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EP 1 092 626 B9
Description

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to systems and methods of controlling three axis stabilized spacecraft, and in
particular to a method and system for performing solar wing thermal shock compensation using a solar wing position
actuator.

2. Description of the Related Art

[0002] Thermal shock disturbance is a common problem experienced by earth orbit spacecraft. When such spacecraft
enter and exit earth shadow, abrupt temperature changes cause rapid deformation of spacecraft solar wing panels,
which results in significant induced spacecraft attitude disturbances. A method of managing effects of disturbance forces
on a satellite having solar wings is known from US-A-5 906 339.

[0003] There are a number of methods that have been employed to solve this problem, many of which are outlined
in "An Evaluation of Thermally-Induced Structural Disturbances of Spacecraft Solar Arrays" by J.D. Johnston and E.A.
Thornton, August 1996. These conventional solutions to the thermal shock disturbance problem generally fall into two
categories.

[0004] The first category of conventional solutions relates to the mechanical design of the solar wing panels. Here,
critical structures are designed to minimize temperature gradients and the thermal deformation and resulting induced
attitude disturbances. Such designs are disclosed in U.S. Patent Number 5,720,452, entitied "Solar Panel Parallel
Mounting Configuration," issued February 24, 1998 to Mutschler et al, U.S. Patent Number 5,620,529, entitled "Low
Disturbance Solar Array," issued April 15, 1997 to Bassily et al.. One significant problem with this category of solutions
is that they can significantly increase the cost of the spacecraft.

[0005] The second solution relies instead on the spacecraft attitude control system to compensate for the induced
solar disturbances. These systems use control actuators to actively counteract disturbance torques resulting from thermal
deformation of solar wing panels. Typically, this is accomplished by using traditional control actuators such as reaction
wheels to compensate thermal shock disturbance.

[0006] However, controlling the spacecraft eclipse thermal transient becomes a significant challenge because of the
high magnitude of solar wing thermal shock disturbance. Traditional control actuators such as reaction wheels are limited
by their control torque capabilities, and are ineffective in the presence of such high magnitude disturbance. Thrusters
can provide high control torque, but it costs propellant, requires complicated procedure to transit from wheel control to
thruster control and back to wheel control, and changes spacecraft momentum state. Developing a dedicated actuator
of high torque capability only for thermal shock is undoubtedly very costly.

[0007] Anexampleofsucha control systemisdisclosedin U.S. Patent Number 5,211,360, entitled "Spacecraft Thermal
Disturbance Control System, issued May 18, 1993 to Darrell F. Zimbleman. This thermal disturbance control system
comprises a network of distributed temperature sensors located on solar wing surfaces and a reaction wheel assembly
mounted on a solar wing yoke. This is a relatively costly scheme because a dedicated control system including control
electronics and microprocessors (in addition to the distributed sensor network and reaction wheel assembly) is needed
to implement this scheme.

[0008] Another example of spacecraft attitude control system for compensating for thermal shock disturbance is
disclosedin U.S. Patent Number 5,517,418, entitled "Spacecraft Disturbance Compensation Using Feedforward Control,"
issued May 14, 1996 to Green et al., During the thermal transient this scheme feeds a predicted thermal control torque
profile to attitude control actuator to counteract thermal disturbance.

[0009] A third thermal disturbance compensation scheme is disclosed in U.S. Patent Number 5,563,794, entitled
"Repetitive Control of Thermal Shock Disturbance," issued October 8, 1996 to Cosner et al.. This reference discloses
a learning procedure that allows the spacecraft attitude control system to learn control errors due to thermal disturbance
over several eclipse thermal shock cycles. Using the information thus obtained, the control system maintains precise
pointing in the presence of thermal shock disturbances.

[0010] One limitation of the foregoing techniques for minimizing thermal shock disturbances is that they are typically
expensive and/or ineffectual to compensate for large disturbances.

[0011] The presentinvention concerns an attitude control system for compensating thermal shock in a spacecraft and
the corresponding method as defined in claims 1 and 6. Further embodiments are defined in the dependent claims.
[0012] Solarwing position actuators normally have order of magnitude higher torque capability than traditional attitude
control actuators such as reaction wheels. They also locate in a unique interface position between solar wing and
spacecraft bus that is at middle of thermal shock disturbance path from solar wing to spacecraft bus. These make them
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much more effective in compensating solar wing thermal shock disturbance of very high magnitude than traditional
attitude control actuators. In addition, solar wing position actuators already exist in many spacecraft product lines, since
they are often used to deploy solar wings and to adjust solar wing positions to follow the Sun in elevation. They can
therefore be incorporated in to spacecraft thermal shock control systems without much additional cost or complexity.
[0013] In one embodiment, the present invention comprises both feedforward open loop control and feedback closed
loop control. The open loop portion of the control system compensates for predictable thermal shock disturbances using
the position actuators, while the closed loop portion controls unpredictable disturbances using the position actuators.
[0014] When measurements of solar wing temperatures are available, the control method uses these measurements
to adjust solar wing thermal shock control so that it can affectively compensate unpredictable thermal shock disturbance
as well. When measurements of the solar wing temperatures are not available, the thermal shock control uses a predicted
solar wing position profile to compensate the disturbance. This profile is developed based on analytical prediction before
the launch of spacecraft and will be calibrated in initial operation phase of the spacecraft on orbit. If temperature sensors
are available on the solar wing, their temperature measurement is used to adjust the solar wing position through a
nonlinear function that maps the temperature measurements to position steps of the position actuator.

