CONTROL OVER SPACECRAFT 

“Phobos-Grunt” SC control is ensured by interaction of specially prepared ground and on-board systems. Control operations are planned and implemented by the control group working in the mission control centre in Lavochkin Science and Production Association and in the scientific information processing centre in the Space Research Institute of RAS.

To control “Phobos-Grunt” SC, a group of ground stations is prepared based on antenna means which were used for work with spacecrafts in the deep space in the seventies and eighties of the last century. These are ground stations in Ussuriysk, Medvezhyi Ozyora and Yevpatoriya. Unlike all previous missions, X-band communication with spacecrafts will take place; therefore all ground stations will be provided with newly designed ground radio system. The ground stations in Ussuriysk and Medvezhyi Ozyora will be capable of performing ground radio system functions within full scope, including reception of telemetry information, output of commands and measurement of trajectory. The ground station in Yevpatoriya will be capable of receiving telemetry information only.

X-band radio systems are mounted on each spacecraft of the space complex (transfer module and re-entry vehicle) for communication with ground stations.

The mission control centre is located in Lavochkin Science and Production Association.

Processing of trajectory measurements and tracking of ballistic flight are undertaken by Keldysh Institute of Applied Mathematics of RAS.

After injection into the Mars space vehicle orbit, Chinese YH-1 subsatellite will be separated from the “Phobos-Grunt” space complex, and communication with this subsatellite will be provided by means of the ground stations prepared for “Phobos-Grunt” SC. YH-1 will be controlled by MCC in Peking which will communicate with the ground stations through MCC located in Lavochkin Science and Production Association.

The above composition of means pertains to control in all mission phases, but other SC flight control aids will be used in near-earth orbits. The spacecraft will carry RPT111 telemetry transmitter, which will make it possible to receive telemetry information in C-band almost immediately after SC separation from LV, and 38G6 instrument to take SC orbit trajectory measurements at distances of up to 8000 km from the Earth. Interaction with these devices is made by the standard ground stations located in the territory of Russia.

“PHOBOS-GRUNT” SC CONTROL ORGANISATION CONCEPT

“Phobos-Grunt” SC control is based on the following principles:

- MCC is the single centralised point which concentrates all operations and information flows necessary for TM and REV control and status monitoring.

- Considering the novelty of spacecrafts, the main operations for forming command control arrays and monitoring technical status of SC are undertaken by designers of on-board systems included in OBCS of TM and REV. 

- Direct-action relay commands intended for switching on/off separate on-board systems and devices are practically not used in control. Each spacecraft in each instant operates automatically. Commands from the Earth are used only for setting up operational parameters of on-board algorithms or for introducing corrections to the on-board software code. 

- All control commands are transmitted aboard SC in the on-board time. MCC has to transform all command execution times referenced to the ground time to the on-board time. The ground batch file planning system operates with the ground time the standard of which is decreed Moscow time, and transformation to the on-board time takes place before the batch file is transmitted to the session implementation system. MCC also has to make continuous calculations to ensure that the ground time complies with the indications of space clock which work under control of TsVM22 active subsystem.

- Operational reliability onboard the spacecraft is ensured by automatic standby activation for each of failed devices or systems.

- European and US ground stations from DSN network are planned to be used to enhance control reliability.

This concept should provide for reliable SC control under conditions of long-term signal propagation, low degree of maturity of interaction between the ground and on-board systems and long SC control inactivity in the deep space.

MAIN SC CONTROL SUPPORT TASKS 

Formally the main and sole task of SC control is to ensure flight program implementation. However it is expedient to consider the most critical mission phases and to determine control tasks for these phases and methods of implementation of these tasks.

Phase of injection into interplanetary trajectory. The goals of this phase are:
- initialization of on-board systems after TM switching-on by separation contacts 

- execution of manoeuvres for injection into interplanetary orbit 

- switching-on of REV and YH-1 in standby mode.

Organisation of interaction with SC on the near-earth leg is characterized by practical impossibility of providing two-way communication with SC, first of all on the reference orbit. It means that the first powered flight segment of “Phobos-Grunt” SC ensuring transition from the reference orbit into the interim orbit should be fulfilled automatically. For correct execution of the first correcting pulse, the following conditions shall be fulfilled:

- The LV insertion phase shall be normally implemented.

- The pulse start shall be synchronized with the predetermined decreed Moscow time moment for the specific launch date.

 To fulfil the second condition, which is responsibility of “Phobos-Grunt” SC, the use is made of on-board energy-independent clock powered from the separate power source. This clock indicates decreed Moscow time and date with necessary accuracy.

