RAFT Battery Safety Design and Test Report
28 Feb 2006  (revision 3)
This test report was revised as discussed in the RAFT telcon on 28 Feb 2006 to include an executive summary of the results as relate to safety.  The design of the battery systems on both RAFT and MARScom are identical so the discussion and tests do not discriminate between the two systems.  The analysis and tests in this report validate the safety of the RAFT and MARScom battery systems to various hazards as shown below:
1) Leakage and leakage currents

2) Short Circuits and overcurrents

3) Abnormal cross charging between B1 and B2 battery systems

4) Over-discharge
5) Deep discharge and brown-out recovery.
6) Battery Capacity

EXECUTIVE SUMMARY:
Leakage and leakage currents:  Battery boxes are insulated with an anodized coating and are covered with 3 layers of Kapton tape.  Cells are wrapped in Kapton tape and Durette Gold absorbent material and battery vents are provided direct to the outside of the spacecraft through Gortex patches.  

Short Circuits and Overcurrents:  The main battery is fused with a 1.1 amp PTC fuse in the negative lead and the circuit remains open by the separation switch while the system is in the Shuttle Payload Bay.  The auxiliary battery also has dual protection with a 250 mA PTC fuse and a 150 mA current limiter in the Q1 circuit, both in the negative lead.
Abnormal Cross-charging from B1 to B2:    Between the main B1 and auxiliary B2, there are three series current limiting elements consisting of the two fuses (1.1 and 0.25 amps), the separation switch, and the current limiting Q1 circuit.  These protect the system from abnormal cross-charging currents in the case of failure of any of them or in the case of unbalanced cells or shorted or reversed cells.  These circuits were tested under simulated conditions of 1, 2, 3, 4 and 5 shorted cells in B2.  In all cases, current was limited to 250 mA or less and for the 1 cell typical loss, to about 180 mA which is not significantly above the 110 mA 10-hour trickle charge rate of these cells.
Overdischarge, and Brown-out:   The stand-by, or power-up reset mode of both spacecraft draw is always in a positive power budget.  The stand-by current is about 120 mA of which 60 mA is the control system and the other 60 mA is charge current for the auxiliary battery.  The average solar power available is about 210 mA.  This gives about a 2:1 margin for system control.  Further, all high-current modes are fail-safe to OFF by hardware timers, one-shots, or watchdog hardware and firmware timers that cause the system to return to the stand-by condition.  Further, two full-discharge brownout tests were conducted to show that the power systems recover with positive power budget in a single sun-side pass to make it through the next 35 minute eclipse with 30% margin.

Battery Matching and Capacity:  The RAFT and MARScom system designs use standard size 1100 mAH AA NiCd cells which are at least 2:1 overdesign for this short 4 to 6 month mission.  The nominal depth-of-discharge in eclipse is a very conservative 10%.  All cells were discharge tested and matched to within 5% of capacity.  The four battery packs were tested at 1C discharge rates and revealed 91.3, 90.4, 93.9 and 92.8% of rated capacity.  This discharge test rate is twice even the peak discharge momentary discharge rates of about 500 mA during 1 second burst transmissions.
SYSTEM BACKGROUND:
 The RAFT power system consists of a B1 primary battery system of six 1100 mAH NiCd batteries on an 8.4 volt bus plus a secondary battery pack  B2 of five of the same cells for a nominal voltage of 7.2 volts.  During transmit, these battery packs are switched in series to provide a nominal 14 volts for the transmitter.  During receiving, B1 and B2 are both charged from the 8.4 volt solar array bus.  This system is described in the system schematic Figure 1.
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Figure 1.  The RAFT and MARScom power system schematic

CHARGING CONFIGURATION:   During charging, the simplified diagram is shown in figure 2.  There are four limits to the charging currents that can pass through B2.  They are the approximate 1.4 volts drop across D1 and Q1 which are equivalent to the missing 6th cell in B2, the 250 mA PTC fuse in the negative lead of B2 and the 1.1 amp PTC fuse in the negative lead of B1, plus the inherent 100 mA bias limit on the constant current Q1 arrangement, plus the separation switch while the spacecraft are in the pre-launch configuration.
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Figure 2.  The RAFT / MARScom Power system during Charging.
TRANSMIT CONFIGURATION:  The transmitters on RAFT and MARScom operate at a low dutycycle of less than 10%.  So B2 is only used during these brief transmit periods.  During these times, the simplified schematic is shown below in Figure 3 which shows how the batteries are switched in series during transmit.
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Figure 3.  The RAFT / MARScom Power system during Transmit.

