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Fig. 2 — Conventional Magnetic Isolation System 
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Fig. 8 — View of Spacecraft and DFP Interface 
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9 - Partial View of Spacecraft and DFP Interface 

Fig. 
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Fig. 10 — View of DFP Interface 
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Fig._1\24—_View DFP Interface (2ncvl Embodiment) 
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Fig. 13 — View of Actuator, Sensor and Mechanical Stop 
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Fig. 14 - Integrated Actuator/Sensor Assembly 
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SPACECRAFT ARCHITECTURE FOR 
DISTURBANCE-FREE PAYLOAD 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to space 
craft architecture, and more speci?cally, to a spacecraft 
control architecture that provides a payload environment 
that is free from spacecraft-borne vibrations While still being 
able to control the motion of the payload in space. 

DESCRIPTION OF THE RELATED ART 

[0002] In many spacecraft-borne missions, it is imperative 
to attenuate mechanical disturbances and thus isolate a 
payload from vibrations generated on the spacecraft While 
retaining the capability of precisely controlling the motion 
of the payload. The problem caused by vibrations is com 
mon to scienti?c, commercial and military missions. 
Examples of scienti?c missions that are particularly affected 
by spacecraft vibrations are space-based telescopes, such as 
the Hubble Space Telescope and the proposed Next Gen 
eration Space Telescope, and space-based interferometers, 
such as NASA’s Space Interferometery Mission. In the 
future, the use of laser-based communications, requiring 
precision pointing betWeen satellites, Will likely increase the 
signi?cance of the problem for commercial payloads. 
Finally, motion stability and precision pointing and tracking 
are key technologies for military apparatus such as earth 
observatories and space-based defense and missile systems, 
such as the proposed space-based laser systems. 

[0003] As reported in NASA Technical Memorandum 
106496, titled Final Report—Vibration Isolation Technology 
(VIT) ATD Project by J. Lubomski et al. (March 1994), a 
Wide variety of vibration isolation technologies have been 
considered. Passive isolation tends to be more cost effective, 
but has limited effectiveness specially at loW frequencies. In 
general, active systems require sensing of motion or posi 
tion, and a feedback and/or feedforWard control loop to 
counteract mechanical excitation and minimiZe motion of an 
isolated body. Such systems typically introduce the com 
plexity of a high-gain control system and isolation perfor 
mance is limited by sensor characteristics. 

[0004] Z. Geng et al. describes a vibration isolation system 
for space-borne structures in the Journal of Intelligent 
Material Systems and Structures, Vol. 6 (November 1995). 
The system includes an apparatus for providing real-time, 
six degree-of-freedom active vibration isolation. The appa 
ratus requires multiple accelerometers and at least six force 
sensor inputs, six analog outputs, a sixteen channel digital 
I/O, and extensive computation poWer to accommodate 
complex control algorithms. The active system of Z. Geng 
et al. includes tWo layers of six vibration control mecha 
nisms. An upper layer is the six degrees-of-freedom active 
vibration isolator With a mobile plate and base plate con 
nected by six active elements. Each active element consists 
of a Terfenol-D actuator, a force sensor, a pair of acceler 
ometers, and a pair of ?exible joints. Six accelerometers are 
mounted on the mobile plate to measure the residual vibra 
tion and another six are placed on the base plate to monitor 
base plate excitation. Both acceleration and force measure 
ments are fed to signal conditioners and then delivered to a 
control system, Which generates control signals to poWer 
ampli?ers that drive the Terfenol-D actuators. This is a 
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complex system With performance limited both by the 
mechanical connection betWeen the tWo bodies and by the 
characteristics of the sensors used to measure residual 
vibrations. 

[0005] US. Pat. No. 4,848,525 to Jacot et al. discloses a 
dual mode vibration isolator for actively isolating vibrations 
betWeen a forWard body and an aft body. The isolator 
includes an intermediate mechanical stage referred to as a 
“mounting member”. The mounting member is pivotally 
connected via three pairs of linear actuators to the aft s body. 
The mounting member exerts forces on the forWard body via 
the use of three pairs of magnetic actuators. The linear 
actuators extend and contract to reposition the mounting 
member on the aft body, Which in turn repositions the 
forWard body relative to the aft body. Each magnetic actua 
tor has an accompanying ?ux sensor and gap sensor, and 
each linear actuator is paired With a length sensor. Except for 
the additional mechanical stage, used to extend the range of 
motion betWeen the forWard and aft bodies at the expense of 
signi?cant additional complexity, this is a typical magnetic 
isolation system With limited performance at loW frequen 
c1es. 