Monitoring of “Phobos-Grunt” SC flight starts after OBCS of the transfer module is switched on by separation contacts and OBCS performs pre-start operations for preparing the on-board systems. Pre-start operations onboard the spacecraft take 30 to 60 seconds. Then RPT111 transmitter is actuated and starts transmitting SC status telemetry information to the Earth. Monitoring of “Phobos-Grunt” SC flight starts at the beginning of reception of that telemetry information. The mission control centre starts working.
On the reference orbit flight segment within visibility of the Russian ground stations the one-way monitoring of SC flight is implemented over TMI channel through RPT111 transmitter and trajectory measurements by 38G6 instrument are carried out.

After transition to the interim orbit, the visibility zones are enlarged, the angular SC motion rate with reference to the ground stations decreases, and it becomes possible to establish two-way communication with SC through TM OBRS.

The main SC task on the interim orbit is correct execution of correcting pulse for transition to the interplanetary orbit. Therefore the main task, for the sake of which the possibility of transmitting commands to SC on the interim orbit is provided, is to transmit to SC the updated parameters of interplanetary orbit transition pulse. Thus, the automatic output pulse execution is the normal mode since the short-term analysis makes it possible to make a decision only on cancellation of the second correcting pulse in case of abnormal situation.

The second correcting pulse ensures SC transition to the second interim orbit. Transition from the second interim orbit into the interplanetary orbit takes place only after trajectory measurements and introduction of interplanetary orbit injection pulse parameters into SC by commands from the Earth. The second interim orbit flight is one of the most critical mission segments since here the on-board radio system and the trajectory measurement scheme are involved for the first time in X-band. Time to achieve to efficient Earth-SC channel in X-band is limited by the launch window from one side and by the short zones of visibility from the ground stations from the other side.

Therefore the second interim orbit flight phase is very intense phase of SC control. Though this phase can last only from several tens hours to ten days, it is necessary to execute the following tasks:

- putting the trajectory measurement channel into operation by means of OBRS in X-band and updating SC orbit parameters; 

- calculating the third pulse parameters; 
- assessing technical status of main on-board systems of SC, checking switched-on state and operability status of YH-1 and REV and assessing current operating parameters of command devices and thruster; 

- introducing and checking correctness of introduction of parameters of the third pulse (if necessary).

Trajectory measurement support solutions and implementation of transmission of command and program information through the ground stations in Ussuriysk and Medvezhyi Ozyora during SC flight along the second interim orbit depend on the mission realizability in view of support of SC injection into the interplanetary orbit.

Earth-Mars flight phase. After injection into the interplanetary trajectory, the main control tasks are:
- trajectory corrections;
- NBA alignment;
- optimisation of modes of Earth-SC interaction between REV OBRS and TM OBRS and ground stations, including command radio link and trajectory measurements;
- monitoring of technical status of on-board systems in SPP, TM, REV and YH-1;
- measurement of radiation environment on the flight path.

The most critical flight segment are the first days after injection into the interplanetary trajectory. It is necessary to optimize interaction of the Earth with SC in all modes in the shortest terms, obtain satisfactory trajectory measurement results, calculate, introduce and execute the first trajectory correction pulse.

It is also preferable to optimize interaction of TM and REV radio systems with the ground stations on the flight path. It is also important for REV since it is necessary to have the efficient channel with the Earth right after REV start from Phobos surface, i.e. from the very beginning of autonomous REV flight. The radio system of YH-1 cannot be checked in any way because of its position in the cluster of spacecrafts. YH-1 status monitoring is implemented through the technological information channel which connects YH-1 with TM OBCS. Telemetry information comes through TM OBRS to the Russian ground stations, and then it is transmitted to the “Phobos-Grunt” MCC and further to the Chinese MCC. Command information for setting up YH-1 operation modes is transmitted in the opposite direction.

Considering the mission complexity, it is expedient to conduct communication sessions with SC on the flight path every day. Within analysis of technical status of on-board systems it will be possible to monitor the radiation environment effect along the flight path on operation of on-board systems.

The long flight time allows performing in-depth study of operation of on-board systems. Characteristics of all PSS elements are updated, including evaluation of efficiency of solar panels as SC moves away from the Sun. Power consumption necessary for keeping thermal conditions are determined. Precise calibration of all command devices in OBCS takes place, except for devices that ensure landing on Phobos.

This flight segment is ended by deceleration after which SC arrives in the Mars space vehicle orbit.

Arrival orbit flight phase. The following flight tasks are executed and monitored on the arrival orbit:
- determination of arrival orbit parameters; 

- separation of SPP, YH-1 and technological spacers and trusses from the space complex;
- calculation of parameters of transition to MSVO intended for scientific observations, introduction of parameters of one or several pulses and execution of the same;
- optimisation of main motion control modes in the main SC configuration.

