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PREFACE

The work described in this document was performed under the Space Station
Phase B Extension Period Study (Contract NAS8-25140). The purpose of the
extension period has been to develop the Phase B definition of the Modular
Space Station. The modular approach selected during the option period
(characterized by low initial cost and incremental manning) was evaluated;
requirements were defined, and program deﬁ.nitién and design were accom-

plished to the depth necessary for departure from Phase B.

The initial 2-1/2 month effort of the extension period was used for analyses
of the requirements associated with Modular Space Station Program options.
During this time, a baseline, incrementally manned prbgram and attendant
experiment program options were derived. In addition, the features of the
program that significa'ntly affect initial development and early operating
costs were identified, and their impacts on the program were assessed. This
assessment, together with a recommended program, was submitted for NASA

review and approval on 15 April 1971.

The second phase of the study (15 April to 3 December 1971) consists of the
program definition and preliminary design of the approved Modudar Space

Station configuration.

A subject reference matrix is included on page v to indicate the relationship

of the study tasks to the documentation.

This report is submitted as Data Requirement SE-04, Volume II; Volume I

contains Sections 1 through 4.4; Volume III contains Sections 4. 8 through 6.
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4.5 ELECTRICAL POWER SUBSYSTEM .

4.5.1 Summary
The Electrical Power Subsystem (EPS) designs developed for the Modular

Space Station during this study period were derived in part from earlier

studies reported in Contract Document SE-01.

The Modular Space Station baseline EPS is composed of (1) a solar array
power source, (2) deployment and orientation mechanisms, (3) a primary
switching assembly, (4) energy storage assemblies, (5) power control and
regulation assemblies, (6) power transmission assemblies, (7) power con-
ditioning assemblies, [8) power distribution assemblies, including circuit -
protection and switching elements, and (9) power management assemblies.
An EPS functional diagram, shown in Figure 4. 5-1, shows the alternative
solar panel options considered initially, the functional components of each
assembly, and the primary interfaces of the EPS. The locations of the nine
major assemblies which constitute the EPS elements are shown in s';t_'mbolic
form by Figure 4. 5-2.. Further definition of power equipment location is
given in the in-board profiles contained in Section 3. A simplified schematic
single-liﬁe diagram is shown in Figure 4. 5-3. The EPS design provides for .
the predicted power growth profile shown in Figure 4. 5-4 from ISS to GSS by
replication of the initial solar array after five years of operation with a |
nominal ISS power capability of 16. 7 kw, thus providing growth to 31. 1 kw
during the period from five to ten years. The GSS requirement at ten years
is 30.8 kw. )

The solar array is sized to generate 52. 1 kw of power initially during the
sunlight (56 minutes of a 92-minute orbit is assumed). Of this, 16.7 kw
average is used to power loads, 16.8 kw average is used to recharge batteries
during sunlight, and 3 kw are losses. The remainder, 15.6 kw, which is
allocated to compensate for degradation with time, is not needed initially and
could be used for added loads by increasing the conditioning and distribution
capacities. The transmission system could transmit the excess power
without change within its present 100-percent (dual) redundancy. Degradation

of the arréy with time is expected because of proton and electron damage,
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S K-

ultraviolet radiation, and thermal and random failures These favctors, with -

an allowance of l-percent per year for micrometeorite damage and contami-

' i_'_nat1on result in total degradatlons of 30 percent in f1ve years and 40 percent _'

in ten years

“‘V-At full charge, the Battery System is capable of supportmg normal stat1on
loads (16 7 kw) for 4. 2 hours and emergency loads (3 kw) for 24 hours Ifa"
fpower source 1nterrupt1on occurs at a the lowest state of charge (65 percent)

.these values are reduced to 2.7 hours and 2 kw,

- The arrays, transmission lines, and conditioning equipment ar‘e‘arranged in

: two 1ndependent parallel circuits (two cables per circuit) which are normally

bused together to meet total power demands, Each two-cable circuit can ,

accommodate full system power If a major fault occurs in one circuit, that

circuit can be isolated. Thus, the system is effectively 100-percent (dual)

redundant at maximum power output. Because of this redundancy, plus the . '

~ backup prov1ded by the Battery System used normally for storage and peak

' loads ‘no addltlonal backup is necessary

The ISS power flow diagram_for the selected EPS voltage (115 vdc) and solar |
array source voltage regulation methtod (sequential partial shunt regulator, |
SPSR) is shown in Figure 4.5-5. Solar source power to the main distributor
buses is supplied for 56 minutes of each 92- mmute orbit; the battery prov1d1ng

power for the 36 minutes of echpse

The key issues. addressed by the EPS study arelisted in Table 4. 5-1, 'Major

study efforts were concentrated in the areas of (1) defining the EPS design.

.requ1rements (2) conducting the power load analysis using a computer

- program (P1268) for data storage and analysis; (3) analyzing solar array

design options to determine the area required, the shadowing effects, the

optimum modularity to obtain power growth at minimum cost, and to deter-

‘mine the orientation requirements, gimballing ranges, and gimbal rates;

(4) investigating panel deployment concepts and selecting the panel design

options; (5) analyzing energy storage system alternatives and optimizing the,

: selected energy storage system to obtain minimum launch and program
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Table 4. 5-1
KEY ISSUES

EPS Design Requirements
Electrical Power Load Analysis
EPS Cost Effectiveness

e Program cost ($M)
e Resource effectiveness (kw-yr or man-yr)

Solar Array Design Analyses

e Area requirements

Shadowing

Modularity and power growth accommodation
Orientation and gimballing

Panel deployment

Rigid versus flexible arrays

Solar array degradation

Energy Storage Design Analysis

e Battery requirements

e Battery system description

e Battery performance (depth of discharge, efficiency, temperature,
load profile effects)

e NiCd battery versus fuel cell/electrolysis systems

Transmission, Conditioning, and Distribution (T/C/D) Design Analyses

e T/C/D requirements

T/C/D system description

T/C/D performance (efficiency, flexibility)
Voltage level selection

Voltage regulation technique

weights and minimum program costs; (6) analyzing solar array source
voltage regulation methods; and (7) analyzing the source, transmission, and

distribution voltages to permit selection of a preferred voltage level.

The major trade studies, seléctions, and key selection factors are shown in
Table 4. 5-2. Complete listing of initial trades and selections are provided
in Table 4. 5-3. The principal study conclusions are listed in Table 4. 5-4,

including the conclusions derived from earlier studies which are applicable

also to the current baseline Modular Space Station EPS.
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Table 4.5-3 (page 1 of 2)

'SA/B EPS INITIAL TRADES AND SELECTIONS

Trades ‘Alternatives Selections
Solar array type Flexible or rigid Flexible
Gimballing/orientation  Fixed, l-axis, 2-axis 2-axis
’ (£90 deg, *180 deg, a = 180 deg
360 deg, other) B = £235 deg
Array orientation drive "~ Synchronous, stepped a = Synchronous®*
‘ B = Synchronous#

Array stowage

Power transfer method

Battery type

Battery capacity

Battery depth of dis-
charge and nominal
life

Batte ry charge control

Transmission voltage

Distribution voltage

Transmission/distribution

circuit configuration

. Inside power tunnel or
‘around power tunnel

Slip-rings, trailing
cable, spiral coil, or
power clutch

NiCd, AgCd, AgZn,
fuel cell

100 amp-hr,
50 amp-hr, 33 amp-hr,
20 amp-hr

30 percent/1 yr,
15 percent/2.5 yr

Temperature, pres-
sure, voltage, stabis-
tor, coulometer,

amp hr meter, or
auxiliary electrodes

28, 56, 115, 260 wvdc,
or 115/200 vac

28, 56, 115, 260 vdc,
or 115/200 vac,
400 Hz or 60 Hz

Radial, ring, dual;
nonredundant or
redundant

Around power tunnel

Spiral coil
Trailing cable in
tunnel length

™A
[t}

NiCd

100 amp-hr

15 percent/2.5 yr at
ISS

Cell voltage limit
cutoff

Third electrode
alternate

115 vdc

115 vde, 115/200 vac
400 Hz, and 115 vac
60 Hz (GPL only)

Dual, redundant

*Arrays are recycled during eclipse to unwind the cables.

11
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Table 4.5-3 (page 2 of 2)

SA/B EPS INITIAL TRADES AND SELECTIONS

Trades

Alternatives

Selections

Voltage regulation

Solar array voltage
control Co

Battery voltage control
Battery switching

Power conditioning

DC power
AC power
Power switching'

Power control

Series, shunt,
unregulated

Switched arrays,
switched panels, full
shunt, partial shunt,
sequential partial
shunt, series

Charge regulator,
discharge
regulator

Low voltage, high
voltage

Bulk conditioning
versus individual
conditioning

Parallel versus
isolated inverters

Electromechanical,
solid state

Automatic versus
manual

Remote versus local

Shunt (array)
series (battery)

Sequential partial
shunt

Charge and
discharge regulators

Low-voltage chax;ge,

-high-voltage

discharge

Bulk regulation for
115 vdec, individual
for other
requirements

Small isolatable units
with parallel
capability

- Solid state for low

power and EM for
high power

Automatic super-
visory control with
manual backup. _
Remote control for
initial powe r module
and solar deployment.
Local control for
growth and for
manned operation

12




Table 4. 5-4 (page 1 of 2)
PRINCIPAL EPS STUDY CONCLUSIONS

Increased emphasis on minimum cost resulted in the following
conclusions: ' :

1. Use smallest array unit size compatible with mission power profile
2. Buildup by using identical unit arrays.
3, Use augi‘nent'ation in preference to réplacement of arrays,

‘4, Use partial deployment (if feasible) to deléy degradation of area not"-
yet required by load, ' '

5. Use panel or partial array replacement by EVA rather than replace-
ment of a complete array unit, if possible.

Shuttle launch weight limitation (20,000 1b) is a primary design driver
leading to modular EPS design.

The 14-foot diameter payload envelope and 20,000-1b weight are primary
design drivers leading to a flexible array preference.

Shadowing may reduce array effectiveness intermittently by. 1 to 30 per-
cent, depending principally on (a) station/array orientation, (b) station/
array configuration, or (c) Experiment/subsystem operation scheduling.

The initial solar array may be immobilized in the a-axis gimbal, with
either a fixed B-axis before manning and until load growth requires
array orientation after initial manning. Approximately 63.6 percent of
full power is available in this mode (neglecting shadowing) and a mini-
mum drag profile is achieved to minimize orbital decay.

NiCd batteries are preferable to fuel cell/electrolysis units for lower
program cost, lower solar array power demand, improved lifetime, and
less sensitivity to environment. '

115 vdc is preferable to 28 vdc for reduced program cost, lower weight,
and lower power losses to be provided by solar array.

To minimize initial launch weight, the Crew/Operations Module can be
launched with 50 percent of the ultimate battery weight; the Crew/
Operations Module and the GPL can be launched without batteries and
can be supported by the initial Power/Subsystems Module batteries until
manning starts.

Battery temperature control (to 0 to 20° C) with a design point of 13°C
will substantially prolong battery life and reduce the battery module
logistical burden.

13
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Table 4, 5'4 (page 2 of 2)

PRINCIPAL EPS STUDY CONCLUSIONS

J. A sequential partial shunt regulation system and 115 vdc nominal system
voltage' each reduce the source power requirements and the weight.

K. Solar array degradatlon is predicted to be 30 percent in five years, and
40 percent in ten years.

The EPS design'is' summarized in Table 4. 5-5 in terms of its performance,

capacity, rr10du1arity, and weight.

Cred1t is due the followmg companies, all of whom supported the Phase B

study without fundmg in the areas indicated:

Company

Lockheed Missile &

Space Company

TRW

Fairchild
Industries

TRW

Westinghouse

Grumman
Aerospace

Support Areas

Flexible solar ar ray

(1) Flexible solar
array

(2) Rigid solar
array

(1) Flexible solar
array

(2) Rigid solar -
array

Sequential partial
shunt regulator
technology

(1} Conditioning
equipment
parameters

(2) Automated

" power manage-
ment technology

.Batteries

14

Source of Information

Derived from NASA-MSC
Contract NAS9-11039

In-houee

Derived from MDAC Skylab
Program Subcontract v

Der1ved from NASA JPL
Contract 951969

In-house

Derived from USAF-APL
Contract F33615-70-C-1627,
and earlier NASA Contracts
for unmanned spacecraft
e.g. Voyager

In-house

In-house

Derived from NASA-MSC .
Contract NAS9-11074




Table 4. 5-5 (page 1l of 2)

ELECTRICAL POWER SUBSYSTEM DESIGN SUMMARY

EPS Type

Performance

Capacity

Fully deployed
arrays

Modularity

Solar arrays

Flexible foldout solar arrays and NiCd batteries.

Initial average load of 16. 7 kw for 6 men (ISS) for
five years.

Buildup to 12-man (GSS) load vof 30.8 kw after
five years.

Maintain 12-man load of 30.8 kw to 10-year
mission (minimum duration).

Dynamic design loads are as follows:

e Fp = 0.15 Hz (fundamental mode resonance
frequency)

e G-tolerance = 0.2-g perpendicular to plane of
array and 0,5-g maximum
vector sum in three axes.

NOTE: This is preliminary pending trades of
resultant array penalty versus shock
absorber design penalties.

Dual full-capacity 115-vdc transmission to all
Station meodules.

Dual independent sources available to all power
conditioning assemblies.

General distribution at 115 vdc and 115/200 vac,
3-phase, 400 Hz within each Station module and
to RAM's,

115 vac, l-phase, 60 Hz distribution to GPL.

22.7 kw_average at load bus initially from one
5,300 ft2 array; degrading to 16.7 kw at 5 years.

39.5 kw average at load bus after 5 years from
the initial array and a second 5,300 ft2 array
combined, degrading to 31.1 kw at 10 years.

Two 2,650 £t array wings on one Power/
Subsystems Module for ISS.

Four 2,650 ft2 array wings total, with a second
Power/Subsystems Module added for GSS.

Twelve panels in each 5,300 ft2 array.

15



Table 4 5 5 (page 2 of 2) N )
ELECTRICAL POWER SUBSYSTEM DESIGN SUMMARY -

Batteries__ - Twenty-four SPSR source voltage regulatmn
Lo circuits: - :

Four 100. amp-hr battenes 1n1t1ally in Power/
Subsystems Module.

Add twenty 100 amp-hr batter1es at time of
manning for ISS, as follows: 4 in Power/
Subsystems Module, 8 in Crew/Operations
Module, and 8 in GPL. ' :

Maintain battery capacity by replacement at
2.5- -year intervals,

Seven 4-cell, replaceable modules per. battery

Add sixteen 100 amp-hr batter1es for buxldup to
GSS, as follows: 9 in second Crew/Operatlons
Module and 8 in second- Power/Subsystems

Module.
Weight
Solar arrays o 3,056 1b initially fo_-r two wings; add twc wmgs V
o - wexghmg 3,056 1b at 5 years. (Orientation system
is 1,304 1b additional and the Power Module
-structural weight is not included. )
Batteries 'I '_ 1,520 1b initially; add 7,600 1b for buildup to ISS.

mann1ng level; add 6,080 1b at 5 years for GSS.

4.5, 2 Requirements

The requirements for EPS design are provided in contract specification docu-
ments document as follows: CM-01, Spec PS02925, Para 3.7.1.4.11, -.12;
CM-02, Spec RS02927, Para 3.7.1.3.2, aml in the PRD in Cdntract End

~Item (CEI) Specification, CP-02929 and in Document CM'-0_3, ‘Section 3..2; 1.4,

- 4.5.2.1 Power Load Analysis , A

- The requirements which have the greatest impact upon the EPS design are .
contained in the power load analysis; The power requirements as a function

. of mission life are shown by the power buildup curves in Figure 4.5-4. The
ISS load bus average power level is shown as 16.7 kw. This represents a
modest change from 17. 3 kw estabhshed on July 15, 1971, as the ISS reference

"des1gn-to" value. The initial solar array power is shown as 22. 7 kw,

16




allowing 30 percent for degradation in the first five ‘years. A contingency
factor of approximately 10 percent is also included in the Station power
allocation. Growth to the GSS level of 30.8 kw is provided by the addition of
a replicated array of 5,300 ft2 nominal area. This provides 394.5 kw of initial
total load bus power from the two arrays, degrading in the last five years
(GSS) to 31.1 kw. This power profile provides an envelope which is sufficient

to support a typical experiment program such as 534G.

A detailed assembly-level study was made of the geometry associated with
the solar array cell assembly, the array power-collection, wiring-harness
losses (1.67 percent), and the energy storage power transmission, condi-
tioning, and distribution efficiencies. The study produced a design factor of
2.18 (solar array delivered power divided by load bus power). Array areas
aré: (1) 4,820 _ft2 of actual (net) silicon cell area; (2) 5,300 ft2 of gross
active panel area; and (3) 5,496 ft2 of gross panel (strip) area, including
panel hinges, electrical harness, énd panel mountings in this area, but not
including the 4-in. void spaces between panels, astromast deployment
boom space (3.5 ft), inboard support assembly (28 in. by 23,7 ft), or out-
board support assembly (28 in by 23. 7 ft).

The modular load analysis is shown in Table 4.5-6 for both ISS and GSS
configurations. The double power notation (vis. 5.2/8.5) indicates that
during ISS operation the GPL requires 5.2 kw for the ISS level of experimental
activity and for a 6-man crew. During GSS operation, the GPL requires

8.5 kw for the higher level of experimental activity and for a 12-man crew.

A ’9. 4-percent contingéncy factor is allowed as a margin to provide for

power growth in the Station electrical loads, for effiéiency reductions during
harvdware design, etc, . A 3-percent average allowance for distribution loss

is also included for distribution from the load buses to all loads (including
experiments),. All losses within the EPS from solar arrays to load buses are

accounted for in the design factor of 2.18, as defined previously,
The data summarized in Table 4. 5-6 were derived from the Program P1268

data bank, which provides the type of information listed in Table 4.5-7. The

data summary is derived from data accumulated from the following levels;

17
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Table 4. 5-7 ‘
ELECTRICAL LOAD ANALYSIS

Program P1268—

Provides data bank for electrical load data, parts lists, units, and
weight data for mass properties

Prints specific and summation data for each station module at
(1) total, (2) subsystem, (3) assembly, (4) subassembly, and
(5) functional element levels, as follows:
° Electrical power requirement
- AQerage; maximum; standby
] Electrical power form preference
- ac; dc
. Voltage preference '
- 115 vde; 28 vdc
° Waveform preference
-. 400 Hz sine-wave; 400 Hz square-wave; 60 Hz
. Load criticality

- Emergency; essential; nonessential; redundant

° Duty cycle (percent)

the lowest level in which the power requirements can be identified provides
the basic information (Code CB-2-1, transponder modem, for example).

The P1268 subassembly level accumulates these data on a functional basis
‘(Code CB-2-0, S-Band RF Assembly Group, for example). The P1268
assembly level provides the values of power needed to operate the major
functional assemblies of the Space Station subsystems (CB-0-0, RF com-
munications, for example). These data are then assembled into the sub-
system power requirements shown in Table 4.5-8 (CA-0-0, communications,
for example). These data are finally assembled into the power summary
shown in Table 4. 5-9, which provided data for the modular load analysis

shown in Table 4. 5-6. All these data are 24-hour average load bus values

19
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“and are identified separately for each Space Station Modulie.‘ Table 4:9-10 is
_ the GSS Power Summary. The computer printout shows the latest GSS study
data (July 22, 1971). Subsequent preliminary design load analyses were
limited to ISS only. However, the data changes for ISS which would modify

- GSS data has been reviewed and the new values are indicated in parentheses

on Table 4. 5-10,

As Table 4. .5-7-indicates, Program P1268 also provides the weight data, the
number of units required, the pérts lists, peak power, and duty cycle at all
levels of detail; in addition to the average power values shown in Table 4,5-6
and 4. 5-8 to 4, 5-10., 1t also provides power allocations for each load accord-
ing to eithe‘r'ac or dc pbwér form, 115 vdc or 28 vdc voltage preference, and
according toAload criticality (emergency, essential, nonessential, or

redundant).

