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Abstract –This paper describes current operational trend analysis practices and procedures used by on-orbit spacecraft constellations and multi-mission systems in government and industry..  Trend analysis is a critical function performed in mission operations centers involving analysis of spacecraft engineering telemetry to detect faults, determine degraded modes of operation, or identify failures in spacecraft subsystem components.  Careful trending is vital to ensure the continued health of a satellite mission. Trending results are often used to develop new command procedures or flight software patches for resolving detected on-orbit anomalies.  This paper attempts to identify the strengths and weaknesses of current trending analysis methods and tools used for presently operational spacecraft constellations or multi-mission systems and to extrapolate that information to explore design concepts to develop a more advanced trending system to support future NASA constellation missions. ..

1. Introduction
Goddard Space Flight Center’s (GSFC) Advanced Automation and Architecture Branch develops concepts and prototypes for  future mission operations systems.  Currently, constellations of up to 100 satellites are in the formulation stage.  To ensure cost-effective missions, future mission operations systems must provide sufficient functionality and autonomy to ensure that spacecraft constellations of this magnitude may be safely and reliably operated using no more than current staffing levels for single-spacecraft missions.  To determine the current state of trend analysis and to understand the needs and interests of the user community, a Mission Survey was developed and submitted to several operational constellation or multi-satellite mission control centers. 

In subsequent sections, a description of the survey process, as well as current trending tools, methods and procedures used for several present constellations or multi-mission systems are provided.  An assessment of the surveyed systems' strengths and weaknesses will be presented.  The final section will contain preliminary recommendations for functional and performance capabilities for the next generation trend-analysis systems.

2. Survey approach
First, several target missions were chosen for their relevance to future constellation missions.  As there are no currently operational missions that satisfy all major characteristics (i.e., coordinated operations, formation flying, scientific observation) expected of future GSFC constellation missions, representative missions were targeted and selected for survey based upon their classification as actual or virtual constellations.  Virtual constellations are considered to be loosely coordinated single spacecraft missions operated from a single mission operations center. 

Four missions were selected for the initial survey:  the Global Positioning System (GPS); Globalstar; GSFC's Small Explorer (SMEX) Missions; and The National Oceanic and Atmospheric Administration's (NOAA) Geostationary Operational Environmental Satellite (GOES), Polar Operational Environmental Satellite (POES) missions and Defense Meteorological Satellite Program (DMSP). The following paragraphs outline each mission and their relevance to this effort.

Although they are not science missions, the Global Positioning System (GPS) and GlobalStar were selected since they are both operational constellations providing a critical service to their respective customers.  The SMEX missions (TRACE, SWAS, and WIRE) are operated from a single control center at GSFC and share similar components within the individual satellites

NOAA's projects are composed of three virtual constellations, each consisting of several spacecraft whose science observations are coordinated.  Each of the three constellations (GOES, POES, DMSP) is operated from its own control center.

A questionnaire was developed to ascertain each mission's approach to and tools used for trending and presented to each of the four missions.. The survey form is included in its entirety in Appendix A.  

The survey questions requested specific information regarding number and type of parameters trended, specific systems or tools used, methods used to display or analyze data, and degree of operator involvement in producing trending products.  Additional questions were posed to determine how trending results are used by the mission.  Finally, operations teams were given the opportunity to propose specific improvements to their own systems and to think about future upgrades.  Teleconferences or meetings were held with each team to go over the survey results, and to discuss other aspects of trending operations not specifically addressed in the survey.

3. Survey Results

Detailed survey results for each constellation or project interviewed are provided in Appendix B.   Trend analysis operations and characteristics are summarized as follows:

Quantity of data trended:  Varied from project to project, but typically consisted of 15-20% of the available engineering telemetry parameters for a given project. Analog measurements primarily are trended; derived parameters are trended in some instances.  Many of the systems do not have the capability to create or trend derived parameters

Types of trending systems:  In most cases, the trending systems  consist of a combination of commercial-off-the-shelf products and custom developed software.  With one exception, all missions use a system separate from the Real-time operational command and control software.  Systems used to produce basic trending products are unique from mission to mission.  All missions make use of MATLAB and Microsoft Excel statistical and spreadsheet software packages for performing detailed analysis. 

Trending products:  All four missions make use of two-dimensional time plots, representing parameter values (Y-axis) over absolute time (X-axis), as the primary basic trending product.  Most missions also use data vs data or X-Y plots as well.  All projects create long term time plots for parameters identified for trending, usually representing 30 days of data for a given parameter. In general, long and short term trending use different sets of telemetry points.   Short term (parameter behavior over several hours) plots are created by most missions, although the total number of parameters trended in a short-term manner varied widely, from a small percentage (GOES/POES and GlobalStar) of trended parameters, to the entire set of trended parameters (SMEX).  In general, long term trending products are based on a subset of 50% or less of total available trending points.