[0015] The closed loop portion of the control system uses the solar wing position actuator.

[0016] More specifically, the technique described by the present invention begins by determining the solar wing com-
pensation to compensate for the therma shock disturbances. This is accomplished by either predicting solar wing position
during eclipse using a predetermined solar wing position profile, or by measuring the temperature of the solar wing
extending from the satellite along a first axis. Then, the solar wing is rotated about a second axis according to the
predicted position or measured temperature of the solar wing, wherein the second axis is substantially perpendicular to
the first axis and to a vector from the spacecraft to the sun. In one embodiment of the present invention, the predicted
position or measured solar wing temperature is used in a thermal shock compensation loop to command a solar wing
position actuator to move the solar wing.

[0017] The attitude control system comprises either predetermined solar wing position predictions or at least one
temperature sensor for measuring the temperature of the solar wing, and at least one solar wing position actuator,
cooperatively coupled to the solar wing, for rotating the solar wing about a second axis, wherein the second axis is
substantially perpendicular to the first axis and to a vedtor from the spacecraft to the sun, and a thermal shock compen-
sation loop, for generating at least one solar wing position actuator command to rotate the solar wing about the second
axis in accordance with either the predicted solar wing position or, when solar wing temperature measurements are
available, the measured solar wing temperature about the second axis.

[0018] Hence, the present invention uses solar wing position actuators for thermal shock disturbance compensation.
Because of high torque capability of the solar wing position actuators, this invention provides very effective compensation
for thermal shock disturbances of thigh magnitude. the present invention also provides a low cost solution for spacecraft
that already has such position actuators and uses them for wing deployment and wing elevation angle adjustments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Referring now to the drawings in which like reference numbers represent corresponding parts throughout:

FIG. 1 is a schematic representation of a satellite and an associated solar wing;

FIG. 2 is a diagram presenting an overview of thermal shock disturbance compensation using a solar wing position
actuator; and

FIG. 3 is a block diagram of an exemplary thermal shock disturbance control system according to the principles of
the present invention;

FIGs. 4A and 4B are plots of spacecraft pointing errors under exemplary thermal shock disturbances;

FIG. 5 is a flow chart showing exemplary method steps used to practice one embodiment of the present invention;
FIG. 6 is a flow chart showing exemplary method steps usable to rotate the solar wing to control thermal shock
disturbances;

FIG. 7 is a flow chart showing exemplary method steps usable to augment feedforward control with feedback control
using the measured spacecraft attitude;

FIG. 8 is a flow chart illustrating exemplary steps used in another embodiment of the present invention in which
feedback control from attitude control sensors are also supplied to the solar wing position actuators; and

FIG. 9 is a diagram of an exemplary spacecraft control processing system.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0020] In the following description, reference is made to the accompanying drawings which form a part hereof, and
which is shown, by way of illustration, several embodiments of the present invention.
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[0021] FIG. 1 is a schematic diagram of a spacecraft 100 (hereinafter alternatively referred to as a satellite). The
spacecraft 100 comprises a spacecraft bus 102 or body, a North solar wing 114A that is used to collect solar radiation
to generate electricity for the spacecraft 100. The North solar wing 114A comprises a North solar wing yoke 106A coupled
to a plurality of solar wing panels 104A, 104B, and 104C (hereinafter referred to collectively as solar wing panels 104).
The North solar wing yoke 106A can be rotated about north solar wing rotational axis 110A, by a North solar wing position
actuator 108A. The North solar wing position actuator 108A is typically a gimbaled actuator mounted at the tip of the
North solar wing yoke 106A. The North solar wing position actuator 108A normally comprises a step motor and a gear
chain that can rotate the solar wing elevation angle 112 with respect to the spacecraft bus 102. During North solar wing
114A deployment, the North solar wing position actuator 108A is often used to step the North solar wing 114A out of its
stowed position. In normal on-orbit operation, the North solar wing position actuator 108A can be used to rotate the solar
wing 114A about the North solar wing rotational axis 110A to track the Sun in different seasons or to balance the solar
torque on the spacecraft 100. In one embodiment, the spacecraft 100 also comprises a south solar wing 114B with a
south solar wing yoke 106B and a south solar wing position actuator 108B. The South solar wing and associated
components function like those of the North solar wing 114A described above. Hereinafter components common to the
North solar wing 114A and the South solar wing 114B will be referred to collectively without the letter designation (e.g.
solar wing 114, solar wing position actuator 108, etc.)

