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On 26 May we completed a series of tests on the Lasers and Battery system of the ANDE MAA spacecraft to gather data on the options available for reliable operation of the spacecraft and Lasers on orbit.  The following attempts to present all the data available for arriving at a decision on how to best configure the system.

What We Know:

· The primary Lithium cells have a very high internal impedance of 5 to 30 ohms each

· The cells have an absolutely flat discharge curve making it impossible to determine capacity

· A part of the original design was a circuit to taper the batteries by .5V over their life to assess capacity.
· The average laser current of about 750 mA causes a system power droop to about 11.0 volts

· But the laser current can peak at 2.4 amps if all 6 fire at once
· As built, the system cannot power all 6 lasers at once.  (they trip off , lockup, or power cycle)

What We Don’t Know:

· The manufacturer’s battery life curves are all based on constant drain, not  our bursty operation
· These cells have no flight heritage in zero-G and contain a free flowing (sloshing) liquid electrolyte

· We do not know if the liquid stays were it should and gives 100% life in orbit

· Our one year life estimates could be off by a factor of 2, 3 or more.  We have no data.

· A small undetectable leakage current could have significant impact on remaining capacity either in the last 3 years or on orbit without our knowledge.
To try to assess the operating envelope, several tests were conducted to evaluate the power required to operate either 3 or 6 lasers.  The table below summarizes those tests and then extrapolates that behavior through several options we could take at the wiring harness level (without box impact) to improve mission success.

	Configuration
	Battery config
	SIX

lasers
	B%
	V
	P
	Three

lasers
	B%
	V
	P
	TX
	Mgt

	
	
	
	
	
	
	
	
	
	
	
	

	As Designed
	A1A2, B1,  B2
	-
	.45
	8.0
	2.9
	-
	-
	
	-
	Yes
	50%

	Test 0 (isolate)
	A1A2, B1,  B2
	-
	.45
	8.0
	2.9
	Yes
	.2
	8.7
	2.4
	Yes
	50%

	Test 1    “
	A1A2, B1
	-
	
	
	
	Yes
	.2
	8.7
	2.2
	Yes
	n/a

	Test 2    “
	A1A2
	-
	
	
	
	Yes
	
	
	2.0
	Yes
	n/a

	Test 2    “
	A1,      B1,  B2
	-
	
	
	
	Yes
	
	
	
	 -
	n/a

	Test 3    “
	            B1,  B2
	-
	
	
	
	-
	
	8.2
	1.9
	-
	n/a

	
	
	
	
	
	
	
	
	
	
	
	

	Opt 0 (isolate)
	A1A2, B1,  B2
	-
	-
	
	-
	Yes
	
	
	
	Yes
	50%

	Opt 1a (B1=B2)
	A1A2,  B1B2
	Yes
	.5
	8.7
	2+2
	Side A
	.2
	
	2.4
	Yes
	50%

	Opt 1b (B1=B2)
	A1A2,  B1B2
	Yes
	.5
	8.7
	2+2
	Side B
	1.0
	
	2.0
	Yes
	50%

	Opt 2(A1A2B1)
	A1A2B1,    B2
	-
	
	
	