Trending analysis  methods :  All projects use statistical min/max/mean calculations of telemetry values over a selected time interval as a basis for creating long-term plots.  Data is usually “filtered” prior to creating this telemetry base.Where filtering is used, out-of-limit points, or points from telemetry frames containing transmission errors, are excluded.   Most projects use MS Excel and Matlab.  One project uses PV-Wave.  Many projects stated that transfer of data between the trending systems and the COTS products are problematic.  In one case, operations engineers spend 2-3 hours transferring data in order to create valid input files for the COTS products.  

Use of trending data:  All of the projects surveyed use trending results to support fault analysis for spacecraft components, and to predict long-term performance of their spacecraft.  

For the GPS and GlobalStar satellite constellations, spacecraft operations personnel and engineering staff use trending data from older constellation members to predict the performance of newer members.  Operational decisions are made based upon trending results.  GPS spacecraft engineers and operations personnel use trending information to determine when performance degradation for a spacecraft subsystem reaches critical limits requiring a switch to a redundant system.

Degree of Automation in Trending Process:  Most projects surveyed report some degree of automation for generating trending products.  The automation is generally limited to using scripts or other command-language files to automate creation of trending products.  Operators retain the responsibility for initiating and configuring the scripts, determining when trending products should be generated, and ensuring that the products are successfully produced.  Trending system interfaces with statistical packages are not automated; the process usually involves generating an export file in  a format acceptable to the  appropriate tool, transferring it (usually by floppy disk) to a system and then configuring the analysis tool to provide the necessary statistical calculations.  In one instance, the trending tool can automatically open a window and import data to MS Excel. All teams use manual methods for fault analysis or prediction. Each project employs a dedicated engineering staff to analyze trending products for fault determination and performance degradation.

4. Current State of Trending

Current trending systems and methods provide sufficient operational support, given the staffing levels involvedin trending operations.  All missions profiled are operating successfully and there have been no reported instances of spacecraft failure or of operational requirements not satisfied with the currently deployed trending architectures.   However, all operations teams interviewed express a sincere interest in improving the functionality and performance of their trending systems.  Teams that are considering or in the process of introducing upgrades include improved automation in generating trending products as an important aspect of their upgrade.  No upgrades include automated fault detection or performance prediction, although all teams expressed a strong desire for this function.  Teams that are not considering upgrades consider improved automation as one of their strongest desires.    Enhancements cited most frequently by the operations teams are:  the ability to trend more parameters quickly,  the capability to provide additional trending products or features in addition to time-based plots, the desire to decrease operator involvement in creating trending products, and the incorporation of software systems which can automatically provide fault detection and prediction.  Specific examples include the following:

Performance enhancements:  Many teams expressed concerns centered around the amount of time it takes to create trending products.    Teams stated that this performance issue leads to fewer available trending products and delays their reaction to on-orbit problems.   Teams would also prefer to have more engineering telemetry data available for trending. All of the systems surveyed are limited in hardware, performance  and/or storage capabilities which limit their accessibility to engineering telemetry data to a pre-selected set of points consisting of 50% or less of the total data available for long-term trends.

Additional trending products/features- In addition to time plots already widely used, operations teams expressed the desire for trending products representing parameter behavior by spacecraft orbital position, and spacecraft event.  None of the systems surveyed currently provide these capabilities.  Current trending systems require operations teams to manually correlate a spacecraft’s orbital position or a significant spacecraft/environmental event, with a specific time period.  After this correlation is performed, time plots corresponding to the referenced time period are created.   Operations teams are also interested in cross-spacecraft trending products (i.e., plots that represent the behavior of an engineering parameter over time for all spacecraft in the constellation).  This correlation is currently performed manually by all teams surveyed..

Additional Automation:  All projects use scripts or command files to generate the required set of “routine” trending products.  Operators determine when these scripts are executed, and also maintain the responsibility for generating ad-hoc trending products required during an anomaly investigation.   There is significant interest from the operations teams in the ability to automatically generate trending products based on pre-defined conditions, such as when limit conditions for a parameter are exceeded.  All teams expressed the desire for trending systems that are fully integrated with statistical software packages such as MATLAB or EXCEL. Operations teams stated that the current process of selecting the appropriate data for analysis, creating an import file, and configuring the statistical package to process the selected engineering data is cumbersome and time-consuming.  

Fault detection and prediction:  All projects surveyed expressed the desire for knowledge-based (e.g. rule-based, case-based, expert …) system technology that could compare trending results to pre-defined behavior models for each parameter for nominal and anomalous conditions.  Currently, most of the current staff is allocated to the engineering analysis of trending products.  It was felt that the use of knowledge-based trending systems would both decrease the current level of engineering analysis required and increase the potential to execute operational procedures thus preventing spacecraft operational anomalies before they occur.   Most  current trending operations center on trouble-shooting  or diagnosing the cause of a spacecraft anomaly after the fact.