[0022] FIG. 2 is a diagram depicting the use of the solar wing position actuator 108 to compensate for thermal shock
induced perturbations. FIG. 2A shows the deformation of the solar wing panels 104 when the spacecraft is illuminated
by the Sun (which is located in a direction from the spacecraft 100 as indicated by vector 204). A thermal gradient
(between the Sun-facing surface of the solar panels 104 and the surfaces facing away from the Sun) expands the Sun-
facing surfaces more than the surfaces facing away from the Sun. As a result, the solar panels 104 bend away from the
Sun, as shown. To keep the solar wing’s center of mass 206 aligned with the plane of the undeformed solar wing 202,
the solar wing position actuator is stepped towards the Sun, resulting in solar wing elevation angle 6 112 between the
spacecraft bus 102 and the yoke 106.

[0023] FIG. 2B is a diagram illustrating the spacecraft in eclipse. Here, the satellite 100 is no longer illuminated by the
Sun. Hence, the solar wing panels 104 cool down and bend in a direction opposite from that when the spacecraft 100
is iluminated by the Sun. To maintain solar wing center of mass 206 at the same position, the solar wing position actuator
108 changes its rotation direction. Normally, when spacecraft 100 enters eclipse, thermal transient is mild and its dis-
turbance to spacecraft 100 is insignificant. At eclipse exit however, the spacecraft 100 solar panels 104 experience a
quick temperature increase and a rapid thermal deformation of the solar wing panels 104, causing them to bend quickly
away from the Sun. To compensate for the solar wing 114 motion resulting from the bending of the solar panels 104,
the solar wing position actuator 108 rotates quickly towards Sun according to the solar wing 114 temperature measured
by the temperature sensor 208 or predicted temperature. Under ideal circumstances (perfect compensation) the wing
center of mass 206 remains in the undeformed wing plane 202 and no induced attitude disturbances are experienced
by spacecraft bus 102.

[0024] A maijority of three axis-stabilized spacecraft 100 have two solar wings 114 symmetrically mounted on spacecraft
bus 102. Because of manufacturing errors, the thermal deformation of these symmetric solar wings 114 will not be
identical, and will be at least somewhat asymmetric. For such spacecraft, it is not necessary to compensate completely
the deformation of each solar wing 114. This is because what disturbs spacecraft bus is not the absolute thermal
deformation of each solar wing 114, but differences between the deformations of both wings 114. To provide sufficient
compensation, solar wing position actuators 108 of these solar wings 114 may be stepped in an asymmetric manner.
With appropriate calibration, the disturbance can properly compensated with step magnitudes of solar wing position
actuators 108 much smaller than what needed to compensate each solar wing 114 deformation completely. Thermal
shock compensation can be achieved with relatively small solar wing 114 rotational displacements.

[0025] FIG. 3 is a block diagram of an exemplary thermal shock compensation system 300 in accordance with the
principles of the present invention. The thermal shock compensation system 300 implements thermal shock disturbance
318 compensation using solar wing position actuators 108.

[0026] The thermal shock compensation system 300 comprises a thermal shock compensation loop 302 providing a
compensation signal 314 to the solar wing position actuators 108 in the form of solar wing position actuator commands
316. The thermal shock compensation loop 302 comprises a North channel and a South channel. Elements corresponding
to each channel are hereinafter designated by an "A" appended to the reference numeral for the North channel and a
"B" appended to the reference numeral for the South channel. Each channel of the thermal shock compensation loop
302 includes a solar wing temperature sensor 208, a temperature-to-actuator transfer function 306 and a gain element
308. The temperature-to-actuator transfer function 306 is used to map temperature measurements to step commands
of each of the solar wing position actuators 108, while the gain element is primarily used to account for differences
between the North and South channels.