	Yes
	.1
	10.1
	3.1
	Yes
	25%

	Opt 3 (combine)
	A1A2B1B2
	Yes
	.5
	8.7
	2+2
	Yes
	1.0
	10.7
	4
	Yes
	-


Notes:  The underlined batteries have a 0.5 volt diode drop to provide the 50% battery life assessment taper.  The B% column is a subjective guestimate of the load sharing between the dioded batteries compared to the non-dioded batteries.  We do have confidence in the 90/10% load sharing under an 850 mA draw and the 55/45% sharing under the 2.5 Amp draw, but no other solid data points.  The P column is a subjective assessment of the “power” available in number of “battery units.”
Option 0:  In any case, we will isolate the two laser systems so they can be separately controlled and so that we can operate just 3 lasers as an option.  This still retains dual redundancy in being able to command at least 3 lasers despite single failures in either the comm. systems or the lasers.
Option 1:  Retains the .5V battery taper for battery life assessment, allows 6 laser operations for the first 40% of mission life and gives good 3 laser operations on either side A or B through probably 60% of mission life.  In effect, the A side 3 lasers operate on A1A2 and 20% of the B1B2.  The B side 3 lasers operate on B1B2.  When all 6 are operating, A1A2 fully supply the A side and B1B2 fully supply the B side.  When the lasers can no longer operate on A or B side, there is still 40% battery life remaining for using the telemetry system for continuing telemetry and spin information from the PV cells to end of mission.  The 60% and 40% life-remaining milestones allow for operation planning to target mission life through to re-entry.
Option 2:  Retains at least 25% battery taper for battery life assessment but adds a robust margin for very good 3 laser reliability.   But 6 laser operation is not possible.  20% life remains after 3 laser operations are no longer possible.
Option 3:  Abandons any battery life assessment for the maximum power to the lasers.  Both 6 and 3 laser operations are possible throughout the mission.   Operation will continue without any noticeable degradation until only 3% of life remains.  Then everything fails at once including any ability to communicate or get telemetry or use the PV cells for spin information.  We have no idea when this will occur.
DECISION BASIS:

Since the Lasers are the most power hungry and sensitive subsystem, and they provide redundant spin information which can also be obtained from the PV telemetry, it appears that option 1 is the optimum mission life option since it gives intermediate milestones that allow us to tailor our operations demands to match the telemetry system life to the re-entry point.  

Option 3 assures the maximum use of the lasers, but maximum vulnerability to our inability to pre-estimate mission battery life.  And we really have no idea what that is.
RECOMMENDATION:
I recommend option 1.  We operate with 6 lasers initially until Maui is confident in their ability to locate the spacecraft and assess it spin.  Then we drop to 3 laser operations to extend battery life, while occasionally testing 6 laser operation.  When we can no longer operate 6 lasers, we assume we are at the 40% mission life point and modify our 3 laser operation to extend 3 laser operation to the 60% point.  Then use only PV spin determination through to end of mission at re-entry. 
The remainder of this paper is the original test details through 25 May.

ANDE MAA Full-up Functional Testing (with Lasers)



  25 May 2006

This document reports the results of preliminary full-up functional integration testing of the ANDE MAA sphere 19-24 May 2006.  This is the first time testing of the comm. system with the fully integrated sensors and the shell wiring harness and with the repaired laser system.

SHORTED THERMISTERS:  Testing was terminated on the first day when it was determined that 4 of 6 temperature sensors had inadvertent shorts to ground.  These shorted the 5v regulated bus to ground preventing the rest of the TNC circuits to function.  Fortunately the temperature +5V common was PTC fuse protected so there was no damage, but the time it took for the PTC to open was comparable to the wake-up time of the sleep-circuit, so the system could not operate under this condition.  The PV modules were removed and taken to the Academy for repair since no technicians were available at NRL.  New thermisters were attached and thermal epoxied.

RESUMED TESTING, 25 MAY:  The thermisters were sent back to NRL on the 23rd and installed and testing resumed on the 25th.  Testing resumed with both shells connected, but not mechanically in place.  Functional testing was OK and nominal except as noted below:

1) We confirmed SEP-switches worked correctly, but required the 1" test magnet to be as close as possible and in only one orientation.

2) Flight-Plug testing revealed there are NO detectible leakage currents (>0.1 mA measuring limit) and that nominal flight plug operation shows 1.8 mA per side current with wake-ups to nominal 60 mA currents.  This is normal.  However, it was noted that the current sensors are always in line according to the schematic, and so an off-line test needs to be conducted to see what leakage 

current they may allow even while the spacecraft is inhibited with the separation switches open.
3) Early steps seemed to indicate that both the A and B side were both waking at the A side 16 second cycle.  Later testing proved that B was on the 23 second cycle as it should.  But I want to go back and see why we were seeing the original same-16-second result on both sides.
4) All PV and Thermisters tested correctly and matched the Telemetry.  But the A side shows an open temeprature sensor in the B side battery.  This is a redundant sensor, and the B side shows the

B side battery temperature OK.  Investigate wiring harness.
5) Spurious Emissions.  The spectrum analyzer indicated spurious emissions, however this could be due to the severe missmatch in mechanical assembly with one shell on the bench and the other

lowered 8" below the mechanical structure.  This significantly de-tunes the resonant structure.  Hopefully this will go away in flight configuration.

