
COMMAND AND TELEMETRY IN
AUTONOMOUS SPACECRAFT DESIGN

Item Type text; Proceedings

Authors Turner, Philip R.

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © International Foundation for Telemetering

Download date 19/05/2023 15:31:29

Link to Item http://hdl.handle.net/10150/610996

http://hdl.handle.net/10150/610996


COMMAND AND TELEMETRY IN AUTONOMOUS
SPACECRAFT DESIGN

Philip R. Turner
Technical Group Supervisor
Jet Propulsion Laboratory

California Institute of Technology
4800 Oak Grove Drive

Pasadena, California 91109

ABSTRACT

Spacecraft autonomy is provided by placing control authority for functional operations on
board the spacecraft. A three-step control process utilizes sensed information to determine
and initiate appropriate control actions. A critical design feature is the selection of
appropriate sensory data and the means by which it is passed to the onboard control
resource. This paper summarizes some major steps in the evolution of autonomous design
features for planetary exploration spacecraft.

INTRODUCTION

In the past, command and telemetry subsystem design has been driven by a primary
requirement to support external control of the spacecraft system from the ground.
However, basic sensing and command capabilities of the subsystems have been used to
implement autonomous control features in several planetary programs. Experience with
these implementations has led to expanded autonomous control capabilities and produced
specialized requirements for command and telemetry functions. This paper discusses the
adaptation of command and telemetry capabilities to autonomous control and their impact
on requirements for telemetry and command functions.

AUTONOMY

A basic definition identifies autonomy as an attribute of a system or subsystem that allows
the system to operate within its specified performance requirements without external
intervention for a specified period of time [1]. Fault protection or fault-tolerant design
features are normally required to support autonomous operations by protecting the system
from the effects of many types of failures or transient faults.



Autonomous control processes can be viewed as requiring the sensing of the state of
internal or external quantities, directing the initiation of a response that meets appropriate
system objectives, and acting to implement the response. This generic three-step process
may be included as part of a closed loop, if required. The first and last steps of this process
are commonly supported as part of the telemetry and command functions of a spacecraft,
while the element often provided by ground control is the intermediate step of directing the
initiation of a response based upon the sensed state information. An extrapolation of
common design practice to provide for autonomous control is to supply a logical control
resource that can be programmed to select a desired response based upon an analysis of
the sensed state information. This control resource is most commonly implemented as a
digital computer or processor.

PLANETARY FLIGHT PROJECT APPLICATIONS

Mission requirements, coupled with project policies on acceptable risks to the data return,
have driven the implementation of features for autonomous control. There are several
details that have been particularly significant in the implementation of an increasing degree
of autonomous control.

Automation of functions and fault protection was initially designed into the hardware on a
function-by-function basis. Flight-qualified digital processors and components have been
incorporated into designs as their technological maturity and availability have permitted.
This has allowed software to play a larger part in the implementation of control functions,
with a corresponding increase in system design flexibility. Software implementation allows
for the modification or addition of control functions in a flight environment. System
performance can be enhanced by the redesign of control features after a better
understanding has been gained of the operational performance of the system. Additional
functions may be designed and implemented to accomodate new requirements, hardware
faults, and gradual performance degradation with the end-of-life.

The Viking Orbiter command and telemetry functions [2] were provided in the architecture
shown in Figure 1. The Computer Command Subsystem (CCS) consisted of redundant,
special-purpose digital processors, the only ones in the system. They issued commands to
the spacecraft subsystems from stored sequences or as received on the uplink from the
ground. The Flight Data System (FDS) formed engineering telemetry and science data into
a single digital stream for the downlink. It also had a direct output to the CCS that allowed
engineering telemetry data to be read into the CCS memory. During the extended Viking
mission, this feature, as well as the hard-wired failure sensor-driven interrupts, permitted
the CCS software to monitor the state of the spacecraft subsystems and issue stored
command sequences in response to the detection of predefined conditions. Nine system-
level fault-management algorithms, provided in the primary mission software, were



Figure 1.  Viking Control and Data Architecture

designed to support the spacecraft from launch through Mars orbital injection and the
initial 140 days of orbital operations in the primary mission. These algorithms are
described in Table 1. An extended mission that was defined required the spacecraft to
operate with greatly reduced tracking, telemetry, and ground staff support. This led to the
implementation of nine additional algorithms, described in Table 2, to provide fault
protection and maintenance on board. The critical design feature that allowed this degree
of flexibility was the software control of the spacecraft command sequences, which were
driven by state data in the telemetry monitored by the CCS.

