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October 24, 2003

University of California, Berkeley

Space Systems Laboratory

Berkeley, CA 94720

Attention: 
Peter Harvey

Subject:

Engineering Peer Review Report for THEMIS Fluxgate Magnetometer


An Engineering Peer Review (EPR) for the THEMIS Fluxgate Magnetometer (FGM) was conducted on October 8-9, 2003 in Braunschweig, Germany.  The meeting was attended by the five members of the EPR team along with personnel from NASA GSFC and the University of California, Berkeley (UCB). 

This report is organized into three portions:  Summary; Findings; and Requests for Actions (RFAs).  The Summary section contains our overall thoughts regarding the status of the FGM program and its ability to support the technical and programmatic requirements imposed by the THEMIS project.  The Findings section contains our comments regarding issues that we think should be examined further by the team.  The RFA section contains recommendations and rationale regarding the most important issues.  These three sections represent a compilation of the thoughts from the five review team members.  To provide the most complete information to the THEMIS team, I have also attached the comments of the individual reviewers.  I encourage readers to review the comments from the individual reviewers because they contain the most detailed description of the issues.   Please feel free to contact me or any one of the reviewers if you have any questions or would like some issue clarified.   

Sincerely,

Original signed by

Jeffrey C. Preble

Review Team Leader         

Distribution to THEMIS Team:
Prof. Vassilis Angelopoulos, UCB

Distribution to Review Team:

David Everett, NASA GSFC






Jose M. G.  Merayo, Technical Univ. of Denmark






Dr. Michael Sholl, UCB






Dr. James A. Slavin, NASA GSFC

Review Team Members:

	Name
	Organization
	Telephone
	Email

	David F. Everett
	NASA/GSFC
	301.286.1596
	David.F.Everett@nasa.gov

	Jose M.G. Merayo
	Technical Univ. of Denmark
	45 45 25 34 38
	mjj@oersted.dtu.di

	Jeffrey C. Preble
	SpaceWorks, Inc.
	480.575.1676
	jpreble@spaceworksinc.com

	Dr. Michael Scholl
	UCB
	510.486.6340
	sholl@ssl.berkeley.edu

	Dr. James A. Slavin
	NASA/GSFC
	301.286.5839
	James.a.slavin@nasa.gov


Summary:

· The FGM team seems to have a very good understanding of the engineering issues associated with the instrument based on considerable experience with similar devices on spacecraft (Equator-S, MIR, Rosetta) and ground systems.

· The FGM team is clearly experienced, knowledgeable, and capable. 

· The design shown is the state-of-the-art for spaceborne vector fluxgate magnetometers employing 3-D nulling and digital feedback electronics.

· Development of breadboard electronics at this stage is a very positive step and should help reduce technical risk on the program.

· Development of the parts list is being accomplished by the FGM team in Braunschweig, but procurement and EEE parts quality assurance is the responsibility of UCB.  This is a very good approach and decreases the possibility that the project will have to respond to avoidable parts issues late in the program.

· There is little emphasis on some of the traditional program management and systems engineering  tasks such as schedule management, staffing, requirements specification and flowdown, test planning, risk management, quality assurance, etc.  However, the experience of the FGM team on similar instruments mitigates some of our concerns in this area.

Findings:

1. UCB should ensure that the jitter specification on the 223 clock meets the FGM requirements.

2. UCB should make sure that other spacecraft components do not operate at 2x the FGM drive frequency.  The FGM is very sensitive to noise at this frequency.  Since many components are using clocks derived from the same master oscillator, it is possible that other boxes will use exactly this frequency.

3. UCB should define specification for FGM for operation beyond the science range of 0-1000 nT.  There are plans to use the FGM beyond 1000 nT, but there is no specification for it to operate beyond 1000 nT.  I suggest some specification for providing engineering-quality data between 1000 and 30,000 nT if you plan to use the magnetometer throughout the orbit.

