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neuvers. Under this experiment, TOPEX Autonomous Maneuver Experiment (TAME),
JPL. will develop and test on-board software to autonomously plan constraint free attitude
maneuvers and execute an Orbital Maintenance Maneuver (OMM). The planning soft-
ware along with the required database will reside onan existing satellite sensor processor
subsystem. The database includes satellite and orbit parameters as well as the mission
constraints.  Upon receiving an OMM request, the planner software will design an atti-
tude maneuver plan, which is free of constraints. A sequence of commands will then be
generated which include this plan and other necessary commands to correctly reconfigure
the satellite. The generated command sequence will then be transferred to the T/P main
processor (OBC) for implementation.

This technology demonstration will provide data to perform cost/benefits analysis to de-
termine the proper trades between flight- and ground-based spacecraft mission operation.
It will also provide approaches for the new par adigms in system architecture, ground
commanding and test and verification that will be necessary for highly autonomous
event-driven controls.

TOPEX MISSION

The TOPEX/Poseidon Satellite, hereafter referred to as TOPEX (Ocean Topology Ex-
periment) was launched on August 10, 1992, from the Kourou Space Center in French
Guyana. The satellite was launched into a nomninal circular orbit with an altitude of 1336
Km and an inclination of 66 degrecs. The TOPEX isaremote sensing mission with the
primary science objective of providing sea surface altiinctery from space.
TOPEX/Poseidon program is jointly sponsored by ‘I’ he National Aeronautics and Space
Administration (NASA) and Centre National d’Etudes Spatiales (CNES). This joint
U.S./French mission combines each countries’ space ocean research missions. The
TOPEX mission is managed by the: Jet Propulsion Laboratory (JP1.) for the NASA office
of Space Sciences Application. JP1., is also responsible for the day to day operation of
the satellite. The Poseidon is managed by the Toulouse Space I.aboratory for CNES.
TOPEX was dlated for a prime mission of three years, which was completed in Septem-
ber 1995. A threeyears extension to the mission has becn approved by NASA.

The primary science objective. of the TOPEX satellite isto provide highly accurate meas-
urements of the sea surface elevation over all of the ocean basins. The primary science
requirement is to provide geocentric measurement of the. global occan sea level accurate
to 14 cm with a precision of 2.4 «m along track. These requirements necessitated a fro-
zen orbit that provides a fixed ground track every 10 sidercal days (127 orbits)’. To
maintain the frozen orbit, the satellite occasionally perfornissmall burns referred to as
Orbit Maintenance Maneuver (OMM). It is the objective of TAMI: to develop the soft-
ware that provides the capability for on-board planning and execution of an OMM.

TAME IMPLEMENTATION

Orbit Maintenance Maneuver (OMM) execution is a multi-discipline activity. The need
to perform a correction is first deter mined by the missionnavigation function. The navi -
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Figure 1 Current TOPEX/Poseidon Maneuver Implementation Design A ctivity.
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Figure 2 Proposed TOPEX/Poseidon Autonomous Maneuver Implementation.
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Figure 3 TAMI Aichitecture.

The nlanner output, a stream of time-tagged quaternions, Will pass through a translator
that converts the quaternions to TOPEX commands before passing them to the sequence
generator module. The TOPLX attitude commander in the OBC, EulerC, has the capa-

bility of providing smooth turns only about the satellite yaw-axis. Commands about
other axes may be applied as biases only.

The sequence generator module creates an OMM equivalent sequence by adding satellite
configuration changes, and the hardware and software pre and post conditioning com-
mands to the output of the planner/transiator.  ‘1"he g¢ nerated sequence will then be
transmitted to the OBC for execution.

Transferring data between the OBC and the 1 ‘/50A provides another challenge to the
TAM] i design. Communication between the two computers is based on the existing
TOPIX command and telemetry architecture. The 1750A output data is normally slated
for transfer to the ground as partof the spacecrafttelemnctiy. In this experiment, the

OBC will capture, interpret and verify the telemetry from the 1750A before interleaving it
with the existing background commands. Figurc 4 graphically shows the proposed data
transfer architecture.
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The TOPEX satellite design is based on NASA’s Multi-Mission Satellite (MMS) bus
architecture’.  The MMS bus design provides for four .modularized subsystems: the
Modular Attitude Control Subsystem (MACS) module, the Modular Power Subsystem
(MPS) module, the Command and Data Handling (C&1)1 | j module and the Propulsion
Module (PM). The satellite is an llarth-oriented, three-axis body- stabilized vehicle. All
altitude control and maneuver executions are controlled by the Attitude Determination
and Control Subsystem (ADCS), which contains all of the components required to per-
form attitude acquisitions, attitude stabilization, attitude control and hydrazine thruster
firing during propulsive maneuver activities. ADCS is supported by the MACS module
and the satellite central computer, the on-Board Computer (OBC), resident on the C&DH
module. In addition to the OBC, the satellite carries a GPS navigation experiment, which
includes a 1750A computer. The communication between the OBC and 1750A computer
is based on a master/dave protocol, unique to the MMSuus, via a Remote Interface Units
(IRU).