PART-I
ABNORMAL CROSS-CHARGING TEST CONFIGURATION:

The engineering model was used to test the power system under the conditions of a cell failure in battery B2 that could cause anomalous currents.  An ammeter was used in series with B2 to measure circulating currents while the engineering model was subjected to simulated failed B2 battery conditions of 1, 2, 3, 4 and all 5 cells shorted as shown in Figure 4 below:
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CROSS-CHARGING TEST CONCLUSIONS:

RAFT abnormal cross charging current from B1 resulting from a simulated cell failure (short) in B2 conducted on the engineering model results in a cross charging current of about 180 mA tapering to 155 mA after 10 minutes.  This current represents a charging rate of 0.15C which is only slightly above the safe trickle (1/10th C) charge rate of the cells.  No sensible change in temperature was observed and no leakage, or abnormalities occurred.
The energy dissipated in B2 is about 1 Watt which the batteries and battery box can easily dissipate with no more than a few degrees C rise.  The current will continue to decay until equilibrium is reached with the limited solar charge current available in the sun of about 100 mA which is below the safe trickle charge rate of the cells.  

Thus the system is inherently safe with a cell failure in B2.  In fact, it is inherently safe with any number of  multiple cell failures in B2 because the worst case currents are still less than 0.2C until B1 is discharged and then the natural limit of solar current keeps it forever below that point.

Diode, Transistor and Fuse failure:   Further since there are 3 current limiting devices in series, the failure of the diode, or transistor or one of the fuses is always protected by the current limiting in the other devices.   The current limiting test of all these devices even with all 5 cells failed short still showed current limited to 250 mA.
CROSS-CHARGING TEST RESULTS:
We assumed a worst case with  B1 fully charged = 8.4v,  no load.  The following -initial- peak currents were measured through  B2 under  these  number of cells in B2:
5 cells normal ops   = 120 mA normal charge

4 cells (1 shorted)   = 180 mA

3 cells (2 shorted)   = 200 mA

2 cells (3 shorted)   = 225 mA

1 cell   (4 shorted)  = 245 mA

0 cells (5 shorted)   = 255 mA

But, under these loads (about 200 mA), B1 drops  from the full 8.4v no load condition in 2 minutes  to about 8.0v and results in these currents:

5 cells normal ops   =   90 mA normal charge

4 cells (1 shorted)   = 170 mA

3 cells (2 shorted)   = 195 mA

2 cells (3 shorted)   = 215 mA

1 cell   (4 shorted)   = 235 mA

0 cells (5 shorted)   = 250 mA

And in 10 minutes B1 drops to 7.7 volts and B2 cross charging drops to these values:
5 cells normal ops   =   35 mA normal charge

4 cells (1 shorted)   = 155 mA

3 cells (2 shorted)   = 190 mA

2 cells (3 shorted)   = 210 mA

1 cell   (4 shorted)   = 225 mA

0 cells (5 shorted)   = 230 mA

These abnormal currents (for one cell failure) of about 160 mA are a charge rate of about

a 0.15 C capacity.  This is only slightly more than a safe 0.1 trickle charge rate and this constant charge can go on indefinitely with no more than a few deg C rise until B1 is discharged and then the typical solar charge current  available remains below that indefinitely.  Temperatures were not recorded because none were noted above ambient any more than body temperature just from handling the cells.
Observations:  Under normal operations it appears that there is some cross battery charging current when we first enter eclipse.   This is normal to make up for the transmit power removed from B2 while transmitting in Eclipse.  Since this charging is proportional to voltage, it appears that the system will probably stabilize at about 7.7 volts in eclipse where only about 35 mA is being drained from B1 in charging B2 under this condition.  Charging of B2 from B1 in eclipse is required  to make up for the transmit cycles while in eclipse.
PART-II 
OVERDISCHARGE

The RAFT and MARScom systems are inherently safe from the problems associated with overdischarge by design.  The safety concerns for over discharge are cell shorts and reversals.  These conditions can cause problems during subsequent charging  as a result of the 1.2 or 2.4 volt  per cell drop in overall battery voltage caused by a shorted or reversed cell.  
DESIGN:  By design, the potential for overdischarge in RAFT and MARScom is eliminated through:

1) Transmitter watchdog timers prevent data transmissions longer than 20 seconds

2) All command operating modes have hardware or firmware drop-out timers

3) CPU control  is protected by firmware watchdog timers 

4) CPU protected by a 1 minute cold-boot hardware watchdog on loss of telemetry

5) Low voltage causes control-system shut down of all transmissions.