4. Has this FGM design, with high-speed digital sampling and feedback via D/A converters, been used on a spacecraft spinning at 20 RPM?  If not, are there any special considerations, such as the rate of feedback updates?  At 10,000 nT field strength, 20 RPM spin rate, and 128 Hz sampling, the feedback must change by over 25 nT per sample.  Is this reasonable?  Are there any other issues?

5. Consider a command counter and/or bad command counter to aid in the check-out of commanding, especially during integration and test.

6. Make sure relationship between clock and data meets set-up and hold times despite the variable delays induced by the buffer driver and line receiver on the interface between the FGM and the IDPU.

7. UCB should plan to take magnetometer measurements when all spacecraft are in close proximity shortly after launch.  This testing will verify the relative timing and field measurements between spacecraft, using the signature of events which all spacecraft detect.  These tests are essential to unambiguously demonstrate primary science objectives.

8. We recommend determination of timing of FGM electronics at integration level.

9. Mass and power are both very close to the not-to-exceed values defined by UCB.  It doesn't appear as though the FGM team has a process to control mass and power.  We recommend that the FGM team and UCB develop a clear approach to control mass and power and stick to it.  Some features to consider is regular reporting (weekly, monthly, etc.), with component mass/power reported in categories such as CBE, margin based on component maturity, and EAC.  Showing how the mass/power are tracking since the beginning of the project might increase confidence that mass and power are under control. Some issues associated with mass and power were:  1) power was 760 mW, but didn't include +/- 10% which takes it above the 800 mW NTE; 2) it was unclear if the 760 mW was CBE based on worst case analysis or something else; 3) 180 g for sensor harness assumed 3 m when it is really going to be something like 4 m or more; 4) a little confusion on the sensor mass (68 g vs. 70 g NTE vs. change to 78 g during briefing). 

10. While there is some requirements definition and control for the FGM contained in the THEMIS MRD by UCB, there is little evidence that it is being carried to lower levels by the FGM team.  It probably would be a good idea for the FGM team to develop a technical specification for the FGM sensor and electronics that can form the basis for a requirements verification matrix.  

11. There was no real discussion of the development, qualification, calibration and acceptance test flow.  Since the magnetometer measurements on THEMIS are critical to the success of the mission, development of end-to-end tests of the magnetometers at the instrument, instrument suite, and spacecraft levels are recommended.  We recommend that UCB and the FGM team put together a clear and thorough test plan that incorporates all necessary testing from development testing in Braunschweig through to launch site testing.

12. The development schedule for the FGM sensor and electronics is very aggressive.  There was little evidence that the FGM team understood the critical path and that they were taking steps to ensure that they kept to the schedule.  I recommend that they develop a detailed schedule and include the effect of long lead parts.

13. Question coating on wire: polyesterimid, covered by bond coat (polyamid).  Is anyone concerned about thermal cycles Themis will experience degrading this coating (especially the innermost probes)?  Recommend you compare thermal predictions of # of cycles to environments to which similar coils have been tested/flown.

14. Glue is qualified by similarity with another unit which was qualified to 2000gs.  Compare glue patch extents with those of qualified unit.  Also, are surface finishes/treatments similar between this unit and the qualified unit?  Recommend that the FGM team perform a “liquid nitrogen immersion” test on the flight configuration, with flight-like surface finishes/coatings.

15. 24ppm/c is not the CTE of copper, thermal matching of elements should be re-examined.

16. Stated vibration levels seem very high, but the quasi-static level looks low (25g).  Recommend you set limit loads for the design: if the instruments “are designed to” 100g, then you are in good shape for levels which fall out of the coupled loads analysis late in project.

17. Recommend mounting requirement: ≤1°  0.2mm/40mm/sqrt(2)=0.2°, should be good enough.

18. Recommend you state no parts >100mW dissipation.  If thermal predicts on the instrument PCBs come back >50°C, check for high (>10°C/W) thermal resistances between junction and case.

19. THEMIS FGM incorporates a number of new "developments" that have not been flown previously (i.e., 3-D compensation and digital feedback drive).

