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Introduction

In the years preceding the launch of a spacecraft various teams of experts are

preparing the space and ground segments. Each of these teams is focusing on the

area of its responsibility and even though information is exchanged among them, the

outputs of their work are relatively standalone. During the Launch and Early Orbit

Phase (LEOP) or any critical operational phase of a mission, all the different experts

work together in an operational environment and the interaction and interfaces

between all elements of the system (Software, hardware and human) have to run

smoothly. The simulations campaign is a programme during which an effective

structure of these elements is developed and maintained, and where the main focus is

the build-up of the Mission Control Team comprising all experts involved in the

operations of the spacecraft.

Unlike most missions, the Mars Express mission had both a pre-launch and a post-

launch Simulations Campaign, where the post-launch campaign was in preparation for

the Mars Orbit Insertion phase. Both campaigns were characterised by the complexity

of the mission and the fast track along which it was designed and built.

The remainder of this paper will give a brief introduction to the conduct of simulations

campaigns at the European Space Operations Centre (ESOC) and elaborate on the

simulation programmes carried out for Mars Express.

Training and Simulations Campaigns

The Mission Control Team is comprised of the Flight Control Team, Flight Dynamics

Team, Ground Operations Managers, Software Support and Ground Facilities

Engineers, who are located at ESOC, as well as external teams like the Project and

Industry Support teams, who have designed and built the spacecraft. Creating a

white paper



SpaceOps 2004                                                                                                  2 of 12
Montreal, Canada – May 17 – 21 2004                                          © VEGA Group PLC 2004

coherent team structure is essential in ensuring mission success. This translates to

efficient interaction and co-ordination, accurate analysis and troubleshooting,

leadership, decision-making and precision in carrying out operational tasks; all under

stressful circumstances and usually under time pressure. The primary goal of the

simulations campaign is the development of such a team structure and training them

in all of the above skills.

The emphasis of the simulations campaign is the training of the team as a whole more

than the individuals. Nevertheless, individual skills and training needs are addressed

where needed in order to increase the strength of the team. This is done either in the

scope of the simulations or at separate training sessions and is conducted with a

single individual or a group. Furthermore, at the start of the campaign, training is

provided in the use of the operational facilities; mainly for the teams external to ESOC.

The Simulations Officer is assigned the responsibility for the planning, management,

execution and assessment of the simulations campaign. Although the Simulations

Officer is independent of the team, which ensures objectivity of his/her observations, a

continuous dialogue is held between him/her and the team members, contributing to

the assessment and planning of the training programme.

During the simulations the ground segment operational hardware, software and flight

procedures are used, while a software simulator with the actual spacecraft software

and models of the spacecraft subsystems and the ground stations replaces the

spacecraft. This very representative configuration provides a realistic training

environment, and - as a secondary objective - aids in the final steps of the ground

segment integration and technical validation as part of the Ground Segment

Operational Validation campaign. In addition, the simulations within this environment

provide an opportunity and an input to fine-tune the existing Flight Control and

Contingency Recovery Procedures, as well as identify the need for additional

procedures.

The design of the simulations campaign is defined by the mission critical operations

that are to be carried out during all phases of the mission and by the time available.

Typically, a simulations campaign has a duration of four to six months during which

operations are covered from the Launch and Early Orbit Phase (LEOP), Payload

Switch-on and Commissioning Phase and the Routine Phase. Priority, however, is

given to operations of mission critical phases such as LEOP and, in the case of Mars
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Express, the Mars Orbit Insertion phase. The scenarios are chosen such that the team

members are familiarised with the most demanding and critical operations, during

which the required skills are trained best. The simulations schedule is built such that

the nominal timeline for each scenario is exercised at least once prior to introducing

anomalies. Once the team is familiar with the nominal timeline, increasingly complex

contingencies are injected. Although the contingency scenarios are designed to be as

realistic as possible, the simulations are aimed at being operational exercises during

which the goals of the campaign are achieved; they are not intended as engineering

exercises. Therefore, where needed, unlikely scenarios might be chosen to serve a

specific training purpose or highlight a certain issue. The contingencies introduced

during a simulations campaign will not be exhaustive to cover every possible

spacecraft and ground segment failure, yet the variety of contingencies guarantees

the development and training of the team skills required for successful operation of the

spacecraft under all circumstances. Another important aspect that is taken into

account in the design of the simulations campaign is cross-training of the different

team members.