4.5, 2 2 Premanning Power Requirements

The perio’d from launch to manning includes (1) the period from launch until
the solar array is depl'oyed and initially supplies power to the loads and
batteries and (2) the .initial ﬁnmanned phase or '"orbital storage' period
when the activation crew is absent and the Station Modules are in a dormant
but controlled operational state. The electrical power requirements during
the launch to orbit period are time-lined in Figure 4. 5-6 and summarized in

Table 4. 5-11 according to average and maximum power, time duration of

- the loads, energy requirements, conditioning and distribution losses,

ampere-hour demands, and battery depths of discharge for support by the
battery complements which can be provided if the Station Module launch
‘weight limitations permit. For the baseline operations profile, the Shuttle

provides the power for the Crew/Operations and GPL Modules.

During the ''orbital storage'' period, subsequent to Station solar array activa-
tion (Tg,) and before ISS manning commences, the subsystem and module
power demands (24-hour average values) are as shown in Table 4. 5-12.
These load demands for all modules are met by the solar array and four

batteries launched with the Power/Subsystem Module.
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Table 4.5-12
INITIAL UNMANNED MODE ORBITAL STORAGE

. POWER REQUIREMENTS IN WATTS

Subsystem Module 1 Module 2 ‘Module 3
GNC 120 --- ---
EC/LS 225 . 264 336
COMM 18 (S-Band (S-Band

Module 1) Module 1)
Prop-HI 90 --- —--
Prop-LO Negligible Negligible Negligible
DMS 500 300 400
Lighting Negligible Negligible Negligible
EPS 138 23 23
1,091 587 759

Totals

Note: Power requirements are from solar array deployment until

initial manning.

Power for all three modules is supplied by the solar

array and four batteries launched with the Power/Subsystems Module.

4.5.2,3 Emergency Power Load Analysis

Assessments of one-hour and extended (over 96 hours) emergency power

requirements for ISS are shown in Table 4.5-13. The one hour and extended-

minimum capability power levels are not sufficient to sustain an experimen-

tal program, and some degree of damage to experiments would likely be

sustained (e. g., freezing, thermal stress distortion, loss of bioculturesand

specimens, loss of chemical solutions, etc.).

Sufficient power is maintained, however,. to provide for crew safety and for

a capability to repair faulty systems needed to restore the Station to normal

operations. To preserve the experiments in a condition for restoration

to their full experimental status, an additional allowance of 350 watts is

provided.



Table 4,5-13

MODULAR SPACE STATION ISS EMERGENCY
POWER REQUIREMENTS IN WATTS

Extended Periods’

- :»:1 -Hour ,',Mi'nimu_rn Capab.iiity - Checkout Capability

ECLS e 498 - 1,217 1,217
. coMm P 22 aa
Toms 126 Cise 1,739
EPS - 63 s DR .75_»
Crew o - e a1 341
"’_‘Lighting e 625% - 1,250% o 12s0%.
- ‘Log1st1cs of Crew/ . S o _ |
' Operatxon Modules : 279 S 478 S .‘478
: Expermne_nts ‘A : j,“_ : | ..'--', o S |
| . Totals#%
. Unrestricted 1,613 3,651 - 5,204
Restricted - -~ 902 2,925 o 5,990

*Area and handrail lighting only— does not 1nc1ude portable battery
powered emergency lights.

#*%Unrestricted allows crew to occupy/mamtam all three station modules.
Restricted allows crew to occupy/maintain only one module.

The emergency/ cont1ngency power requirements and durations are shown in
Figure 4.5- 7. A one-hour perlod is principally for damage assessment and
minimal repairs or switching operations to restore power, thus avoiding .
'n‘eed-to use the 96-hour emergency pallets onboard for survival/rescue

periods. A 24-hour period is indicated also for more extensive

28
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Ty

maintenance/repair activities., The extended periods allow for resupply of

major parts and/or visitation by a repair team.

4.5,2.4 Principal Design Requirements

The PRD specifications previously reference in Subsystem 4. 5.2 represent’

the principal program, project, and system-level design drivers. These

are listed in Table 4.5-14 for reference. Specific design impacts are listed

in Table 4. 5-15, in terms of the design features and characteristics which

were developed to accommodate these specifications,

30




Table 4.5-14
ELECTRICAL POWER SUBSYSTEM REQUIREMENTS_

Specification - Paragraph _ Requirements

Ps 02925 3.7.1.4.11 . ISS electrical power will be provided by
solar arrays. Minimum average load
requirement is. 15 kw at the load bus,
averaged over a 24-hour period.

PS 02925 3.7.1.4,12 As a goal, no orientation restrictions
. will be.imposed by subsystems, i.e.,
electrical power, thermal control,
communications.

PS 02926 3.6.1.1.1.1.1.7 The Orbiter project shall provide electri-
cal power to the cargo bay payload inter-
face during all mission phases from
cargo insertion to completion of the
mission as identified by the Space Station
projects.

Space Station projects shall identify
electrical power required in the Orbiter
cargo bay for all mission phases and
shall provide an electrical interface
compatible with the Orbiter.

RS 02927 3.7.1.3.2.1 ISS electrical power will be provided by
solar arrays. Minimum average load -
electrical power requirement is 15 kw at
the load bus, averaged over a 24-hour
period.

RS 02927 3.7.1.3.2.2 As a goal, solar cell arrays shall have a
clear unobstructed view of the sun to
preclude partial shadowing of their
surfaces. If shadowing of the arrays does
occur, the arrays shall be designed to
provide adequate power during shadowed
periods and to preclude shadow-induced
damage.
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Table 4.5-14

ELECTRICAL POWER SUBSYSTEM REQUIREMENTS (Continued)

Specification Paragraph ‘ : Requirementé‘

RS 02927 3.7.1.3.2.3 The electrical system shall provide cir-
' cuit protection devices for all station
distribution wiring where necessary.

RS 02927 3.7.1.3.2.4 Standard electrical interfaces shall be
provided for power transfer between
modules and other attachable elements
requiring a power transfer interface with
the Space Station Module.

RS 02927 - 3.7.1.3.2.5 Independent power sources shal]_. be
) provided for each of the independent
pressurizable volumes.

RS 02927 3.7.1.3.2.6 Crew supervisory and maintenance and ,
replacement times and skill requirements
for the electrical power system (EPS)
shall be minimized by the use of automated
or semiautomated monitoring and control
techniques. ‘ : '

RS 02927 3.7.1.3.2.7 The EPS selected for the Initial Space
: Station (ISS) shall accommodate the capa-
bility for growth to the Growth Space '
Station (GSS) and shall be electrically and
physically compatible with the GSS.

RS 02927 3.7.1.3.2.8 The Modular Space Station EPS shall, as a

' *whole, have a maintained lifetime of not
less than 10 years; however, elements of
the EPS may be replaced in total or in
modular form for maintenance or for
growth. As a design goal, during this
maintenance or uprating period, the
required electrical power levels will be
sustained without interruption.

RS 02927 3.7.1.3.2.9 The Modular Space Station EPS shall con-
sist of not less than two independent ,
sources, each of which will be capable of
supplying backup power for an extended
period (5 years) assuming no second fail-
ure mode, and full sustaining power for a
duration of 5 years to preserve experi-
ments, instruments, fluid systems, and
the like which are required for return to
full station operational capability,

‘
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. Table 4.5-15
PROGRAM REQUIREMENTS DOCUMENT DESIGN DRIVERS

Spe cification

"Paragraph

Impact

PS 02925

RS 02925

PS 02926

RS 02927

RS 02927

3.7.1.4.11

3.7.1.4.12

3.6.1,1.1,1.1.7

Solar arrays are used for both ISS and
GSS. The minimum 24-hour average
power available at the load buses during
ISSis 16. 7 kw and during GSS is 31.1 kw.

No Station orientation restrictions are
imposed by the EPS during normal Station
operations. Abnormal conditions such as
multiple failures on the turret drive would
require (1) POP Station orientation and a
slow (6. 3 deg/day) Station g-axis roll of

'+78.5 degrees or (2) a reduction of Station

power to compensate for panel misorien~
tation, or (3) solar inertial orientation
with fixed « and B axis gimbals.

The Power/Subsystems Module requires

'no Space Shuttle standby power; however,

a circuit connection to the Shuttle Power

~ System is required as backup to the

3.7.1.3.2.1

3.7.1.3.2.2

batteries.

The Crew/Operations Module requires
Space Shuttle support power of 547 watts
maximum and energy of 2, 549 w-hr (no
batteries).

The GPL requires Space Shuttle support
power of 514 watts maximum and energy
of 4,448 w-hr (no batteries).

Solar array power source is required for
1SS. Economical growth to GSS by solar
array replication is most cost-effective.

(1) Horizontal flight attitude does not meet
this goal, and operational techniques to
retain power are required during a few
quarters of the mission. (2) Solar cell
strings are arranged with connections at
104-cell series intervals to parallel eight
strings (sub-modules); and each solar cell

“is in a group of seven paralleled cells.

These techniques are more conservative
than Skylab design, for which shadow-
induced hot-spot phenomena are consid-
ered adequately controlled, according to
extensive testing and analysis.
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Table 4.5-15

PROGRAM REQUIREMENTS DOCUMENT DESIGN DRIVERS (Continued)

Specification - VParagraph ' - Impacf

RS 02927 -3,7.1.3.2.3 _Individual load circuit breakers are
5 provided with trip ratings to protect the
load circuit wiring. Load control is not
specifically provided (except by manual
operation) and is presumed to be provided
at the load., :

. RS 02927 3.7.1.3.2. 4 A 115 vdc power cable connection is pro-
: "vided in each quadrant; each cable is ade-
quate for 50 percent of the maximum solar
array power demand (hence 100 percent
power redundancy in four cables). A
control/instrumentation cable is provided
" on each quadrant also.. Two 115/200 vac.
3-Phase 400 Hz power cable connections
are provided for RAM's, which can also
be utilized by other Station modules if
further analysis shows this to be desir-
able, Present design analysis shows that
"ac power interchange is not necessary or

desirable. ' L . ‘

RS 02927 3.7.1.3.2.5 . The solar array wings are electrically and
physically independent, as are the dual
redundant transmission assemblies. The
single common element is the power
tunnel/turret gimbal (¢ -axis). Failure to

~drive this gimbal would reduce power cap-
ability. However, this reduction is pre-
vented by changing the station orientation
to the principal alternate mode, POP with .
a very slow P-axis roll (x78.5 degrees at
6.5 deg/day, or 50 days per cycle. Batt-
ery strings all are independent, with two
strings per station module, and full-
capacity sharing (1) within each station
module through bus tie circuit-breakers -
and (2) between station modules through
the dual redundant transmission lines.

RS 02927 . 3.7.1.3.2.6 Preprocessors (RDAU's) will be used to
minimize the data rate burden on the
central processing computer facility.
Qut-of-tolerance data will be presented

 to the central processor for display,
analysis, and control reaction.
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Table 4. 5-15

PROGRAM REQUIREMENTS DOCUMENT DESIGN DRIVERS (Continued)

Impact

Specification ~ Paragraph
RS 02927 3.7.1.3.2.7
RS 02927 - 3,7.1.3.2.8

- The GSS capability is provided for simple

replication of solar arrays on a similar
Power/Subsystems Module. The uniform
115 vdc transmission interface is used to
transfer and share power, with no syn-

chronization or complex operations.

The solar array may be used for 5 years
with 30-percent degradation to the design
power value, thereafter degrading an

“additional 10 percent (40 percent total)

after 10 years. After the second (GSS)
array is installed to augment the initial
array for 3.1 kw at 10 years, the initial
array may be replaced if necessary with-
out interruption to ISS power levels. The
older array may also be replaced at
5-year mission intervals commencing at
10 years, to continue operation at the GSS
power level. These augmentation opera-
tions reduce power to the ISS level during
replacement periods only.

| Although EVA is discouraged, it is pos-

sible to individually retract, replace, and
redeploy the solar panels. Each panel
package is 88. 6-in. long by 24-in. wide
by 3. 3-in. deep before deployment.

Batteries are replaceable in 4-cell modu-
lar units of 40 lb each (dimensions are
approximately 8 in. by 7.5 in. by 6 in.).
A shunting technique will allow module
replacement while the remaining battery
is active, if desired. The preferred mode
is to replace modules while the battery is
out of service, however,. :

Conditioning modules are of modular
design and can be deenergized and replaced
without interrupting other electrical ser-
vices. In each case, the remaining power
capability is sufficient to supply all
essential loads.
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Table 4. 5-15

- PROGRAM REQUIREMENTS DOCUMENT DESIGN DRIVERS (Continued)

~ Specification Paragraph -~ : Impact_: S
RS 02927 ©3.7.1.3.2.8 .  Power transmission cables are 100-
: (Cont) percent redundant, normally operate at

50-percent load, and are not therefore
expected to require replacement during
the 10-year mission. However, design
for replacement is feasible with some
weight penalty for ducts, conduits, or
accessible raceways. ' '

- RS 02927 3.7.1.3.2.9 Each half-panel is electrically separate

from the other half-panel due to regula=-.
‘tion by separate SPSR circuits {sub-
assemblies) to the source buses. Each
solar panel, of 12 panels total, is elec-
trically independent of the other 11 panels.
Each solar array wing is electrically and
physically independent of the other wing,
with separate -axis gimbal drives., The
-axis tunnel gimbal drive is common to
the two wings; however, see the impact
statement for RS 02927. Para. - _
3.7.1.3.2.5, for relief of this common
coupling mode. Less than two panels of
twelve panels will be sufficient to -
provide the emergency power-level
or the sustaining power level indefinitely,
after which normal station operation may
be restored. ‘

The six battery strings in the ISS

(10 strings in GSS) are electrically and
physically independent, and can share
power indefinitely through any of the

four transmission lines. These can be
maintained or replaced without reduction
of station power by allowing minor usage
of the reserve capacity of other batteries
below a 15-percent nominal average depth
of discharge. The four batteries of each
“string and the seven 4-cell modules of
each battery are physically but not
electrically independent.,
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4,5,3 | Selected Subsystem Design

4.5.3.1 Descfiption

The baseline EPS as stated in Subsection 4. 5. 1 is composed of nine major
assembly groups. These are shown in Figure 4.5-8 as an assembly tree.
The functional relationships between these assembly groups were shown
previously in Figure 4.5-1 with the major assembly options and interfaces,
The assemblies are defined in this subsection for the selected baseline EPS,.
Trade analyses, selection rationale, and related discussions are provided in
Subsection 4.2.4, ''Design Analyses and Trade Studies. ' The selected

design is summarized in Tables 4.5-16 and 4.5-17.

Solar Array Assémbly Design

The selected power source for the ISS is a solar cell array, as _requiredbby
the Contract Guidelines and Requirements (Reference CM-01 Specification
PS02925, Paragraph 3.7. 1.4.11). This source is also selected for the GSS
in the form of an identical, replicated solar cell array assembly. These
solab_r cell arrays are composed of flexible, foldout solar panels. The afray
is composed of two wings, each having two quadrants, each quadrant com-
posed of three solar panels; therefore 12 solar panels make up one array.

- The solar array is shown in Figure 4.5-9, which also indicates the stages
of deployment (stages A and B) in phantom. This basic désign was provided
by LMSC and adapted to the MDAC Modular Space Station requirements.

- Each panel of the array'is 88-in. wide by 62, S-féet long when deployed.

When packaged for launch, the panels are in metal cases with embossed
Képton protective pads between panel folds. This design is under develop-
ment by LMSC under Contract NAS9-11039 with NASA/MSC.' The packaged

: pane-l is shown in Figure 4.5-10 to be 88. 6-in. long by 24-in. wide by 3. 3-in.
deep, and are fully protected from the launch environment. During recbvery,
the panels are reassembled in the cases, but are no longer protected by the
inter-layer protective pads. These pads are held away from the deployed
solar panels by the pad retaining springs shown in Figure 4.5-10 at the

inboard support assembly.

The solar array area is dictated primarily by the data from the power load

analysis, when increased by the design factor of 2. 18 to account for all the

37



3311 Alquassy walsAsqng I19MO4 |eN23)] | 8-Gh 94nbig

Alquassy . C Rlqwassy | AL quassy ALquassy-

buiuorytpuoy P uoLIngLaysig uoiyeinbay 3 uotjejuaLIQ 3

. FETLP - Jamo4 | (o43u0) JaMogd juawAo|dag

A1 quassy
.u:mEmmm:mz#
A3M04 M

ALquassy | AL quassy . 1 A1 quassy v KL quassy

atqea0ls [ uoLssLwsuedy _ : BuLyd] IMS v . Aeauay

Abasdu3y . J3mog , , Aaewrad 4e10§

wa3 sAsqns Jamod
. S S ‘ @.u_ - . {eota32213

o9zy-

38



Table 4, 5-16
EPS DESIGN SUMMARY-1

Electrical load
"Design to'' value - July 15, 1971 ISS - 17.3 kw; GSS - 32,1 kw
Present value - October 27, 1971 1SS - 16.7 kw; GSS - 30. 8 kw

Solar array

Area - ft2 1 x 5300 (add 1 x 5300 for GSS)
Type Flexible
Form ' | Fold-out
Voltage 120 %1 percent vdc
Energy storage | _ NiCd - 100 amp-hr (ISS - 24; GSS - 40)
"Parallel" charge; ''series' discharge
15 percent depth; 2. 5-year life
Electronic switching
Cell voltage cutoff;
3rd Electfode backup
Solar orientation » . 2-Axis gimBals (£180, £235); syncdrive
Trailing cables and spiral coil
MDAC turret and drive '
Primary switching . Remote control

Local manual isolation
Electromagnetic for high power

Solid-state for low power

EPS losses from the depléyment mast to the load buses, and for the storage .
of energy in the battery which is necessary to provide power during Earth
eclipse. | The area is further dependent upon the cell arrangement and inter-
connections, and upon the power collection harness power losses from the
solar modules to the root of the wing deployment mast. The area requiredis
shown on Figure 4.5-9 to be 5,300 £t2, composed of twelve panels (strips) of
441.7 ft® each. Each panel is composed of 32 folds, each 23.4 in. by 88 in,
in size, or 28.6 ft2, The panel nomenclature is shown in Figure 4.5-28 of

Subsection 4.5.4. 1. A typical solar panel.and solar cell interconnection plan
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Table 4. 5- 17
EPS DESIGN SUMMARY I

Regulaticn and control .  Local differential protection
o ' ' Seqtient_ia.l partial shunt regulation (array)
Local closed-loop regulation (supervised)
Bus: remote control; load: manual control
Battery: series load regulation
' Transmission ' 115 vdc Nominal; dual - redundant
Conditioning v | ‘Modular .
A : Paratllel,"loa;d-slharing inverters
Self-regulated

Current-limit protection

Distribution . ' 80-percent dc, 20 percent ac

'Load bus %/olta.ges _ 115 £3 vdc
' 115/200 %2~ l/Z-percent vac; 400 tl-percent :
- Hz,: sine wave and quasi-square wave ' ‘

115/200 +5 percent vac; 60 %1~ percent Hz
(GPL), sine wave v

Power manegement . . Data Management Subsystem (DMS)
Central processor support

Primary control center in Crew/
Operations Module

Secondary control center in GPL

is. shown in Figure 4.5-11. The electrical circuitfy separates.the panel into
. two 1engthw1se half—panel str1ps, each composed of 32 half-folds. Starting
. at'the inboard support assembly nearest to the turret the 104 cell-group
strings in each of four half-folds are connected in series to provide a 121v
(nominal) module. Each cell-group is composed of seven 2 cm by 4 cm
solar cells connected in parallel. There are 16 modules and two SPSR
regulated circuits per panel; each circuit for the eight paralleled modules
‘of one half-panel. These eight modules are connected in parallel at each
fold hinge.-—line at 30.25 v,intervats, as shown in Figure 4,5-11, to reduce

' sensitivity to shadowed cells and to eliminate 'hot-spot'* failures.
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The high voltage (121v) end of -the eight-module half-panél is connected to
the high-shunt terminal of the associated SPSR circuit, the middle voltage
(60.5 v) point is connected to the common terminal (between high and low
shunts) of the associated SPSR circuit, and the vlow voltage point (O v refer-
ence) is connected to.the low shunt terminal. The SPSR subassemblies are
located in the turret, where heat sinks will dispose of the relatively low
power dissipation required to regulate voltage by the SPSR technique. This
regulation system is described under the topic '""Power Control and Regula-
tion Assembly Design.' The nominal values of solar array voltage, 'cux.'rent,
and power (initial, at 5 years and at 10 years), with the dimensions, the
areas, the number of strings, and the number of solar cells (total, parallel,

and series) are shown in Table 4. 5-18.