Table 1.  Viking Orbiter Spacecraft Fault-Management
Algorithms–Primary Mission

Name Function

CCS Errors (ERROR) Responded to anomalous CCS hardware or software
conditions. Normally placed the CCS in a “wait” state
(except during the Mars orbit insertion maneuver).

Mars Orbit Insertion
Power Transient (MOIMAU)

Provided a means to continue CCS execution of the
Mars orbit insertion maneuver in the presence of a
spacecraft power transient or attitude control electronics
power changeover.

RF Power Loss (RFLOSS) Corrected a low power output of either the exciter or the
traveling wave tube (TWT) by cycling through all the
possible S-band exciter/TWT combinations until the
downlink was reestablished.



Command Loss (CMDLOS) Assumed a spacecraft failure if a command was not
processed in a specified number of hours. Systematically
switched redundant elements until a valid command was
received by the CCS.

Roll Reference Loss Responded to a loss of Canopus reference star by
commanding a flyback and sweep of the Canopus
tracker instantaneous field of view to search for the star
within the tracker’s field of view, followed by a roll of
the spacecraft to search for the star.

ACE Power Changeover Caused a switch to the redundant Attitude Control
Electronics (ACE) under specific fault conditions.

Battery Charger
Disconnect (BCHGDS)

Monitored the temperature of each of the two batteries
during charging. Disconnected a battery charger from its
respective battery if an over-temperature condition was
detected.

Share Mode (SHRMOD) Determined that the spacecraft was in a share mode and
shed preassigned loads to allow the boost converter to
boost the solar array voltage to the higher operating
point.

Pressurant Regulator
Failure (PRSREG)

Detected a propulsion regulator leak and isolated the
regulator from the high pressure helium supply before
the propellant tank relief valves could actuate.

Table 2.  Viking Orbiter Spacecraft Fault-Management
Algorithms–Extended Mission

Name Function

Battery Discharge
Monitor (BATMON)

Monitored discharge current of the two batteries during
occultation and configured the spacecraft to a safe state if
state-of-charge was below a safe level due to loss of one
battery.

Autonomous Battery
Charging (BATCHARGE)

Autonomously recharged the batteries after solar
occultation by monitoring battery temperature.

Science Power On
(SINPON)

Prevented damage to science instruments from power
transient at turn-on by monitoring current. The instrument
was turned off if an over-current was detected.



Receiver Switch
(RCVRSW)

Protected against a receiver failure during extended
occultation by monitoring oscillator current and switching
to the back-up receiver if current fell below a preset level.

Downlink Off (DLOFF) Insured that the spacecraft transmitter would be turned off
at end of mission in the event of loss of command
capability.

Accelerometer
Monitor (ACLMON)

Terminated the propulsion burn-to-depletion test performed
at the end of the mission by monitoring the accelerometer
count and commanding engine shutdown when spacecraft
acceleration dropped a preset amount.

Automatic Leak
Clearing (CORKER)

Monitored position error to detect gas jet leaks and caused
jets to actuate to attempt to clear the leak.

Stray Light (STRAY) Monitored the Canopus star tracker and initiated sequences
to prevent damage to the tracker and acquire or maintain
star reference after stray light exposure.

Low-Rate Engineering
Telemetry (DECOM)

Extracted selected data from the telemetry stream for use in
fault-protection algorithms.