20. THEMIS FGM design does not include an anti-aliasing filter to reduce sensitivity to signals above the instrument's Nyquist frequency nor is any digital filtering being performed in the IDPU.  FGM Team should consider the impacts of not including a simple analog anti-aliasing filter that rolls off the instrument response to signals above a frequency of 10 to 20 Hz in consultation with the EFI and SCM teams before CDR.

21. THEMIS has a 1 nT stray magnetic field requirement, but no Magnetics Control Plan, no named magnetics control engineer at SWALES or UCB and no plan to test any of the s/c in a large coil facility. "Sniff" tests are planned to identify any large sources of magnetic contamination, but this procedure is insufficient to ensure system level compliance with a 1 nT DC stray field requirement.  THEMIS Project should develop a written magnetics control plan, assign responsibility for its implementation to a named engineer at UCB or SWALES and plan to test at least one, but preferably all five spacecraft at the GSFC large coil facility as part of the integration and test process.
Fluxgate Magnetometer

Requests for Action (RFA)
RFA #:  FGM-1


Instrument:  FGM

RFA Title:  Magnetic Cleanliness

Review:  FGM EPR1


Date of Review:  10/09/2003




Reviewer:  Dr. James Slavin

Organization:  NASA/GSFC

Recommended Action:

1.  UCB/Swales should identify an individual that will assume responsibility for magnetic cleanliness on the project. 

2.  The magnetics engineer should:  a) review the magnetic cleanliness requirement; b) develop a magnetic cleanliness plan to meet the requirements set by the project; c) obtain concurrence of the relevant flight hardware developers on the plan; d) review spacecraft systems level design for traditional sources of stray fields (solar array, other current loops, grounding, latch valves, batteries, etc.); e) maintain grassroots magnetics budget verified by some benchtop measurements; and f) verify that magnetic cleanliness requirements are met.

3.  At least one spacecraft should undergo magnetic mapping at a large coil facility where any stray fields can be characterized (spacecraft on/off, perm/de-perm) to establish compliance with +/- 1nT specification and provide basis for dealing with any non-compliance. 

Rationale:

THEMIS primary science objectives require sensitive, accurate measurements of magnetic structures and waves whose amplitudes range from 1-10 nT at the outermost spacecraft to 1-50 nT in the near-tail.  THEMIS project has set a +/- 1 nT stray field upper limit (at the mag sensor) and taken several important steps (e.g., ~ 2m long mag booms, back-wired solar array, …) toward achieving these goals.  However, the project has no Magnetics Control Plan, no magnetics control engineer at SWALES or UCB and no plan to test any of the spacecraft in a large coil facility. "Sniff" tests are planned to identify any large sources of magnetic contamination, but this procedure is insufficient to ensure system level compliance with a 1 nT DC stray field requirement.  
Fluxgate Magnetometer

Requests for Action (RFA)
RFA #:  FGM-2


Instrument:  FGM

RFA Title:  Anti-Aliasing Filter

Review:  FGM EPR1


Date of Review:  10/09/2003




Reviewer:  Dr. James Slavin

Organization:  NASA/GSFC

Recommended Action:

The FGM Team should review the impact of not including a simple analog anti-aliasing filter that rolls off the instrument response to signals above a frequency of 10 to 20 Hz in consultation with the EFI and SCM teams. We recommend that the results and conclusion of the review be completed soon and no later than CDR.  
Rationale:

THEMIS FGM design does not include an anti-aliasing filter to reduce sensitivity to signals above the instrument's Nyquist frequency nor is any digital filtering being performed in the IDPU.
THEMIS Fluxgate Magnetometer (FGM) 

Engineering Peer Review

October 8-9, 2003

Braunschweig, Germany
Engineering Peer Review 

Team Member Comments
FGM Engineering Peer Review Comments

David F. Everett
Summary:

In general, the FGM team appears well on the way to producing flight flux-gate magnetometers for THEMIS.  The team is clearly experienced, knowledgeable, and capable.  

Findings:

Here are specific areas that the Berkeley team and/or the FGM team should consider:

· Berkeley should ensure that the jitter specification on the 223 clock meets the FGM requirements.