[0006] Edberg et. al. (AAS-96-071) describe the STABLE 
micro-gravity isolation system Which exempli?es the state 
of-the-art in magnetic isolation systems. The isolated pay 
load is levitated by three dual-axis Wide gap electromagnetic 
actuators. Signals from accelerometers located on the pay 
load are used by a high bandWidth feedback controller to 
command counteracting electromagnetic actuator forces. 
Signals from three, tWo-axis optical sensors measure the 
position of the payload With respect to the mounting base 
and are used in a loW bandWidth position loop to command 
the electromagnetic actuators to keep the payload centered 
With respect to the base. As indicated by Edberg et. al., 
performance is limited by sensor characteristics, such as 
accelerometer noise ?oor. In addition, the control loop 
architecture limits isolation performance at loW frequencies, 
near the bandWidth of the position control loop. 

[0007] The problems With these and other existing vibra 
tion isolation systems are performance limitations at loW 
frequencies, Which is inherent to the architecture of these 
systems and speci?cally their control system architecture, 
and limitations associated With load, position, velocity and 
acceleration sensing, Which, on existing systems, directly 
affect isolation performance. 

[0008] What is needed is a system that exhibits superior 
vibration isolation performance doWn to very loW frequen 
cies, and isolation performance that is not limited by sensor 
characteristics. What is also needed is a system that alloWs 
control of the motion of the payload Without limitation on its 
range of motion While using a small number of sensors and 
actuators to avoid the loW reliability and high costs of a 
complex system. 

SUMMARY OF THE INVENTION 

[0009] An object of the present invention is to provide a 
spacecraft architecture and in particular a spacecraft control 
architecture that simultaneously addresses the problems of 
payload pointing and motion control and vibration isolation, 
While providing superior vibration isolation doWn to Zero 
frequency. 
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[0010] Another object of this invention is to provide a 
control architecture that allows the isolation of a payload 
from spacecraft-borne vibrations doWn to Zero frequency, 
and a system in Which the isolation performance is not 
limited by sensor characteristics. 

[0011] Another obj ect of this invention is to provide 
control of the attitude of a payload to any desired orientation 
Without limitation on its range of motion, While isolating the 
payload from spacecraft-borne vibrations. 

[0012] Still another object of the present invention is to 
provide precision pointing and motion control and vibration 
isolation for applications requiring high levels of motion 
control and stability, such as imaging payloads, laser-based 
communications and tracking systems. 

[0013] The present invention achieves these and other 
objects by providing a system that includes a payload 
module and a support module that are preferably mechani 
cally de-coupled. The motion of the payload module is 
controlled by reacting on the support module using non 
contact actuators disposed betWeen the tWo modules. The 
motion of the support module is controlled to folloW the 
payload module using external actuators that react against 
the surroundings. In this Way, no forces are applied betWeen 
the payload and support modules due to relative motion 
control and vibration isolation is achieved doWn to Zero 
frequency. Moreover, vibration isolation is not limited by 
sensor characteristics. In fact, if the sensors used to measure 
the motion of the payload module With respect to its sur 
roundings stopped functioning, the payload module Would 
be a drift, but the support module Would continue to folloW 
the payload module and the vibration isolation performance 
Would be unaffected. In the system of this invention, the 
payload and support modules ?y in formation in close 
proximity and interact through non-contact actuators to 
achieve precision motion control and high motion stability 
of the payload module. 

