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ABSTRACT

Primary source of electric power for the International Space Station (ISS) is the photovoltaic module (PVM). At assembly complete stage, the ISS is served by four PVMs. Each PVM contains two independent power channels such that one failure will result in loss of one power channel. During early stages of assembly, the ISS is served by only one PVM and one power channel failure has a more significant impact on the ISS electric power capability. In the limited context of this study, the early stages are limited to stages 4A and 5A.

Power channel components are arranged in orbital replaceable units (ORU) and repairs are accomplished by replacing these ORUs. While a power channel is operating, all of its ORUs are maintained within their allowable temperature ranges by a balance between the heat generated and heat removed. Heat removal is accomplished either passively or by an active thermal control system, called photovoltaic thermal control system (PV TCS). 

An ORU failure may result in dormancy of one or more ORUs, and in the worst case, dormancy of all ORUs within one power channel and shutdown of PV TCS. Dormant ORUs may exceed their allowable temperature ranges and may result in failure of additional ORUs. It is very important to ensure that all dormant, but otherwise operational ORUs, remain within their allowable temperature ranges. 

A set of operational procedures exists that uses backfeed of electric power to monitor and control temperature of dormant ORUs in one power channel. These procedures cannot be used during the early stages without performing an extravehicular activity (EVA) to install electric jumpers. During the early stages, it may take 1 week to plan and complete an EVA. This time period is long enough that all dormant ORUs will reach their steady-state temperatures and potentially suffer damage because of thermal exceedances.

This paper describes a new set of procedures that can thermally protect dormant ORUs. These procedures use the following:

· Supply of DC control power from the operating channel to the dormant channel via remote bus isolators (RBI).

· Control of the ISS orientation with respect to Sun and space within allowable ranges.

· Supply of secondary power via remote power controller (RPC).

The paper also describes electric power capability of the PVM and how it can satisfy power demands with only one operating power channel.

OBJECTIVES

Develop operational procedures to ensure that all P6 hardware remains within their allowable temperature ranges after one ORU failure in the P6 primary power generation, storage and distribution subsystem, during early stages.

GROUNDRULES AND ASSUMPTIONS

The operational procedures shall be based on the following groundrules.

· Early stages will include stages 4A through 12A (1).

· Failures will be limited to only one ORU in the primary power generation, storage and distribution system. 

· It will be assumed that both P6 power channels were operating normally before the ORU failure. 

· If the operational procedures require Station attitude modification, the Station orientation shall remain within the allowable attitude and torque equilibrium attitude (TEA) range (2).

· Thermal analyses shall be based on nominal optical properties, at beginning of life (BOL) for all hardware surfaces. 

· Procedures shall be based on nominal environment, as stated below:

Solar flux = 1371 W/m2
Earth albedo = 0.27 
Earth OLR = 241 W/m2
· Thermal analyses shall cover the entire range of beta angles by analyzing for the following beta angles 

-75, -60, -45, -20, 0, +20, +45, +60, and +75 degrees

· Thermal assessments will be performed for XVV 
(x-axis in velocity vector) and XPOP (x-axis perpendicular to the orbit plane) Station attitudes. XPOP attitude will be used for orbit beta angles 
< –45( or > +45(.

· The entire TEA range will be assessed by performing analyses for the 8 edges of the cube values, (0,0,0), and minimum propulsive attitude (MPA) (2), for each beta angle, as shown below:

Yaw 
-15 +15 -15 +15 -15 +15 -15 +15 0 0
Pitch
-20 -20 +15 +15 -20 -20 +15 +15 0 -15.9
Roll
-15 -15 -15 -15 +15 +15 +15 +15 0 0

· Thermal analyses will be performed for one dormant channel, say 4B, and conclusions for the other dormant channel shall be derived by symmetry.

· It will be assumed that an EVA, to install jumpers, may take as long as one week. Therefore, steady state thermal assessments will be performed to assess temperatures of all dormant ORUs, if the crew performs EVA to install jumpers.

· It will be assumed that power required for thermal control (DC control power and secondary power) is available from the operating power channel. Power required for thermal controls will be estimated and reported for each procedure.

TECHNICAL APPROACH

Thermal assessments were performed (3) to establish steady-state temperatures of all dormant ORUs. Thermal analyses covered the entire range of beta angles and Station attitude and TEA. These analyses showed which ORUs exceeded their allowable temperature ranges and the associated orbit conditions.

Corrective actions, to protect dormant ORUs from exceeding their allowable temperature ranges, included:

· Application of dc control power, from the operating power channel by closing RBIs in the operating battery charge/discharge units (BCDU), Figure 2, and/or

· Station orientation control, and/or

· Application of secondary power to electronics control unit (ECU) and beta gimbal assembly (BGA), from the operating power channel, via operating direct current (dc) switching unit (DCSU) RPC-2. Refer to Figure 1 for electrical schematic of P6 power channel 4B.