[0027] The output of the thermal shock compensation loop 302 after the gain elements 308 is a thermal shock com-
pensation signal 314, which is used to generate solar wing position actuator commands 316. The solar wing position
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actuator commands 316 are provided to the solar wing position actuators 108 to rotate the solar wing 114 about the axis
110 to compensate for thermal shock effects. After application of this compensation, the spacecraft bus 102 is subjected
to only the residual thermal shock disturbance torques 320 existing after application of the foregoing compensation.
[0028] In one embodiment of the invention, the step commands for the North solar wing 114A and South solar wing
114B are multiplied by different gains 308A and 308B, respectively in order to create asymmetric stepping between
north and south wing actuators 108A and 108B. These gains 308A and 308B can calibrated on-orbit to create an optimal
asymmetric stepping of north and south wing actuators 108A and 108B to minimize thermal shock transient error of the
spacecraft 100 with smallest travel range of solar wing position actuators 108A and 108B.

[0029] When the solar wing 114 temperature measurements are available from the solar wing temperature sensors
208, these temperature measurements are applied to the temperature-to-actuator transfer functions 306 and gain ele-
ments 308 to generate the feedforward compensation 314 signal. When temperature sensor 208 measurements are
not available, a predicted control step profile 310 can be used to generate the compensation signal 314 and command
each solar wing position actuator 108. This functionality is shown diagrammatically by switch 312.

[0030] Calibration of both the gain elements 308A and 308B and the control profiles 310A and 310B can be performed
in the initial operation phase of the spacecraft when itis flown in and out of eclipse. This can be accomplished by adjusting
the gain and or control profile, and observing the effect on thermal shock disturbances with spacecraft 100 navigation
sensors. Gain schedules or control profiles which have thus proven to be effective can be stored in a spacecraft control
processing system 116 for subsequent thermal shock disturbance compensation after the calibration period.

[0031] An alternative approach to on-orbit calibration is one-day-ahead prediction. Using this method, the effects of
the spacecraft thermal shock are measured each day, and each day’s predicted thermal shock is determined from the
thermal shock measurements taken on the previous day. This prediction technique is effective because the eclipse
changes slowly over a 23-day period, and hence, thermal shock measurements vary little from one day to the next.
[0032] Although illustrated as separate predicted actuator profiles for the North and the South channel (310A and
310B, respectively), a single profile may be implemented for both channels. Further, in cases where temperature meas-
urements are unavailable from only one channel, the predicted actuator profile may be used for both channels, or
alternatively, for one channel while the measured temperature, transfer function and gain is used in the other channel
[0033] The foregoing thermal shock compensation loop 302 of the thermal shock compensation system can be inte-
grated with other elements of the spacecraft attitude feedback control system, including the attitude control loops 330A
and 330B depicted in FIG. 3.

[0034] Attitude control loop 330B measures characteristics of the spacecraft bus 102 with attitude control sensors
322, and applies these measurements to an attitude control algorithm 324. Attitude control sensors 322 can include a
combination of an inertial reference unit, accelerometers, gyros, star/sun sensors, magnetometers and the like. The
closed loop control algorithm 324 processes and filters these measurements to arrive at a first feedback compensation
signal 340 which is supplied in the form of an attitude control actuator command to the attitude control actuators 328.
Unfortunately, the attitude control actuators 328 (which can include, for example, attitude control reaction wheels) have
a limited control authority over the spacecraft 100. When reaction wheels are used, for example, the attitude control
actuators 328 are limited in the amount of torque that can be applied (T,,5)- This is shown by limiting element 326.
[0035] For particularly large thermal shock disturbances (or when the spacecraft is subject to other disturbances or
attitude control commands) the command from the closed loop control algorithm 324 may exceed the torque capacity
of the attitude control actuators 328. In these circumstances, the attitude control system can exhibit sluggish response
characteristics and possible instabilities. The present invention incorporates a second control loop 330A that takes
advantage of high control torque capability of the solar wing position actuators 108 to provide additional control authority
when the attitude control actuators 328 are saturated. In such circumstances, the commanded control torque from the
attitude control algorithm 324 is provided to both attitude control actuators 328 and solar wing position actuators 108.
[0036] The second controlloop 330A comprises a deadspace non-linearity 332, coupled to a torque-to-actuator function
334. The deadspace non-linearity 332 provides no output when the torque command is less than T,,,,, and a linear
output for torque commands in excess of T,,,,.. The torque-to-actuator function 334 translates the output of the deadspace
non-linearity 332 into a second attitude control signal 336. The second attitude control signal 336 is combined with the
thermal shock compensation signal 314 by summer 338, and provided to the solar wing position actuators 108 in the
form of a solar wing position actuator command 316. The second attitude control loop 330A allows the portion of com-
manded torque that exceeds the capability of the attitude control actuators 328 to be converted to solar wing position
actuator 108 step commands that are sent to the solar wing position actuator 108 actuators for spacecraft attitude control.
During thermal shock transient, the control torque of this integrated closed loop control system does not enter saturation
even when the residual thermal shock disturbance after thermal shock compensation is very large. This feature is
especially useful for spacecraft 100 with large solar wings 104.

