϑ  

+ 
- 

Schmitt trigger 

 
 
The values of uon, uoff can be determined considering the maximum allowable angular error ϑmax, 
the maximum admissible angular rate dϑmax and the time constant τ. With reference to the 
following figure, we must first of all consider the two parabolas passing from the points (±ϑmax,0), 
corresponding to the controlled dynamics with the maximum torque.  

 
 

ϑ!  

ϑ  

maxϑ!  
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Intersect the two parabolas with the horizontal lines at dϑmax, to identify ϑ1, the angle error at which 
the controller must be switched on in order to prevent the error from getting larger than ϑmax 
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uc = M/I is still the control command. The switching curve to activate the controller must intercept 
the point (ϑ1, dϑmax) and have a slope equal to −1/τ. The value of τ can be tuned according to some 
performance requirements. The values of uon and uoff are then evaluated as: 
 

uon = τdϑ+ϑ1 
uoff = −τdϑ+ϑ1 

 
With symmetry considerations, the switching values for negative errors are determined. On the 
phase plane, in ideal conditions with no disturbance torque and sensor error, the satellite phase 
portrait must converge to a limit cycle bounded by the values −ϑmax/+ϑmax and −dϑmax/+dϑmax. 
The transient response for large initial errors will still converge to the same final limit cycle, 
provided the time constant τ is selected with the correct sign. The parameter τ has an influence on 
the way the phase portrait converges to the limit cycle. 
 

 
 
Considering the inevitable presence of sensor errors and delays in the activation of the actuators, the 
switching of the control will not be exactly on the desired switching lines. This means that the real 
limit cycle in the phase plane will be slightly different from the ideal one, as shown in the following 
example. 
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