SPACECRAFT RELIABILITY ASSURANCE

Within development of Phobos (Mars moon) soil delivery project for tentative evaluation of successful mission execution probability we made statistical evaluation of reliability of both domestic and foreign Martian missions to reveal the most typical causes of space hardware failures.

Exploration of Mars by means of spacecrafts was aimed to analyse atmosphere, magnetic and gravitational fields, physical and chemical characteristics of soil, surface relief pattern and others.

The first mission to Mars was sent by the Soviet scientists in 1960 and failed during the vehicle injection into the near-earth orbit. The subsequent fifty years' history of direct exploration of Mars and near-Mars space has shown successes and failures. 21 of 39 missions failed which clearly demonstrates all complexity of Mars exploration tasks.

Main causes of failures were injection means (eight missions), errors of operators (three missions), hardware components (ten missions), etc.

The USSR (Russia), USA, Japan and European Space Agency took part in Mars and near-Mars space exploration.

The first six missions were prepared by NPO Energia, and all of them failed. 

Spacecrafts Mars 1960А (10.10.60), Mars-1960B (14.10.60), Mars 1962А (24.10.62) and Mars 1962В (04.11.62) did not arrive in Mars flight trajectory because of accidents of launch vehicles. 

Communication has been lost with spacecraft (SC) Mars-1 (01.11.62) on Earth-Mars flight trajectory. 

Causes of failure of mission with SC Zond-2 (30.11.64), which aimed to take photographs of Mars at a short distance, were non-opening of solar batteries, miss of the first correction, missing of Mars, and communication loss. In 1965 the subjects of development of automatic interplanetary stations were handed over to NPO Lavochkin Association.

The first two missions prepared by NPO Lavochkin Association with SC Mars-69-1 and Mars-69-2 in 1969 failed too because of accident of launch vehicles.

The first results have been achieved by Mars-71-2 mission (19.05.71) with Mars-2 landing vehicle. However the landing vehicle crashed during landing because of computer error in calculation of angle of entry in Mars atmosphere.

Results of twelve missions to Mars developed by NPO Lavochkin Association are stated in Table 1.

Table 1. Series of Mars Mission SCs Made in NPO Lavochkin Association
	Ser. No. 
	Mission index 
	Launch date
	Main mission goal
	Mission results
	Mission failure cause
	Flight program assessment

	1
	Mars-69-1


	27.03.69
	Landing
	Accident
	LV
	-

	2
	Mars-69-2


	02.04.69
	Landing
	Accident
	LV
	-

	3
	Mars-71-1


	10.05.71.
	MSV orbit
	Accident
	Control error
	-
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	4
	Mars-71-2

Mars-2
	19.05.71
	Landing
	Descent vehicle crashed
	Faulty re-entry angles 

because of computer error
	+

	
	
	
	MSV orbit
	Exploration on MSV orbit 
	-
	

	5
	Mars-71-3

Mars-3
	28.05.71
	Landing

MSV orbit
	Target mission completed 
	-
	+

	6
	Mars-73-1

Mars-4
	21.07.73
	MSV orbit
	Accident (failure to arrive in MSV orbit)
	SC (OBC)
	-

	7
	Mars-73-2

Mars-5
	25.07.73
	MSV orbit
	Target mission completed 
	-
	+

	8
	Mars-73-3

Mars-6
	05.08.73
	Landing
	Program completed
	-
	+

	9
	Mars-73-4

Mars-7
	09.08.73
	Landing
	Accident (DV flight at distance of 1300 km)
	SC (OBC)
	-

	10
	Phobos-1
	07.07.88
	Phobos exploration
	Accident
	Control error
	-

	11
	Phobos-2
	12.07.88
	Phobos exploration
	Accident
	SC (OBC-)
	-

	12
	Mars-96
	16.11.96
	Mars exploration
	Accident
	Transfer orbit stage D
	-

	Of 12 missions: 3 failures because of launch vehicles, 2 failures because of control errors, and 

3 failures because of SC (ERI)


The USA launched nineteen missions of which six were unsuccessful. Statistics of missions are presented in Table 2.