[0037] FIG. 4A is a diagram showing plots of roll pointing errors at eclipse exit for an exemplary spacecraft 100
implementing the thermal shock compensation system described above. In this study, the traveling range of the positioner
used for thermal compensation was limited to plus and minus 6 degrees. The solid curve 402 shown in FIG. 4A presents
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the roll pointing error without thermal shock compensation. Without using the solar wing position actuators to minimize
the induced thermal shock disturbances, the spacecraft attitude control system was able to reduce the roll pointing error
to a maximum magnitude of 0.102 degrees. The dashed curve 404 shows the roll pointing error for a case wherein both
the South and North wing position actuators 108A and 108B are stepped in the same number of steps and in same
direction to compensate thermal shock disturbance of each respective solar wing 114. Note that the maximum roll
pointing error is about 0.068 degrees.

[0038] While this demonstrates the effectiveness of the present invention, the foregoing required relatively large
angular rotations of the solar wings 114 to sufficiently compensate the thermal deformation of each wing.

[0039] The dash-dot curve 406 shows the error reduction when South solar wing position actuator 108B was stepped
for 15% more steps than the North solar wing position actuator 108A (this is implemented by setting the gain of the
South channel gain element according to the following relationship

Gs(T) =K G(T) )]

where K =1.15. In this case, the South solar wing 114B is rotated about axis 110B by an angle 112 approximately 15%
more than the North solar wing 114A is rotated about axis 110A. This asymmetric compensation reduces the maximum
error to about 0.022 degrees.

[0040] Curve 408 shows the roll pointing error when the South wing position actuator 108B is stepped 25% more steps
than the North wing position actuator. In this case, thermal shock disturbance is compensated so well, the roll pointing
error is effectively zero. An on-orbit calibration scheme similar to those described above can be used to determine an
optimal value for K in equation (1).

[0041] Another consideration in the thermal shock compensation system 300 design is when to switch on thermal
shock disturbance compensation.

[0042] FIG. 4B is a diagram presenting the roll pointing error as a function of when the thermal shock compensation
is applied. The dashed curve 410 shows a maximum spacecraft roll pointing error of 0.017 degrees when the compen-
sation was switched on four seconds too early. The dashed-dot curve 412 shows a maximum spacecraft roll pointing
error of 0.022 degrees when the compensation was four seconds too late. These results show that the timing of the
application of the thermal shock compensation is important. If temperature measurements are available on solar wing
panels, these measurements can be used to timing the compensation as well as adjusting compensation signals. In
addition, the output voltage or current from the solar panels 104 can be monitored to determine when they have entered
or left the eclipse.

[0043] FIG. 5is a flow chart presenting exemplary method steps used to practice the present invention. The method
steps comprise the step of determining the solar wing compensation to compensate for the thermal disturbance. As
shown in blocks 501, 502A, and 502B, this can be performed by measuring the of the solar wing, or by computing the
solar wing position from predetermined solar wing position predictions. The position prediction is derived from a detailed
analysis (typically performed on the ground) and is calibrated during initial test periods of the spacecraft. Temperature
measurements can be obtained using a single solar wing temperature sensor 208, or a number of solar wing temperature
sensors. It can also be obtained using remote sensing devices such as an IR sensor, or with a plurality of temperature
sensors in different places on the solar wing 114 to measure temperature gradient variations along the surface of the
solar wing 114. If desired, the temperature of the solar wing can also be measured as an estimate from other data. For
example, the current or voltage from the solar wing 114 can be used to estimate temperature if desired. Next, the solar
wing 114 is rotated about a second axis 110A according to the predicted solar wing position or the measured temperature
of the solar wing 114. The second axis 110A is substantially perpendicular to a vector 204 pointing from the spacecraft
100 to the Sun and to an axis 118 described by the longitudinal extent of the solar wing 114 (which is in the undeformed
solar wing plane 202).

[0044] FIG. 6 is a flow chart illustrating exemplary method steps used to rotate the solar wing 114 when temperature
measurements are available. A thermal shock compensation signal 314 from the measured temperature of the solar
wing is determined, as shown in block 602. Then, the solar wing position actuator command 316 is generated from the
thermal shock compensation signal 314, and provided to the solar wing position actuator 108. These steps are shown
in blocks 604 and 606.