Thermal analyses were performed to show effectiveness of these procedures (3).

Additional procedures exist (not covered in this paper) that use jumpers to backfeed primary power to dormant DCSU output and/or secondary power to dormant pump and flow control subassembly (PFCS) inputs, from operating power channel (4). These Jumpers enable temperature monitoring of selected ORUs and temperature control of all dormant ORUs. 

DISCUSSION OF RESULTS

A. Impacts of ORU Failure. Table I contains a list of all ORUs in the power generation, storage and distribution subsystem and it shows the impacts of failure of each one of these ORUs. Figure 1 shows the power channel schematic and how these ORUs are connected. 

Failure of one of the following ORUs will result in loss of one power channel—solar array wing, sequential shunt unit (SSU), DCSU, integrated equipment assembly (IEA) PFCS, leak in PV radiator, and BGA (loss of continuity). 

Failure of one of the following ORUs will result in partial loss of power capability of one power channel—BGA (loss of rotation), ECU, and certain loss of communication (LOC) failures of BCDU. Loss of ECU or BGA rotational capability limits solar tracking capability of the solar array wing. Certain BCDU LOC failures reduce charge capability of the two remaining BCDUs until the failed BCDU is removed. 

Failure of one of the following ORUs does not affect power capability—photovoltaic controller unit (PVCU), BCDU, and battery. The remaining PVCU can support both power channels on P6. BCDU and battery are sized such that two BCDUs and two batteries (4 battery ORUs) can satisfy continuous power requirements.

Thus, failure of one ORU may reduce the power capability of the PVM P6 to 50% of its normal capability. Assessments have been performed (5,6), not covered in this paper, that show that the ISS can be safely maintained even when the power capability is reduced to 50%, however, such a loss of power will affect capability to support research and the capability to tolerate another failure.

B. Assessment of Dormant ORU Temperatures. Tables II and III, Dormant columns, show steady-state worst-case temperatures of all dormant ORUs, for XVV and XPOP Station attitude and for Ch 4B. The following observations may be made from these tables:

XVV Station Attitude, Table II:

Battery ORUs get too cold at orbit beta angle range of 0 to –75 degrees.

Battery ORUs slightly exceed high temperature limit (86( F) at orbit beta angle of +75 degrees.

Several IEA ORUs get too cold at orbit beta angle range of -20 to –75 degrees.

IEA ORUs have no hot-side thermal exceedances.

SSU and ECU have no thermal issues, however, BGA (see Table V, Dormant column) gets too cold over a beta angle range of 45 to 75 degrees.

XPOP Station Attitude, Table III:

Battery ORUs get too cold over almost the entire range of beta angles, but the temperatures are not as cold as they are for the XVV attitude (Table II).

Only the PFCS (IEA ORU) gets cold at orbit beta angle of +75 degrees.

Batteries and IEA ORUs have no hot-side thermal exceedances.

SSU, ECU, and BGA have no thermal issues.

P6 symmetry and data in Tables II and III can be used to estimate thermal responses of Ch 2B ORUs if Ch 2B becomes dormant.

Radiators, on IEA and Long Spacer, are not expected to have any thermal issues, since one ORU failure only results in shut down of one power channel and one fluid loop of PV TCS and one fluid loop of early external active thermal control system (EEATCS). Analyses (not covered in this paper) have shown that the radiator panels and manifolds have no thermal issues when only one of the two loops is dormant. Also the electronic components of the radiators remain within their allowable temperature ranges if their trace heaters are powered. Trace heaters are designed such that they remain powered so long as either one of the two power channels is active.

PFCSs on the Long Spacer are not expected to have any thermal issues. These are equipped with blankets and trace heaters and are designed to remain within their allowable temperature range when dormant and trace heaters energized.

C. Use of DC Control Power for Thermal Control. Figure 2 shows the DC control power schematic. DC control power lines are shown as dashed lines. There are three independent DC control power circuits.

One circuit connects two BCDU-1 and two SSUs.

The next circuit connects two BCDU-2 and two DCSUs. This also provides power to PVCUs 
(not shown).

The next circuit connects two BCDU-3 only.

DC control power will be used to warm up those ORUs connected to DC control power, when needed. Tables II and III show how the application of dc control power modifies the dormant ORU temperatures. DC control power is applied only for those beta angles where the ORUs get too cold, as shown in Note 1 under the tables. The following observations may be made from these tables:

XVV Station Attitude:

Battery ORUs get warmer but still have temperatures below the allowable temperature. Also dc control power application will not solve battery hot-side issues. However, battery experts have assessed these temperatures and their assessment is that these temperature exceed- ances are not expected to have any quantifiable impact on battery life or performance. This assessment is further supported by tests conducted on battery cells to -80(F.