Depending on the fuel capacity available onboard SC (in SPP) it is possible to make MSV orbit correction in full configuration before separation of SPP and YH-1 which allows separating the Chinese subsatellite on the orbit with shorter shadow durations.

It is very important to perform dynamic check of all SC orientation control modes after separation of all accompanying modules since the remaining transfer module flight takes place in this configuration. In this flight segment the use is made of wheel engines in the capacity of SC orientation control actuators.

Before “Phobos-Grunt” SC is de-orbited from the arrival orbit, its orbit parameters are used for target designations to point the antennas for signal reception from YH-1 subsatellite. Moreover, each ground station (Ussuriysk and Medvezhyi Ozyora) can simultaneously work with two spacecrafts: “Phobos-Grunt” and YH-1.
SC control during flight along Mars observation orbit. A part of scientific instruments installed on “Phobos-Grunt” SC is intended for Mars exploration from MSV orbit. Those are DPR, Regolit, AOST, Meteor-F, FPMS and USO instruments. SC control in this orbit will be based on the scientific observations program prepared by the scientific group together with the SC control group. Power limitations and limitations of scope of data to be transmitted from the Earth to SC will be taken into account during preparation of this program.
In this orbit, a joint experiment with YH-1 subsatellite for electromagnetic transmission probing of Mars and atmosphere is planned. Both spacecrafts will be positioned so as to ensure transmission of test signal from one SC and reception of this signal by the other SC.

SC control in the Mars observation orbit is aimed to ensure the scientific research program, support the necessary orientation control modes, transmit the scientific data and information on status of SC service systems. In this orbit, use of any Phobos landing devices, is impossible even in their optimisation mode. At the same time, continuous trajectory measurements allow to update parameters of correction pulses for transferring SC to the quasi-satellite orbit synchronized with Phobos.

In all MSV orbits the monitoring sessions will be conducted to estimate the technical status of REV.

SC observation orbit time will depend, first of all, on necessity of creating the best conditions for accomplishment of next flight phases related with landing on Phobos and soil sampling.

The observation orbit plane coincides with Phobos orbit plane which simplifies preparations for transition to QSO which is the last SC control task in this mission phase.

Quasi-satellite orbit flight. Orbiting of “Phobos-Grunt” SC in the quasi-satellite orbits is aimed to accomplish the main preparations for ensuring soft landing on Phobos.
At first, SC is transferred from the observation orbit to the quasi-satellite orbit (QSO) for which the epicycle semimajor axis is 250 to 300 km (we call this orbit QSO1).

The subsequent transfers from one QSO to another QSO, which reduce the epicycle, are made as navigational data are collected and gravitational Phobos characteristics are specified. Quantity of such transfers and transfer moments are determined in real time by results of a posteriori analysis of navigation task solution accuracy and execution of manoeuvres.

The final QSO, from which descent to Phobos surface is made, should have the epicycle with semimajor axis of about 70 to 75 km.

QSO time (from the moment of transfer from the observation orbit to QSO1 till descent to Phobos surface) should not be less than 20 days.

Navigating sessions in QSO are carried out to refine SC orbit parameters with reference to Phobos, refine geodetic characteristics of landing area and transmit Phobos snapshots to the Earth. SC is equipped with some scientific instruments (DPR, USO, and Regolit) which are used for Phobos researches in QSO.

In QSO, functional check of narrow-angle cameras of TVNOS and laser vertical and altitude meter is carried out. Functional check of wide-angle cameras of TVNOS and DISD instrument is not supported; they will be used only in the last descent phase without any preliminary check (except for self-test of instruments).

Each time SC passes (three times a day) by Phobos, sessions of independent navigating observations are carried out. In each of these sessions we receive a series of Phobos television images ‘bound’ to inertial reference points (stars) by means of interpolation of indications of star sensors (SCMUs). All navigational data are transmitted to the Earth, where they are processed and parameters of relative motion of SC and Phobos are updated. In this phase, the Phobos gravity parameter value is not updated.

Based on results of processing of received data, parameters of subsequent approaches to Phobos and characteristics of transfer manoeuvres to the next closer to Phobos quasi-satellite orbit are calculated.
During QSO1 time (not less than a week), numerous sessions of Phobos surface TV-observation both for studying a potential landing area and for navigating purposes are carried out. Here, Phobos television images are referenced to inertial reference points (stars) by means of interpolation of indications of star sensors (SCMUs) again. All navigational data are transferred to the Earth where they are processed and parameters of relative motion of SC and Phobos are updated. In this phase the Phobos gravity parameter value and the vector of figure centre displacement from Phobos centre of mass are included in the vector of updated parameters. It is very important that when SC turns for shooting Phobos, SC solar panels remains directed towards the Sun.