Table 2. Series of Mars Mission SCs Made by USA

	Ser. No. 
	Mission index
	Launch date
	Main mission goal
	Mission results
	Mission failure cause
	Flight program assessment

	1
	Mariner-3 
	05.11.64 
	Flight around Mars
	Accident
	SC 

Non-opening of solar battery panels 
	-

	2
	Mariner-4 
	28.11.64 
	Flight around Mars
	Successful mission
	-
	+

	3
	Mariner-6 
	24.02.69 
	Flight around Mars
	Successful mission
	-
	+

	4
	Mariner-7 
	27.03.69 
	Flight around Mars
	Successful mission
	-
	+

	5
	Mariner-8 
	08.05.71 
	Flight around Mars
	Accident
	LV
	-

	6
	Mariner-9 
	30.05.71 
	Mars satellite
	Successful mission
	-
	+

	7
	Viking-1
	20.08.75 
	Landing on Mars
	Successful mission
	-
	+

	8
	Viking-2
	09.09.75 
	Landing on Mars
	Successful mission
	-
	+

	9
	Mars Observer 
	25.09.92 
	Mars satellite
	Accident
	SC – presumably tanks explosion
	-

	10
	Mars Global Surveyor 
	07.11.96 
	Mars satellite
	Successful mission
	-
	

	11
	Mars Pathfinder 
	04.12.96 
	Landing on Mars. Mars exploration rover
	Successful mission
	-
	

	12
	Mars Climate Orbiter 
	11.12.98 
	Mars satellite
	Accident. SC destroyed
	Operator navigation error
	-

	13
	Mars Polar Lander 
	03.01.99 
	Landing on Mars
	Accident
	SC – communication failure before landing
	-
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	Ser. No. 
	Mission index
	Launch date
	Main mission goal
	Mission results
	Mission failure cause
	Flight program assessment

	14
	Deep Space 2 
	03.01.99 
	Mars soil exploration with two probes
	Accident
	SC – communication failure
	-

	15
	Mars 2001 Odissey 
	07.04.01 
	Mars exploration
	Successful mission
	-
	+

	16
	Spirit (MER-A) 
	10.06.03 
	Landing on Mars. Mars exploration rover
	Successful mission
	-
	+

	17
	Opportunity (MER-B) 
	07.07.03 
	Landing on Mars. Mars exploration rover
	Successful mission
	-
	+

	18
	Mars Reconnaisance Orbiter 
	12.08.05 
	Mars satellite
	Successful mission
	-
	+

	19
	Phoenix 
	04.08.07 
	Landing on Mars
	Successful mission 
	-
	+

	Of 19 missions: 1 failure because of launch vehicles, 1 failure because of navigation error, and

 4 failures because of SC (ERI)


The Mars Express European Space Agency mission (02 June 2003) aimed to explore Mars from the Mars space vehicle orbit (MSVO) and after probe landing was a partial success because the Beagle-2 probe crashed during landing.

In 03 July 98 Japan launched the Nozomi probe for exploring conditions on Mars. However the probe flew by Mars because of incorrect gravitational manoeuvre.

During mission program result assessment, a mission was considered if it resulted in acquisition of scientific information.

Successful missions and missions failed because of accidents of launchers, failures of nose fairings, errors of operators and other causes not related to SC reliability were considered as valid:


[image: image1.wmf],

validLVother

NNmm

=--


where mLV is number of accidents of launch vehicles and

mother is number of unsuccessful missions because of causes not related to SC reliability.

Then statistical reliability of Martian missions can be evaluated as
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where mSC is number of unsuccessful missions because of SC failures.

Analysis of fifty years' history of Mars exploration shows that reliability of accomplishment of Martian missions is equal to 0.46. Here, reliability of USA SCs was 0.7, that of Russian SCs, 0.4, and that of SCs designed by NPO Lavochkin Association, 0.572.

 “PHOBOS-GRUNT” MISSION RELIABILITY ASSURANCE

“Phobos-Grunt” SC is being made according to requirements of standard documentation in force in the respective industry branch.

· Main principles of assurance of reliability of mission for delivery of Phobos soil to the Earth are stated below:

· implementation of mission with high success probability by one launch (Р ( 0.9) with high values of probability of no-failure of all components of space-rocket complex;
· acceleration of “Phobos-Grunt” SC to Mars flight trajectory by means of SC itself with use of high-reliability propulsion plant Fregat-SB TOS which is dropped on completion of injection;
· build-up of “Phobos-Grunt” spacecraft as per classical scheme of independent components embedded in each other: 

· transfer module, 

· ascent rocket, 

· re-entry vehicle, 

· descent vehicle;
· significant functional redundancy of Phobos landing aids of SC;
· redundancy of soil sampling means, which allows safe solution of task of soil sampling and transfer to descent vehicle under operation conditions on Phobos (when gravitation is almost unavailable); 

· use of deeply redundant on-board computer network and control system on SC;
· organisation of centralised system of activities for providing manufacturers and designers of on-board radio electronics with electronic radio items of high quality and reliability;
· deep experimental verification with confirmation of serviceability margins of on-board systems exposed to external effects within scope of both independent and integrated tests, including service life tests and electrical checks under vacuum conditions; 

· development of list of unnominal situations and procedures for recovery from such situations, detection of critical elements and additional serviceability proving tests; 

· thorough and complete optimisation of software and algorithms;
· optimisation of spacecraft control procedure and optimisation of search of landed descent vehicle with Phobos soil;
· redundancy of descent vehicle detection measures and means.