Details of the LMSC solar arré.y design are shown in Figure 4.5-12, and
are incorporated in the MDAC baseline solar array design. The flexible
electrical harness, hinge joint, substrate assembly, the packaging assem-
bly, the Astromast deployment system, and the general design features for
structural stability and tensioning devices are adopted in the 5,300 ft2 MDAC
d‘esign. The module width (88 in. ) and the number of cells per string are
unique to the MDAC design to meet the voltage requirements. However, the
LMSC fold dimension of 2-3. 4 in, is retained. The deployed length of
Astromast (62 ft - 6 in,) is less than the LMSC design (84 in.). The turret
~and drive system described in Subsection 4.2.3 is a MDAC design for pres-

surized access and shirt-sleeve maintenance while the array is operational.

Deployment and Orientation Assembly Description

The deployment and orientation assembly is composed of structural and
mechanical elements which are described in Subsection 4,2.3. Therefore,
- only the electrical and operational aspects will be described below. The

major elements are shown in Figures 4.5-13, -14, and -15.

The panel support assemblies (inner and outer beams, shown in Fig-

ure 4.5-13A) reacting through the adapters shown in Figures 4.5-13B and
4,5-13C are first rotated apart from their stowed position as shown by
Figure 4. 5-14A until they are in the position shown at the top of Fig-

ure 4.5-14A, An initial beam extension assembly, shown inFigure4.5-13C
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and in Figure 4.5-15, is then deployed to increase the array standoff from o . ‘.

- the stowed position. The panels are next deployed s1multaneously from their.

launch cases, as shown in F1gure 4.5-14B, extendmg the Astromast art1cu-—
" lated tr1angular extens1b1e truss beam (shown 1n F1gure 4.5- 14C) One
dfully deployed w1ng is shown in F1gure 4.5- 14D The guy wires and tapes
were initially included in the. LMSC development model to a.llow for an
‘art1f1c1al g experunent with a partially- deployed arra.y. How_ever, they are
v retained for Iadded_stability and to improve the dynamic characteristies of .

: _the arré.y; elthough no artificial-g conditions are guidelined for this study.

A capability for replacement of individual solar panels by EVA has been
pl‘ovided; EVA'replaCeﬁlenf is. an alternative replacement method, not the .
baseline method. The baseline replacement method is to retain the ISS array
- for 10 years 'and.to replicate it at the opp:osite end of the Modular Space Sta-
tion §v_ith a second Power/Subsystems Module to (1) ~incr‘ea_se power for growth
to GSS, (2) extend the .ISS period to 10 yeafs or longer, or (3) replace a
severely damaged or inoperative array or Power/Subsystems Module, if

requlred The provisions for EVA panel replacement are shown in Fig-

ure 4.5-16. Tension is maintained between the pull-out reel and the strip
tension spring assembly as fhe take-up wheel draws the panel back into its.
launch case on the inboard support assembly. The new panel replaceable
unit is mounted in place after removal of the old panel unit. The pull-out
cable is then attached, the case explosive bolts are energized, and the new -

‘panel is deployed by energizing the motor-driven pull-out reel.

Solar Array Orientation Assembly Description

The orientation system has the capability for any Station orientation. Obvi-
ously, the least difficult of these for the solar array would be the solar
inertial orientation, w1th the Statiod éupplying the array orientation. The
general inertial case is similar, with the two-axis gimbal capability for

initial solar acquisition.

The orientation described as perpendicular-to-orbit plane with roll at orbital
rate (POP/OR) requires 2-axis gimballing. A rate of 4 deg/min in the a-axis
-(orbital rate axis) is required. A gimbal range of 235 degrees allows the

use of either a trailing cable (selected) or a spiral coil for power transfer ' .
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- gimbals share the orientation duty in a composite rotational mode. The

' and to provide commands to the drive servo assembly to assure solar acqu1-

across the tunnel (@) axis. . 'rhe panels are rot;ted to minimum drag position .
(feathered or trailing mode), and are rotated to unwind the power cables

(recycled) while in eclipse, at a gimbal drive rate of 22 deg/min maximum,

The B-axis (orbital declination axis) will operate at 6.3 deg/day over a gim-

bal range of £78.5 degrees. A spiral coil (selected) with a trailing cable pro-

vides power transfer a;foss the mast (8) axis. Cable recycling' is not

required in the g-axis for a POP/OR station orientation.

The baseline station orientation (horizontal or 'velocity-vector') is the most

demanding upon the solar 'array; orientation system. The o and g axes are
not readily identifiable as in the POP/OR case, because they are required to
provide combined or composite rotational modes. The mast gimbal range
will be from zero while in the high 8, continuous sunlight‘ orbit, to the full
orbit value of +235 degrees while in the low-8 maximum eclipse orbit. |
Recycling is provided while in eclipse and a spiral coil is used for power
transfer across the mast axis, At both of these limiting orbits, the tunnel

gimbal ranges are zero. Between these limiting orbits, the mast and tunnel

range of the tunnel gimbal axis, however, is £235 degrees, and for the mast
gimbal axis it is 180 degrees. Recycling is provided while in Earth eclipse
for trailing cable power transfer across the tuﬁnel gimbals. The gimbal
rates are approximately 0 deg/min to.22 deg/min in both axes (with 4 deg/
min average). The higher rate (22 deg/min) is used for unwinding the power
transfer cables (recycling) and for “féathering" to the low drag position while
in Earth eclipse. Provisions for h_orizonta.l Station orientation thus provide
an operational flexibility which is sufficient to eliminate constraints upon rthe

station orientation.
The DMS computer ca.pablhty is used to calculate solar orlentatmn angles

sition upon leaving Earth eclipse. Sun sensors on the array and servo con-

trol logic in the turret are provided to track the sun during the illuminated

periods.
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Primary Switching Assembly Description

The primary switching assembly is provided in the turret area for (1) control
of power flow from the 24 control and regulatio‘n (SPSR) subassemblies to the
source buses, (2) control of source bus connections for either parallel or
isolated operation, and (3) control of power flow from the source buses to
the transmission lines for parallel operation or to deenergize any of the four
cables. Primary switching is also provided in each Station Module to

(1) sectionalize the transmissiion lines, (2) control power flow to the main
distribﬁtion centers from the selected transmissiop cables, and (3) section-
alize the main distributor buses. Differential protection loops are providev‘d
to deenergize faulted transmission lines, source buses, and main distributor
buses. The electrical schematic in Figure 4.5-3 shows the primary switch-

ing assembly circuit breakers.

Energy Storage Assembly Description

The energy storage assembly in each major Space Station Module (excluding
RAM's, Logistics Modules, and Crew/Operatiohs Modules) is made up of

eight hermetically-sealed, cold—piatéd, 100 ampere-hour, nickel-cadmium
space batteries; eight battery-chargers; and two pulse-width-modulated (PWM)
series buck battery line regulators. These assemblies are each co-located
'iwi‘th, and designed to operaté in conjunction with, the main distribution

center for the Station Module.

Each battery consists of twenty-eight 100 ampere-hour cells made up into
seven economically replaceable modules of four cells each, weighing about
40 1b per module. The selected battery depth of discharge is 15-percent
average and 35—pefcent maximum, for a nominal lifetime of 2.5 years. The
provisions for a greater depth of discharge during buildup, emergency, or
contingency operation (e.g., array shadowing) will not exceed 30-percent

average or 70-percent maximum to assure a minimum lifetime of one year.

The batteries are charged concurrently by individual battery chargers at
approximately 42 volts, using solar array energy in excess of the Station
and experiment power demands, The system capacity is designed to support
the 24-hour average power demands and to return the batteries to full charge

daily. The batteries are discharged with four batteries in series to the
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associated Main Distributor Bus at 115 %3 vdc through the PWM series _
buck-battery load regulators. These batteries provide all of the electrical ‘

power to the Power Conditioning System and the loads during the dark

(eclipsed) pertion of each orbit. In addition, they supply (1) power for
extraordinary peaks during partial reductions of normal solar power,

(2) supplemental powerl during short periods of partial solar array shadow-
ing, (3) emergency Station power in the event of loss of normal solar array
power, (4) primary launch and ascent power for the Power/Subsystems
Module (supplemented by Space Shuttle power if required), and (5) end-of-

mission power when solar arrays are retracted for recovery.

The charging and discharging control functions are automatic within the
normal operating range at the most economical rate compatible with the
charging sburce, the electrical loads, and the power available. The individ-
ually monitored battery cells provide the voltage limit signals near the end
of charge which result in the preferred mode of charge termination. An
alternate mode of trickle charging is also available., Cell over-temperature

signals will also terminate charging. The third electrode signals provide an

approximation of the state of charge, depending upon the previous h1story of

the cells, and are used for a backup mode of charge termination.

The battery modules are temperature-controlled {cold plated) by means of an
active coolant loop with a design point of 13°C and a range of 10° to 20°C.
The batteries are accessible for periodic inspection, maintenahce,‘ and/or
replacement. The hermetically-sealed cells are contained in hermetically-
sealed 4-cell modules to assure containment of toxic and corrosive KOH in

the event of cell rupture. Loss of cell electrolyte automatically g’ives a fail-

. ure mode indication that terminates cell charge or discharge. Each cellcon-

tains a fourth (recombination) electrode to prevent gas buildup during normal

. charging conditions.

Instrumentation is provided for normal operation, energy storage status evalua-

tion, remote control data requirements, and telemetry data for ground monitoring.

The emergency power capability of the ISS from a full state-of-charge is

about 72 kw-hr or about 46,5 kw-hr from the 35-percent nominal maximum

depth of discharge. _ .
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The battery switching subassembly (Figure 4.5-17) provides additional cells
to replace shorted or open-circuited cells; it also provides for remotely-
controlled operation of the batteries, as required during the unmanned periods.

The initial battery complement launched with the Power/Subsystems Module
will be four batteries plus spare modules connected in a series string. Five
battery chargers (four active and one redundant) and two line regulators (one
~active and one redundant) will be provided for reliability. They are connected
as shown in Figure 4.5-18, The Crew/Operations Module and the GPL are |
launched initially without batteries but with provisions for future additions of
the batteries, and battery chargers. Prior to or concurrent with initial man-
ning for ISS, the Logistics Module missions will supply the remaining 20

~ batteries (4 for the Power/Subsystem Module, 8 for the Crew/Operations
Module and 8 for GPL). These will be installed and placed into operation

by the Station activation crew. S

Power Control and Regulation Assembly Description

The power control and regulation assembly provides solar array source volt-
age regulation to the source buses and the transmission assembly. The.
regulétion system is based upon a sequential partial shunt regulation (SPSR)
technique. The input power to this regulation method requires the solar
panels to be sectionalized into a high-voltage section and a low-voltage sec-
tion, as shown previously in Figure 4.5-11. The drive andAlogic subassembly
provides for sensing, mode selection, and sequencing of the drive signals for
the 12 low-shunts per wing and the 12 high-shunts per wing. Normal regula-
tion is performed by the low-shunt array segments, controlling 50 percent of
total array power. When the solar array is very cold after eclipse and/or is
new (undegraded), the power capability and voltage are both higher than the
design point for a 10-year old array. When the array is cold, the high shunts
may be required to operate also. However, the open circuit voltage of a new
array can be controlled by the low shunts alone. The basic shunt control
modes are Full Off, Linear (proportional) or Full On (saturated). At each

control condition, only one shunt per wing will be in the linear, proportional
control condition. Of the remainder, enough shunts are in the Full On condi-
tion to suppress potential overvoltage, and enoughlare in the Full Off condi-
tion to provide adequate power to the Space Station at the nominal array output
voltage of 121 vdc. The power dissipation of a saturated (Full On) shunt is
very low, equivalent to approximately 3 volts at Ig. (short-circuit current)and
about 50-watts for the shunted half-panel.
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Figure 4.5-17 Battery Cell Failure Accommodation

56



uonesmbyuoy youney - weisAs Atoyeg | snpoly g1-G'y einBiy

SUINIVHI

"Q3LIKIT
ANIYYN) 3¥v SYOLVINIGIY GYOT ONY SYIDUVHD

~ "NMOHS LON SN@ YOLNSI¥LSIA J0A Sii
Au4m<~“4<zo~p0umvohmzcﬁhuuzzcubz<az=auz

"NOLLYYNOIINOD HONNYT WILSAS AY3LlYS 0L
INVAITI3Y JY3IHM LdIIXI NMOHS LON SIIIA3Q
ONIHILIMS ONV ‘T04INOD *NOILI3L10Yd INIT3SvE

"NOLLVYNIIINGD HONAYY 01 INDINN e

‘||_.

i

(¥) Ad3ilve 1132-82

Ji[¢

:F,J;EET | .J.[:—EE\T ,[__ri:i‘; E]:i-

4I9YVHD
INVONNQ3Y
SHOLYIN9IY Qv01
| SAVI3¥ INFYND 3SYIAIY | SHOLIVING?
© S¥INVIYE LINDYID T0¥INOD ILOW3 p | |
. ¢ — = Avdyv uv10s
SaY01 0L 5 —3 WOY4
T e | . SNg YOLNGI¥LSIQ J0A SLL

09zy

57.



K2

L
3

o

Power Transmission Assembly Description o ‘

The power transmission assembly includes the cabling primary buses,
junction units, and primary protection. These are closely related to the
primary switching functions described in the primary switching assembly,

The single-line schematic diagram was shown in Section 4. 5. 1, Figure 4.5-3.

The power transmission assembly transmits regulated bulk power from the
source buses located in the power turret to the main distribution centers
located in each Station Module. The transmission assembly includes four
power-transmission cables, any two of which are capable of transmitting the
total ISS power requirement within the design voltage band (112 to 118 vdc).
Therefore, the transmission assembly is described as dual redundant. The
cables are extendible between Station Modules through the four comrhon'
connector interfaces at each docking port. One manually-secured cable
connector is provided in each docking port interface quadrant. The
efficiency, reflecting the transmission line power loss, is optimized within
reasonable weight and mechanical handling/installatién properties by sizing

the cable conductors to maintain the required voltage ''spread'' between

Station Modules at maximum load. This is shown in the power flow diagram

in subsection 4.5, 1, Figure 4.5-5. The selected cable éize is AL-1,

Inputbpower to the transmission assembly is 35,87 kw at 118.7 vdc nominal

'+5 percent. The voltage is regulated to maintain a minimum voltage of

112 vdc at the most remote (GPL) main distribution center.

The nominal output power transmitted by the transmission assembly during
solar illumination is 10. 63 kw to the Power/Subsystems Module, 12. 14 kw
to the- Crew/Operations Module, and 11.49 kw to the GPL.

The transmission circuits are protected by coordinated individual electrical
differential protection zones, enclosing source buses and main distribution

center buses within the zones of protection.

The transmission cables are afforded mechanical protection against abrasion

or other damage, and are arranged for on-orbit removal and replacement,
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if necessary. ﬁowever, with only two cables of four required for full

power, replacement is not expected to be necessary.

Grounding

A single-point ground is established at the source buses for the negative
(low-voltage) terminals of the regulatof outputs. . The negative source buses
are each connected to this ground to allow equivalent grounds during either
parallel or isolated operation. This concept is indicated schematically

on Figure 4.5-3 in subsection 4.5.1. The purpose of this ground is solely to
provide a path for fault current, thus assuring positive tripping of circuit
breakers supplying a faulty conductor. Negative conductgrs are provided

in the transmission lines with full load current capacity, and structure is

therefore not used for power transmission.

Power Conditioning Assembly Description

The power conditioning assembly includes the quasi-square wave and
sine-wave iﬁverters, the battery chargers, and the battery discharge PWM
series buck load regulators. The battery chargers and load regulator
funétions were described under the topic '""Energy Storage Assembly

Description.'"

The power conditioning equipment characteristics, quantities, and locations
are shown in Table 4.5-19. All subassemblies are capable of replacement
in orbit and spare subassemblies are provided to meet the reliability
requirements, in addition to the installed redundancy indicated. Selected
conhponents can also be replaced within the subassemblies when identified
by onboard checkout techniques (e. g., inverter clocks, regulator voltage
‘reference circﬁits, bias power supplies). The functional subassemblies
are designed for self protection by a capability to limit and withstand
short-circuit currents for a pfotective device coordination period, followed
by self-tripbing before internal damage occurs., Circuit-breakers are
provided on the power input side. Contactors are used to switch the output
power. Reverse-current relays are used in the battery discharge (buck)
regulator outputs to prevent solar arrays or other batteries from

discharging into an internal fault.
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Power conditioning equipment is arranged for parallel operation within each
Station Module,. but is isolated from the similar buses in other Station

- Modules (except for RAM's, Logistic Modules, and Crew/Operations
Modules. Power transfer between major Station Modules use the trans-

mission assembly only,

The solid-state, power-conditioning subassemblies are cold-plated for
terhperature control. The temperature of the fluid coolant interfaces with
EC/LS Subsystem are 15.6°C (60°F) minimum inlet temperature and 43.3°C
(110°F) maximum outlet‘temperatur.e. ‘Design for heat removal from the
cold-plate mounted subassemblies is based on 90-percent conducted and

10-percent radiated heat transfer.
The conditioning equipment is capable of continuous operation in the normal
pressurized Station environment or in a partial or full vacuum, and in a

zero-g, partial-g, or one-g environment.

Power Distribution Assembly Description

The power distribution assembly includes cabling, load buses, load bus
switching, load bus protection, distribution circuit protection, battery

switching, and the distribution panels for final distribution to the loads.

The power distribution assembly (1) distributes bulk power from the main
distributor bus, where it interfaces wifh the power transmission assembly,
the energy storage assembly, and the conditioning inverters and regulators;
(2) distributes both regulated dc power and regulated ac power to the load
distribution buses, and (3) provides the load bus facilities to supply load

conductors.

Power input to the power distribution assembly is provided in the range of
112 to 118 vdc for the dc load bus and the conditioning assembly; whether
it is derived from the batteries through battery load regulators or from the

solar array through the SPSR regulation circuits.