During QSO2 time, numerous sessions of Phobos surface TV-observation take place for detailed study of surface, final selection of landing area and navigating purposes. Phobos television images are referenced to inertial reference points (stars) by means of interpolation of indications of star sensors (SCMUs). All navigational data are transferred to the Earth, where they are processed and parameters of relative motion of SC and Phobos are updated. In this phase the vector of updated parameters contains relative motion parameters, Phobos gravity field parameters and vector of displacement of Phobos figure centre from its centre of mass.

Based on results of received navigational data processing, conditions of subsequent navigating sessions are calculated, and then characteristics of transfer manoeuvre to ‘final’ QSO are calculated at the final QSO2 orbiting phase.

During ‘final’ QSO time, numerous navigating sessions are carried out by means of TVNOS and laser vertical and altitude meter. Phobos television images are ‘referenced’ to inertial reference points (stars) by means of interpolation of indications of star sensors (SCMUs). All navigational data are transferred to the Earth, where they are processed and parameters of relative motion of SC and Phobos, Phobos gravity field parameters and vector of displacement of Phobos figure centre from its centre of mass are updated.

Based on results of received navigational data processing, conditions of subsequent navigating sessions are calculated. 
In the end phase of ‘final’ QSO time, the moment of departure from ‘final’ QSO is determined and characteristics of manoeuvres of departure from QSO and deceleration over Phobos surface are calculated.

Besides, in ‘final’ QSO, numerous TV-observations are carried out for detailed study of Phobos surface and final selection of landing area.

In all QSOs the information interaction with SC is provided throughout the zone of visibility from the engaged ground stations. When data are transmitted, preference is given to SC status information and television images made by TVNOS cameras. When possible, scientific Phobos observation instruments are switched on.

QSO flight phase ends after reception of sufficient amount of navigational Phobos observation data which make it possible to calculate landing manoeuvres with necessary accuracy parameters. All navigational data are processed by the ground facilities of MCC and ballistic centre. Parameters of transfer manoeuvres to QSOs are transmitted aboard through the command radio link.

Landing on Phobos surface. Considering long duration of signal propagation between “Phobos-Grunt” SC and the Earth, landing is accomplished completely in the automatic mode. Ground control facilities cannot give any support to on-board control algorithms in all descent and landing phases.

Actually the control in the landing phase consists in the following:

- When SC is in the final QSO, parameters of pulse of SC departure from QSO to the descent trajectory and time to start departure pulse follow-up are transmitted aboard SC.

- In the course of descent and landing, one-way transmission of telemetry information to the Earth takes place and, based on this information, MCC means analyse the landing phase progress.

- When SC reaches altitude of about 900 metres, a braking pulse is followed up to decrease the descent speed to the permissible value (1 to 2 m/s). Speed and altitude are metered by DISD instrument.

In the course of descent and landing, SC on-board control system fulfils a large complex of operations, using all instruments and actuators controlled by OBCS. It is supposed that communication with the Earth will be provided along the whole length of descent. Short-term communication interruption may take place only when SC contacts Phobos surface since at that time SC orientation can vary quickly and unpredictably until any SC motion relative to Phobos surface stops.

SC control on Phobos surface. Work of “Phobos-Grunt” SC on Phobos surface can be divided into two main phases:

- work before REV launch;
- work after REV launch.

Before REV launch, the main tasks are soil sampling, soil transfer to the descent vehicle and REV launch from Phobos surface.

After landed on Phobos surface, SC makes preparations for starting the soil sampling algorithm (switching-on and release of manipulator complexes, switching-on and testing of VS (vision system), etc.). Then one of soil sampling algorithms is implemented.

Proceeding from many factors of ambiguity which might happen both in the pre-sampling phase and in the sampling phase, it was decided to prepare three main algorithms:

(a) automatic algorithm with use of results of processing of images received from VS stereo camera; 

(b) automatic algorithm without use of results of processing of images from VS (blind automode);
(c) mode with use of coordinates of soil elements to be taken, which are obtained as a result of ground processing of images received from VS.

The following criteria are applied to select the soil sampling algorithm:

- technical status of devices of soil sampling system (SSS) and SSS control units included in OBCS; 

- available power capacity which can be used for soil sampling;
- allowed duration of soil sampling operations.