All IEA ORUs remain within their allowable temperature ranges except that the PFCS was found to be 1(F too cold at one beta angle value.

SSU, ECU, and BGA have no thermal issues.

XPOP Station Attitude, Table III:  

Battery ORUs get warmer but still have temperatures below the allowable temperature. As stated above, these temperature exceed- ances are not expected to have any quantifiable impact on battery life or performance.

All IEA ORUs remain within their allowable temperature ranges.

SSU, ECU, and BGA have no thermal issues.

In summary, application of dc control power significantly warms up battery ORUs, IEA ORUs, and SSU, but some ORUs still exceed their allowable temperature limits. Power consumption for dc control power application is shown in Table IV.

D. Use of Station Attitude Control for Thermal Control. Station attitude control can also be used for controlling temperatures of dormant ORUs; however, attitude control results in propellant consumption and may also affect power generation capability of the operating power channel. Therefore, attitude control is recommended only if there are clear indications that some ORU will suffer damage.

Station attitude control may be used by itself or in combination with dc control power. To mitigate cold ORU issues, dc control power is applied first. This provides some warming and enables monitoring of selected ORU temperatures. Station attitude control may be applied if battery temperature dips below a setpoint (recommended value -20(F).

This procedure eliminates all thermal issues with IEA ORUs, however, certain battery ORUs remain colder than -13(F, as shown in Tables II and III. Worst case temperatures for battery ORU are –17(F for XVV and no violations for XPOP. Again these temperatures are not expected to cause damage to battery ORU [per tests performed and risk accepted by ISS Program].

Table II shows that dormant battery ORUs get too hot during XVV attitude at a beta angle of +75 degrees. This can be mitigated by attitude control.

E. Use of Secondary Power for Thermal Control. Figure 1 shows a schematic of P6. It shows that DCSU RPC-2 can supply secondary power to the other channel ECU. Figure 1 also shows that the ECU has two sources of power—one from each power channel on P6. This provides means of supplying secondary power to the ECU and BGA on the dormant channel from the operating channel.

Table V shows that Ch 4B BGA gets too cold for beta angles >= 45( for XVV Station attitude. Supplying secondary power to the dormant ECU and BGA can mitigate this cold-side thermal issue.

Power consumption for supplying secondary power is estimated to be 38 W for the ECU and 60 W for the BGA, that is, a total of 98 W.

Table V also shows that BGA has no thermal issues when Station attitude is XPOP.


SUMMARY RESULTS AND CONCLUSIONS

Robust design of PVM P6 and operating procedures ensure that all P6 dormant ORUs can be thermally protected regardless of which P6 ORU has failed, without performing EVA (to install Jumpers). Under certain conditions, battery ORUs may get as cold as -17(F (allowable range -13 to +86(F), however, such temperatures are not expected to cause any damage to the battery ORU, and the program has accepted this risk on the basis of limited tests.
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Figure 1. PV Module P8 Power Schematic




Figure 1. PV Module P6 Power Schematic
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Figure 2. DC Control Power Circuits




Figure 2. DC Control Power Circuits

	Table I. One ORU Failure—Impacts and Responses

	All failures impact only one power channel.

	ORU Failed
	Electric Power Impacts
	Comments

	Solar Array Wing
	Loss of power channel.
	Includes mast and blankets

	BGA (loss of rotation)
	Loss of beta tracking capability and, thus, reduction in power generation capability.
	Loss of rotational capability

	BGA (loss of continuity)
	Loss of power channel.
	Loss of power transmission

	ECU
	Loss of beta tracking capability and, thus, reduction in power generation capability.
	Also loss of capability to deploy and retract solar array.

	SSU
	Loss of power channel.
	

	PVCU
	No impact to power generation, storage and distribution.
	Loss of redundancy.

	DCSU
	Loss of power channel.
	

	BCDU
	Reduction in power storage capability but channel power capability is unaffected.
	Connected battery ORUs become dormant.

	Battery ORU
	Reduction in power storage capability but channel power capability is unaffected.
	Connected battery and BCDU become dormant.

	DDCU
	Loss of power channel.
	

	PFCS
	Loss of power channel.
	