The Voyager system architecture [3] is shown in Figure 2. In addition to the inherited
Viking CCS, this system architecture features a redundant, programmable digital processor
to implement the FDS functions and includes a third redundant, special-purpose digital
processor as the heart of the Attitude and Articulation Control Subsystem (AACS). A 40-
bits-per-second (bps) data link exists between the CCS and FDS that allows the CCS
access to telemetry in the same manner as in Viking. This link is not used in Voyager’s
fault-protection implementation, however. As in Viking, a series of individual fault
symptom indicators are instrumented with signals supplied directly to an interrupt handler
in the CCS. An interrupt triggers an appropriate software algorithm, which directs
resolution of the problem through command action. The AACS is responsible only for a
class of problems that fall in its functional area. A fault detected by the AACS may be
solved by commanding only hardware directly under AACS control, or it may also require
the AACS to issue a request for the CCS to command power or other resources outside the
scope of AACS control. A specific Voyager flight software baseline consists of eight CCS
fault-protection algorithms and ten AACS fault-protection algorithms. This baseline uses
26.5% of a single CCS memory and 19.4% of a single AACS memory for these fault-
protection functions. Jones [4] details the specific fault-protection algorithms and
mechanisms used for Voyager.



Figure 2.  Voyager Control and Data Architecture

The remainder of the memory resources are available for normal subsystem control logic
and sequences. The FDS does not participate directly in fault protection for Voyager, but
the telemetry link to the CCS could be used to implement control algorithms if a new
requirement were to arise.

The Galileo system design [5] shown in Figure 3 features the distribution of processors to
the major science payload instruments for the collection and formatting of downlink data.

Figure 3.  Galileo Control and Data Architecture



The reduced processing requirements that remain have been consolidated with the
command responsibilities that were provided by the CCS in Viking and Voyager into a
single redundant major processor, the Command and Data Subsystem (CDS). A data bus
connects distributed processors and user functions with the CDS. Engineering telemetry is
available to control algorithms via direct memory access and is the primary means of
triggering the fault-protection software implemented in the CDS [6]. Figure 4 summarizes
the distribution of fault protection between the CDS and the AACS. The AACS is
responsible for handling faults that are under its direct control, as in the Voyager design.

 Figure 4.  Galileo System Fault Protection Functional Overview



FUTURE CONCEPTS

The increasing interest in autonomous control and automation for spacecraft is a major
item affecting the design of data systems in future projects. The Space Station represents
one extreme of complexity which requires an integrated design of automated control with
command and telemetry functions. The concept of a functional hierarchy has been
advanced as an aid to analyzing the system-level design of autonomous control and the
distribution of control to subsystem-level processing resources [7]. The distribution of
processing, fault-protection, and maintenance functions that has been shown to be useful in
the Galileo system design will be critical to meeting the requirements of a vastly more
complex system with requirements of safety, long life, and evolvability while in flight.

The Autonomous Redundancy and Maintenance Management Subsystem (ARMMS)
represents a simpler, add-on approach to autonomous control [8]. The concept, illustrated
in Figure 5, utilizes the normal spacecraft telemetry stream as its sensory input. The
telemetry is decommutated and stored in ARMMS memory. Individual software algorithms
monitor stored values from telemetry and respond if appropriate conditions are detected.
Previously stored command sequences are selected from the ARMMS memory and are
transmitted to the normal spacecraft command system for execution. A demonstration of
the ARMMS concept, to be implemented in a breadboard of a fault-tolerant onboard
computer, is planned for 1986.

Figure 5.  The ARMMS Concept

CONCLUSIONS

Telemetry and command capabilities are fundamental features of spacecraft design that
have been successfully utilized for autonomous control. Table 3 summarizes some of the
implementation features used to initiate fault-protection features in autonomous control
designs. Telemetry data is a useful source of sensory information for software control



algorithms. These algorithms can utilize the spacecraft command capabilities to direct
appropriate control actions. This software approach to autonomous control provides for
modifications to the control process or the addition of new operating features during flight
operations.

Table 3.  Fault-Protection Implementation in Designs

Autonomous
Control Design

Interrupt-Driven
Fault Protection

Telemetry Input
Capability

Telemetry Used
by Fault Protection

Software

Viking X X

Viking Extended
Mission X X X

Voyager X X

Galileo X X

ARMMS Concept (Internal to
ARMMS)

X X
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