The above algorithms are numbered 1, 2 and 3, respectively. Selection and control of implementation of one of algorithms are made by the control routine. Number of default soil sampling algorithm, i.e. that included in OBCS memory on the Earth, is 1.
This number can be changed by command from the Earth.

Algorithm 3 is the most preferable one since it gives the best result for selecting objects to be taken on Phobos surface. Moreover, this algorithm can be implemented in some iterations with intermediate transmission of images which make it possible to assess soil sampling and loading progress. But due to long delay of signal transmission between SC and the Earth (about 15 minutes one way), this algorithm is the longest one. If it is impossible to implement it within one visibility zone, the second and, maybe, third day of work will be required. Cyclograms of algorithms 2 and 3 are determined in time and are implemented essentially faster.

The algorithm should be selected with consideration of status of SC systems by the landing session moment. The algorithm number can be changed by command from the Earth both prior to the soil sampling session and in the course of session.

Extent of participation of ground systems in soil sampling control will depend on algorithm selection.

Large limitations in durations of visibility zones are serious problems for transfer module control on Phobos surface. Moreover, duration of SC visibility zone on Phobos orbit pass is a random quantity whose exact value depends on particular orientation of SC on Phobos surface. Table 1 indicates values of duration of visibility zones for different SC inclinations on Phobos surface.

Table 1

	Angle between perpendicular to surface in landing point and Phobos rotation axis (deg)
	Duration of communication with the Earth through NBA within one Phobos orbit pass, h

	30
	0.95

	35
	1.68

	40
	2.09


	45
	2.38

	50
	2.61

	55
	2.79

	60
	2.94

	65
	3.08

	70
	3.20

	75
	3.31

	80
	3.41

	85
	3.50

	90
	3.60


In the nominal case, during landing in the point with latitude of 15° and longitude of 230°, we have duration of communication with the Earth through NBA on one Phobos orbit pass about 3.1 h. In case of local inclination variations of 20° in landing point, this duration can decrease to 2.4 h.

The main thing in work on Phobos surface, in view of organisation of work of on-board service systems, is the effective use of available energy potential for accomplishing all scope of tasks which should be completed by moment of REV liftoff from Phobos surface.

In addition to fulfilment of soil sampling algorithm, it is necessary to charge REV storage batteries before REV liftoff to ensure the first independent phase of its flight. An additional power source for this phase of ‘flight’ is chemical current source which can be used once and is intended for soil sampling task and REV battery charge.

SC control after re-entry vehicle liftoff. After re-entry vehicle liftoff, it is necessary to simultaneously control two spacecrafts – REV flying in MSVO and TM sitting on Phobos surface. Besides, operation of Chinese YH-1 subsatellite will possibly continue and this will require the Russian ground stations to be involved.
Control of each spacecraft may be connected with particular difficulties which should be taken into account in program of work with each SC. The low energy potential of charge from the solar panels on Phobos surface will be the main complexity of work with TM. The low potential of radio link because of large distance between the Earth and Mars and absence of NBA on REV will be the main difficulty of work with REV. Telemetry information transfer rate will be equal to units of bits per second.

Control sessions for two spacecrafts will be distributed in the mission control centre as per prepared monthly and weekly work programs. As the zone of REV visibility from the ground stations will overlap the TM visibility zone, the first allocated is time of communication sessions for TM and then that for REV. It will allow to do daily work for status monitoring and control of each spacecraft.

After soil sampling, TM should ensure implementation of Phobos surface research program. The main tasks of this program are soil analysis by on-board scientific instruments of TM, panoramic shooting in landing area, and periodic measurements of Phobos existence parameters throughout a year. These tasks will be controlled by introducing batch files from the Earth with subsequent automatic execution of these files by on-board service and scientific systems. The scope of daily tasks will depend on TM energy balance on Phobos surface. It is supposed that work with TM will stop only after on-board systems will degrade to the extent which will make impossible any research with transmission of results to the Earth.

The REV work program is substantially simpler since REV is equipped only with service systems and has no scientific instruments. REV mission success will depend mainly on possibility of maintenance of stable radio communication with REV and operation of REV motion control system. Additional difficulty consists in the fact that REV should fulfil complex operations related to formation of MSV orbit as soon as it starts solo flight. Functional check of radio system will be performed in the phase of joint flight too, but all command devices and actuators will be engaged during REV liftoff for the first time and at once in the active operation mode.
Fulfilment of REV flight program will consist of standard operations including trajectory measurements, status monitoring as per telemetry information, introduction and execution of parameters of correcting pulses. Communication with REV will be normally interrupted while it will enter the upper atmosphere of the Earth after DV separation. Last data of REV trajectory measurements will be important for DV search.
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