This ensures flexibility in the event of anomalies necessitating the rescheduling of

activities within the timeline, and eliminates single point failures within the team

structure.

Typically, two simulations are run per week where each simulation lasts eight to ten

hours. The simulation starts with a briefing during which the Simulations Officer

informs the participants of the spacecraft and ground segment configuration, the initial

conditions, the time correlation and the planned nominal activities. During the

simulation, all observations made with regards to any problems or inconsistencies,

throughout the whole ground segment or spacecraft behaviour, are noted on special

forms, i.e. the Observation Reports. These observations and the resulting actions are

tracked, to ensure the entire system will be ready for launch. Anomaly briefings are

held when a contingency and the associated recovery steps require discussion among

participants.

The simulation is concluded with a debriefing during which the day's events and

team's performance are discussed and assessed. Shortly after a simulation a

'Debriefing Message' is issued that contains a summary of the scenario, the conduct

and the assessment of the simulation, in addition to:
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·  List of the participants and their roles

·  List of the executed procedures

·  A summary of the Observation Reports and the resulting actions

·  The configuration and injected anomalies

·  The minutes of the concluding debriefing

All Observation Reports and actions are tracked and the closure thereof is ensured to

take place by the end of the simulations campaign. The simulations campaign is

concluded by a Dress Rehearsal, which for a pre-launch simulations campaign covers

the operations starting a few hours prior to launch, depending on the launch pad

activities, and usually ending a few hours after the separation of the spacecraft from

the upper stage. This Dress Rehearsal is planned in conjunction with the final

countdown simulation at the launch site and is co-ordinated with the LEOP ground

stations. A link is established with the actual spacecraft on the launch pad and

dataflow tests are carried out with all LEOP ground stations. The simulator is used to

simulate the spacecraft data from the simulated first acquisition of signal onwards. The

Dress Rehearsal typically takes place two to three days prior to launch and is the final

and ultimate simulation as it involves all the launch teams worldwide and the full

ground segment in its launch configuration.

The Mars Express Simulations Campaigns

Mars Express was designed and built within the 'faster, cheaper, better' concept,

which resulted in a heavy schedule throughout the pre-launch phases of the mission.

Additionally, with a fixed launch date, system test time with the ground segment and

the real spacecraft was limited. The two most critical operational phases of the

mission were identified to be the LEOP and the MOI phases. A simulations campaign

was designed for each of these phases.

The Mars Express Pre-Launch Simulations Campaign

Due to the relatively short time, of about 4 months, available for a simulations

campaign prior to launch the Pre-Launch Simulations Campaign was focused on the

LEOP activities, being of higher risk to mission success, and excluded the activities of

the Near Earth Commissioning phase and the Interplanetary Cruise phase. The most

critical LEOP activities, on which the simulations campaign focussed, were:
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·  First acquisition of signal, related among others to correct injection by the Fregat

upper stage

·  The correct execution of the automated separation sequence which included the

Solar Arrays deployment

·  The first acquisition of a telecommand link which was complicated by the Low

Gain Antenna swaps due to the spin rate of the satellite at separation and the

LGA swap commands uplinked to the onboard Mission TimeLine

·  The switching on of the Star Tracker

·  The Reaction Wheels checkout

·  The transition from thrusters to Reaction Wheel control

·  The Failure Detection Isolation and Recovery software tuning

·  The update of Thermal Control Tables

·  The first Trajectory Correction Manoeuvre and first Reaction Wheel Offloading

·  The switch from Low Gain Antenna to the High Gain Antenna and from S-band to

X-band

·  The Beagle2 lander launch clamp release

These activities were planned to be executed during the first thirteen passes, after

which the spacecraft would be safe and in its nominal operational mode. In the ground

segment emphasis was put on the co-ordination with the Ground Stations at

acquisition of signal and for Telemetry, Tracking and Command activities but also on

reconfigurations to the backup systems or units of the control facilities as well as

recovery of failures in software.