[0014] Speci?cally, the system of the present invention 
includes a spacecraft comprising of a payload module and a 
support module that are preferably mechanically 
de-coupled, and non-contacting means of measuring relative 
position and applying forces betWeen the tWo modules. The 
payload module contains critical components requiring pre 
cision motion control and high motion stability, eg a 
telescope, a communications or a tracking system. The 
support module contains mission support equipment that 
does not require precise motion control and high motion 
stability. It also contains the main sources of vibration, such 
as reaction Wheels and thrusters, and large ?exible append 
ages, such as solar panels and sun-shields. Non-contact 
position sensors, disposed betWeen the payload and support 
modules, are used to obtain information on the relative 
position and attitude betWeen the payload and support 
modules. These sensors can be based on various technolo 
gies for non-contact measurement of distance, such as 
inductive, capacitive, or optical. Non-contact actuators, also 
disposed betWeen the payload and support modules, are used 
to apply forces betWeen the payload and support modules 
and control the motion of the payload module. These actua 
tors can be electromagnetic, such as voice-coil actuators. 

[0015] In a preferred embodiment, six non-contact posi 
tion sensors and six non-contact actuators are arranged 
betWeen the payload and support modules in a hexapod 
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con?guration. The non-contact actuators are voice-coil 
actuators With the ?eld assembly preferably mounted on the 
payload module and the coil assembly mounted on the 
support module. Force control on each non-contact actuator 
alloWs relative motion betWeen the payload and support 
modules Without transmission of vibrations betWeen the tWo 
modules. Force control is achieved With a high-bandWidth 
current control loop on the coil assembly of each voice-coil 
actuator Which counter-act vibration induced currents on the 
coil assembly. 

[0016] The system of the present invention also includes 
external actuators located on the support module, i.e. actua 
tors that react against the surroundings, and payload or target 
sensors, i.e. sensors that provide information on the payload 
position and attitude With respect to its surroundings. The 
external actuators are used to move the support module by 
reacting against its surroundings, e.g. inertial space, and 
folloW the motion of the payload module. Examples of 
external actuators for space application are thrusters, reac 
tion Wheels, magnetic torquers, control moment gyros, and 
solar sails. The payload or target sensors provide informa 
tion required to control the motion of the payload With 
respect to its surroundings, e.g. inertial space. Examples of 
payload or target sensors for space applications are star 
trackers, accelerometers and gyroscopes. 

[0017] According to the control architecture of the present 
invention, a payload position and attitude control unit 
receives the signals from the payload or target sensors and 
outputs a command to the non-contact actuators that gener 
ate a force and/or moment betWeen the payload and support 
modules to move the payload module to a desired position 
and/or orientation. At the same time, a relative position and 
attitude control unit receives the signals from the relative 
position sensors and outputs commands to the external 
actuators that move the support module by reacting against 
its surroundings, so that the support module folloWs the 
motion of the payload module. The external actuators thus 
move the support module to maintain a desired relative 
position and attitude With respect to the payload module. 
While the motion of the payload module is controlled With 
a high-degree of precision and is very stable, the motion 
requirements for the support module are much more relaxed. 
The support module merely must stay Within a suf?cient 
distance and angular range of the payload module in order 
to prevent the non-contact position sensors and non-contact 
actuators from going out of range. 

[0018] A key element of the control architecture of this 
invention is that no forces are applied betWeen the payload 
and support modules to maintain relative motion control, 
this alloWs vibration isolation doWn to Zero frequency. 
Another important advantage of this architecture, is that the 
performance of the isolation system is not dependent on 
sensor characteristics and therefore, superior isolation can 
be achieved. The system and control architecture of the 
present invention also alloWs the payload to be pointed over 
the entire celestial sphere (4n steradian). 

[0019] In applications Where some mechanical coupling is 
required betWeen the payload and support modules, for 
example due to data and poWer cables and/or cooling lines, 
the non-contact position sensors and non-contact actuators 
can be used in closed-loop control to cancel the effect of the 
mechanical coupling betWeen the tWo modules. This repre 
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sents a simple modi?cation in the control logic and does not 
require any additional hardWare. In practice, the cancellation 
is not perfect and the isolation performance is reduced When 
compared With an equivalent mechanically de-coupled sys 
tem. 