5. Recommendations

Based on trending system capabilities and performance, and proposed operational concepts for future large scale constellation missions at GSFC, it is evident that current trending systems are not sufficient for future ground systems supporting constellation operations.  Projected operations staffs for planned constellation missions approximate staffing levels performing the trending function only for the surveyed missions.  It is thus imperative to introduce technology innovations to current trending systems and to provide a means of near-autonomous, if not fully autonomous trending operations.   Preliminary recommendations for trending innovations, feasibility and risk assessments, and the potential for reducing operations costs for each suggested innovation are presented in Table 1.

6. Conclusion

Trending system technology upgrades focusing on the automation of currently manual operational tasks, functional upgrades to provide trending data products other than time plots, and enhanced visualization techniques are feasible near-term endeavors that could provide measurable mission operations benefits to constellation missions.  Expanding trending system performance characteristics would most likely provide additional operational flexibility, however they may not reduce staffing requirements.  The creation of additional “ad-hoc” trending products could result, by virtue of the telemetry being readily accessible.  There is a benefit of this approach, however, as this trending method could enhance the overall understanding of on-orbit satellite performance.  

Knowledge-based trending systems for fault detection and prediction provide the critical set of capabilities required to achieve fully autonomous trending operations.  This goal may be partially achievable in theshort term, however the ultimate ability of a trending system to provide reliable fault detection and prediction for long-term constellation operations will require further study and new technological innovation.

Table 1 -- Recommendations

Proposed Enhancement
Description
Advantage
Technical Risk
Cost Impact

Increased access to online telemetry
Allows trending systems to access all telemetry data available by real-time system
Permits greater depth of trending analysis and faster response to serious anomalies
Low
Cost to acquire and maintain necessary hardware and storage to permit online access to entire telemetry history database could be very significant.  Some reductions in trending operations costs by eliminating the need to retrieve telemetry could be realized.

Provide enhanced trending products
Allow trending products to be created representing parameter behavior over significant spacecraft/environmental events, and enhance reporting/visualization options through additional correlation of trending data
1.  Simplifies procedures for obtaining trending products over significant spacecraft events such as manuevers, orbital positions.

2.  Presents trending data in a format easier to analyze
Low
Should provide measurable savings to trend analysis operations.  Present-day operations correlating events to absolute times are eliminated.  Manual effort to correlate trending data by subsystem can be provided automatically by a trending system

Additional Automation
Allow trending products to be automatically generated based on specified conditions.  Provide an automated interface of trending systems with statistical software.
Reduces operator involvement in setup and configuration of trending system to produce required trending products.  Can provide trending products more quickly and facilitate faster response to anomalies.
Low to Medium
Should provide measurable savings to trend analysis operations.  Routine and special-case trending products could be generated without operations personnel.  Currently labor intensive operations to produce statistical analysis of telemety is also eliminated.

Automated Fault Detection and Prediction
The use of knowledge-based systems to predict future performance degradation or spacecraft faults.
Provides the potential to reduce the most significant cost of trending operations, that of fault analysis and detection.  
Medium to High
It may not be possible to obtain or derive analytical models for all parameters.   Knowledge-based system will more than likely be expensive to develop and will require maintenance throughout mission lifetime. Accurate classification of faults may only be possible after years of operational data. 

Appendix A – Trend Analysis Survey Questionairre

Tools and Methods:

1) What specific parameters require trending? (No need to list telemetry points – just explain in general which subsystems, how many points, etc.)

2) Which tools are currently used to conduct trending and analysis?

a) Are the tools similar to, the same as or completely different from the real-time command and telemetry system?

b) What tools are used for telemetry data acquisition, archival and distribution?  Are these in-house or COTS tools? 

c) Which (if any) of the following COTS tools are used for analysis?

3) Which of the following methods/displays are used for viewing and analyzing data?

4) Is the data sampled or smoothed for analysis ?

5)  For those missions involving constellations of homogenous spacecraft:

a) Is trending performed on every satellite in the same manner?

b) Is any comparative (satellite sub-system to sub-system) trending performed?  If so, how is this done?

6) Are limit parameters for the telemetry points tested for significance?

7) Is there any degree of automation in the trending process?

a) How is this accomplished?  (e.g. state model, trending procedure or script, etc.)

b) Who does the trending?  (controller, engineer, planner, etc.)

8) Is there any difference in the way you conduct long-term vs. short-term trending with regard to questions 1 through 5?

Results and predictions:

1) How is the trending data used?  (Prediction, Diagnosis or?)

2) Who uses the trend data (satellite engineers, planners, controllers, etc.)?

3) What type of anomalies have been or are regularly detected via trending?

a) Do you have standard procedures for handling “routine” anomalies?

b) How are these procedures implemented?

c) Who implements them?

4) For missions involving constellations, is one satellite in the system used to predict or diagnose the performance of another?  If so, how is this accomplished?

5) What predictable operational responses result from trending and analysis?

6) Is the trend data used to predict future satellite performance?  If so, how is this done?

7) What actions have been taken as a direct result of trending and analysis?

General

1) What would you most like to see in a trending and analysis tool?

2) Is there anything specific in your system you’d like to improve?