The Mars Express pre-launch simulations campaign extended from the 23rd of

January 2003 to the 31st of May 2003, comprising a total of 30 simulations, during

which 704 Observation Reports and actions were raised, tracked and closed.

Due to the 'faster' track approach of this mission, coupled with the fixed launch date,

all of the teams were under enormous time pressure. Consequently, a challenge the

team was faced with was the short time available during which the preparation and

verification of the spacecraft and ground segment had to take place and, during which

the information had to be transferred via documentation into flight procedures. These

activities were still ongoing while the simulations campaign was being run. As a result,

the simulations often were mini-workshops during which various issues were

highlighted and discussed, the need for additional procedures was identified,
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procedures were outlined and the knowledge of the spacecraft increased. Having all

experts at the same location, focused on a specific part of the timeline, provided an

environment where knowledge could be transferred effectively and agreements could

be reached rapidly. This was an enhancement in the preparation for launch.

From the training point of view the scenarios and injected anomalies could roughly be

described as following:

·  Nominal scenarios: Each part of the timeline was first exercised without injection

of failures to allow the participants to get familiar with the activities and get a

feeling for the time available to execute the relevant operations.

·  Easily detectable failures: The failures were detected easily either by the TM

signature (Out Of Limits) or the response of the software to the failure. The aim of

such failures was training the ability to efficiently coordinate and determine the

required action.

·  Subtle failures: These failures were only detected in the gradually changing TM

values and were introduced to train monitoring skills and support of different team

members to one another, especially when introduced on a subsystem on which a

major activity was taking place in parallel.

·  Multiple minor failures: These were injected on different subsystems with relatively

short intervals in between. Such failures trained the team leaders in coordinating

the different analyses and recovery procedures on the various subsystems while

trying to determine the correct priority and possible relation between the failures.

The subsystem engineers were faced with the challenge of concentration on their

failure analysis path despite the awareness of other failures being identified,

analysed or recovered.

·  One major failure: Such a failure affecting several subsystems, requiring

simultaneous input from the relevant experts and accuracy in analysis and

recovery, had the goal of all team members gaining a better understanding of the

interrelation between their different subsystems and aided the team leaders in

effective planning of recovery timelines.

·  Distraction during critical activities: Examples are a fire alarm in the main control

room, necessitating the move to the much smaller dedicated control room, or

making the control system unavailable while urgently needed. Maintaining the

focus on the ongoing critical activity and its time constraints while having to move

to a backup work area and reorganise the team in that area on basis of priority,
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was an educational exercise for both team leaders and team members, often

forcing them to think outside 'the box'.

·  Replacing key players: Although the effect of replacing team leaders and co-

ordinators has a different impact on the rest of the team than that of replacing a

technical domain expert within a team, the overall aim was flexibility in adapting to

the new environment and new personal interactions changing the group

dynamics, as well as eliminating single point failures within the Mission Control

Team by providing cross-training.

The above types of scenarios are typically introduced to all pre-launch simulation

campaigns at ESOC, where one type is emphasised more than the other depending

on the nature of the mission and the operational phases being trained. The main

difference between the Mars Express pre-launch simulation campaign and that of

most other missions, is that these training objectives had to be achieved in a relatively

short time span with respect to the complexity of the spacecraft and mission, while

most systems were still immature and all teams were making great efforts to meet the

deadline of launch. The testing of the spacecraft, the simulator, the mission control

systems, the interfaces and the existing procedures was not yet complete. The

spacecraft documentation, the flight operations plan and the timelines were lacking.