[0020] A variation of the described control architecture, 
Which is also part of the present invention, uses the non 
contact actuators to perform relative position (translation) 
control and external actuators to perform relative attitude 
control betWeen the payload and support modules. In this 
case, the forces on the non-contact actuators for relative 
position (translation) control are computed to generate Zero 
moment about the center of mass of the payload module and 
therefore do not affect the attitude of the payload module. 
This variation is of particular interest for space applications 
Where, in general, precise attitude control is required While 
control of translational motion is less important. In addition, 
in such applications the use of external actuators to maintain 
relative position (translation) control may, in some cases, 
present di?iculties. For example, the use of thrusters on long 
duration missions may require a large amount of propellant 
that is not feasible to carry on-board of the spacecraft. 

[0021] These and other objects and features of the inven 
tion Will be better understood in referencing the folloWing 
detailed description and draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a top-level schematic vieW of the control 
system architecture according to a preferred embodiment of 
the present invention; 

[0023] FIG. 2 is a top-level schematic vieW of a standard 
magnetic pointing and isolation system, upon Which the 
present invention improves; 

[0024] FIG. 3 is a top-level schematic vieW of the concept 
of a drag-free satellite; 

[0025] FIG. 4 is a schematic vieW of a spacecraft employ 
ing the unique architecture of the present invention; 

[0026] FIG. 5 is a block diagram of the control system 
architecture corresponding to that shoWn in FIG. 4; 

[0027] FIG. 6 is a block diagram of a variation of the 
control system architecture, corresponding to that shoWn in 
FIG. 5; 

[0028] FIG. 7 is a block diagram of a variation of the 
control system architecture, corresponding to that shoWn in 
FIG. 6; 

[0029] FIG. 8 is a side elevational vieW of a spacecraft 
according to a preferred embodiment of the present inven 
tion; 

[0030] FIG. 9 is an enlarged perspective vieW of the 
spacecraft of FIG. 8, shoWing in greater detail the coupling 
of the payload to the support module; 

[0031] FIG. 10 is an enlarged, perspective vieW of the 
coupling of FIG. 9; 

[0032] FIG. 11 is a perspective vieW, partially cut-aWay, 
of an actuator capable of use in the present invention; 

[0033] FIG. 12 is a schematic vieW of a second embodi 
ment of the system of the present invention; 
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[0034] FIG. 13 is a close-up vieW of the embodiment of 
FIG. 12 shoWing a pair of non-contact position sensors and 
actuators and a mechanical stop to limit relative motion; and 

[0035] FIG. 14 is a vieW of a non-contact position sensor 
and actuator combined into a compact assembly that could 
be used in the embodiment of FIG. 13. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIEMENTS 

[0036] FIG. 1 schematically illustrates the control archi 
tecture of the present invention, in Which a payload 10 is 
coupled to a spacecraft 12, through non-contact actuators 14 
Which are used to apply forces betWeen the payload 10 and 
the spacecraft 12. Payload motion control is achieved by 
sending signals from payload motion sensors 16 to a payload 
motion control unit 18 that commands non-contact actuators 
14 to apply forces to payload 10 that control its motion. 
Control of the relative motion betWeen payload 10 and 
spacecraft 12 is achieved by sending signals from non 
contact position sensors 20, used to measure the relative 
position betWeen payload 10 and spacecraft 12, to a relative 
motion control unit 22 that commands external actuators 
located on the spacecraft, such as reaction Wheels 24 and 
thrusters 26, 28, 30 and 32. This system provides complete 
payload isolation from spacecraft vibrations doWn to Zero 
frequency While providing position and attitude control of 
the payload. In addition, the characteristics of payload 
sensors 16 have no in?uence on the vibration isolation 

performance. 

[0037] The control architecture of the present invention is 
substantially improved over conventional architectures. For 
example, FIG. 2 schematically represents a conventional 
magnetic pointing and isolation system in Which a payload 
10 is coupled to a spacecraft 12 through electromagnetic 
actuators 34. Relative position and attitude control is 
effected by feeding signals of relative position sensors 38 to 
a relative motion control unit 40 Which commands actuators 
34 to apply forces betWeen the payload and the spacecraft 
and control relative motion. In this case, forces are applied 
betWeen the payload and the spacecraft to effect both pay 
load pointing control and relative motion control. Within 
this control architecture the con?icting objectives of vibra 
tion isolation and relative motion control inherently limit the 
amount of vibration isolation that can be achieved. Further 
more, in this system the con?icting objectives of isolation 
and relative motion control create a dependence betWeen 
isolation performance and the characteristics of payload 
sensors 16. 