"Power output from the power distribution assembly is provided of the

following types and quantities.
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A. 115 £3.0 vdc | | B | | o
" B. 400Hz %1 percent, 3-phase, 115/200 vac % 2-1/2>per_cent, sine

‘wave S - o
C 400 Hz £ 1 percent,A 3-phase, 115/200 vac £ 2-1/2 percent;‘
' quasi-square wave T »

B D.. 60 Hz 1 percent 1-phase, 115 vac - 5 percent, 51ne wave

(for GPL instrument power)

Essential load buses and nonessential load buses are provided for each type'

" of power_in each Station Module as required by the electrical powe_r load

analysis.

' The power d1str1but1on assembly is controlled automat1ca11y through

operat1on of the power management assembly and through internal closed-

loop functions. Manual backup and override capab111t1es are prov1ded for

Call operat10na1 c1rcu1ts

Electrical protectlon is provided for all dlstr1but10n circuits, with the : ‘

_ pr1mary function of protectmg the circuit w1r1ng rather than the loads—these
: _have internal controls and any supplementary subcircuit protectors required.

‘Protective devices are coordinated with the_pOWer transmission assembly

and/or power conditioning assembly protective devices for sequential

tripping and fault isolation.

A single-point ground is prov1ded for each electrically independent (isolated)

‘ 'Vsystern, such as inverter output circuits, as shown on Figure 4.5- 3in

subsectmn 4,5,1. Neutral, common, or return conductors are prov1ded
for all ‘circuits. Structure is not used as a conducting medium, except

for return of ground fault currents for the purpose of tripping the circuit-

" breaker which supplies a faulty circuit.

The distribution assembly components are located in the main distribution
centers in each station module; ‘except for cabling and possible special

distribution subpanels if required to be located at the load for convenience
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or safety. The mechanical system provides maximum protection against
personnel contact with energized parts and mechanical protection against

contact- or damage-induced faults.
The distribution assembly is capable of operation in the normal pressurize.d
atmosphere or in partial or full vacuum, and in a zero-g, partial-g, or

one-g environment.

Power Management Assembly

The electrical power management function is provided by integrated sub-
assemblies located in the EPS and the DMS It includes control of (i) the
sequential partial-shunt regulator‘s for voltage control of power from the
solar arrays, (2) solar array orientation drive control as required by
signals from the sun-acquisition and solar-tracking sensors, and (3) battery
charging and discharging electronics. It also provides instrumentation,
sensors, and electronics for preprocessing of the operating data from the
EPS, to be used for the integrated displays and controls, onboard checkout,
and data management functions in the DMS which are related to the EPS.
The power management assembly also controls the load buses and the EPS
configuration, according to established priorities. These functions are
performed automatically, with manual backup or over-ride capability for all
essential management functions. The sensors and instrumentation required
for monitoring all critical operational parameters are included—among
these are voltages at all buses and battery cells, currents in all discrete
system cables (such as SPSR circuits, transmission lines, conditioning
subassemblies, batteries, and bus tie cables), temperatures of batteries,

solar array panels, and coolants, and pressures in battery modules.

The power management assembly provides preprocessing functions with
local dedicated computers identified as remote data acquisition units
(RDAU's) which monitor and screen sensor data for out-of-tolerance
indications and/or rates of change which exceed acceptablé reference values.
These are transferred to the central processing computer for display,

analysis, and/or corrective actions.
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Power management of the EPS is possible from the Crew/Operations Module
(primary), the GPL (secondary) or the Power/Subsystems Module (initial
and emergency). Remote monitoring and control command inputs are
provided from the ground via the Data Management and Communications

Subsystems.

Equipment and Weight Summary

The major EPS equipments are listed in Table 4.5-20. The quantity of
components on the initial launch is reduced as indicated to save weight.
These components are added later by Logistics Module launches. The weight

summary is shown in Table 4.5-21.

4.5.3.2 Interfaces
The Electrical Power Subsystefn has major interfaces with: (a) the Space
Station subsystems, (b) the attached RAMS and Logistics Modules, and
(c) the Space Station Orbiter (during station buildup). The EPS interfaces
with other Modular Space Station subsystems are as follows:
A. EC/LS subsystem for temperature control of electronics
and batteries. ‘
B. DMS for power management, onboard checkdut, integrated
displays, and EPS control. _
C. All subsystems for electrical power, as defined by the electrical
power load anal?sis, with the power types listed in sub-

section 4.5.3.1, "Power Distribution Assembly Description.

Station Module Interfaces

The EPS interfaces between Space Station modules are defined by

Table 4.5-22. The interface connections are defined by the common docking

interface shown in Figure 4.5-19, which is uniform between all docking ports.

" The active circuits are connected to the power transmission assembly or the
power load buses. The Power/Subsystems and Crew/Operations and Crew/
Operations and GPL module interfaces at 115 vac are interconnections for
transmission assembly extension. All other interface connections are
supplied from cables connected to appropriate load buses in the primary

station modules.
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Table 4. 5-22
EPS INTERMODULAR INTERFACES v

115/200 vac

115 vDC 30, 4-Wire
Interface 2 Wire _ 400 Hz Sine Wave Control

Power /Subsystem and 4 active (trans- 2 inactive 2
Crew/Operation Module mission assembly) '
Crew/Operation Module 4 active (trans- . 2 inactive 2
and GPL ' mission assembly)
Power/Subsystem 2 active 2 active . 2
Module and RAM's 2 inactive
Power/Subsystem Module 2 active 2 active . 2
and Logistics Module 2 inactive =
Crew/Operations Module 2 active 2 active 2
and RAM's 2 inactive
Crew/Operations Module - 2 active 2 active 2
and Logistics Module 2 inactive
GPL/RAM's 2 active ' 2 active : 2

2 inactive

Note: Inactive interfaces are connectors only without wiring to the power
sources. These '"dummy'' connections are necessary to assure the
identical docking interface for all docking ports shown in Figure 4. 5-19.

RAM Interface o
The EPS interfaces with the RAM's are described by Table 4.5-23. The

same power capability is provided to each RAM docking interface within the
full total allocation shown in Table 4.5-23. It is noted that these values are
resource allocations. With respect to the 115 vdc interface, a fnuch higher
valvue‘ is technically possible from the docking interface, if the RAM wiring
is dé_signed to accommodate it. However, the use of this resource at higher
rates than shown in Table 4.5-23 would (1) deprive other subsystems of
their allocated s.ha.re of power or (2) require an increase of the EPS power
capacity. The resource allocations provided in Table 4.5-23 were derived
from extensive studies of the experiment packages necessary to provide for
the experiment blue book. Therefore, the individual RAM allocations
should be regarded as advisory or preferred values, while the total
allocations for RAM's and integral experiments are limitations on the total

experimental program.
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Table 4.5-23

ISS/RAM/INTEGRAL EXPERIMENT INTERFACE
. POWER ALLOCATIONS —-KW

1SS
Maximum 1-Hr 5 Minute
24-Hr Average Average Peak
Each RAM:
115 vdc , 2, 4% 3.6 --
115/200 vac, 400 Hz 0.5 0.75 -
Total RAM and Integral
Experiments: ' , A
115/200 vac 400 Hz 1.0 2.4 2.8
Total ac plus dc power 4,8
GSS
Fach RAM:
115 vdc ' 4.0 6.0 --
115/200 vac, 400 Hz 0.5 0.75 -
.~ Total RAM and Integral
Experiments: . ,
©115/200 vac, 400 Hz* 2.5 6.0 7.1
Total ac plus dc power 12,1 18.1 21.2

*Includes sine wave and quasi-square wave 400 Hz and sine wave
60 Hz.

#%Can be increased to the maximum allocated for experiments
(4.8 kW).

Note: These allocations include power for (1) experiments, (2) experiment
subsystems, and (3) experiment support and integration (displays/
controls), but do not include experiment-related power for GPL.
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Logistics Module Interfaces ' o . | ‘
The EPS interfaces with the docked Logistics Modules are Supplied through -

the common docking-port interfaces. The 24-hour average power allocation
for two Ldgistics Modules is 662 watts of load at 115 vde (+3 vdc) plus

19 watts (3 percent) for distribution losses from the load bus to the load

(641 watts, total). Approximately 33 watts average are required by the sub-
systems equipments to accommodate docked Free-Flyer Experiment Modules
on the GSS. ' )

Shuttle Interface

The Power/Subsystems Module is launched with four batteries instailed and
the solar array in a stowed position. ‘The module is rotated from the Shuttle
bay and the solar arrays are deployed. Checkout of .th_e Power/Subsystems .

Module is performed while the module remains attached to the Shuttle.

During this initial period, from launch to solar array deployment, the Power/
Subsystems Module supplies its own power from on-board storage batterles

Shuttle power will not be requlred unless an abnormal condition occurs

requiring extended operation w1thout deployed solar arrays. ‘To provide for
this contingency, a power transfer connection for 115 vdc is provided at the
Shuttle/Module interface. Shuttle power available for this contmgency mode
. ~of operation is 500 watt average, 800 wétt peak,A and 20 kw-hr. total energy
(see References 4.5-1 and 4. 5-2). ' |

The Crew/Operations and GPL Modules are launched without batteries and
Shuttle power is required until the modules are connected to the solar array/
‘battery power system in the Power/Subsystems Module. Power require-

- ments are as specified in Table 4. 5-11.

Power transfer is accomplished by connection to the 115 vdc transmission
assembly in each Station Module. The heat dissipation of the electrical loads
will be collected and transferred by a coolant loop interface to the EC/LS-

thermal control assembly.
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. References for Space Shuttle/Modular Space Station power interface
specifications are as follows:
Reference 4. 5-1: Payload Design Requirements for Shuttle/ Payload
Interface, August 9, 1971

4,2.2.1.1 Orbiter Power .
The Orbiter currently allocates limited electrical power to the
payload. This power is utilized primarilyv for Station monunitoring of
payload critical functions, however, excess power is available to
the payload for payload operations. A minimum of 20 kw hours
cumulative power is allocated at the rate of 500 watts average and
800 watts peak values by the Orbiter to the payload. Additional.
electrical power ca.pab‘ility. shall be payload supplied. '

Reference 4. 5-2: Attachment to NASA/HQ. Letter, September 7, 1971,
""Shuttle/ Payload Interface Document— Level L "
Section II. Power— A nominal 20 kw-hr of electrical energy shall be
provided by the Orbiter vehicle to the payload via standard con-
‘ nectors. Power supplied will not normally be_levss than 500 watts

average and 800 watts peak.

4.5.3.3 Operations

The operational pefiods of the Modular Space Station which affect thé EPS
design and functioning are (l) prelaunch ground operations, (2) launch/ascent
operations, (3) orbital storage, unmanned, and (4) on-orbit manned

operations.

Prelaunch Ground Ope rations

The ground support equipment (GSE) provides 115 vac ground power to the
EPS transmission lines through the common docking interfacé to each Station
Module. It is also capable of providing the same power types, voltages,
wave-forms, qualities, and quantities as are provided by the EPS in orbit at
corresponding EPS test points. The GSE thus accurately simulates the solar
array source power profiles and conditioning assembly output power profiles.
The GSE also has a capability to provide simulated loads having the same
steady-state and simulated transient, overload, and/or faulted characteris-

‘ tics as the actual electrical loads when it is impractical to use actual module
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loads for testing purposes (e. g. for overloading and fault tests, or for . .

_cahbratlon of c1rcu1t protectlve dev1ces)

Launch/Ascent Ope‘l.' ations

- To minimize the 1n1t1a.l launch weight, the Power/Subsystems Module is

* launched with only one set of four batteries. These four batteries provide
sufficient power for the Power/Subsystems Mo&ule and initial activation

- period for the limitéd time prior to solar array deployrnént. These batteries,
'with solar array support, are sufficient also to support all three ISS Modules
-d'u_ring the orbital s'tqrage a.fter's'olar array power is available and prior to
'_n-langin'g. " The powef requireménts are discussed in Subsection 4. 5.2 and

are shown in Table 4. 5-11 and Table 4. 5- 12,

"I‘he Crew/Oper'ations Module and the GPL are launched without batteries,
which arev later supplied by Logistics Modules prior to and/or concurrent

~ with the ISS manning launches’ Therefore, the Space Shuttle provides the
Crew/Operatlons and GPL Modules energy and power levels mdlcated in
Table 4.5- 12 '

'-.Thev average and maximﬁm' load demands shown in ’I‘able 4,5-11 must be
increased by 10 pércent‘ to account for the conditioning and distfibution losses.
The total energy demand including 10 pe rcent for cohditioning and distribu-
tion is also tabulated in Table 4.5-11. The resulting power and energy
demands of 547 watts .peak and 2, 549 watt-hrs for the Crew/Operations
"Module and 514 watts péak and 4, 448 watt-hrs for the GPL rep're’sent in’tef—

- face féquireménts for the Space‘ Shuttle. These requireménts are within the -

" Space Shuttle capabilities.

Solar Array Deployment Operations

The deployment sequence for the solar array with Space Shuttle Orbiter
manipulation to verify solar orientation is shown in Figure 4.5-20. The

| sequence of deployment is initiated by verification of internal Power/

Subsystems Module battery power. The mechanical operations are described

in detail in Subsection 4.2, 3. The solar array deployment seque.nce was also

described in Subsection 4. 5.3. 1. When fully deployed, the Space Shuttle
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Orbiter X-axis is o‘rie'nted toward the sun, thus placing the panel face toward =~ ’

‘the sun. After verifying solar array voltage at the source buses, the source
buses.and the main distributor buses are switched to the transmission lines
and the battery ehargers are commanded to the charging mode. The sun
sensors on the array are next activated. The Space Shuttle Orbiter is then
Comman‘ded_to perform pitch and yaw maneuvers. The sun sensors are veri-
fied to provide the appropriate corrective drive commands by motion of the
'arrayAto maintain sun tracking. The Power/Subsystems Module is then

. oriented along the velocity-vector for horizontal flight attitude. The arrays

are commanded to a trailing, minimum-drag position,

Short-Term Orbital Storage Operations

' After the solar array is depl.oyed, but before ISS maﬁning, &1e .6x;bit is
allowed to slowly decay to eOnserve propellants. To minimize drag during
this lower power period, the solar e.rray is fuliy deployed, but its plane is
coincident With the Power/Subsystems Module longitudinal axis and the hori-
zontal velocity vector (in a '‘trailing' mode), thereby minimizing the Vsolar.

array- drag. The power capability in this position is shown in Figure 4.5-21.

The demand on the illuminated solar array is only 8.6 kw maximum for

38. 3 minutes.to _recharge the batteries and to support a 3 kw electrical load.
Table 4. 5-12 shows a total r"equirementvof 2,437 watts for all these modules..
Up to 22 kw maximum are available, sufficient tovsupport.over.é kw of con-
stant load with 4 batteries; therefore the 'trailing'' mode is entirely practical
~ for support of the unmanned power requirements. It is also sufficient to
supply more than the emergency power supply requirements during manned
operations, in the event of damage or failure modes which may immobilize '

the array orientation assembly.

Manned Orbital Operations

During manned on-orbit operations, the EPS is principally in an automatic
operational mode. The source buses and transmission lines are in parallel;
the main distributor buses in each main distributor center are in parallel,
and the inverter buses in each main distributor center are in parallel. This
mode improves the \}oltage regulation and minimizes losses. During normal

operations, solar array orientation is under control of the sun sensors
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mounted on the ar-rays. "These provide drive signals to the gimbal servo '
motors within a pointing deadband of +8 degrees. The DMS receives and> |
stores the gimbal-angle data in the computer memory, and can compare it

with the sun-axis directional data in the computer memory to be used in the
_evenf that an unexpected solar array power reduction occurs during the

normal illumination period. These data also are used in the DMS computa-
‘tions which are necessary to orient the array at the start of each eclipse to

the minimum—drég (tfailing or feathered) position for minimum propellant
consumption, and to reorient the array just prior to the end of each eclipse
period in preparation for solar acquisition. The DMS computer provides the
required new gimbal angles to the orientation drive electronics and verifies
solar acquisition by interrogating the array-mounted sun sensors. These
operations are performed in an automatic mode through the data bus and the
orientation RDAU.- If one line or bus becomes short-circuited, the zonal
differential protection system will trip circuit-breakers to ‘remove it from
servicé, and the cable redundancy will continue service. Critical loads will
receive power from alternate routes, if necessary. Essentiai buses will

switch over to alternate supplies, if necessary.

indicators of the problem and the action taken by the central computer will
be displayed for the crew. DBatteries operating in parallel to the main dis-
tributor buses will share-load automafically. As the solar array voltage

rises in transition from Earth eclipse to solar illumination, the SPSR auto-
matically controls the voltage to the design range and takes over the power
supply function from the batteries, switching the half-panel sections into or

out of service, or into a linear control mode as necessary.

If the operator desires to remove a transmission line from service with a
minimum system perturbation, he will take the following actions: Assume
that the system is in an isolated operational mode (transmission lines or
main distributor buses are isolated). The operator will close switches to the
desirea transmission line or bus, momentarily paralleling the two, then he
will switch off the circuit-breaker from the undesired source. When all
loads are on the desired line or bus, he can de-energize the undesired source

" bus , transmission line, main distributor bus, or conditioning subassembly.
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It is possible to instruct the computer by inserting the proper commands,

then to command '"Execute'' to accomplish the desired operation.

Emergency, critical, or essential load power functions are normally auto-
matic, with manual command and/or override capability. After a fault indi-
cation on a given EPS element, ounly manual operation is permitted to restore
service, thereby increasing personnel safety and minimizing electrical or

mechanical shock to the EPS.

Emergericy/ Contingency Conditions

~The requirements for emergency/contingency power are shown in

Figure 4. 5-6, Section 4.5.2. The capability to supply these loads is shown
in Figure 4.5-22. The crew survival/rescue power is available from any
two of the four emergency pallets (AgZn batteries) or from the 24 batteries,
if fully chérged. If any one of twelve panels and four of 24 batteries are

available, the 96-hour emergency power level can be supported indefinitely.

The l-hour emergency period for damage assessment and power restoration
can be accommodated by the energy from any one of the 24 Station batteries,
even at 65 percent minimum state of charge. However, a DC/DC converter
would be required to obtain ll>5 VDC from one 28-VDC battery. Therefore,
the EPS design requires any four of 24 batteries, and this damage assess-

ment period is extended accordingly to four hours at 2-3 kw.

The 24-hour emergency period for repair/maintenance can be accommodated
by (a) all 24 batteries if at 100 percent state of charge, (b) any one of 12 solar
panels with all 24 Station batteries, or (c) any two of 12 solar panels with any

four of 24 Station batteries.

The power requirements for a continuous contingency period requiring differ-
ent levels of activity (activity either in one module or in all modules) and
checkout capability {from minimum crew support to full checkout) are indi-
cated also on Figure 4. 5-6 of Section 4.5.2. Comparison with Figure 4. 5-22
shows that (a) any two of 12 panels with any four of 24 station batteries will

support the crew in an emergency in one module (minimum activity) without
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checkout.capability; (b) any four of 12 panels with any eight of 24 batteries
(1/3 of the EPS) will extend crew activities to all three modules and will also
provide full checkout capability; (c) any six of 12 solar panels with any six-
teen of 24 Station batteries (2/3 of the EPS) will support all Station loads

without any experiments,

4.5.3.4 Growth Space Station (GSS) Considerations including

Nuclear Power
The study of alternatives for growth to GSS considefed three principal alter-
natives: (1) .augmentation by adding solar arrays to the ISS solar arrays,

(2) replacement of initial ISS solar arrays, and (3) augmentation of the initial
solar arrays by a modular nuclear reactor and power boom technique. The
cost analyses reported in Section 4. 5. 4. 7 indicates that replacement of a
solar array at 5 years life discards 70 percent of the original capability
which also represents 70 percent of the recurring cost. As the solar array
is the primary cost element, an augmentation technique, in which additional
area is added to supplement the degraded array, is preferable. Fﬁrther
study showed that the load requirement for GSS at 10 years is within the total
power from one initial solar array, degraded by 40 percent in 10 years, plus
a replica of the original array, degraded by 30 percent in. 5 years. This
replication technique can be repeated indefinitely to sustain the requireci GSS

power level, if desired.