On-Board Computer

The TOPEX On-Board Computer (OBC) is part of the Command & Data Handling Sub-
system (C&DH). The OBC is comprised of three key elements, the Central Processing
Module (CPM), Core Memory Unit (CMU) and the STandard INTerface (STINT). The
CPM consists of a NASA Standard Spacecraft Computer (NSSC-1). The NSSC- 1isan
18-bit fixed point CPU running on a1.8MHz clock. The CMU consists of 64K words
(18-bit word), which are divided into 16 4K banks. The SI'IN’I" provides the serial inter-
face between the CPM and the Central Unit (CU). The CU performs all the spacecraft
command & telemetry routing and properly formats the 1 Kbps & 16Kbps telemetry
stream to be sent to the ground.

Each spacecraft subsystem is connected with the Multiplexed 1Data Bus (MDB) viaa Re-
mote Interface Unit (Rl U). When a command is received by the CU, it routes the com-
mand to the proper subsystem based upon an R1U number and a channel number. The
same process occurs whether the command is sent from the g1ound or by the OBC. The
OBC is capable of processing commands from the ground and send commands in rea
time from atimed stored sequence. Also the OBC has access to both the 1 & 16K bps te-
lemetry stream streams.

The OBC flight software (FSW) performs all of the major attitude control and fault de-
tection as well as other miscellaneous command and telemctry functions. The FSW is
divided into separate tasks which run at specific times and for specific intervals based
upon a scheduler. All the 1/() and main operating system functions are performed by the
Executive which runs every 64insec. The other tasks run at a slower intervals of 256, 512
or 1024 msec.

Since the 1750A hardware does not allow spacecraft commands to be issued, the TAME
architecture depends on the 1750A processor to transfer the commands to the OBC for
transmission.  This requires the 1750A to communicate with the OBC via the existing
16K telemetry stream. The overall process consists of the1°750A generating the maneu-
ver commands and formatting the commands to look like telemetry data. The OBC inter-
cepts the 1750A telemetry and stores the commands for transinission at alater time.

Since the executive performs critical low level functionsitis desirable to limit the
amount of changes to the executive code. This means making most of the code changes
to the Absolute Time Command P1ocessor (ATCP) task. The changes to this task have
been designed to not interfere with normal operations. The ATCP processes stored com-
mands based upon a 18-bit time tag which is compared with the FSW time. When the
time tag matches the FSW time, the command is sent.

The code changes for TAME involve three major functions. Intercept the 1750A teleme-
try and store commands into proper memory locations. Checksums will be used to assure
the data integrity during the data transfer. ‘I’ he second major function is to integrate the
maneuver store sequence from the 1750A into t he normal stored sequence of commands.







ROM and custom hardware. This leaves 60 Kwords (120 Kbytes) for memory-mapped
RAM.

ATTITUDE MANEUVER 1'1 ANNERMODUILE

The maneuver planning module processes requests for orbital change maneuvers and
generates spacecraft commands for mancuver execution.. An orbital change maneuver
modifies the orbit characteristics for drag make-up. Orbital change maneuvers are ac-
complished by pointing the spacecraft thruster in the direction of the requested impulse.
A maneuver consists of

(1) turns to accomplish the requested pointing
(2) an orbital change propulsive butn at constant attitude, and
(3) turns tore-acquire a nominal spacecraft attitude.

The maneuver planning module ensures that all spacecraft pointing constraints are satis-
fied during the maneuver turns and burns. The maneuver planning module a priori
computes a maneuver which

(1) acquires the requested attitude at the requested epoch
(2) satisfies all active pointing constraints

(3) includes the spacecraft dynamic behavior

(4) includes settling times

(5) includes turn rate limits

Maneuver Planning Task

The maneuver planning task is to align a body-fixed vector and an inertially fixed vector,
Figure 5. This consists of rotating the spacecraft to an orientation sufficient to align the
two vectors, performing a thruster(s) bum, and rotating the. spacecraft to a new orienta-
tion. The basic maneuver component isaconstant eigenaxis rotation with respect to an
inertial frame. A turn begins from an initial stationary attitude, continues with spin-up to
a constant rotation rate about a single eigenaxis, and ends with spin-down to a ncw sta-
tionary attitude, Figure 6. Thus all spacecraft body-fixed vectors generate a cone trajec-
tory about th_(i) eigenaxis, while inertial vectors reinain stationary. The magnitude of the

spin vector, M, or turn rate is afunction of the spacecraft contioller turn characteristic. A
typical turn rate curve characteristic, shown in Figure 6, consists of aramp during spin-
up, aconstant turn rate during coast, and a negative ramp during spin-down.