[0038] Another conventional control architecture is shoWn 
in FIG. 3, and illustrates the principle of a drag-free satellite, 
in Which there is no control of the payload, and no distur 
bances are transmitted to the payload. In this system the 
payload is generally enclosed inside the spacecraft to avoid 
any external disturbances, such as atmospheric drag in 
loW-earth orbit. Relative position control consists of the 
spacecraft 12 folloWing payload 42 Which is in free-fall. The 
relative position betWeen the payload and the spacecraft is 
determined using signals from position sensors 44, Which 
are fed into a relative motion control unit 46 that commands 
thrusters 26, 28, 30 and 32 located on the spacecraft to apply 
forces on the spacecraft so that it folloWs the motion of the 
payload. This system provides no means of controlling the 
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position or the attitude of the payload, Which is essential for 
certain applications such as space-based telescopes. 

[0039] Referring noW to FIG. 4, Which shoWs a schematic 
vieW of a spacecraft employing the unique architecture of 
the present invention, a spacecraft 50 includes a payload 
module 52, a support module 54, and non-contact position 
sensors 56 and non-contact actuators 58 disposed betWeen 
the payload and support modules. Data and poWer links 60 
transfer data and poWer betWeen payload module 52 and 
support module 54. Data and poWer links 60 can be either 
Wire links or Wireless links. HoWever, Wireless links are 
preferred so that the payload and support modules are 
mechanically de-coupled. A Wireless link can be imple 
mented through, for example, radio, optical, infra-red or 
microWave technologies. 

[0040] The payload module 52 carries the primary mission 
hardWare, such as a telescope, a communications system, a 
tracking system, or other devices or systems requiring 
stringent motion stability and control. Payload position and 
attitude sensors 62, eg star-trackers, gyroscopes, acceler 
ometers and focal plane detectors, are preferably located on 
the payload module 52. These payload or target sensors, 
generally referred to by the numeral 62, sense the position 
and/or attitude of the payload With respect to its surround 
ings or its target. Support module 54 preferably includes all 
sources of vibration, although it should be suf?cient to 
position at least the major sources of vibration in or on the 
support module 54. Some of these sources of vibration 
include reaction Wheels 64, deployable, ?exible structures, 
such as a solar panels and sun-shields 66, and thrusters 68, 
70, 72, and 74. 

[0041] Non-contact position sensors 56, shoWn on the 
support module 54, are used to measure relative position and 
attitude betWeen the payload module 52 and the support 
module 54. These sensors can be based on different tech 
nologies for non-contact measurement of distance, such as 
inductive, capacitive or optical. 

[0042] Non-contact actuators 58 are used to apply forces 
betWeen the payload module 52 and the support module 54. 
Non-contact actuators 58 can be electromagnetic or electro 
static devices or any other device alloWing non-contact 
application of force betWeen the payload and support mod 
ules. In a preferred embodiment, voice-coil actuators are 
used With the ?eld assembly mounted on the payload 
module 52 and the coil assembly mounted on the support 
module 54. In this case, vibrations on the support module 
cause relative motion betWeen the coil and ?eld assemblies 
that induce current on the coil assembly and could cause 
some vibrations to be transmitted to the payload module. 
These vibration-induced currents are cancelled by control 
ling the current in the coil assembly, preferably using a 
high-bandWidth analog current control loop on each voice 
coil actuator. 

[0043] The motion of payload module 52 is controlled by 
feeding signals from payload sensors 62 to a payload 
position and attitude control unit 76 that outputs control 
signals to non-contact actuators 58. Non-contact actuators 
58 apply forces and moments betWeen the payload and 
support modules in order to move payload module 52 to a 
desired position and attitude. 

[0044] The relative motion betWeen the payload and sup 
port modules is controlled by feeding signals from relative 
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position sensors 56 to a relative position and attitude control 
unit 78 that commands external actuators located on support 
module 54, such as reaction Wheels 64 and thrusters 68, 70, 
72, and 74. The external actuators apply forces on the 
support module in order for the motion of the support 
module to folloW the motion of the payload module. Exter 
nal actuators are actuators that move the support module by 
reacting against the surroundings, e.g. inertial space. 
Examples of external actuators that can be used include, 
reaction Wheels, control moment gyros, magnetic torquers, 
thrusters, and solar sails. 