[0045] FIG. 7 is a flow chart illustrating exemplary method steps used in an embodiment of the present invention in
which the foregoing thermal shock compensation signal is used in conjunction with an attitude control loop using attitude
control sensors 322 and attitude control actuators 328. First, the attitude of the spacecraft about the second axis 110A
is measured, as shown in block 702. Then, an attitude control signal 340 and an associated attitude control actuator
command is generated, as shown in blocks 704 and 706. The attitude control actuator command is then provided to an
attitude control actuator 328, as shown in block 708.
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[0046] FIG. 8is aflow chartillustrating exemplary steps used in another embodiment of the present invention in which
attitude control from the attitude control sensors 322 is also supplied to the solar wing position actuators 108. As shown
in block 802-804, when the attitude control actuator command exceeds a maximum control authority parameter T, ...
a second attitude control signal is generated. This second attitude control signal 336 is combined with the thermal shock
compensation signal 314 to generate the solar wing actuator position command 316. In the illustrated embodiment, the
maximum control authority parameter is described in terms of torque. However, the principles described above can be
used for other control schemes as well, such as those which describe a maximum rotation rate, or similar parameter.
[0047] The foregoing method steps are performed by a spacecraft control processing system 116 which is operatively
coupled to the sensors and actuators described above as well as other electro-mechanical subsystems in the spacecraft.
The transfer functions, gains, and algorithms noted in the above description can be implemented by hardware elements,
by a separate spacecraft control processing system 116, or by a general purpose processor. For example, switch 312
can be implemented as a software instruction to the processor 116, or as a relay. Transfer functions 306 and 334 as
well as the closed loop control algorithm 324 are typically implemented by a series of instructions necessary to implement
non linear or linear gain scheduling and digital filtering processes. However, these functions can be implemented by
analog components or a combination of analog and digital components as well.

[0048] FIG. 9illustrates an exemplary spacecraft control processing system 116 that could be used to implement the
present invention. The spacecraft control processing system 116 includes a computer 902 having a processor 904 and
a memory 906, such as random access memory (RAM).

[0049] Generally, the computer 902 operates under control of an operating system 908 stored in the memory 906.
The computer 902 may also implement a compiler 912 which allows one or more application programs 910 written in a
programming language such as COBOL, C++, FORTRAN, or other language to be translated into processor 904 readable
code. After completion, the application 910 accesses and manipulates data stored in the memory 906 of the computer
902 using the relationships and logic that was generated using the compiler 912. The computer 902 also optionally
comprises an external communication device such as a satellite link for communicating with other computers which are
located, for example, at a ground station.

[0050] Instructions implementing the operating system 908, the application programs 910, and the compiler 912 may
be tangibly embodied in a computer-readable medium, e.g., data storage device 920, which could include one or more
program and/or data storage devices, such as a hard drive, CD-ROM drive, tape drive, etc. Further, the operating system
908 and the computer program 910 are comprised of instructions which, when read and executed by the computer 902,
causes the computer 902 to perform the steps necessary to implement and/or use the present invention. Computer
program 910 and/or operating instructions may also be partially or completely tangibly embodied in memory 906 and/or
data communications devices 930, thereby making a computer program product or article of manufacture according to
the invention. As such, the terms "article of manufacture" and "computer program product” or "program storage device"
as used herein are intended to encompass a computer program accessible from any computer readable device or media.
[0051] Those skilled in the art will recognize many modifications may be made to this configuration without departing
from the scope of the present invention as defined by the claims.

Conclusion

[0052] This concludes the description of the preferred embodiments of the present invention. In summary, the present
invention describes a method, apparatus, and article of manufacture for compensating for solar wing thermal shock.
[0053] The method comprises the steps of either computing solar wing position from predetermined solar wing position
predictions or by measuring the temperature of the solar wing extending from the satellite along a first axis. Then, the
solar wing is rotated about a second axis according to the measured temperature of the solar wing, wherein the second
axis is substantially perpendicular to the first axis and to a vector from the spacecraft to the sun. In one embodiment of
the present invention, the predicted solar wing position or the measured solar wing temperature is used in a thermal
shock compensation loop to command a solar wing position actuator to move the solar wing.

Claims

1. A method of controlling an attitude of a spacecraft (100) having at least one solar wing (114) extending therefrom
along a first axis (118) to compensate for a thermal shock disturbance, comprising the steps of:

measuring a temperature of the solar wing (114) and computing the solar wing compensation from the measured
temperature of the solar wing (114) to compensate for the thermal shock disturbance; and

rotating the solar wing (114) about a second axis (110) according to the solar wing compensation, wherein the
second axis (110) is substantially perpendicular to the first axis (118) and to a vector (204) from the spacecraft
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to the sun.

The method of claim 1, characterized in that the step of determining the solar wing compensation comprises the
step of:

estimating the solar wing compensation from a predicted solar wing (114) thermal shock disturbance.

The method of any claims 1 - 2, characterized in that the solar wing (114) comprises a center of gravity (206), and
the solar wing (114) is rotated in an amount to maintain the center of gravity (206) substantially along the first axis
(118).