Main method of space hardware reliability verification and assurance is ground development test.

In the “Phobos-Grunt” SC ground development test according to the Integrated development test program the use is made of the following experimental samples that allow to ensure complete optimisation and high reliability of mission:

- vibrodynamic test item;
- antenna mockup; 

- detailed design mockup; 

- charging and form fit mockup; 

- radio electronic test item; 

- independent thermal vacuum test items (5 items);
- descent vehicle test items (2 items);
- lander optimisation assemblage;
- propulsion plant test items (3 items);
- soil sampling device test items

and other items and mockups.

Besides, SC flight model is subjected to electrical tests within ground development tests, including electrical tests with thermocycling in vacuum chamber.

All diversity of spacecraft systems and units can be divided into two basic groups: devices of mechanical type and devices of electronic type.

Reliability of devices of mechanical type is ensured by assurance coefficients (stability, wear-resisting properties, etc.), and reliability of devices of electronic type is ensured by selection of appropriate electronic radio items to achieve the required reliability and specified operation time and by redundancy of items with insufficient reliability.

The following measures are taken to enhance reliability of on-board electronic equipment of “Phobos-Grunt” SC:

· Requirements to electronic radio items, including requirements to selection of ERI of domestic and foreign make, were included in On-Board Equipment Production Requirement Specifications and On-Board Equipment Reliability Assurance Programs. 

· Decisions on Providing SC with Electronic Component Base were issued in “Development of Detailed Design Documentation” development phase to regulate work with electronic component base. 

· Additional ERI tests were performed: screening test, diagnostic nondestructive test and destructive physical analysis of electronic radio items in technical test centres; and foreign electronic components were certified to enhance ERI reliability and quality.

Electronic component base for “Phobos-Grunt” SC was selected by on-board equipment designers according to requirements imposed on ERI. Domestic electronic radio items of quality class “OS”, “OSM” and “VP” have been used in radio electronics. When domestic ERI with required reliability, response, mass and power consumption were unavailable, foreign space, military and industrial items were used in radio electronics. 

Enhancement of ERI reliability in on-board equipment is ensured by conducting additional tests in technical test centres, including:

· estimation of operation conditions of items within equipment with development and coordination of model of external effects; 

· study of radiation resistance of electronic radio items and estimation of their quality; 

· development of programs and procedures for additional check and test of items; 

· checks and tests according to agreed program (OI, DNK, and RFA);
· certification of foreign ERI.

Measures taken in technical test centres allowed to provide on-board equipment manufacturers with electronic radio items of sufficient reliability and quality with ERI failure rate of ( = (1·10-9 … 1·10-10) 1/hour. 

“Phobos-Grunt” SC electronic radio items were acquired: 

· in centralized way through ANO AKNIIPO for factories ANO NTITS Tekhkom, Space Research Institute of RAS, OAO TKS-Optika, FSUE NPO IT, OAO Kontsern Vega, OAO NIAI Istochnik, OAO Saturn, IF ORION KHIT, and OAO Zavod Elekon;

· in decentralized way for factories FSUE RNII KP and FSUE NPTS Polus and also for STME, BPPT-SPP and BPPT-TM designed by Federal Enterprise “Lavochkin Association”. 

Acquisition system selection is stipulated by many causes, including ERI delivery date, financing of additional test activities, presence of technical test centre at radio electronics manufacturer, reliability requirements, etc. 

Lavochkin Association monitors measures that enhance reliability of electronic component base of “Phobos-Grunt” SC. Reported data from radio electronics manufacturers and ANO AKNIIPO allow to make conclusion saying that “Phobos-Grunt” SC hardware is provided with electronic radio items of high quality and reliability. 

“PHOBOS-GRUNT” MISSION SUCCESS PROBABILITY

Tactical and technical requirements specification requires that “Phobos-Grunt” mission positive implementation probability shall not be less than 0.9, and probability of no-failure of SC during mission shall not be less than 0.93.

Measures taken to assure spacecraft reliability and preliminary evaluations of probability of no-failure of spacecraft allow to look forward for successful accomplishment of mission.
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