Maneuver Planning

The planning task of the maneuver planning module is to satisfy constraints. Most ma-
neuvers are subject to constraints. Constraints arc modeled as pointing constraints associ-
ated with a pair of vectors: a body-fixed vector and an incrtialy-fixed or orbital 1y-fixed
vector (Figure 7). A constraint is violated if the body-fixed vector is within a specified
angular distance, or half-cone angle, of the incrti:illy-fixed vector. Two constraints are




illustrated in Figure 8; each constraint pair isindicated by an index. Thereis no theoreti-
cal limit on the maximum number, n, of constraints. Each counstraint associates one vec-

tor pair; i.e., aconstraint violation can occur only between vectors of equal index.

The Maneuver Planner, Figure 9, consists of three main functions:

(2) initialization
(2) optimization.
(3) maneuver profile generation

The Path Initializer searches for a maneuver profile that satisfies al constraintslisted in
the Constraint Table. The Path initializer outputs a quaternion/timeline set (maneuver
profile) representing a constraint-free maneuver. Next, the Path optimizer adjusts the
maneuver profile to locally minimize the total maneuver time, Finally, the Maneuver
Commander converts the optimized mancuver profile to time tagged quaternions to
command TOPEX controller.
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Path Optimization

The Path Optimizer converges the maneuver profile to a local minimum. This strategy
allows the initialization to proceed without regard to optimality.l.et g denote a qua-
ternion and T denote spacecraft time. Then atypical maneuver profile isillustrated in
Figure 12. The function of the intermediate attitudes, “A” and "B". is to avoid the con-
straints. These quaternions are computed in the Path Initializer.
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Local minima are defined with respect to a specific cost function. 1The TAME cost func-
tion is computed as follows:

J= inish — Tstar) + A T,
where

1
T, = 2 (time inside constraint
i=1 conefor j th constraint)

Theterm T, is apenalty function that causes the cost function j to peak if the maneuver is
adjusted into a constraint and A is a sensitivity multiplier. Thus the Path Optimizer
causes the trgjectories to be as direct as possible until a constraint spherical circleis tan-
gentially intersected by a body vector.

Six degrees of freedom exist to plan a maneuver: the two inter mediate attitudes q,, and
qy | et the independent coordinates of the quaternions be indicated as:

q, =[x, %0, %3]

qb:: [X41 X59 XG][;

L,
_)f : )‘.(1, X»Z, XB,XA’ XS’ X(J ’

where x is the maneuver profile. Then the cost function and its gradient with respect to
the maneuver profile are:

-3
J:J(X)§
vidd 94 9 9 g 4]
aXl ax2 8x3 ()X4 axS C}X()
The gradient vector pointsin the direction of stecpest descent to minimize the cost func-
-3

tion (J). The Path Optimizer converges the maneuver profile (X ) via the following dy-
namics:

i=i0%);
o 9 & 3 9 9]

Vi= - C S B
J ox,” dx,’ dxy” Ox, dxs dxg

In Figure 13, the converge law integrator terminates at a local minima of the cost func-
tion.

15




-
dx YES .
INVERTE — P (:.) e ¥ —— ¥

NO

>l

GAIN

b I P

L

Figure 13 Path Optimizer Maneuver Profile Convergence lLaw

CONCLUSIONS

The feasibility for autonomous propulsive maneuver planning sequence generation was
demonstrated in 19944. The 1995S effort generalized the algorithms allowing arbitrary
Fuler turnsin place of the single axis turns and the code is being written to comply with
flight software code requirements. The TOPEX Autonomous Maneuver Experiment
(TAMI:) applies these concepts to areal operational nadir pointed orbiter,

The experiment is scheduled for early caendar 1997. Recently the TAME team com-
pleted the algorithm design review. Current schedule calls for the implementation and
test to be completed by October of 1996..

The challenge of the TAME experiment will not be limited to the maneuver planner algo-

rithm. Real mission constraints and oversights would have to be considered for their full
impact to ensure a safe experiment.
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