· Berkeley should make sure that other spacecraft components do not operate at 2x the FGM drive frequency.  The FGM is very sensitive to noise at this frequency.  Since many components are using clocks derived from the same master oscillator, it is possible that other boxes will use exactly this frequency.

· Berkeley should define specification for FGM for operation beyond the science range of 0-1000 nT.  There are plans to use the FGM beyond 1000 nT, but there is no specification for it to operate beyond 1000 nT.  I suggest some specification for providing engineering-quality data between 1000 and 30,000 nT if you plan to use the magnetometer throughout the orbit.

· Has this FGM design, with high-speed digital sampling and feedback via D/A converters, been used on a spacecraft spinning at 20 RPM?  If not, are there any special considerations, such as the rate of feedback updates?  At 10,000 nT field strength, 20 RPM spin rate, and 128 Hz sampling, the feedback must change by over 25 nT per sample.  Is this reasonable?  Are there any other issues?

· Consider a command counter and/or bad command counter to aid in the check-out of commanding, especially during integration and test.

· Make sure relationship between clock and data meets set-up and hold times despite the variable delays induced by the buffer driver and line receiver on the interface between the FGM and the IDPU.

· Consider the possibility of externally stimulating the instrument with a time-referenced source to verify end-to-end timing at spacecraft-level testing.

· Berkeley should plan to take magnetometer measurements when all spacecraft are in close proximity shortly after launch.  This testing will verify the relative timing and field measurements between spacecraft, using the signature of events which all spacecraft detect.  These tests are essential to unambiguously demonstrate primary science objectives.

FGM Engineering Peer Review Comments

Jose M. G. Merayo, Ph.D.

Summary:
· Since magnetic measurements from different spacecraft are going to be merged for analyzing and correlating magnetic signatures at different positions in space, it is essential that the time associated with each magnetic vector is as good as possible.  It is not enough to estimate/calculate this delay.  It is therefore necessary to determined, accurately, the delay from the actual magnetic field signal to the time reference at the IDPU.  This could be done, as suggested by UCB, by providing a sync signal from the IDPU that could trigger a field generation at the sensor.  Then this timing could be determined accurately on the integrated flight instrument.

· The study of substorms is based on very low magnetic field signatures. Therefore, the environment of the magnetic sensor FGM is to be as low as possible (to the level of the accuracy that has to be achieved) and the S/C has to comply with this low magnetic perturbation.  It wouldn’t be enough through analysis to ensure this, but to decide that the magnetic perturbations of the S/C are as low as needed in a reasonable low noise magnetic environment.

· Most calibration parameters can be determined in flight, especially those that can be determined from the spinning behavior of the S/C.  However, and especially, effects in the spin axis may not be determined that accurately.

Findings:

· Recommend determination of timing of FGM electronics at integration level

· Recommend verification of low magnetic contamination at FGM sensor when boom is deployed

· Recommend demonstration that all calibration parameters (especially in spin axis component) can be determined to the needed accuracy.  This can be done by currently available data and/or simulations.  

FGM Engineering Peer Review Comments

Jeffrey C. Preble

Summary:

· Very good experience from MIR, Rosetta, Equator-S and ground systems.

· Capable team that clearly understands the engineering issues associated with the FGM.

· Apparent lack of program management and systems engineering, but offset somewhat by substantial experience with these devices.

Findings:

· Mass and power are both very close to the not-to-exceed values defined by UCB.  It doesn't appear as though the FGM team has a process to control mass and power.  I recommend that the FGM team and UCB develop a clear approach to control mass and power and stick to it.

· While there is some requirements definition and control for the FGM contained in the THEMIS MRD by UCB, there is little evidence that it is being carried to lower levels by the FGM team.  It probably would be a good idea for the FGM team to develop a technical specification for the FGM sensor and electronics that can form the basis for a requirements verification matrix.  

· There was some discussion over the need to measure the magnetic properties of the boom components and match individual instruments with individual booms.  There was a similar issue associated with the individual FPGAs and sensors.  The coordination of this including the requirements and test facility needs to be completed soon. 