[0045] With this architecture, the payload module can 
achieve high-levels of motion stability and control While the 
requirements on relative motion control can be much more 
relaxed. In fact, requirements on relative motion control are 
driven mainly by the need to avoid collision betWeen the 
payload and support modules and to prevent the non-contact 
position sensors and actuators from going out of range. 

[0046] With this architecture, the motion of the payload 
module is controlled using non-contact actuators that react 
against the support module, While relative motion is con 
trolled using external actuators to apply forces on the 
support module by reacting against the surroundings. In this 
Way, no forces or moments are applied betWeen the payload 
module and the support module to achieve relative motion 
control and vibration isolation is achieved doWn to Zero 
frequency While alloWing the payload module to pointed 
over the entire celestial sphere. In addition, vibration isola 
tion performance is not limited by sensor characteristics 
because: (1) Even in the case of failure of payload sensors 
62, Which Would place the payload module adrift, the 
support module Would still folloW the payload module With 
no impact in isolation performance; and (2) Errors from 
non-contact position sensors 56 do not translate into errors 
in payload module motion control. 

[0047] During operation, payload module 52 and support 
module 54 ?y in close-proximity formation and interact 
through non-contact actuators 58 to provide precision 
motion control and high-levels of motion stability to payload 
module 52. During maneuvering, forces and moments com 
manded to non-contact actuators 58 and to external actua 
tors, such as reaction Wheels 64 and thrusters 68, 70, 72, and 
74, are computed to generate coordinated motion of payload 
module 52 and support module 54 as a single body. 

[0048] Forces and moments applied by non-contact actua 
tors 58 to achieve motion control of payload module 52 
produce reaction forces on support module 54. This causes 
relative motion betWeen payload 52 and support module 54 
that is measured by non-contact position sensors 56 and 
controlled by relative position and attitude control unit 78 
using the external actuators. This relative motion due to 
non-contact actuator reaction forces and moments on the 
support module can be virtually cancelled by using the 
external actuators to counteract those forces and moments. 
Although this is not required for the control architecture to 
Work, it can signi?cantly improve the performance of the 
relative motion control. This is specially relevant in cases 
Where payload module 52 has mass and inertia properties 
Which are larger than those of support module 54, i.e. a 
large/massive payload module reacting against a smaller/ 
less massive support module. This also alloWs the use of 
loWer bandWidth on the relative motion control loop, Which 
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is advantageous in cases Where the support module 54, 
includes large ?exible structures such as solar arrays and/or 
sun-shields 66. In FIG. 4, this is indicated by control signal 
80 sent from payload position and attitude control unit 76 to 
the relative position and attitude control unit 78. This signal 
is used in control unit 78 to command to the external 
actuators to apply additional forces and moments, on sup 
port module 54, Which counteract the reaction forces and 
moments of the non-contact actuators on the support mod 
ule. 

[0049] Control units 76 and 78 could be located on either 
the payload module 52 or the support module 54. For 
example, if the payload sensors 62 are located on payload 
module 52, and payload position and attitude control unit 76 
is located on support module 54, then signals from payload 
sensors 62 can be sent to control unit 76 via data/poWer link 
60. The requirements for a data and/or poWer link depend on 
the speci?c application, for example data collected on pay 
load module 52 may need to be transferred to support 
module 54 for storage and telemetry to a ground station. 
Wireless implementation of data/poWer link 60 is preferred 
as it provides no mechanical coupling betWeen the payload 
and support modules, but other considerations may require 
implementation through cables. Additional mechanical cou 
pling betWeen the payload and support modules may be 
required in some applications, for example cooling lines 
betWeen the tWo modules. In these cases, Where mechanical 
coupling exists betWeen the payload module 52 and support 
module 54, the control logic can be modi?ed such that the 
control logic sends a command to non-contact actuators 58 
to cancel the effect of the mechanical coupling betWeen the 
tWo modules. The command is computed based on the 
signals received from the non-contact position sensors 56. 
This represents a simple modi?cation in the control logic 
and does not require any additional hardWare. In practice, 
the cancellation is not perfect and the isolation performance 
is reduced When compared With an equivalent mechanically 
de-coupled system. 