It is not credible that a nuclear reactor can be added to the program more
cost-effectively than can solar array replication. However, if a major power
growth should oécur for GSS, a larger solar array can be added to augment -
the original array. Because the augmentation power module does not fly
independently, it does not require the other autonomous subsystems, and
consequently launch of a larger array area is possible. The largest presently
in development is 10, 000 ft2, The use of such an array to augment the

5, 300 fté ISS array would result in 45, 8-kW average at the load buses at the
end of the tenth year of the mission—which is well in excess of the presently

expected value of 30. 8 kW,

The relatively high basic cost of nuclear reactor system development, as

determined in the earlier 33-ft Space Station Study, in addition to the ISS
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solar array system development, must be added to the cost of a new ‘ v
integration program to fit this substantially different source into the EPS

transmission, control, and power management complex of the solar array/

' _ba.tfery EPS. The conclusion is apparent that a nuclear reactor EPS is not

a cos‘t_-ef'fective approach for moderate power growth to GSS based on'the
Guidelines and Constraints used for the Modular Space Station Study. Some
different basis for a nuclear reactor EPS would be fequired, such as cost
sharing with another prdgr_am requiring ui) to 100 kW, in addition to a major

power growth requirement for the Modular Space Station.
Thvé technical f_easibilify of modularizing a nuclear reactor power source for
Space Shuttle launch was examined in preliminary fashion and is reported in

the following paragraphs.

Nuclear Power Options

The Modular Space Station Study Guidelines and Constraints directs the use of
solar arrays to provide electrical power during the ISS program phase. The

option to select an alternate power system for the Growth Space Station (GSS).

was maintained, but within the 'primafy NASA objective of a low-cost 10-year
program, introduction of an altérnate power system at program mid-point is
not cost effective, Consequent‘ly, the baseline system design for the 10-year
Space Station Program has defined a s.olar array-battery electrical power
subsystem which is fully responsive to programmatic constraints and
requirements. The applicability of alternate power systems is recognized
and their viability will be enhanced for a number of potential programmatic
developments, as follows: '

A. Extension of Space Station operations beyond 10 years.,

B. A major increase in power load requirements (e. g. addition of high

powér experiment payloads) '
C. Shared development {cost) with other programs

D. Changes in Space Station mission and logistics baselines.

Extension of station operations beyond 10 years offers an increased amorti-

zation period for write off of a new EPS development cost. Such a mission

extension in conjunction with increased power requirements could lead to
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re-evaluation of the level I study guideiines which established the baseline

power system. Increased power requirements could occur as experiment

activities evolve into operational applications of greater complexity. Alter-
nate mission altitudes (decreases), increased resupply costs, identification
of operational maneuvering constraints, and experiment viewing interferences
can all lead to consideration of alternate EPS concepts. Future missions
(planetary, lunar, etc.) which select nuclear power systems and which would
benefit from early power system demonstration also can justify power system

change at the start of GSS.

Since the programmatic variations discussed above represent realistic pos-
sibilities, the applicability of reactor and isotope power systems was
reviewed. MDAC Phasé B design definitions (References 4. 5-3 and 4., 5-4)
for nuclear power systems were used to establish preliminary systems
design and to assess Modular Space Station impact. In summary, the pre-
vious Space Station—EPS designs can be scaled for integration with the
Modular Space Station and no insurmountable problems have been identified
for any of the nuclear power system designs. Additional analyses will be
required to define specific design and operating po.ints which reflect power

system optimization.

The Modular Space Station constraints and requirements that have significant
effects on the power system are as follows:
A, Design-to-Shuttle payload capability of 14 ft diameter by 58 ft in
length and 20, 000 lb.
B. Orbiter's allowable CG travel for launch and recovery.
C. Configuration geometry—crew residence pattern.
D. Unique requirements/operating mode for orbiter recovery of used

reactor power modules.

Preliminary reactor EPS designs and integration impacts for the Modular

Station are covered below.

EPS Design and Design Modifications

Summary Electrical Power System (EPS) weights taken from Reference

4.5-4, for a 29 kWe power requirement are as follows.
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v _ Reactor T/E Reactor Brayton ‘
Power System Less: E - _‘ . ,
Shield (1b) | ' 11, 460 ' - 13,836 ‘

 Shield (1b) : . 13,060 ... 8,930
Disposal System (1b) o 3,250 L 3,250 :
. Total = 27,770 - 26,016

As d‘esigned both re'p.lac‘ea.ble power modules are overweight and require
major weight sa.vmgs to permit launch within the 20, 000-1b payload con-
straint. Elimination, or separate launch, of the reactor disposal system _
saves 3,250 lb. and elimination is consistent with the results of the Reactor
Preliminary Safety Analysis Report (Refefenc'e 4.5-5), The most obvious
Welght savings is to re-evaluate the statlon conflguratlon and reactor shield
requirements. Increasing the reactor-thermoelectric's separations dlstance
to 250 ft and decreasing the dose plane diameter from 130 ft to 11‘(.) .ft.will 7
permit shield weight savings of about 4, 560 1b. Comparable changes m dose
plane diameter for the Brayton power module shielding will save épproxi- '

mately 1, 000 1b and this plus off- loadmg of one of the three Brayton engines

and controls will effect the necessa.ry weight savmgs of 7, 800 and 6 200 1b,
Flgure 4, 5-23 1llustrates the Station/Reactor conflguratlon and 1dent1f1es the’
dose plane diameter and separations distance relationships. Figures 4.5-24
and 4. 5-25 present isbmetric views of the'power r.n'odules and indicate the
discrete changes made to attain the new module\veights listed in

Table 4. 5-24, |

" The change in dose plane diameter is responsive to the change in basic Station -
”diametér from 33 ft to 14 ft. Shleldlng conservatism remains, since the
Modular Space Station 1nherently has an increased crew- reactof separatlons
distance relative to the more compact 33-ft conf1gurat1on. - The shield Welght '
reductions for the. thermoelectric system are large and it may be necessafy

to provide incremental shielding launched separately. It should be nbted that
the separation boom is launched separately and in advance of the reactor
launch. The boom diame‘ters are reduced relative to the design shown in
Reference 4.5-4 and this allows further system weight savings. Avweight_

A margin exists then for.latinch within the boom module of either the third.

Brayton engine or the shield augmentation for the thermoelectric system. » ‘
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— CONTROLS
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" Figure 4.5-24 Reactor Thermoelectric System
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° POWER CONV. ASSEMBLY
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. Figure 4.5-25 Reactor Brayton System
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The reduced capability orbiter also changes the physical size of the power
modules from 15 ft to 14 ft in diameter and from 60 ft to 58 ft in length.
Additionally, the Modular Space Station (GSS) power requirements increase
from 29 to 31.8 kWe. These system changes will have impact on reactor
system design and operation, but the effects are secondary relative to the
required weight reductions described above. The effects of power increase,
radiator area reductions, and revised transmission/conditioning/distribution
(T/C/D) designs will perturb system design point optimization; however, the
baseline systems (Reference 4. 5-4) were designed to accommodate program
change of this type. System reoptimization should be done at a future date,
but the power growth capability of the reactor systems should be retained.
Preliminary consideration was given to the T/C/D impact of integrating the
Brayton EPS (400 Hz, AC) into the solar array-DC power system design,
since this appeared as a potentially significant impact. However, since the
baseline Brayton system was designed to accommodate an 85 percent DC
load, the impact will be nominal and further will be limited by the more

efficient 115-VDC distribution system used in the Modular Space Station.

The effect of off-loading shielding, disposal propulsion, and Brayton engine
to meet the 20, OOO 1b Shuttle capability results in new CG locations for each
power module., The combined effect for the reactor thermoelectric system
will be to move the center of gravity closer to the module's mid-poiat,
enabling an increase in module length to about 58 ft. The net effect of reac-
tor Brayton weight changes will shift the CG forward of center, but on-orbit
installation of the third engine will limit the shift and an acceptable CG
location is expected. Changes in orbiter design continue and currently it is
not possible to evaluate Power/Subsystems Module launch and recovery
feasibility. The expectation of acceptable Power/Subsystems Module CG

locations is based on previous orbiter design constraints.

The effect of reactor Power/Subsystems Module recovery on the Shuttle has
not been addressed and future study will be required to define the recovery
concept and the recovery-unique requirements. Xey questions to be
examined include: 1) required reactor shutdown time before Shuttle rendez-

vous and return, 2) the optimum storage mode for the shutdown power module

87



(either docked or free-flying), 3) orbiter impacts and risks due to radiation

and NaK leak/contamination potential, and 4) the operational procedures and

* equipments necessary for recovery and disposition.

Space Station Impact

Reactor power system integration with the Space. Station has been shown
(Reference 4. 5-4) to have limited impact on Station and subsystem designs.

Increased attitude control requirements will exist for extended inertial

.orientations although this requirement does not exist for baseline Station

orientations. Either increased CMG capability and/or high-thrust RCS

capability would permit extended inertial orientations. RCS modules could

- be added at the separations boom—reactor power module interface to mini-

mize propellant requirements. The remaining subsystem impacts are

"minimal and retraction of the solar arrays will enhance experimental viewing

and operational freedom.

Preliminary system analysis indicates that reactor replacement could intro-

duce operating constraints due to radiation if the shutdown reactor remains

stowed on the Station during a cool down period for about 100—200 days.

Radiation from fission product decay could complicate experiment and EVA

operations. For this reason, there is incentive to select reactor Power/
Subsystems Module separation from the Station for this decay périod. o
Inherent in this option is a stabilization requirement for the reactor power
module to enable subsequent orbiter docking.” Power/Subsystems Module
free-flight during the cool-down also imposes requirements for navigation/
monitoring equipments. A disposal kit could be installed on the Power/
Subsystems Module in advance of separation to avoid initial launch Weigh-t _
penalties. The optimum operational mode and recovery-unique requirements

should be selected in future studies.

Minor constraints also are identified for the normal experiment operations

with a reactor power system. Radiation levels during operation will dictate

an incremental weight penalty of 2,000-3, 000 1b for film-vault shielding.
The sensors for experiment module A5B potentially are sensitive to the reac-
tor radiation levels and study will be required to evaluate means of minimiz-

ing radiation interference.

88




4.5.4 Design Analyses and Trade Studies

4.5.4.1 Solar Array Design Analysis and Trade Studies

‘A solar array/battery eleéffical power subsystem has been designed to
satisfy the Modular Space Station requirements. A summary of the Solar
Array Subsystem requirethents and characteristics are shown in

Table 4. 5-25, which includes the orbital characteristics assumed for the

solar array design.

The solar arrays supply all of the electrical power to satisfy the electrical
"design load requirements discussed in Section 4. 5.2 and to recharge the
batteries during the illuminated portion of the orbit. The electrical loads are
supplied by nickel-cadmium batteries dufing the eclipsed portion of each
orbit. The solar arrays are made up of two wings, one on each side of the
Power/Subsystem Module tunnel. Each wing is made up of multiple flexible

foldout solar panels.

Modularity and Power Growth Accommodations

The array is sized by the six-man ISS power requirement of 16. 7 kw average
at the load buses at the end of 5 years. This results 1n an array area of

5, 300 sq ft and an initial power capability of 22. 7 kw. After 5 years of oper;
ation, growth to the 12-man GSS takes place. A second array identical to the
initial array is added to increase the initial capability to 39. 5 kw, which
degrades to 31. 1 kw at the end of 10 years (30.8 kW are required by the GSS).
These arrays will satisfy the electrical load and battery charging require-
ments and will be described in this section. Unless otherwise indicated,
power values stated will be average 24-hour total power at the load buses,

The solar array power delivered will be greater by a Design Factor of 2. 18,
A number of approaches were investigated to provide array power to satisfy
the above requirements—these included the use of one, two, and three sets of

arrays, and augmentation or replacement methods of growth.

The use of a single array set at the beginning of the mission to satisfy the

total 10-year mission requirements would result in a large initial launch
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~ Table 4.5-25
SOLAR ARRAY CHARACTERISTICS

Load Requirements .

ISS - 16. 7 kw
GSS - E 30.8 kw

Solar Array

Area/array 5,300 ft2
Power available | |
Initial ' _ 22,7 kw .
After 5 yr , _ o 16. 7 kw .
With 2nd .a.rray ' 39.5 kw
After 10 yr - - | 31. 1 kw
N ‘ ~ Orientation _ | 2 axis
E _ .Oriehtation accuracy _ | +8 degrees

Sol:ar Panels

B ‘TYpe - ' -~ Flexible foldout

:, : Dé ploymenf : : Astromast

- _Number/affay , ' 12 ‘
Voltage ‘ : ‘ 121 vdc at deplroymer.lt rf_1as_t root

Solar Cells

Type ' Silicon N on P

Size : - , 2 x4 cm

Thickness S | 0. 008 in.

Efficiency | _ | 11 percent bare at amo and 28°C
Cover Glass 0. 006 in., 0211 microsheet )
Base Resistivity E 2 ohm=-cm (1‘-3 ohm-cm range)
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weight penalty,- a lé.rge area to allow for degradation of array that is not
required, and a wide variation in the transmission and conditioning equipment
reQuiréments. The use of three arrays would result in special design
accommodations that penalize the system.. design. These include interference
and shadowing. - The use of multiple arrays of several different sizes is not
attractive because of the increased development costs as compared to

‘developing one array size only.

" The most desirable approach is the use of two identical solar arrays with the
first array 1aunched on the first power module and the second array provxded
on a second Power/Subsystem Module during growth to GSS. Two arrays of
5, 300 square feet satisfy the power requirements as shown in Figure 4,5-4

of Section 4. 5. 1.

S_ince the initial array (at the start of ISS and the start of GSS) is oversized

to compensate 'fdf anticipated degradation, the array is capable of producing
more power initially than is required. This excess capacity decreases with
time as degradat'ion occurs. However, the Baseline transmission, condition-
ing, and distribution equipment are designed to meet only the required power
level and not to accvommodate this excess capacity. ‘The excéss array capa-
city represents growth capability that can be utilized by increasing TCD

capacity correspondingly (with attendant increases in cost and weight),

Comparison of Flexible and Rigid Array Concepts

A comparison was made of weights for rigid and flexible solar arrays from
data supplied by several different array manufacturers, including data supplied
by Fairchild Industries, which was extrapdlated to 4, 500 sq ft for both rigid
and rollout flexible designs, and by TRW for rigid and flexible arrays. The
TRW rigid arrays were made up from Skylab wing sections and the flexible
arrays were foldout arrays with bistem deployment. Data was supplied by
LMSC for a flexible foldout array with Astromast deployment. The compar-
ison, shown on Figure 4.5-26, indicates a significant difference in weights
between rigid and flexible arrays. Because each array was sized to a slightly

different area, the 1b/£t% and watts/1lb factors were calculated for more direct
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comparison. As shown, rigid arrays requife 0.83 to 1. 55 1b/ft2 compared
to 0.47 to 0. 56 1b/ft® for flexible arrays. In addition, rigid arrays give only
6.5-12.0 W/1b compared to 18.0-21.4 W/1lb for flexible arrays.

The array stowage volume, although not presently a critical item for the
Modular Space Station design using ﬂexible arrays, could become critical if
rigid arrays were selected. Previous analyses have shown that rigid arrays

require at least three times the stowage volumes of flexible arrays.

Flexible array concepts are generally characterized by a minimum of struc-
ture used only to support other structures, or of hinges, latches, and locking
mechanisms to provide rigidity to the deployed panel. In place of many
discrete series deployment actions required for rigid arrays, having a
reliability loss associated with each step, the flexible array concepts use an
infinite number of incremental deployment motions in a single continuous
process. The result is a single action, and higher inherent reliability.
Elimination of supporting panel volume and weight and the associated struc-
tures and mechanisms results naturally in a reductibn of stored volume and
weight and an increase in the power-to-weight ratio. The flexible array
stowed package can be more densely packed to provide tolerance to the

launch environment with a minimum of extra support and protection.

The flexible array systems are retractable if desired to permit added reli-
ability for docking, orbital maneuvers, or severe environmental conditions
such as solar flares or meteorite activity, Retraction is also potentially
available as a means of power control, if desirable, thus reducing or elimi-
nating degradation of cells in space while they are not required. ''Rotation"
(sequential assignment) of the panels for equal service would be desirable,
however, in order to verify their readiness for use. Sequential deployment
and retraction/redeployment as operational modes will require materials
research to assure tolerance after several years in space. Preferential

orientation is the preferred mode for docking.

Experience quoted by manufacturers of both types of panels (rigid and flex-

ible) indicates that as the panel area increases, the cost and development
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be.

‘ t1me of flexible panel increases less than does a r1g1d mult1 fold panel ThlS A .

S _des1gn is. con31dered to be Well beyond the cross-over point, Some of the

- more 1mportant reasons why time and cost favor a ﬂex1ble approach to a

'large arra.y,' espec1ally Where we1ght and volume are cr1t1ca1 are.-

A.' The array is more readily protected from dynam1c loadmg due to
i the launch. env1ronment Thus, the entlre de31gn is 31mp11f1ed
.B'. Low we1ght can be achleved w1thout the use of berylhum or other
materlals which require extenswe development
C The - concept features basic s1mpl1c1ty in the deployment system a.nd
o eliminates complicated mechanisms, pyrotechn1cs,' or sequencmg
Vprov1s1ons. Mechamcal simplicity reduces the design, ,manufactur-
¢ ing, test, and qua11f1cat1on effort , ' o '
- D .-Testmg is easier. The package size is smaller for launch mode _
e vtests Deployment in a l- -g field can be readlly demonstrated with -
a simple table/roller or vertical counterwe1ght arrangement thus
avmdmg the comphcated and expensive air- bearmg trolley test
fixtures. - | -
E. The ground support equ1pment is also Smeler for the reasons listed

o inc ”D" above : I : . .

F No requ1rement ex1sts for unusual fac1l1t1es to develop and produce.

a large rollout panel.-

- Growth potential for flexible arrays is accomplished by (1) adding similar

panels, ' (2) increasing panel width, (3) increasing panel length, or (4) any

combination of these. A given flexible assembly can g'enerally be increased

in area by increasing either length or width w1th a weight increase of less:

' than one to one.

‘The flexible rollout solar'array is selected over the rigid array Because of

- higher inherent reliability, lower weight, stowage volume, retraction capa- --

bility, growth potential, and flexibility.

Solar Array Design

The Selected solar array design is based upon a LMSC design study for
NASA-MSC and designed to MDAC requirements (Reference 4.5-6). Data
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provided by LMSC included orientation drive and power transfer which will
not be used in MDAC Modular Space Station design. Other changes from the
- LMSC design are listed below. Some of the changes are a result of providing
requirements early in the study. - '

A. 5,300 ft? array area rather than 4, 500 £t2,
. No internal stowage in turret tunnel.
Reduced number of panels.
8 mil cells rather than 12 mil.

6 mil coverglasses rather than 12 mil.

DO

Zero-g operation rather than artificial-g capability.

The change in item No. 1 is a result of increased power requirements and
No. 2 to the complexity and undesirable feature of stowage in the turret tun-
nel. Because of a higher voltage design and more efficient T/C/D concept,
the number of panels was reduced to a total of 12 with 6 on each wing. No
advantage is seen for thicker cells and coverglasses and the resultant weight
increase. While 12 mil cells are optimum today, the thinner cells are
expected to be optimum for the Modular Space Station time period. The
design for artificial-g results in conservatism for the LMSC design on the
MDAC station. Although it requires increased Weighf, thé capability will be
retained to maintain solar array mission flexibility. The nomenclature used

for the panel is shown in Figure 4. 5-27.