	PV Radiator
	Loss of power channel.
	Failure of one fluid loop only


	Table II.  Thermal Control of Dormant Channel 4B ORUs—XVV Station Attitude 

	Beta
Angle
(deg)
	Worst-Case ORU Temperature (ºF) (Notes 1, 2 & 3)

	
	Battery ORUs
[-13 to +86ºF]
	IEA ORUs
[-45 to +180ºF]
	SSU
[-45 to +180ºF]

	
	Dormant Channel
	DC Power Only
	DC Plus
Attitude
	Dormant Channel
	DC Power Only
	DC Plus Attitude
	Dormant Channel
	DC Power Only
	DC Plus Attitude

	-75
	-48
	-26
	ok
	-68
	ok
	ok
	ok
	NA
	NA

	-60
	-47
	-27
	-17
	-67
	-46
	ok
	ok
	NA
	NA

	-45
	-40
	-23
	-16
	-59
	ok
	ok
	ok
	NA
	NA

	-20
	-29
	-15
	-15
	-50
	ok
	ok
	ok
	NA
	NA

	0
	-20
	ok
	NA
	ok
	NA
	NA
	ok
	NA
	NA

	+20
	ok
	NA
	NA
	ok
	NA
	NA
	ok
	NA
	NA

	+45
	ok
	NA
	NA
	ok
	NA
	NA
	ok
	NA
	NA

	+60
	ok
	NA
	NA
	ok
	NA
	NA
	ok
	NA
	NA

	+75
	+90
	NA
	ok
	ok
	NA
	NA
	ok
	NA
	NA

	Notes:

1.  ECU and BGA are not affected by DC control power and are not listed in this table.

2.  DC control power applied to all BCDUs for beta angle range 0 to -75 degrees.

3.  Attitude control performed only if needed.

4.  NA implies that this control is not applicable.


	Table III.  Thermal Control of Dormant Channel 4B ORUs—XPOP Station Attitude 

	Beta
Angle
(deg)
	Worst-Case ORU Temperature (ºF) (Notes 1, 2 & 3)

	
	Battery ORUs
[-13 to +86ºF]
	IEA ORUs
[-45 to +180ºF]
	SSU
[-45 to +180ºF]

	
	Dormant Channel
	DC Power Only
	DC Plus
Attitude
	Dormant Channel
	DC Power Only
	DC Plus Attitude
	Dormant Channel
	DC Power Only
	DC Plus Attitude

	-75
	ok
	NA
	NA
	ok
	NA
	NA
	ok
	NA
	NA

	-60
	-22
	ok
	NA
	ok
	NA
	NA
	ok
	NA
	NA

	-45
	-32
	-19
	ok
	ok
	NA
	NA
	ok
	NA
	NA

	-20
	
	
	
	
	
	
	
	
	

	0
	
	
	
	
	
	
	
	
	

	+20
	
	
	
	
	
	
	
	
	

	+45
	-34
	-20
	ok
	ok
	NA
	NA
	ok
	NA
	NA

	+60
	-23
	ok
	NA
	ok
	NA
	NA
	ok
	NA
	NA

	+75
	-14
	ok
	NA
	-52
	ok
	NA
	ok
	NA
	NA

	-75
	-48
	-26
	ok
	-68
	ok
	ok
	ok
	NA
	NA

	Notes:

1.  ECU and BGA are not affected by DC control power and are not listed in this table.

2.  DC Control power applied to all BCDUs for beta angle range 0 to -75 degrees.

3.  Attitude control performed only if needed.

4.  NA implies that this control is not applicable.


	Table IV.  DC Control Power Consumption 
for Thermal Control

	ORU
	DC Power Consumption
(W/ORU)

	DCSU
	100

	PVCU
	38

	BCDU-1
	100

	  Batt-11
	4

	  Batt-12
	4

	BCDU-2
	100

	  Batt-21
	4

	  Batt-22
	4

	BCDU-3
	100

	  Batt-31
	4

	  Batt-32
	4

	DDCU
	0

	PFCS
	0

	SSU
	50

	ECU
	0

	BGA
	0

	Total
	512

	Table V.  Thermal Assessment of ECU and BGA, Secondary Power Applied

	No attitude controls performed.

	Beta
Angle
(deg)
	Worst-Case ECU and BGA Temperatures (ºF)
(Notes 1 & 2)

	
	XVV
[-45 to +180ºF]
	XPOP
[-45 to +180ºF]

	
	Dormant
	Sec. Power
	Dormant
	Sec. Power

	-75
	ok
	NA
	ok
	NA

	-60
	ok
	NA
	ok
	NA

	-45
	ok
	NA
	ok
	NA

	-20
	NA
	NA
	ok
	NA

	0
	NA
	NA
	ok
	NA

	+20
	NA
	NA
	ok
	NA

	+45
	-50
	ok
	ok
	NA

	+60
	-74
	ok
	ok
	NA

	+75
	-79
	ok
	ok
	NA

	Notes:

1.  For XVV, secondary power is applied over a beta angle range of 
     +45 to +75 degrees.

2.  For XPOP Station attitude secondary power is not required 
     or applied.
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