[0050] A variation of the described control architecture, 
Which is an alternative embodiment of the present invention, 
uses the non-contact actuators 58, instead of external actua 
tors, to perform relative position (translation) control 
betWeen the payload and support modules, but not relative 
attitude control. As in the original architecture, external 
actuators are used to perform relative attitude control 
betWeen the payload and support modules. 

[0051] To perform relative position (translation) control, 
payload position and attitude control unit 76 computes a 
control signal Which causes non-contact actuators 58 to 
apply forces to payload 52 that generate Zero moment about 
the center of mass of the payload module 52 and therefore 
do not affect the attitude of the payload module 52. This 
variation is of particular interest for space applications 
Where, in general, precise attitude control is required While 
control of translational motion is less important. In addition, 
the use of external actuators to maintain relative translation 
control may, in some cases, present dif?culties. For example, 
the use of thrusters for relative translation control on long 
duration missions may require a large amount of propellant 
that is not feasible to carry on-board of the spacecraft. 
According to this architecture, isolation of payload module 
attitude from vibrations of the support module is achieved 
doWn to Zero frequency and isolation performance is not 
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dependent on sensor characteristics. In addition, the payload 
module can be pointed over the entire celestial sphere. This 
variation of the control architecture Will be described in 
more detailed in reference to the block diagram of FIG. 6. 

[0052] The control architecture of FIG. 4 is more fully 
described With reference to FIG. 5, in Which a spacecraft 
control system 100 includes tWo main types of control loops 
102 and 104. Control loop 102 provides control in three axes 
of payload module position and attitude, and control loop 
104 provides control in three axes of relative position and 
attitude betWeen payload module 114 and the support mod 
ule 124. Command generator 106 generates signals that 
de?ne the desired motion of the support module 124 and 
payload module 114, for example, commands to point the 
payload at a given direction or to sleW to a different 
orientation in space. These signals are sent to motion con 
trollers 108 and 118 Where they are compared to sensor 
measurements, that represent the actual motion, and pro 
cessed through control logic algorithms that compute the 
required force and moment commands to achieve the desired 
motion control. 

[0053] Focusing noW on payload position and attitude 
control loop 102: Payload motion controller 108 receives 
signals from command generator 106, and from payload/ 
target sensors 116 and generates control signals representing 
the forces and moments that should be applied to the payload 
module 114 to control its motion. These control signals are 
fed into distribution laW 110. Distribution laW 110 computes 
the forces to be applied by each of the non-contact actuators 
112 to generate the required forces and moments on the 
payload module. Distribution laW 110 sends control signals 
to non-contact actuators 112 that apply forces on payload 
module 114 producing a change in payload position and 
attitude Which is measured by payload/target sensors 116. 

[0054] Force control on each non-contact actuator is used 
to ensure that relative motion betWeen payload module 114 
and support module 124 do not cause transmission of 
vibrations betWeen the tWo modules. As mentioned previ 
ously, in the case of voice-coil actuators force control is 
achieved by a high bandWidth current control loop that 
cancels vibration-induced currents on each non-contact 
actuator. This ensures that each non contact acuator exerts 

the proper force to achieve the desired relative motion 
betWeen the payload module 114 and the support module 
123 Without transmitting vibrations betWeen the tWo mod 
ules. Forces applied by the non-contact actuators 112 on the 
payload module produce reaction forces on the support 
module, as indicated by the signals from non-contact actua 
tors 112 Which are fed into support module 124 through 
block 130. 

[0055] Relative position and attitude control loop 104 
operates as folloWs: Signals from relative position sensors 
126, containing measurements from the relative motion 
betWeen payload module 114 and support module 124, are 
fed into block 128 Where the relative position and attitude 
betWeen the payload and support modules are computed. 
Relative motion controller 118 receives signals from com 
mand generator 106, and from relative position and attitude 
determination unit 128 and generates control signals repre 
senting the forces and moments that should be applied to the 
support module to folloW the motion of the payload module. 
These control signals are sent to distribution laW 120 that 