LASER PROBLEMS:  The major event was the inability of the lasers to operate on the current-limitations of the Lithium primary cells that have as much as 6.5 ohms internal resistance per cell (26 ohms per string). When the lasers were commanded on, one side would usually begin to flash normally, but when the second set began to flash, in only a matter of seconds, first one side and then the other side would fail either ON, OFF, or Blinking in Unison.   Our theory is that once the lasers happen to randomly all fire at once, the peak current demand causes an instantaneous drop in the voltage which reset's the microporcessor in the laser driver.  This reset is anomolous and the processor gets into a high current condition and this load causes the entire circuit to then overload-and-recover at about a 0.7 second rate like a relaxation oscillator.

This problem had been anticipated early on, but there was no place to place sufficient capacitors to store enough energy for the laser systems to ride out these peak current demands.  (In hind sight it might have been possible to only add capacitors to the micro processor which draws little current).  This theory was validated by disconnecting half the lasers.  Then either the A or B side command system could command either the A side three or B side three lasers to work reliably.  Just not all 6 at once.

BATTERY MANAGEMENT SYSTEM:

Since the Lithium primary cells have an absolutely flat discharge curve to 95% of capacity, it is impossible to assess battery capacity by looking at voltage.  Therefore,  the ANDE MAA system was designed with two mission life battery assessment techniques as shown in the figure below.
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The first technique adds an additional 0.5 volt diode drop for the side B batteries so that after the side A batteries are consumed, and half of the battery life remains, then the voltage will have tapered by 0.5 volts.  The second technique allows us to switch the laser load to different battery packs in turn until exhaustion of each one.

During functional testing today, it appears, however,  that the peak current demands of the lasers, prevents the battery switching arrangement of the command system to be used as intended. This is because it took all four battery systems in parallel just to drive 3 lasers reliably.  Just disconnecting one of the four battery systems would cause even the 3 laser system to fail.

The second battery life management technique was also involved in the problem.  The additional 0.5v diode voltage drop designed into the two side B battery packs forced the majority of the load onto the A side batteries which were insufficient to power all 6 lasers by themselves.

WORK-AROUNDS:

ISOLATION:  The first workaround to get the lasers working is to separate the laser crossconnect and separately command the A and B side lasers independently only 3 at a time.  The advantage is that we can command lasers on reliably (3 at a time).  The disadvantage is that we loose the redundant ability to command the lasers on from either side A or side B.  But, if 3-laser operation is acceptable, then, we would have two independent 3 laser systems that could still operate lasers even with a single falure of lasers or of the A or B side control.  SO actually, there is no disadvantage if 3 laser operation is acceptable.  And we actually gain reliability, because in the case of a catastrophic failure (short) of a laser module, by being isolated, we would only lose one side.  Whereas the original crossconnected design would bring them both down.  

My recommendation ia that we should isolate the laser systems to one side (3) at a time operations.

BATTERY MANAGEMENT:  The second decision is whether to gain laser operating life, by giving up the battery management technique involving the  0.5 volt diode drop in the side B batteries.  Using the Manufacturers data below, we can infer these three data points:

· With     85 mA load, 86% is provided by side A batteries and 14%  by side B

· With   925 mA load, 90% is provided by side A batteries and 10%  by side B

· With 2500 mA load, 55% is provided by side A batteries and 45%  by side B

This forced early consumption of the A1/A2 batteries will give a 0.5v taper in telemetry system voltage when the batteries are half consumed.  This will tell us approximately the half-way point of our mission.  Without this 0.5v diode drop, all batteries will be consumed in parallel and we will have no indication of battery capacity failure until the final taper begins at the 97% point.
Conversely it is hard to assess how much additional laser-lifetime would be gained by eliminating this 0.5v drop on the B side batteries.  The following assessment is the best I can come up with based on the published discharge curves for the batteries as shown here:
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Here are the major assessment points:
* The MAA batteries are 14.6V OC, but 13.6 after two NASA required internal diode drops.