The method of any of claims 1 - 3, characterized in that the solar wing (114) is rotated about the second axis (110)
according to a predicted solar wing temperature when the measured temperature of the solar wing (114) is unavail-
able.

The method of any of claims 1 - 4, characterized in that the step of rotating the solar wing (114) about the second
axis (110) according to the solar wing compensation comprises the steps of:

determining an amount of solar wing rotation about the second axis (110); and

determining a time for applying the solar wing rotation from a parameter selected from the group comprising:
a measured temperature of the solar wing (114);

a measured solar wing (114) electrical output; and

a predicted thermal shock, wherein the predicted thermal shock is determined from at least one previously-
observed thermal shock characteristic.

6. An attitude control system for compensating for thermal shock in a spacecraft (100) having at least one solar wing

7.

(114) extending therefrom along a first axis (118), the attitude control system comprising:

at least one temperature sensor (208), for measuring the temperature of the solar wing (114); and

a thermal shock compensation loop (302), for generating at least one actuator command, wherein the actuator
command is determined from the temperature of the solar wing (114), characterized in that the attitude control
system comprises at least one solar wing position actuator (108), cooperatively couplable to the solar wing
(114), for rotating the solar wing (114) about a second axis (110), wherein the second axis (110) is substantially
perpendicular to the first axis (118) and to a vector (204) from the spacecraft to the sun; and in that

the actuator command is a solar wing position actuator command (316) to rotate the solar wing about the second
axis (110) to compensate for the thermal shock disturbance.

The system of claim 6, characterized in that the thermal shock compensation loop (302) comprises thermal shock
compensation (308) for transforming the measured temperature of the solar wing (114) into solar wing position
actuator commands (316).

Patentanspriiche

1.

Verfahren zum Steuern der Lage eines Weltraumfahrzeugs (100) mit zumindest einem Solarsegel (114), das sich
von hier entlang einer ersten Achse (118) erstreckt, um eine Thermoschock-Stérung zu kompensieren, mit den
Schritten:

Messen einer Temperatur des Solarsegels (114) und Berechnen der Solarsegelkompensation aus der gemes-
senen Temperatur des Solarsegels (114), um die Thermoschock-Stérung zu kompensieren; und

Drehen des Solarsegels (114) um eine zweite Achse (110) entsprechend der Solarsegelkompensation, wobei
die zweite Achse (110) im Wesentlichen senkrecht zu der ersten Achse (118) und einem Vektor (204) vom
Weltraumfahrzeug zur Sonne ist.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass der Schritt des Bestimmens der Solarsegelkompen-
sation den Schritt umfasst:

Schétzen der Solarsegelkompensation aus einer vorhergesagten (114) Thermoschock-Stérung des Solarse-
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gels.

3. Verfahren nach einem der Anspriiche 1 - 2, dadurch gekennzeichnet, dass das Solarsegel (114) einen Schwer-

punkt (206) aufweist, und das Solarsegel (114) um einen Betrag gedreht wird, um den Schwerpunkt (206) im
Wesentlichen langs der ersten Achse (118) zu halten.

Verfahren nach einem der Anspriiche 1 - 3, dadurch gekennzeichnet, dass das Solarsegel (114) um die zweite
Achse (110) entsprechend der vorhergesagten Solarsegeltemperatur gedreht wird, wenn die gemessene Tempe-
ratur des Solarsegels (110) nicht verflgbar ist.

Verfahren nach einemder Anspriiche 1 -4, dadurch gekennzeichnet, dass der Schritt des Drehens des Solarsegels
(114) um die zweite Achse (110) entsprechend der Solarsegelkompensation die Schritte aufweist:

Bestimmen eines Betrages der Solarsegeldrehung um die zweite Achse (110); und
Bestimmen einer Zeit fir das Ausfiihren der Solarsegeldrehung aus einem Parameter, der aus der Gruppe
gewahlt wird:

eine gemessene Temperatur des Solarsegels (114);

ein gemessener elektrischer Ausgang des Solarsegels (114); und

ein vorhergesagter Thermoschock, wobei der vorhergesagte Thermoschock aus zumindest einer zuvor
beobachteten Thermoschock-Eigenschaft bestimmt wird.