· The FGM electronics was not yet laid out.  Since the FGM electronics is a portion of a UCB board, it is important that this coordination be completed as soon as possible to reduce the possibility that some unexpected event associated with the FGM electronics could ripple through the IDPU.

· There was no real discussion of the development, qualification, calibration and acceptance test flow.  Since the magnetometer measurements on THEMIS are critical to the success of the mission, development of end-to-end tests of the magnetometers at the instrument, instrument suite, and spacecraft levels are recommended.

· Magnetic cleanliness of the spacecraft and its impact on the operation of the FGM is a serious issue that has not been adequately addressed by UCB or the FGM team.  

· The development schedule for the FGM sensor and electronics is very aggressive.  There was little evidence that the FGM team understood the critical path and that they were taking steps to ensure that they kept to the schedule.  I recommend that they develop a detailed schedule and include the effect of long lead parts.

FGM Engineering Peer Review Comments

Dr. Michael Sholl
Findings:

· Question coating on wire: polyesterimid, covered by bond coat (polyamid).  Is anyone concerned about thermal cycles Themis will experience degrading this coating (especially the innermost probes)?   Recommend you compare thermal predictions of # of cycles to environments to which similar coils have been tested/flown.

· Glue is qualified by similarity with another unit which was qualified to 2000gs.  Compare glue patch extents with those of qualified unit.  Also, are surface finishes/treatments similar between this unit and the qualified unit?  Recommend you investigate use of 3M 2216 glue, because it is on 1124 list.  Please perform a “liquid nitrogen immersion” test on the flight configuration, with flight-like surface finishes/coatings.

· 24ppm/c is not the CTE of copper, thermal matching of elements should be re-examined.

· Brass fasteners are not staked or in locking inserts, will need torque log on these fasteners, and assurance that they are not unscrewed subsequent to final workmanship qualification shake.

· Stated vibration levels seem very high, but the quasi-static level looks low (25g).  Recommend you set limit loads for the design: if the instruments “are designed to” 100g, then you are in good shape for levels which fall out of the coupled loads analysis late in project.

· Recommend mounting requirement: ≤1°  0.2mm/40mm/sqrt(2)=0.2°: should be good enough.

· Recommend you state no parts >100mW dissipation.  If thermal predicts on the instrument PCBs come back >50°C, check for high (>10°C/W) thermal resistances between junction and case.

· 3.3uF tekelec ceramic or polyester cap?:  Do we have to do any additional qualification on these?  I suggest that a part be provided by UCB.

FGM Engineering Peer Review Comments

Dr. James A. Slavin

Summary:

· Experienced team, and very well equipped facilities for the in-house production of fluxgate magnetometers for space science missions.

· THEMIS design is state-of-the-art for spaceborne vector fluxgate magnetometers employing 3-D nulling and digital feedback electronics.

· TUB magnetometers have strong space flight heritage (Equator-S, Mir, and Rosetta).

Findings:

· THEMIS FGM incorporates a number of new "developments" that have not been flown previously (i.e., 3-D compensation and digital feedback drive).
· THEMIS FGM design does not include an anti-aliasing filter to reduce sensitivity to signals above the instrument's Nyquist frequency nor is any digital filtering being performed in the IDPU.  FGM Team should consider the impacts of not including a simple analog anti-aliasing filter that rolls off the instrument response to signals above a frequency of 10 to 20 Hz in consultation with the EFI and SCM teams before CDR.
· THEMIS has a 1 nT stray magnetic field requirement, but no Magnetics Control Plan, no named magnetics control engineer at SWALES or UCB and no plan to test any of the s/c in a large coil facility. "Sniff" tests are planned to identify any large sources of magnetic contamination, but this procedure is insufficient to ensure system level compliance with a 1 nT DC stray field requirement.  THEMIS Project should develop a written magnetics control plan, assign responsibility for its implementation to a named engineer at UCB or SWALES and plan to test at least one, but preferably all five spacecraft at the GSFC large coil facility as part of the integration and test process.
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