Solar Cell Size Selection

Candidate solar cell sizes for selection include 2 by 2, 2 by 4, and »2 by 6 cm

cells. Cost consideration for procurement and fabrication on the panels
favor the use of larger size cells while breakage and increased loss per
single breakage favor a small size. However, the layout and buildup of cells
in series and narallel to form modules. and panels proved to be the determin-

ing factor in cell size selection.

The gross array area required differed significantly when using different cell
sizes. Based upon a panel design similar to the LMSC design resulted in
gross array area requirements of 5,520 ft® and 6, 120 ft2 for 2 by 4 and

2 by 6 cm cells, respectively. The major reason for the difference is the

large number of cells in series to provide adequate voltage after 10 years,
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the resultant module sizes and geometry, and the need to provide an even
number of modules to satisfy the electrical requirements. Therefore,

2 by 4 cm solar cells are selected for the Modular Space Station arrays.

Solar Array Degradation

The output of the solar arrays at the end of life are used to determine the
array sizing at the beginning of life. Many factors must be included in the
solar array design and for solar array sizing, and include both time-
dependent and time-independent factors. The time independent factors are
those for design selection, fabrication and assembly, and mission param-
eters that cause cyclic output or variations that are recoverable for which
the worst case must be considered in the design. The time-depepdent factors
are those that degrade the solar array with time and are generally not

recoverable.

A survey was made of the degradation factors and the results are summar-
ized in Table 4.5-26. They include the Skylab degradation factors for a
300-day mission, the predicted degradation factors for a 10-year mission
from LMSC and TRW, and the selected degradation factors for the 10-year
Modular Space Station. The selected factors were determined by MDAC
analysis and from the inputs from LMSC and TRW. Factors were not sup-
plied from LMSC and TRW for all of the degradations listed. The factor;
that are shown are in good agreement with each other. The major difference
occurs for radiation damage (electrons and protons) between LMSC and
MDAC. The difference occurs because of thickness of coverglass used.
LMSC uses a 12 mil cover compared to 6 mil covers for TRW and MDAC~

12 mil covers result in a decrease in degradation.

The selected array sizing factors are plotted as a function of time in

Figure 4. 5-28. The factors are grouped slightly different from Table 4.5-26 .
to show the factors that result in a 10 Watts/ftz design value and those factors
that must be applied to it. The latter factors are the mission-related factors
which include time-dependent factors, misorientation which is randomly var-
iable and solar variation, which is cyclic. Each of the output and sizing

factors will be discussed briefly.
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Trapped Radiation’v'Environment {electrons and protons)—The degradation

due to trapped electrons and protons were determined from the radiation : ‘
environments in the trapped radiation belts based upon data from

James I, Vette. (Reference 4.5-7). The data used was for a 300 nmi -

orbit which adds a modest safety factor to the analysis. The various B
integration maps, AP6, APl, and AP3 gave the proton fluxes as omni-
directional protons per square centimeter per day, and are designed for
optimum accuracy at energy ranges of 4-30 MeV, 30-50 MeV, and

50-300 MeV, respectively. These maps consider only protons with energies
greater than 4 MeV. However, there are protons with energies less than

4 MeV in the radiation belt, but it is difficult to design instru;mentation to
monitor such particlés. For design purpose these protons need not be
considered if a cover glass of 6 mils or greater is used, If né cover glass
is used this large population of low energy protons ( <4 MeV) will degrade
the solar cells very rapidly., The electron fluxes used are an orbital
integi'ation of the _projectéd electron environment, for a 1968 environment -

(maximum year).

It is convenient to refer to proton and electron damage by converting to an
1 equivalént 1 MeV electron flux and then proceed to use the available data

for solar cell damage as most damage data is based upon equivalent 1 MeV

£t
IR

e electrons. Coverglasses are used as shields and reduce the input energy
| spectrum by a fixed amount—equal to the energy that the selected shield just
stops. Therefore, all electron fluxes below this value do not contribute to
cell damage. The shield thickness and shield material selected are used to
determine a shield thickness factor (gm/cmz), which in turn is used to
determine conversion factors for each energy of proton and electron flux to
convert to equivalent 1 MeV electrons. The shield thickness factor for |
6 mil microsheet (silica corning 0211) or 6 mil fused silica (silica

corning 7940) is 0. 035 gm'/cmz.

From the use of the conversion factors for shield tHickness for electrons
and protons the equivalent 1 MeV electron fluxes are calculated and shown
in Table 4, 5-27.
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| Table 4,5-27 |
. EQUIVALENT | MEV ELECTRONS
1013 ELECTRONS/CM®/YEAR (300 NMI)

oo::: . 300 . . 60° 90°

Trapped Protons 0.005 1.562 2.296 1.693
Trapped Electrons 0. 000 0. 049 0.122 0.114
Total 0. 005 1,611 2.418 1. 807

*Orbit Inclination

The degradation of the solar cells can then be determined from Fig-

ure 4,5-29 which shows the maximum power degradation of 1 ohm-cm and
10 ohm-cm N on silicon solar cells as a function of 1 MeV electron/crn2
flux. From the above fluxes, it is seen that a maximum power degradation
of the solar cells will be about 3 percent for thé first year and about

_ 16 percent for 10 years due to the trapped radiation environment at a

60 degree orbit inclination.

The proton fluxes are not expected to change signifiéantly from year td year,
but the electron fluxes vary significantly over the ll-year solar cycle‘. The
year selected (1968) for the electron environment was a maximum year for
electron fluxes. If they are assumed constant at the maximum level it doés
not affect the yearly degradation as they do not contribute significantly to

total cell degradation.

The degradation in the output power of solar cells is not linear even with a
constant flux. The greatest degradation occurs 'early in the mission and .
becomes less each year. As indicated, a degfadation of about 3 percent
occurs in the first year. A degradation of about 11 percentv occurs in the
first 5 years. In the second 5 years, there is only about 5 percent of

additional degradation.

Ultraviolet Radiation=The effects of ultraviolet radiation (UV) are not

degradation of the solar cells, but a darkening of the adhesive used to attach
the cover glass to the solar cell. The darkening results in a decrease in

solar transmission of the cell and a decrease in solar cell output. A search
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for materials that would be less susceptible to UV resulted in the
development of transparent adhesives that darkened.orxly slightly over long
periods of UV exposure and were unharmed by penetrating radiation. The
selected adhesive, Dow-corning XR-6-3489, has been shown to degrade less
than 1 percent under a l-year equivalent UV exposure, and much less each
additional year. Therefore, a degradation of 2 percent was selected for

the 10-year mission.

Micrometeoroids —The micrometeoroid population has a mass range extend-

ing from cosmic dust particles of the order of 10~ > gm or less to asteroids
in excess of 1010 kg with average velocities of about 30 km/sec. The particle
flux near the Earth is much greater than the flux in interplanetary space
since particles are trapped by the Earth's gravity field. The effect of -
micrometeoroid bombardment on solar cells is surface erosion of the cover
slide in the form of small craters and occasional punctures by larger

particles (see Figure 4.5-30).
Micrometeoroid flux data vary according to the model selected and the
models differ widely, indicating the uncertainty in flux. A lai‘ge uncertainty

also exists on the effects of this environment.

Contamination~A potential and undefined source of degradation is the

contamination of the environment around the spacecraft and the arrays and
the deposits collecting on the solar cells. This contamination may act to
decrease the solar transmission to the solar cells and decrease the output
(see Figure 4.5-30). The contamination could be caused by P/RCS exhaust,
EC/LS effluents, or other sources. The extent of this contamination and its
effects on solar array output have not been defined. However, because of
the location and size of the arrays the effects should not be uniform and,

therefore, an analysis of the effects would be complex.

Because the effects of both micrometeoroids and contamination are not
defined, it was necessary to assume a degradation to account for the
potential decreases in solar array output. An allowance was assumed of

1 percent per year to account for these effects.
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Thermal Cycling and Random Mechanical Failure—Thermal cycling of the

array as the array enters and leaves the eclipse portion of each orbit and
random mechanical failures ére usually associated with open circuits in
leads and contacts rather than within the cells. This type of failure is |
expected to occur early in the mission due to weak contacts and inter;
connects and much less later in the mission. Therefore, a degradation of

~about 1 percent was used for the first year with a 10-year total of 2 percent.

Solar Variations —The allowance for solar variation is cyclic and is due

to variations in the Astronomical Unit (AU) distance because of the eccen-
tricity of the Earth's orbit. Therefore, for certain periods of the year up
.to 4 percent excess capability is available from the array. It is not feasible,
at this time, to program the loads to eliminate the degradation because

of the gradual change and long time at each variation.

Cell Efficiency—The selection of solar cell efficiency has a large impact on

the output of the solar array. Solar cells are usually specified at an
average efficiency with limits in either direction. The average efficiency
is selected by the number of cells required and the cost.. For the Modular
Space Station, ll-percent-efficient cells are selected but the édvantages of
higher efficiency cells, if available, is obvious. Therefore, a plusrsign is

indicated for cell efficiency improvement,

Shadowing~The shadowing of cells can result in decreases in output that are
more than proportional to the amount of shadowing. Other degradation
effects have also .been identified as a result of shadowing. A minus sign is
indicated but no values are shown. Further discu.ssion of shadowing effects

is given in a subsequent section.

Misorientation—It is not practical and would be difficult to orient the arrays

within very tight tolerances of a few degrees or less. An allowance for
misorientation of +8 degrees is an accepted and reasonable orientation
tolerance. As the solar array output will vary at approximately the cosine
of the angle of misorientation, this misorientation allowance results in a

factor of only 1 percent.
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',_Temperature-—lncreased temperatures will decrease the output of the solar

arravs The effects of temperature on the current and voltage character- v ‘ A

o 1st1cs of a smgle 2 by 2 cm solar cell is shown in F1gure 4 5-31 for 28 C,

- at Wthh the cells are ca11brated ‘and for the predicted ranges of array

. temperature expected in low Earth orbit. As shown, . the current and

) voltage do not vary the same nor do they vary l1nearly The varlatlon in ¢
‘maximum power due to temperature is shown in F1gure 4,5- 32 and 1s nearly"v .

lmear, but is made up of voltage ‘and current variations wh1ch are not lmear

. __ (see Figures 4.5« 33 and 4 5-34), Of particular concern is the large varla- .

"t1on in voltage due to temperature, as the system must be de51gned to handle"
. this varlatlon USIng the data from Figures 4.5-31 through 4.5- 34 a
) Jmax1mum power degradatlon of 20. 1 percent occurs as the temperature is-
1ncreased from 28°C to 77 C. A pre11m1nary thermal analys1s for the solar
-'Aarray was prepared by the Lockheed Missile and Space Company (LMSC) on
NASA-MSC Contract NAS9-11039. This analysis was reported in
Section 4.1.3.7 of the First Top1ca1 Report ""Evaluation of Space Statlon

: 'Solar Array Technology and Recommended Advanced Development Program
1\5Document LMSC A981486 December 1970. Thermal cycling test exper1ence

'-v;'-was reported in Section 4. 1. 3.8 of the same document covering a variety of.

- test temperature reglmes from 300 Fto +285 F, which are much greater

' than those anticipated (- 106 6°F to +103 F) The LMSC laboratory testing
| with a liquid nitrogen chamber and heaters indicated a lower high tempera-
: ture at equ111br1um (52°C for flex1b1e panels vs 63°C for rigid panels),
lower low temperature at equilibrium (-112°C for flexible panels vs -96°C
for r1g1d panels), ‘and higher rates of temperature change (26 F or 14.4°C
' per minute for flexible vs 20°F or 11.1°C per minute for rigid arrays).
LMSC ,also_noted that the‘ upper temperature for r1g1d arrays (114.5°F or
63°C) matches within 2°F their actual flight experience, and the upper test
_11m1ts are therefore considered to be valid. The.lower temperatures in
" the laboratory tests are considered to be unreallst1ca11y low, because Earth -
albedo was not simulated; -140°F in the laboratory test being much lowe_r
than the minimum actual value of -100°F (-73.3°C) recorded in dozens of
LMSC spacecraft flights. The range assumed for the MDAC study is +75°C
(+103°F) and -77°C (-106. 6°F). " Comparing the LMSC lab test (-96°C) to
.thfe actual (-'7‘3‘..'3°C)' for 'rigidxpanels,‘ ‘the lower LMSC lab test value
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(-112°C) should provide a corresponding expected value of -85.6°C
(-124.9°F). The flexible panel is more sensitive to Earth albedo, however,
and LMSC has projected -73.3°C (-100°F) as a more optimistic lower value. _
These values are therefore comparable to the MDAC assumption of -77°C
(106.6°F). Furthermore, the low temperature value is not related to
performance, and is only used to define a desirable range for thermal cycle
life testing., The upper temperature, which affects performance directly,

is assumed by MDAC to be higher (+75°C) than LMSC test values, and thus
is more conservative than the LMSC expected value of +52°C. These
studies are still incomplete for the specific solar panel substrate materials,
and such further work is éssential during the Phase C/D developmer‘ltv

program.

" Power Losses and Fabrication/Assembly—The power losses are a design

factor due to line voltage drops in the transmission of power from the array
to the vehicle and includes isolation diode voltage drops. These are
accounted for separately. A loss of 1.67 percent provides for 1.5 volts drop
in panel edge harness and 0.5 volt on the inboard support assembly. Cable
power loss to the source buses and isolation diode loss of 0.8 volt are

included in the Design Factor of 2. 18.

The fabrication/assembly losses are due to cell mismatch when the cells

are connected in series and parallel due to differences in voltage and current
between cells and the attachment of coverglasses used to protect against
radiation and micrometeorites. The coverglass and adhesive will result in

a small decrease in transmission of solar energy to the cell.

Solar Array Shadowing

A preliminary analysis of solar array shadowing was conducted to determine
the extent of shadowing that occurs for a typical Modular Space Station
configuration in a horizontal and X-POP/OR vehicle orientation, and for
several representative orbits with a launch inclination of 55 degrees. The
preliminary analysis included 33 photographs of the Modular Space Station
with a scaled solar array, positioned on the MDAC Orbital Simulator to

show the shadowing of the arrays in representative orbits, at various
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seasons of .the year, for éeveral’ g angles., and for both horizontal and ‘
X-POP/OR orientations with the camera or an observer located at the sun. ‘

‘This analysis has been updated because of changes in vehicle configuration

and in array area and shape. However, the changes that were made allowed

the use of the previbus photographs in updating the analysis.

The results of the updated shadbwing analysis are shown in Figures 4.5-35
and 4.5-36 for horizontal and X-POP/OR orientation, respe_ctivély. Each
figure shows the percent of array shadowed at several orbit positions, with
the points connected by straight lines. . The solid lines represent a worst
case with three modules docked to the pdwer module, If modules are not
docked to the power module, the shadowing is reduced to the values shown
by the dashed lines.

Shadowing for horizontal orientation is less in magnitude than for X-POP/OR
orientation. However, the X-POP/OR shadowing can be reduced to zero by
periodically rotating the Space Station by 180 degrees about the Z axis so

' that the arrays are always between the station and the sun.

" - For some orbits, excess power is available from the solar arrays, and

therefore some shadowing can be allowed without compromising the power
requirements. As the § angle inéreaées, the station will see increasing
illuminated time and decreasing dark time until at a B angle of.69'degrees
or greater the station will be in a totally illuminated orbit. As the dark
time decreases, the battery fequifements decrease and less energy is
required from the arrays dﬁring the illuminated periods to récharge the
batteries, thus resulting in excess solar array capability. Atp angles of
69 degrees and higher, the battery charging requirerhents are reduced to
zero. The excess'array capability will allow shadowing of solar array area

" in excess of 50 percent at the higher 8 angles.

The maximum allowable shadow is shown b.y the solid line in Figure 4.5-37
as a function of B angle. Also shown are the maximum shadowing averaged
over the total sunlight period, as a function of B angles where higher shadow-
ing is allowed. The maximum average shadow for the X-POP/OR orientation

is always below the allowable shadow curve. This is not true for the ‘ | .
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hor1zonta1 or1entat10n, which has been selected as the basehne or1entat1on.

" At low angles where no shadow is allowable, average shadows of 5.66 per-
cent occur. The Space Station arrays, loads, or operations must be

- ~designed to account for th1s loss.

. There are several approaches available to minimize or eliminate the

shadowing that occurs at the low § angles in the horizontal orbit. The
methods that show merit are shown in Table 4.5-28. The problem is not

as bad as it was first thought to be. Because of the excess array capability

’ requlred to account for array degradat1on, excess power is available except

, durlng the latter part of the ISS mission; that 1s, a deficiency can occur

during quarters 16 through 20 only. Durmg some’ of these five quarters,
the Earth orblt eccentricity recovers up to 4 percent of the def1c1ency
Durlng the rema1n1ng quarters, many of the solutions indicated would be

acceptable Further analysis is requlred to make the best selection for

. each quarter from the many approaches that are available to eliminate the

shadow1ng problem Opt1ons 2'and 5 are the s1mp1est Optlon 3 would be

"relat1vely s1mple as the skew angle is small, but m1ght mterfere with
- some precisely oriented experiment. Option 6 is practical unless a large

number of docked modules are needed. Option 7 is the least desirable for.

the short period of limitation as it is the most expensive choice.

Table 4.5-28

SHADOWING IMPACT REDUCTION
(Limiting Orbits Occur During Quarters 16 Through 20 Only)

1. Use excess array area allowed for degradation (>5. 66 percent
.except during quarters 16 through 20). :

2. Reduce discretionary load during critical periods.

Skew station orientation during l1m1t1ng orbits (low B angles,
0 to +28 degrees).

4. Change to X-POP/OR orientation.

5. Schedule experiments requiring high power to periods of high §
angles (63 .percent of time).

6. Relocate docked modules to other than Power Subsystem Module
during low B (0 to £28°) angles..

. 7. Increase solar array area by 5. 66 percent.
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Solar Array Oriéntation

A tradeoff analysis was conducted to determine the optimum gimbal axis
system for solar array orientation. Each gimbal mechanical design is
identical, so no additional development is associated with the second
degree of freedom; however, the orientation servo electronics require
angular constraints to avoid excessive cable wind-up when used with

spiral coils and trailing cables.

Figure 4.5-38 shows the effects of the selected number of gimbal axes on
the solar ar'ray area—increasing cost, weight, and stowége volume also,

All curves are based on the Space Station maintaining a constant horizontal
flight attitude for the benefit of the Earth-oriented experiments. Because
the system is strongly affected by inclination to the ecliptic plane, the

solar array area determined for 0, 1, or 2-axis gimballing is shown as

a function of inclination to the ecliptic plane. As the inclination to the
ecliptic plane increases, the eclipse period decreases, resulting in

a higher average power capability. Because of orbital precession, however,
the average power capability varies at each inclination to the ecliptic

plane as shown in the cross-hatched areas.

The dashed line shows the reduction of required solar array power which
can be realized if orbital precession is prevented. A considerable
propellant expenditure would be necessary, however, to maintain an

orbit plane that would maximize the sunlight time at high inclination angles.

The design curve (solid line) shows the worst-case array area needed for
each kilowatt of average unregulated load power. The bar at the bottom
indicates the range of sun angle—this is the sum of the orbit inclination
angle and the annual ecliptic plane inclination angle, and varies between

+78.5 degrees.
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The design curve for the unoriented (zero-axis) array is a constant
solar array area of over 1, 000 ftz/kw average. The solar cells_. could be
placed on both sides of the panels so panel area would be one-half of the
value shown, The panels would be omnidirectional, set at optimum

angles to give a nearly constant effective area for all orientations.