6) Without transmissions, power is less than  5% of battery capacity

7) Electronics can recover and re-boot through slow receovery from full discharge 

8) Mission is 2 to 6 months due to low orbit so long term cell effects are no concern.
9) Batteries are over designed.  Nominal eclipse depth-of-discharge is 10%

ABNORMAL CELL DISCHARGE RECOVERY:  As discussed and tested in the previous section, the RAFT and MARScom systems are safe under all conditions of missing, shorted or reversed cells since the solar power charge currents available are current limited to about a 1/10th C nominal trickle charge rate.  Thus no further problems of overheating, venting or damage can occur .  This was verified as tested in the previous section.  

PART-III

DEEP DISCHARGE AND BROWNOUT RECOVERY TEST

By design, All RAFT and MARScom circuits (transmitters, receivers and control system) are COTS and designed for consumer type (often abusive) battery operation.  This includes inherent design that is robust under brown-out and full discharge conditions.  Further, the RAFT and MARScom systems power-up standby currents are designed to be approximately half of the full sun power available to the spacecraft so that even from a fully discharged battery, the net power budget is positive and the system will recover in one orbit.
TEST PROCEDURE

Full Discharge:  The flight model spacecraft were both allowed to run several hours in normal operating mode with no external power input.  The GSE cable was connected for telemetry, but was unpowered other than the spacecraft on internal batteries.  The spacecraft continued to operate until the batteries were exhausted and the systems were no longer able to transmit telemetry.  The spacecraft then remained energized a full hour beyond that to fully discharge the batteries and to simulate almost double the duration of a typical eclipse.    
One-orbit Charge:  At this point, the GSE Power Supply was enabled and set to 420 mA for one hour.  This is the average current available from the solar panels for both systems (210 mA per satellite).  This current was applied for 60 minutes or approximately the Sun time for one orbit to simulate the power available for operations and charging in one orbit from a dead-battery condition.  

Next Eclipse Survival:  Next, the power supply was removed to simulate the next eclipse period for 35 minutes.  At the end of that period, the GSE commanded normal telemetry to resume and the systems were allowed to run continuously in normal mode until the batteries again were discharged to 1.2 volts per cell (7.2 volts system bus).  This run time was measured to be approximately 50 minutes from the time the power system was removed.
PART-III CONCLUSION:  Since the maximum eclipse time is between 35 to 39 minutes, this test demonstrated the ability of RAFT and MARScom to recover from a brown-out and dead-battery condition in the sun side of the next orbit.  Further, in this power-up default condition, sufficient charge is available to sufficiently charge the batteries to recover and survive through the next eclipse with 25% reserve capacity.  This validates the spacecraft’s abilities to recover without ground intervention from a dead battery or brown-out event with positive power budget even on one orbit and to further gain battery charge on subsequent orbits.
PART-IV 
BATTERY CAPACITY TESTING:

The four completed battery packs RB1, RB2, MB1 and MB2 were discharge tested at a 1 hour rate using a Vencon UBA4 Battery Analyzer, Charger and Conditioner system.  The results are as follows.  Some tests were done more than once for confidence and for cells that had been on the shelf without recent activity.  On a line, the last test is shown first.
RB1 
92.9%, 92.9%, 91.3%, 82.4%

RB2 
90.4%

MB1 
93.9%

MB2 
92.8%, 87.6%

These tests were at a 1C or 1 hour rate which is not only twice the maximum peak discharge rate of the RAFT and MARScom systems, but these loads never appear for more than a nominal 2% duty cycle and peak dutycycle of no more than about 10%.  The nominal average discharge rate of these systems in eclipse is only about 0.1C which is much less than the tests above.  With the very conservative 10% depth-of-discharge design, and consistent battery performance, we have every confidence in meeting the mission lifetime of 4 to 6 months on orbit.

Bob Bruninga

USNA Satellite Lab
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