* The command switch drops another 1.1V and a side-to-side isolation diode drops another .5v 
    to a final 12.1V open-circuit (no-load) for the lasers

* With 3 lasers, the peak current can be .8A, six lasers need 1.5A but 2.4 amps have been seen.
* Another 500 mA must be allowed for Transmitter currents for a total 2.9 amps
* With 4 batteries (28 strings), that results in 104 mA per string at 12 volts.

* At 60 mA the cells are 20 ohms per string.  At 100 mA they are 26 ohms as shown above
* This is 2.6 volts drop from 12.1 or 9.5 volts operating point.

Six Lasers Without Diodes:  But the laser power supply is a constant-power switching regulator which will draw more current as the voltage sags.  At 9.5 volts, the current will increase to 130 mA per string for a total drop of

3.4v and an actual voltage of 8.7 volts.  At some point, this sagging voltage and increasing current avalanches and causes a current peak and negative voltage transient that resets the laser processor.  This assumes all 4 batteries are wired in parallel with no battery management diodes on side B.

Six Lasers With Diodes:  If we now analyze A and B separately to account for the side B diodes, looking at the Lithium discharge chart, with .5V difference between A and B (.125 per cell).   Lets assume an 60/40% split in load with the B cells.   This demands the A cells provide 125 mA and the B cells provide 82 mA at 12 volts.  But this droops to about 9.6 volts as above, causing the constant-power laser supply to actually draw 156 mA and B cells to draw 100 mA.  Through the same 26 ohms per string, the actual voltage drop will be 4.1V for a system operating voltage of 8 volts.  This is probably where the failure occurs.

Six Lasers Average Current With Diodes:  The average laser current is about 750 mA.  At this load, the A/B split will be 90/10%. The current will be 50 mA per string for a voltage drop of 1 volt.  Rising to 1.1 volt due to the regulator giving an average operating point of 11.0 volts.

Three Lasers With Diodes:  Now, re-doing the calculation with 3 lasers and the side B diodes yields a laser-plus-TX current of 1.7 amps.  At this lighter load, the battery sharing is probably closer to 80/20% yielding about 100 mA for the A batteries and 25 mA for the B side.  This is 2.6 volts dropped to 9.6v but then the added current due to the constant-power-laser supply increases that to 3.4 volts for a final operating point of about 8.7 volts.  This appears to work.

Three Lasers and no Diodes  would spread the 1.7 amps over 28 strings for 61 mA per string or 1.2 volts drop increased to 67 mA or 1.4V drop for an operating voltage of 10.7 volts.  
Three Lasers over just two battery packs (isolating the sides completely) would need only 1.45 amps since only half the TX current is required.  This is 104 mA again which  results in an 8.7 volt operating point.
Three lasers over three batteries would need 78 mA per string from A1A2B1 and 3 mA from B2 and 5.5 ohms per cell yields 1.7V drop to 10.4v but with an increase to 2 volts drop for an operating point of 10.1 volts.
Without Diodes:  This analysis suggests that without the two diodes, 6-laser  operation results in 8.7 volts and 3 laser operation results in 10.7V.  Whereas with the diodes in place as designed, then the operating points would be less than 8.0V with 6 lasers and 8.7V with only 3 lasers.

It is interesting to note that the operating point without the diodes but running 6 lasers is almost identical (8.7V) to the operating point with the diodes and only running 3 lasers (8.7V).  Thus, we should be able to run with 6 lasers at least initially without the diodes.
The consequence of removing these two diodes is not only loss of the tapered battery half-life indication in telemetry, but also the battery selection system becomes meaningless, since under all 

switching conditions, the four batteries are always in parallel and so switching from battery pack to battery pack accomplishes nothing.

However, bypassing the two diodes, gives a much better margin of safety for all operations by assuring a full additional volt for nominal operations.  This will improve reliability of laser

operations, cold temperature Transmitter operations, and end of life operations.  
Post-script:  On 26 May we noticed that there are two other intermediate options between the extremes of doing nothing and bypassing all diodes.  Refer back to the beginning of this paper where those options are discussed in detail.
Bob Bruninga
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