The design curve for one-axis gimballing (semi-oriented) is a simple
cosine curve which reflects the tilt of the panel from the sun line, although
orbital tracking is performed with one axis. The one-axis gimballing can
result in a higher solar cell array area requirement than the non-oriented
array if designed for the worst case, which is 78.5° orbital inclination

to the ecliptic plane.

The design curve for a fully oriented (two-axis)array is a constant solar
array area of about 250 ft2 /kw average due to the ability to fully track

the sun, regardless of launch inclination. It therefore offers maximum
performance and flexibility. The added gimbal cost is quite low compared
with the savings in panel cost, weight, and stored volume. The full
two;axis orientation is therefore selected. As shown, some orbits at

a 55-degree launch inclination will be total sunlight orbits at high § angles

above 69 degrees.

An assessment of gimbal axis ranges and range rates was made, with a
brief consideration of the merits and demerits of the several station flight"
attitudes or orientations. The results are shown in Table 4.3-29 as an
impact chart. Although the horizontal orientation is least favorable for
solar arrays, it was selected for benefit to experiments and other factors
not associated with the EPS. Accommodation of horizontal orientation
equips the solar array gimbals to accommodate any other station
orientation. Figures 4.5-39 and 4.5-40 show the relatively complex
gimbal operations necessary to accommodate horizontal flight and to
accomplish feathering and recycling or unwinding of trailing cables during

Earth eclipse. Combined gimbal action is clearly indicated.
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4.5.4.2 Regulation and Control Assembly De51gn Analysis and Trade

' : Studies

4.5.4.2.1 Regulatmn and Control Requlrernents _ v
System voltage is regulated to provide power quality equal to or better than
that spec1f1ed in MIL-STD-704 for Category B equipment. Control functions

are accomplished automatically with provisions for manual override.

. Selected functions such as programmable bus switching are controlled
through the DMS. Others depend on EPS internal closed loop control, with
status outputs to the DMS. Still others, such as array voltage regulation,

utilize both internal closed loop and DMS control.

In general, internal closed-loop control is used where fast response and
essentially continuous monitoring is .required. Redundant seﬁsors and
redundant hardwire sensing circuits (internal closed-loop control) or redun-
dant data buses (DMS control) are empioyed to provide the required

reliability.

Comparison of Regulation and Control Alternatives

The principal trades in the area of regulation and control lie in selection of
the method for system voltage control. Either series or shunt regulation
or a combination of these methods can be used. Considerable attention is
given to the relative flexibility afforded by each method. This includes
assessments of the effects of errors in predicting design point conditions
such as array operating temperature and end-of-life current and voltage
capabilities. The ability to utilize excess power available from the array
in earlier years of station operation is also examined. These points are

covered specifically in the Section titled ''Sensitivity Analysis."

The selected method utilizes sequential partial shunt regulators to control
solar array voltage, and series buck regulators to control battery load
voltage (reference Figure 4. 5-3 of Section 4.5.1). Sequential partial shunt
regulators are chosen for array voltage control because they require negli-

gible power at maximum power load and end of life and yet dissipate less
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power than eithe:r non-sequential partial shunts or series regulators (with
voltage limiters) at minimum load. In addition to providing a high degree of
operational flexibility, the sequential partial shunt regulator (SPSR) maxi-

" mizes EPS overall efficiency, thereby minimizing the required solarlar‘ray
area. Pulse-width-modulated (PWM) buck type regulators are selected for
battery volfage control because of their high and relatively flat efficiency

characteristic over the anticipated operating load fange.

Figure 4.5-41 shows the basic regulating systems which were analyzed in
detail. The analysis reflects a nominal system voltage of 115 vdc. "Shunt
limiters are incorporated in the series regulator.schemes to protect the
regulators against overvoltage as the array emerges from an eclipse and

array temperature is low. A limit of 150 vdc was assumed for this study.

Weight and power penaltiés shown for the series schemes are referenced to
the sequential paftia.l shunt regulator (SPSR) scheme as a baseline. All
penalties are based on ISS load conditions. The 1, ZOO watt power penalty
reflects an assumed series regulator efficiency of 97 percent. Weight '
penalties represent the difference between the weight of the sequential
partial shunt regulators and the sum of series regulator plus shunt limiter
circuitry (weight for the additional solar array area required to make up
for the 1, 200 watt loss is not included in the AW values shown). No penal-
ties are included for the use of a peak power sensor in the series schemes.
This is dealt with in detail in the analysis of regulation sensitivity to array

operating temperatu re.

An alternate ‘scheme' which locates the series regulators at the fnain dis-
tributor bus in each module was also considered. In this scheme, battery
power is fed through the same regulator that is used to condition solar array
vpower—-this is a featuré of both the ATM and OWS/AM power systems. This
concept is slightly less efficient and heavier than the series schemes shown
in Figure 4.5-41,
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ECTE A

Sens1t1v1ty Analy51s S : : . ' .

The selection of the SPSR over the serles regulator reflects comparlson of

the operational flex1b111ty and sen51t1v1ty to off- de51gn condltlons as’

‘assessed in the follow1ng paragraphs

‘ Sen51t1v1ty of Shunt and Serles Regulatmn Methods to Solar

Array Operating Temperature

A comparative analysis was made of the sensitivities to solar array oper~

'ating temperatures of the sequential partial shunt and series regulation .

‘methods. The study covered a range of £20°C around the nominal design

temperature of 75°C. The character1st1cs for each regulator type at.75°¢ C

are shown on Fxgures 4.5- 42 and 4. 5- 43

Figure 4.5-42 shows solar array current-voltage (I-V) characteristics at the

' nomlnal stabilized array operating temperature (15°C) after 10 years of

operation. Maximum power available from the array is 40 percent less than

for the same- array when new. The maximum power point Pma}; is the

design point for the SPSR; array capability just matches load requiremeﬁts'

The required voltage is available ‘with no-dissipation in the regulator shunt

elements.

If the same array is controlled by the series regulating method, the design-
point (array operating point at end of life) is displaced from pmax by the
peak power sensor bias of 3.5 percent. This is shown in Figure 4.5-43.
The arr.ay voltage at this point is fixed by the regulator full load drop.
Assuming a regulator drop of 3 VDC, the array must operate at 123 VDC to
provide 120 VDC at the regulator output. The regulator operating p‘.oint on
the 120-VDC constant voltage line.is then established by the reguiator
efficiency, assumed to be 97 percent: The resulting regulator output is
93.5 percent pmax' Since available regulated power with the SPSR is Pmax’
the series regulator provides only 93.5 percent as much power for the loads
as the SPSR at array end of life (10 years) and an array operating tempera-
ture of 75°C. The results'of'this'study are summarized in Table 4. 5-30 to

indicate the operating characteristics after 10 years.

126



sMIsuIloRIeY) A-| Joyeinfioy obejjop/Aenry Jejos  Zy-Gp danbiy

A : _ FHOVLTON
§659-6 SpN LIVNLINGD . o
D NDY 200494919 ‘2245 IV ( D0ALNBI~N .
[~ - i g ﬁ L S | qAA bt b hi @ T Y LA Sumn i | ™t
(oNILSPOG JON ININING IMLI3N 933) | 1
dGAE Q3hSSY d0xd dVo7 1704 93 " . ; _ A o
SNOLLIONDD UNIOd NO/S2@ -+ - - - D P SR
XV CE6 = - e | .
LB x *X¥Vd 59 = LNdLNQ I3
- ) J .
Ll6 AIWNSSY AININIALT B3y [ ” oA 02!) :
- . . R S : . O.WQ\I ; . , s
(n ITEYNVAY ¥ 7MCo Y ¥2d - . . A 1
4L HO [ 596 oL Av¥IV Wodd — A
NMYYG Y3Mod SLIWIT dyosnvas [ ‘ Cane) M
IIMOD NVId POLVINDIY-I¥d L . ‘\llm JoNa Iy S P
ViYG ¥0LvIN93y £3INIS | ui L ] 2
AVQ> MJN\V ! . : ' . l—
VSA — = S : . : )
rv. : AX(V&A\ q&%ﬂ@V . g
| L~ LNdLNO 9DIN S31Y3S |
ESMCRES wmv p4 1 aven
| A DQ»: \/ R I R I
L 93y S3/vis L o .
" T .vo>mo‘..x<_\<>v . B
° WN 3 A i/ f 7 : : R
(gv¥93g ..Ri JAO/  — ———— —
Ll = owvly T . SR
ViVa AV AV - . . _ C 4
— . ) ) - ORI WU CIN N ST S Y S | 4 a8t A A1 2 a b3 2
092y

127



o9ey -

. P9A 2910

sonsuaLIRieyy) -] Joweinbsy asbeyjop/Aesty sej0g  £H-G'p danbiy

FHYVLTON

(W\./ a

.ﬁ
|
e
-
m

wquo\. xv&wq wjmw © BIIA

(soA 0/ - ml.:q

J0 QN3 LV LNIOD .
TONILYHSSO AVYIHY) T
LNIOd NHISIA JSIS = vy

YLYT (NSIS) NOLYINDTY
LNOHS IVILIYL TVILNINGTS

uhh

S«Qwuq N oft) JA0/
cv\\n 02<N\

viva \/<MM¢

T T

) 4

\ v

onezh)

O.UQ\/ L

- TJ0n 07/

xf&Q -7

LNZF2ND

{o¥o ¢

128



(D o5L) @1nyeaaduway jutod udisap ayy je X8y 10 juaosiad sie sisqunu
pesopougy muzumuwaﬁmu Sunyeaado payyroads ayy je (¥BW ) romod wnwxew AeIle Jo JUIDIIJ s

‘arqefreae xamod xdoa ay3 yo juaoaad g ‘¢ urynm o3
Aeixe wouy umeap xomod sjruuiy 10suds 1omod yeaq ‘juddizad Lg 9q 03 pewinsse s1 ADUD101JJ9
10j)e[ndal s91195 "YSJS S dwes ‘Opa jusoaxad [ ¥ gz1 St @9e3704 Indjno 1ojendax sata1agy

(>1ong) 0°¢el 007t opa ~ a3ejfon Aeaay

(9 '101) S €6 (5°'¥01) €96 1amod paje[nidar srqeqreay
1X 01 = D oSS

(3sooqg) : L0Tl 0°021 opa -~ adejjoa Aeray

(€ "s8) G €6 (0°06) G ‘86 1amod pajenidax aqqeieay
1X 01 - D56

0°g2t . 0021 _ opa - adejfoa Leaay

(s °€6) G €6 (001) 0001 wxlomod pajenies srqeqrieay

(3utog uBi1saq) 14 o1 - D.5L

(3soog ->jong) (dsds) 10reniay junyg uonrpuo) Buryeradp
xd03e[Nday sar1ag Ie13req renyusanbag

VIV AVYYVY YVTI0S AdIXId vV ¥Od
SAOHLAW NOILVTNDAY SHIYHUS ANV LNNHS dJ0 NOSTYVdWOD

0£-9 'V 2198l

129



i

Similar analysis of solar array/voltage regulator characteristics at the
5-year point shows the SPSR system continues to yield higher power output
at 75°C and 95°C (where power availability is most critical ‘ar‘ld 104.5 per-
cent o'f‘design is still available), but yields lower power output at 55°C
(where power availability is least critical). The higher power capabilities
resulting from decreased degradation (30 percent degradation at 5 years
versus 40 percent at 10 years) requires oversizing the series regulator for
any temperature in the 55°C to 95°C range if loads in exeess_ of the end-of-
life design point capability are to be accommodated. The SPSR on the other

hand is less sensitive to temperature and degradation, requlrmg oversizing

Aonly 1f array temperature is high and the array is relatlvely new.

End-of-Life Voltage Mismatch

From Figure 4. 5-42, the SPSR end-rof—l'ife design point for voltage is

120 VDC. The operating point for this voltage corresponds to Pm;x on the
1-V characteristic. Assume that the actual array voltage at end-of-life is
125 VDC and that pmax occurs here instead ef at 120 VDC as planned. The
REG will then be shifted slightly to the left of its
position in Figure 4.5-42. The intersection of the new 120 VDC V

constant voltage line V
REG line
with the I-V curve establishes the new end-of-life operating point for the
SPSR. The resulting power capability is 98.8 percent of that at 125 VDC.
This compares with a capability of 93. 5 percent for the series regulator
(series regulator capability is 93. 5 percent of Pﬁmx for all operating con-
ditions provided the input voltage limiter does not force the regulator to

operate in the 3.5 percent peak power sensor buffer zone).

Excess Array Power (Long-Term Operation)

The ability to provide additional regulated power when excess power is
available frem the array can be an important consideration in evaluating
reglilation methods. Excess array power is greatest when the array is
new. The availability'of excess power decreases as array output degrades
with time on orbit. Excess array power is also available when array oper-
ating temperature is low, as when emerging from an eclipse. This is a
transient condition that lasts only until the array warms up to its stabilized

operating temperature.
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This section addresses the relative capabilities of the SPSR and series
regulator to provide regulated power with respect to long-term array
degradation. A comparison of regulator performance for the transient case

is given in the next section.

Table 4.5-31 summarizes operating characteristics of the two systems as

a function of years on orbit for a stabilized array temperature of 75°C.

The significance of the asterisked footnote is that it points up an apparent
conflict between requirements for power tracking and voltage limiting. If
the series regulator input voltage is limited to 150 vdc as previously
assumed, the array will be forced to operate within approximately 0.5 per-
cent of pmax’ well into the 3.5 percent buffer zone specified for tracker

operation.

Power savings benefits with the SPSR are clearly in evidence at the 10-year
design point and 5-year operating point shown in Table 4. 5-31. When the

array is new, the advantage lies with the series regulator. The break-even
point where the two systems provide the same amount of regulated power is

approximately 1 year. The relatively short-term advantage of the series

Table 4.5-31

SPSR Series Regulator

0 Yr 5Yr 10 Yr 0Yr 5Y¥Yr 10 Yr

Available Regulated Power— .89.1 98.0 100.0 93.5 93.5 93.5
Percent of prnax at 75°C

Array Voltage—VDC 120.0 120.0 120.0 153.5% 130.0 123.0

*“Series regulator input voltage is required to limit power drawn from the
array to 96. 5 percent of prnax
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system is attributable to the highly ‘exponential nature of array power
degradation. Over one-third of the first 5 years degradation occurs in the
first year; over one-fourth of the total 10-year degradation occurs in the

first year.

Excess Array Power (Post-Eclipse.Operation)

An analysis was made to determine the relative capabilitieé of the SPSR
series regulator to make excess array power available to the loads during
the warm-up period when the array emerges from an eclipse. Estimates of
mean array temperature for nominal 2-minute increments during {xrarm-up
were made using cooling and heating rates for flexible solar panels from
Loockheed Topical Report LMSC-A981486, dated December 1970, from
NASA MSC, Contract NAS9-11039.

‘The I-V curves for these temperatures were constructed for a new array.
For both regulating methods, the volt-ampere capacity available to the
loads was determined at each mean operating temperature from analysis of
the required operating points. The capacities were then integrated over the

total warm-up period (11 minutes) and added to the capacity available

- during (a) the remainder of the illuminated period, and (b) the remainder of

the orbital period, to establish figures of merit expressing the relative

power capabilities of the two methods. The results show the SPSR is cap-

able of supplying slightly more excess array power to the loads (equivalent
to approximately 2 percent in terms of average power) than the series

regulator.

Several simplifying assumptions were made to facilitate the analysis.
These included disregarding power penalties resulting from buffer zone

requirements for tracker operation. A more rigorous analysis taking into

“account specific requirements for tracker operation and potentially con-

flicting voltage limiting requirements would further increase the indicated

advantage of the SPSR.
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4.5.4.2.2 Voltage and Waveform Selection

The preceding comparisons of regulation schemes assumed a nominal
120-volt solar array. Higher voltages are favored from the standpoint of
improved transmission efficiency, but are not as attractive for direct utili-
zation by the loads. Conversely, lower voltages result in reduced trans-
mission efficiency and increased weight, but offer the advantage of using
well-established designs and practices developed for modern 28-volt sys-
tems. The use of a higher voltage for transmission and a lower voltage for
distribution and utilization is an attempt to combine the best features of both
systems. Each of these approaches is represented on Figure 4. 5-44, which
shows block diagrams of typical dc configurations examined in the system

voltage and configuration study.

An alternate approach‘ to the dc configurations given in Figure 4. 5-44 is to
invert the output of the solar arrays for transmission and distribution to
the loads as 3-phase ac power. This scheme is characterized by a low
source-to-load efficiency at the standard utilization voltage of 115/200 vac,

3-phase, 400 hertz. It is most compatible with systems having high ac/dc

‘load ratios. The ac/dc ratio for the Modular Space Station is less than 0.25.

Analysis shows that even with significantly higher ratios, 400 hertz ac trans-
mission and distribution systems must be rejected on the basis of excessive

dissipation and solar array area penalties.

Table 4. 5-32 presents a qualitative comparison of 28 vdc and 115 vdc system
voltages. A quantitative comparison is provided by the power flow diagrams
on Figures 4.5-45 and 4. 5-46 for trade configurations A and D, respectively,
on Figure 4.5-44. As indicated by the required power output at the solar
arrays, a power penalty of 42,114—38, 610 = 3, 504 watts is incurred by the
28-volt system in supplying ISS loads. A weight penalty of 3, 076 pounds for
transmission, conditioning and distribution is also incurred by the 28-volt

system. -
Detailed power flow analyses were conducted for the 115-volt configuration

and the 28-volt configuration, considering both average power for loss anal-

ysis and peak power for sizing EPS hardware.
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Table 4.5-32
SYSTEM VOLTAGE COMPARISON

28 VDC 115 VvDC
Cost - . +
Cémmonality - + +
(Shuttle)
Program Flexibility ' - +
Electrical Efficiency - 4
Voltage Regulation _ - +
Weight - +
Volume - +
(Ratings)
Growth Potential - +
Development Risk + -
Opera/ti;onal Simplicity +
(No SPSR) -
Component Availability (1979) + | +

An alternate 28-volt system using the Orbital Workshop (OWS) charger-
battery-regulator configuration was also analyzed. This scheme eliminates
the separate regulator for supplying array power to the loads. However, the
overall conditioning losses increase somewhat due to the flow of load power
through the charger and load regulator in series. The weight of the condi-
tioning equipment also increases slightly, but this is discounted as not being

significant within the accuracy of the analysis.

Power and weight penalties for the alternate 115-volt and 28-volt systems
shown on Figure 4. 5-44 (configurations B and C, respectively) are less than
“those given above for configuration D of Figure 4. 5-44, when compared with

configuration A. Minimum penalties are incurred by the 115-volt systems.
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._Considering the qhalitative comparison on Table 4. 5-32, 1t is seen that . .

- demand for high- voltage applications in the past. There is a gl'owing ten-

. dency, however, to turn to higher voltage dc for proposed high power sys-

115 vdc is the preferred choice in those categories wh1ch can most readily

;',be assessed on a quantitative basis. The areas which tend to favor 28 vdc -

are more difficult to evaluate. Development risk for example may be evalu-

. ated much differently by dlfferent evaluators. Considerable ekperience

: 'ex1sts Wlth component and equlpment design for 28 vdc; however, much of

this experlence and - 115 V commercial experlence can be applled d1rectly to
115 VDC appl1cat1ons . ' L

. The main impact of using 115 vdc for direct utilization is on avionics eqoip-

'rnlent where a change in dc/dc input conveirt‘ers is required. In the electro-

.i’nechanical area, solenoids (valves) must be modified to use 115 vdec coil -

motors. These changes, as well as requirements for h1gher voltage ratmgs
in the area of power control, can be accomplished w1th1n the present

state-of-the-art.