As a result, the simulations campaign was more intense as it served not only the goal

of training, but also that of development (mainly timelines and procedures), test and

verification, and added an element of focus and prioritisation to the whole process. In

addition, the planning of simulations was a more dynamic process than on other

missions, where the simulations officer usually plans a contingency scenario knowing

what the recovery procedures are and being able to test these, as well as the correct

response of the simulator to the required actions. In the case of Mars Express this was

not always possible due to time pressure and the fact that the recovery steps and

procedures were sometimes not yet finalised. Consequently, simulations occasionally

had unexpected outcomes which required revision of the overall simulations plan in

order to address the highlighted issues.

The Mars Express Post-Launch Simulations Campaign

The post-launch simulations campaign was designed in preparation for the Mars Orbit

Insertion phase. In contrast to the LEOP where the operations followed a fixed launch

date, at MOI all operations had to be successfully completed before the fixed capture
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date. Furthermore, unlike the launch, there was no second chance at capture if the

opportunity was missed. Therefore, the criticality of this phase did not lie in the

operations that had to be executed on the spacecraft as much as in the fact that any

problem - if not handled properly within the available time - could lead to the failure of

the capture manoeuvre or to capture in a non-nominal orbit. The MOI phase, which

had a duration of nine days, consisted of the following activities:

·  The fine targeting manoeuvre for the Beagle2 lander release

·  The Beagle2 timer setting and checkout

·  The release of Beagle2

·  The re-targeting manoeuvre taking Mars Express off the collision course to Mars

and placing it on a capture orbit

·  The configuration of the spacecraft and FDIR for the capture manoeuvre

·  The capture manoeuvre itself, where the main engine was used for the first time

The Mars Express post-launch simulation extended from the 17th of September to the

11th of December 2003, comprising a total of 24 simulations, during which 186

Observation Reports and actions were raised, tracked and closed.

Several elements distinguished the Mars Express post-launch simulations campaign

from the 'traditional' pre-launch simulations campaigns.

·  The Mission Control Team was the same team that had gone through the pre-

launch training within the same year and had been already working together for

several months on operating the mission. They were already a cohesive unit and

had gained a lot of in-flight experience and knowledge of the spacecraft.

·  The Near Earth Verification phase revealed various problems on the spacecraft

and the team had a heavy schedule with daily operations while resolving the

problems at hand. In addition, the timelines and procedures for the MOI phase

had still to be defined, created and verified.

·  The team had to go through the simulations campaign while flying the real

spacecraft and performing the activities on their daily schedule.

·  The One Way Light Time was increasing and was going to be around 8 minutes

during the MOI phase - a value that the team were not yet accustomed to.

·  The MOI activities were sequential and interlinked. The sequence of activities

could not be modified, for example: Beagle2 could not be released prior to the
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setting of its timer and the re-targeting manoeuvre could not be executed before

Beagle was released. Any anomaly on the timeline of one of the activities

therefore had an impact on the following activity. More importantly, the duration of

the MOI phase was fixed by the earliest time at which the fine targeting

manoeuvre could take place (driven by the earliest release time of Beagle2) and

the fixed time for the execution of the capture manoeuvre (25th of December 2003

at 02:41:12).

These elements necessitated a new approach to the design and execution of the post-

launch simulations campaign.

The team structure was very well defined and effective. The focus of the training was

therefore shifted from emphasising the interaction between the various teams and

team members, to emphasising and optimising the processes each of the participants

had to carry out to ensure the success of the MOI phase.

The pre-launch simulations campaign as well as operations on the actual spacecraft

provided the team with a lot of training in dealing with anomalies, especially when it

concerned recovery of specific units in 'real time'. The training required for the MOI

phase was however, in a much larger extent, related to identifying the effect of

anomalies on the timeline of the relevant activity and subsequently on the overall MOI

timeline. Also, the effect of the One Way Light time had to be taken into account in all

analysis and recovery actions. Effective decision-making and planning were crucial

and were therefore the key goals of the training during the post-launch simulations

campaign.