Lagesteuerungssystem zur Kompensation eines Thermoschocks in einem Weltraumfahrzeug (100) mit zumindest
einem Solarsegel (114), das sich davon entlang einer ersten Achse (118) erstreckt, wobei das Lagesteuerungssy-
stem aufweist:

zumindest einen Temperatursensor (208), zum Messen der Temperatur des Solarsegels (114); und

einen Thermoschock-Kompensationskreis (302), um zumindest einen Aktuatorbefehl zu erzeugen, wobei der
Aktuatorbefehl aus der Temperatur des Solarsegels (114) bestimmt wird, dadurch gekennzeichnet, dass das
Lagesteuerungssystem aufweist: zumindest einen Solarsegelpositionsaktuator (108), der mit dem Solarsegel
(114) zusammenwirkend gekoppelt ist, um das Solarsegel (114) um eine zweite Achse (110) zu drehen, wobei
die zweite Achse (110) im Wesentlichen senkrecht zu der ersten Achse (118) und einem Vektor (204) vom
Weltraumfahrzeug zu der Sonne ist; und dass der Aktuatorbefehl ein Solarsegelpositionsaktuatorbefehl (316)
ist, um das Solarsegel um die zweite Achse (110) zu drehen, um eine Thermoschock-Stérung zu kompensieren.

System nach Anspruch 6, dadurch gekennzeichnet, dass der Thermoschock-Kompensationskreis (302) eine
Thermoschock-Kompensation (308) zur Umwandlung der gemessenen Temperatur des Solarsegels (114) in Solar-
segelpositionsaktuatorbefehle (316) aufweist.

Revendications

Procédé de commande d’orientation d’un engin spatial (100) comportant au moins une aile solaire (114) s’étendant
a partir de celui-ci le long d’un premier axe (118) pour compenser une perturbation de choc thermique, comprenant
les étapes consistant a :

mesurer une température de 'aile solaire (114) et calculer la compensation d’aile solaire a partir de latempérature
mesurée de l'aile solaire (114) pour compenser la perturbation de choc thermique ; et

faire tourner l'aile solaire (114) autour d’'un deuxiéme axe (110) selon la compensation d’aile solaire, dans lequel
le deuxiéme axe (110) est substantiellement perpendiculaire au premier axe (118) et a un vecteur (204) de
I'engin spatial au soleil.

Procédé selon la revendication 1, caractérisé en ce que I'étape consistant a déterminer la compensation d’aile
solaire comprend I'étape consistant a :

estimer la compensation d’aile solaire a partir d’'une perturbation de choc thermique d’aile solaire (114) prédite.

Procédé selon I'une quelconque des revendications 1 a 2, caractérisé en ce que l'aile solaire (114) comprend un
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centre de gravité (206), et I'aile solaire (114) est amenée a tourner d’'une certaine quantité pour maintenir le centre
de gravité (206) substantiellement le long du premier axe (118).

Procédé selon I'une quelconque des revendications 1 a 3, caractérisé en ce que l'aile solaire (114) est amenée
a tourner autour du deuxiéme axe (110) selon une température d’aile solaire prédite lorsque la température mesurée
de l'aile solaire (114) n’est pas disponible.

Procédé selon I'une quelconque des revendications 1 a 4, caractérisé en ce que I'étape de rotation de l'aile solaire
(114) autour du deuxiéme axe (110) selon la compensation d’aile solaire comprend les étapes consistant a :

déterminer une quantité de rotation d’aile solaire autour du deuxieme axe (110) ; et
déterminer un temps pour appliquer la rotation d’aile solaire a partir d’'un paramétre sélectionné dans le groupe
comprenant :

une température mesurée de l'aile solaire (114) ;

une sortie électrique d’aile solaire (114) mesurée ; et

un choc thermique prédit, dans lequel le choc thermique prédit est déterminé au moins a partir d’au moins
une caractéristique de choc thermique observée précédemment.

Systéme de commande d’orientation permettant de compenser un choc thermique dans un engin spatial (100)
comportant au moins une aile solaire (114) s’étendant a partir de celui-ci le long d’'un premier axe (118), le systeme
de commande d’orientation comprenant :

au moins un capteur de température (208), permettant de mesurer la température de I'aile solaire (114) ; et
une boucle de compensation de choc thermique (302), permettant de générer au moins une commande d’ac-
tionneur, dans lequel la commande d’actionneur est déterminée a partir de la température de l'aile solaire (114),

caractérisé en ce que le systéme de commande d’orientation comprend au moins un actionneur de position d’aile
solaire (108), pouvant étre couplé de fagon coopérative a I'aile solaire (114), pour faire tourner I'aile solaire (114)
autour d’un deuxiéme axe (110), dans lequel le deuxiéme axe (110) est substantiellement perpendiculaire au premier
axe (118) et a un vecteur (204) de I'engin spatial au soleil,

et en ce que la commande d’actionneur est une commande d’actionneur de position d’aile solaire (316) pour faire
tourner I'aile solaire autour du deuxiéme axe (110) afin de compenser la perturbation de choc thermique.

Systéme selon la revendication 6, caractérisé en ce que la boucle de compensation de choc thermique (302)

comprend une compensation de choc thermique (308) permettant de transformer la température mesurée de l'aile
solaire (114) en commandes d’actionneur de position d’aile solaire (316).

10
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