Realising that the simulations were going to be opportunities as well as drivers for

preparing the timelines and procedures for the MOI phase, the schedule was planned

in blocks where the subject of each block was one of the main MOI scenarios. These

were: Trajectory correction manoeuvres, lander ejection preparation, lander ejection,

Main Engine burn preparation, Main Engine burn and recovery. Each of these blocks

consisted of four simulations; a nominal run of the timeline of the relevant activity and

a contingency simulation of the same timeline, one week for team A and the other for

team B. This ensured that during each week one team was focused on operating the

spacecraft, while the other team was running simulations and preparing the relevant

and/or resulting timelines and procedures. The final six days of the campaign
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comprised a rehearsal of the entire nominal MOI timeline in a relatively compressed

form.

In order to maximise the effectiveness of the simulations, taking into account the One

Way Light Time, the timeline for the activities was often compressed where margin

times or ground station handovers, that did not impact the training, were omitted.

Contingency scenarios were also often run in an untraditional way; rather than

injecting the anomaly during the simulation and reserving time for the team to detect it,

the anomalies were injected prior to the start of the simulation and the team were

briefed of the observable signature at the kick-off briefing. The day was then spent on

the analysis of the anomaly at hand and determination of the recovery path, as well as

the rescheduling of the remaining activities leading to capture. Additionally, and

especially since the focus of the simulations was on decision-making and rescheduling

processes, on many occasions the conclusion of the simulation was a detailed

recovery plan building on validated procedures, rather than the execution thereof. Not

only did this approach assist in achieving the main training goal of the campaign, it

also provided a working environment with all experts present for the preparation of the

required timelines, procedures and mission rules. Within that frame the most important

outputs of the simulations campaign were the following:

·  An increased appreciation of the time required for each of the activities

·  The maximum time available was defined for the recovery of an anomaly within

each of the blocks of activities before a compromise would have to be made,

leading to a reduced mission yet still ensuring the achievement of the main

mission objectives

·  Prioritisation of the recovery steps, where the minimum level of nominal

configuration of the spacecraft was determined to ensure successful execution of

the next activity within the available timeframe

·  Detailed GO/NOGO criteria for all critical MOI operations

·  Risks analysis of the various recovery approaches

·  Timelines identifying the nominal sequence of operations and the fixed time

boundaries within which each of the activities had to take place

·  An appreciation of the effect of signal round trip on the operations and the

planning thereof
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The main challenge of the post-launch simulations campaign, from a training point of

view, was finding the balance between conducting the necessary training yet not

exhausting the team. Although this balance always has to be found in all simulations

campaigns, it was more challenging here due to the heavy workload of daily

spacecraft operations with several problems to solve in parallel to the simulations and

preparations for the MOI phase. A dialogue was kept between the simulations officer

and the team to maintain the required balance. The dedication and motivation that the

team showed was key to the success of the campaign and achieving readiness for the

M01 phase.

Conclusions

Training and simulation campaigns play a key role in ensuring readiness for critical

spacecraft operations and maximising mission success, in that they provide a learning

environment where critical operations can be exercised within a realistic setting and

where mistakes can be afforded and learned from. In the case of "cost challenged

missions", such as Mars Express, simulation campaigns are also ideal for aiding in

preparing, testing and validating the various ground segment elements and being

complementary to System Validation Tests conducted on the actual spacecraft prior to

launch.

The benefits of simulation campaigns and the lessons learnt throughout the

campaigns on system level, team level, and individual level, are not restricted to one

phase of a mission or to one mission but are reaped daily and carried over to future

missions and career paths, especially where team work is involved.

Although simulation campaigns are conducted in a technical environment and the

simulations officer typically has an aerospace engineering background, operations

training is a combination of engineering and psychology. Each team has its own

dynamics, depending on the individuals who form the team and the envelope within

which the mission is being prepared and operated as well as the nature of the mission.

Therefore, each team has different strengths and weaknesses and each mission

requires the emphasis of different skills. This has to be observed by the simulations

officer and the simulations campaign has to be designed accordingly in order to best

utilise the team resources for the benefit of the mission. Similarly, the simulations
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officer must also be able to observe the changes in the dynamics of the team during

the simulations campaign and respond accordingly.

From the experience gained during the Mars Express campaigns, it is clearly evident

that 'Faster' and 'Cheaper' missions require 'Better' training and simulation campaigns.
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