Component availability may be limited in some cases d_he to a limited

~tems. It is not unreasonable to assume, therefore, that component

availability for 115-vdc applications will be improved within the time frame
of Modular Space Station development. This in turn will contribute to

minimizing development risk.

In view of the decided advantages of reduced weight and losses offered by

higher voltage dc, _and a generally favorable qualitative comparison of

"moderately high voltage dc relative to 28 vdc, a value of 115 vdc' is selected

as the nominal system voltvage for the Modular Space Station. Twenty-eight
vdc power will be provided only on a restrictive and local basis where ‘

impact analysis clearly precludes use of 115 vdc.
4.5.4.2.3 Control Logic and Control Modes

Solar Array Regulation/Control

The solar array consists of two wings, each controlled by its own sequential

partial shunt regulator-.' The array wings normally operate in parallel but . e
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may be operated isolated if required. The control scheme for regulating
. solar array voltage is indicated in block diagram form on Figure 4. 5-47
for the ISS configuration. The system is basically capable of regulating

solar array voltage to within 1 percent of the design point voltage.

In the normal or parallel mode, Wing 1 voltage equals Wing 2 voltage and
each load bus receives power from both wings. Control switching (indicated
by the dashed lines on Figure 4. 5-47) is provided to permit use of common
references and other low-level components when operating in this mode.
The control switching scheme also provides the capability for completely
independent control of each array wing if the system is split into two parts.
It further offers a means of implementing certain kinds of redundancy;
however, redundancy requirements and selection of redundancy techniques

are logically tasks for a more detailed design/development effort.

The solar array wing/load bus discriminator matrix shown on the right of
Figure 4. 5-47 identifies the source for each load bus, either Wing 1 or

Wing 2 or both. Information in the matrix is maintained current by moni-
toring the position of selected bus and f{eeder switches. Identification of

the power source for each load bus is readily determined by the open/close
status of switches in the matrix. The discriminator routes the sampled load
bus voltages to the "voitage select' and "average voltage' processor units

for Wing 1 or 2, or both, as required.

‘As shown on Figure 4. 5-47, solar array wing voltages are also routed to
"voltage select.' This unit selects either the wing voltage or load bus
voltage for further processing depending on whether the array is operating
at or near its stabilized temperature or is undergoing a thermal transient

after emerging from an eclipse.

Under stabilized temperature conditions the unit passes only load bus
voltages (VLB). Each discrete load bus voltage is compared with a voltage
reference to determine if it is in or out of predetermined limits. If the
voltage value is within limits, the processor turns to the ""average voltage"
function. This function averages the load bus voltages for comparison with

a reference equal to the desired nominal load bus voltage (115.0 vdc). The
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error signal voltage generated by this comparison serves as an input to the
unit identified as ''shunt element operating states.' This unit contains a
control matrix which commands the specific regulator states shown on

Table 4.5-33, depending on input conditions.

A detailed operational analysis was made of the sequential partial shunt
voltage regulation system to verify adequate regulation during all operating
conditions. Figure 4.5-48 shows a simplified schematic of the sequential
partial shunt regulator. The complete assembly (excluding controls) consists
of 12 regulating circuits for each wing, one for each of the half-panels, as
shown previously in Figure 4.5-11. Each regulating circuit contains a ''low
shunt'' element and a ""high shunt' element; each of which shunts half of each
half-panel in a fully saturated ON state, a linear (proportional) state, or an
OFF state. Thus, the term 'partial shunt' is used. Since only one of the

12 circuits is in a linear state at one time and this linear control acts in
sequence with the fully-saturated modes, the term ''sequential partial shunt
regulator' is derived. The "high shunt" elements are used only during the
relatively short time the array requires to reach stable operating tempera-
ture following each eclipse. The "low shunt' elements are used for continual
regulation. It is noted that the circuit breakers on each regulated circuit
(half panel) also can be used to transfer the panel output tc; either source bus

or to disconnect the circuit entirely.

4.5.4.2.4 Regulation/Control Installations and Thermal Control

The sequential partial shunt regulators are installed in the turret section of
the Power/Subsystems Module. The shunt elements are conductively cooled
by the station fluid cooling system. The temperatufe of the fluid coolant will
be between 65°F (minimum inlet temperature) and 80°F (maximum outlet
temperature). Design for heat removal from the shunt elements will be
based on 90 percent minimum conducted and 10 percent maximum radiated

heat transfer, with emphasis on increasing the conducted capability.

Maximum heat rejection from each low-shunt system is approximately
910 watts. This is for a new array wing operating essentially at no load.
The regulating element dissipates 360 watts. Each of the remaining low

shunts dissipates approximately 50 watts (saturation loss). For a minimum
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load on orbit equal to 80 percent of the average design load, the total
dissipation is approximately 660 watts for each SPSR or 1, 320 watts for the
two SPSR's required for the ISS array.

Maximum heat rejection from the SPSR occurs during the thermal transient
condition generated as the array exits from eclipse. Peak dissipation in
each active high-shunt element (one per SPSR) is approximately 1, 920 watts.
For the minimum load condition given above, total calculated dissipation
from the active high-shunt element, switched high-shunt elements, and
(saturated) low-shunt elements is 2, 800 watts. Peak transient dissipation
for the two SPSR's is then 5, 600 watts.

The main memory units required by the SPSR control scheme are assigned
to the DMS subsystem computer. Control logic and other control processing
functions for the SPSR's are installed in the power control unit (PCU). The
PCU is located in the main section of the Power/Subsystems Module. This
unit is suitable for packaging/cooling in accordance with the standard designs
proposed for the replaceable logic modules (see Section 4.12). This is in
sharp contrast to the installation of the SPSR shunt elements where the high

dissipation environment dictates more direct cooling provisions.
4.5.4.3 Energy Storage Assembly Analysis

Energy Storage Assembly Requirements

The energy storage system is made up of 100-ampere-hour nickel-cadmium
batteries, each composed of 28 cells connected in series. Four batteries
are connected in a series set to provide a nominal voltage of 115 VDC when
discharged in series to the DC load buses and power conditioning subassem-
blies. The cells are grouped in economical replacement modules of four
cells each, and each module is capable of temperature control. The bat-
teries are cold-plated to an active coolant loop for thermal control of the
batteries between 0° and 20°C for optimum battery performance. Each
battefy is about 8 inches high, 7.5 in. wide, and 42 in. long, and weighs

380 lbs with connectors, cases, and racks.
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Eight batteries or two battery sets are assigned to each of the three ISS or .

five GSS modules; however, only one set is required at initial launch with
the second set supplied in a subsequent launch, either prior to or concurrent
with ISS mahning. The batteries are located in accessible afeas of the
pressurized volumes of each of the Space Station modules and are designed
with module containment to isolate potential effluent potassium hydroxide
(KOH) from the Space Station atmosphere. Access is required for periodic

maintenance and module replacement.

Each battery is recharged from the 115-VDC main distributor bus through its
own charger/regulator. A modified constant-potential charger will be used.
Individual cell monitoring provides a cell voltage limit signal to terminate
battery chérging. A backup signal is also received from a third electrode
near the end of charge. A reconﬁbination (fourth) electrode will prevent
prematui'e termination of charge because of residual oxygen pressure within
.the cell. The nominal battery depth of discharge was selected as 15 percent
as the result of the trade studies reported below. The battery characteristics

are shown in Table 4.5-34. _ ‘

Battery Weight and Cost Optimization

-The number of-batteries required for either a 15 percent (2.5 yéar life) or
a 30 peréent (1.0 year life) depth of discharge, based upon current NiCd
battery data, can be obtained from Figure 4.5-49 as a function of average
power. The batteries nominally provide 28 volts DC and the electrical
power system bus voltage was tentatively selected at 115 VDC; therefore,
thé total number of batteries must be in multiples of four. An increase in
the number of batteries results in a smaller depth of discharge, a longer
life, and poséibly fewer resupplies. A decrease in the number of batteries
results in larger depths of discharge, shorter life, and increased resupplies.
Using a range of batteries from 8 to 40, in multiples of four, sized for a
nominal ISS power of 17.3 kw average, a weight and cost optimization study
was conducted to select the number of batteries and depth of discharge for
the ISS. The quantity was increased according.to Figure 4. 5-49 for the
GSS also.
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Table 4. 5-34
BATTERY CHARACTERISTICS

Battery Type Nickel-Cadmium

Case Stainless Steel

Ampere-Hour capacity 100

Number of cells/battery 28

Size of replaceable module 4 cells

Design life 2.5 year (nominal); 1 year (minimum)
Operating temperature 0° to 20°C (13°C design point)

Depth of discharge 15 percent (nominal)

70 percent (maximum)
Electrodes Signal Electrode (3rd)

1 required/battery
1/module available

Recombination electrode (4th)

1 required/cell

Charge method Modified constant-potential
: cell voltage limit to end charge
Battery requirements 1SS GSS
Number of batteries - 24 40
-Battery weight (1b) 9, 120 15, 200
Battery volume (ft3) 36 ‘ 60

Each quantity of batteries resulted in values for initial ISS battery weight and
depth of discharge. The depth of discharge was then converted to battery
life. Figure 4.5-50 shows the initial ISS weight for 17.3 kw average,

plotted versus battery life. The resupply weight pef year was calculated
from the lifetime and is also shown in Figure 4.5-50. The resupply weight
optimizes at about 2.5 years, which corresponds to 24 batteries and

a 15-percent depth of discharge. The optimum resupply weight is associated
with an inc rgased initial battery weight as shown, which is necessary to

extend the life to 2.5 years.
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A battery cosf optimization study was also conducted, and the results are
shown in Figure 4.5-51. The costs include battery recurring cost, penalties
for weight and volume for launch and resupply, and costs for crewtime

required for mamtenance and replacement The cost factors and penalties :

-~ used are as follows

Battery recurring cost $50, 000/battery

Weight (launch and resupply) $250/1b
Volume (launch and resupply) $1, 500/ft:3
Crewtime _ $1, 940/ man-hour

The most significanf cost factor was the weight; therefore, it would be -
expected that the cost would also optimize at a 2. 5- -year battery llfe, and

this predlctlon is found to be correct.

Conclusxon

A compar1son of the weight and cost optxmlzatxons for a 5-year 'mls sion is
| shown in Figure 4.5-52. Both weight and cost optimize at about a 2. 5-year
battery life which results in the selection of 24 batte ri‘e.s and a 15-pelr_cent
depth of discharge. A review of the study and conclusions f.o“r the 16.7 kw

ISS and 30.8 kw GSS load analyses shows the selections td:remain valid. -

~ Battery Load Profile Analysis

A solar array/battery electrical power system can riormally provide for
peak load requirements because the solar arrays are designed to about

218 percent of the average load at the buses to account for battery charging,
line losses and systerh inefficiencies, and because the batteries are designed
for a nominal depth of discharge of about 15 percent with a maximum
expected depth of discharge of 35.percent. With the de\}elopment of a new -
power load profile, it was necessary to determine the effect of this profile

on the battery capability.

‘The specific analysis was made for a l-year life design, for which depths
of discharge are 30 percent average and 70 percent maximum. The results
are also. apphcable to the selected 2-1/2 years life reference design, for

Wthh depths of discharge are 15 percent average and 35 percent maximum.
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The study consisted of a worst case analysis to determine effects of the
48-hour power load profile on the battery charge/discharge characteristics as
indicated by state-of-charge profiles. The 48-hour load profile is the result
of an earlier study and represents the 48-hour period of maximum activity,

thus providing the most demanding period for the batteries.

The first case was a standard 92 minute orbit (56 minutes in sunlight, 36
minutes in eclipse) with the peak load during eclipse. Battery state-of-
charge ranged from 30 percent minimum to 100 percent once in every

48 hours.

The second case allowed 60 minutes in sunlight and 32 minutes in eclipse

(also 92 minutes/orbit) with peak loads in eclipse as before. The result of
four minutes more charge and four minutes less discharge are dramatic —
battery state-of-charge varied from 60-percent minimum to 100 percent in

almost every cycle (92 percent or higher charge was achieved in every cycle).

The third case was derived from the first case (56 min/36 min) by shifting
the peak load to the illuminated part of the orbit. This improved the state of

charge to 40-percent minimum and 100-percent charge once in each 36 hours.

The fourth case corresponds to peak load scheduling, in that each peak load,
the duration of which exceeded the illuminated period, was rescheduled to
occur with maximum illuminated time. The result was to improve a little
upon the third case, and resulted in a 39-percent minimum state-of-charge

with 100-percent charge once in each 35-1/2 hours.

Conclusions

The battery design will satisfy the electrical power load profile requirements
in the worst case conditions and can provide excess power during the other
operating conditions investigated. A comparison of analyses conducted is
shown in Figure 4.5-53 for the worst periods. The figure shows the worst
case conditions for (1) 36-minute eclipse with eclipse time peaks, (2) average
eclipse periods of 32 minutes, (3) 36 minutes eclipse with illuminated period

peaks, and (4) modified profile for illuminated peaks at 36-minute eclipse
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periods. The effects on battery charge and discharge histories are evident

except for the latter two cases, which are very similar.

In the worst case conditions, the batteries reach a low depth of discharge
and therefore provide minimum emergency capability, reaching 60-70 percent
depth of discharge. Selection of a shallow depth of discharge will increase
emergency power capability and will increase battery life, but will also
increase initial launch weight. A 15-percent nominal depth of discharge

and a 35-percent maximum expected depth of discharge, as selected for the
Modular Space Station, will approximately reduce each charge a;nd discharge

segment to one-half the range shown in Figure 4. 5-53.

Battery Ampere-Hour Efficiency

Previous analyses and sizing of solar arrays and battery electrical péwer
systems have used an ampere-hour efficiency for nickel-cadmium batteries
of 80 percent and a range of voltage efficiencies based upon the end-of-life,
end-of-charge and end-of-discharge voltages, resulting in energy efficien-
cies in the neighborhood of 50 to 60 percent. The solar array was corre-
spondingly sized to provide about 2.5 times the average power required at
the buses, to provide for battery charging, line losses, and system
inefficiencies. An increase in battery efficiency, the lowest of all com -
ponents, could result in a substantial savings of array area. Therefore, a
survey and analysis of battery efficiency data was conducted to establish
more realistic efficiency values — particularly for the ampere-hour

efficiencies.

The nickel-cadmium battery charge efficiency data analyzed (References
4.5-8 through 4. 5-11) indicated high ampere-hour efficiencies. Most of the
data was for new batteries and for batteries with a depth of discharge of

100 percent. It was reported that the use of lower depths of discharge will
sharpen the knee of the ampere-hour efficiency curve and will increase the
overall efficiency. It was also reported that higher charge rates in the
early stages of charge will also result in higher efficiencies. Typical
ampere-hour efficiencies versus states of charge for nickel-cadmium

batteries are shown in Figure 4.5-54 as a function of charge rate and for
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two different temperatures (Reference 4.5-9). As shown, the ampere-hour
efficiency is highest at initial charge and increases at both increased charge
rates and decreased temperatures. The design charge rate for the Modular
Space Station will be between the 0.25 and 0.5 charge rates, and closer to

the 0.5 charge rate, with a temperature range of 0 to 20°C (32-68°).

A study by the Martin Marietta Corporation for the NASA Goddard Space
Flight Center investigated the characteristics of a nickel-cadmium battery
for several depths of discharge, charge rates, and charge methods from
beginning-of-life to end-of-life (Re.ference 4.5-8). End-of-life was assumed
when half of the cells had failed, however, some tests were terminated
prior to failure. The analysis included the measurements of voltage,
current, and efficiencies (ampere-hour and energy) throughout the cycle

life of the battery. Typical results of the study for the ampere-hour
efficiency as a function of cycle life is shown in Figure 4. 5-55. The four
representative cases shown were operated in a manner similar to the Space

Station battery operating requirements. Two of the batteries (x and °) had

" initial ampere-hour efficiencies of about 98 percent and degraded to about

96 percent at the end-of-life, with averages of 97.5 percent and 96.8 per-
cent. The data points on Figure 4.5-55 are from computer plots which
plotted at 2 ampere-hour intervals. The third battery (o) kept a constant
ampere-hour efficiency throughout its life of 94.8 pércent. The representa-
tive lines are shown to indicate a trend in the ampere-hour efficiency, all
of which gradually decrease with cycle life. The fourth battery (A) showed
a randomly varying ampere-hour efficiency with a trend based upon
beginning of life, end of life, and a given average of the ampere-hour
efficiencies. Analysis of the data did not reveal the reason for the wide
variations. The data also indicated a general increase in energy efficiency
with increased cycle life. This is in conflict with other data, however, and
therefore the fourth battery is discounted for this analysis. The batteries
(o and A) also used a lower charge rate than for the Modular Space Station

and would therefore also have a lower ampere-hour efficiency.

Cycle life tests at TRW Systems showed an ampere-hour efficiency of

95-96 percent for a new battery (References 4.5-9 and 4.5-10) when
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operated at the Modular Space Station requirements. Recent Battery tests
~at MDAC-WD have also shown high nickel-cadmium battery ampere-hour
efficiencies (see Figure 4.5-56). The MDAC data are also for new batteries
and show an ampere-hour efficiency of 96-98 percent at the 0.5 or /2

charge rate.

Conclusions
- Nickel-cadmium battery ampere-hour effiCiencies are very high initially,
and tests have shown a gradual decrease in efficiency with cycle life. The
beginning -of-life efficiency is expected to be about 95-98 percent and is
assumed to degrade to 94 percent at the end-of-life. A design value of

94 percent has been selected.

The energy efficiency will vary with the method of charging the battery and
is expected to be in the neighborhood of 60 percent to 70 percent as com-
pared with the 80 percent ampere-hour efficiencies used previously. These

increases are reflected in decreased solar array area requirements.

Battery Temperature Effects

Battery performance is affected by the temperature at which it operates, -
and this temperature can be controlled. - The tempera’curel effect on the
Modular Space Station batteries is shown in Figure 4.5-57. The curves are
based upon the use of 24 100-ampere-hour nickel-cadmium batteries of

28 cells each at a depth of discharge of 15 percent. An increase of tempera-
ture from 20°C to 30°C results in a decrease in cycle life of about 5, 000
cycles (almost 1 year in orbit), and an increase in resupply weight of over
100 1b/month. A decrease in temperature from 20°C to 10°C results in an
increase in cycle life by almost 5, 000 cycles, and a decrease in resupply
weight by about 70 1b/month. The effects of discharge are not included but
wiil decrease the discharge efficiency at lower temperatures. The optimum
battery temperature is between 10 and 15°C. Because this close tolerance
would be difficult to maintain, a range between 10°C and 20°C is selected
for best battery performance. A design point temperature of 13°C

represents the preferred cell temperature.
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Fuel 'Cell/Electrc;IYSis vs. Batteries

A study was conducted to evaluate the use of a fuel cell/electrolysis
assembly as an alternative to the nickel-cadmium battery assembly. With

a solar array/fuel cell electrical power source, the fuel cell provides all of
the eclipse time electrical power. The by-product is electrolyzed during

the sunlight period of each orbit, utilizing solar array power.

The fuel cell design is based upon the Space Shuttle fuel cell so that develop-

ment cost will be minimized. However, the details of the design are not
well-defined at the present. Pratt and Whitney and General Eiectric have
parallel contracts for the Space Shuttle fuel cell development. T.hé NASA
MSC guidelines for fuel cell design are shown in Table_4. 5-35,- - The Pratt ..
and Whitney fuel cell data for the MDAC.design are used for this arfaleis,
because the concept is further advanced and because it has a higher power
capability.

El,ectrolys.is units are not preséntly developed and any requirement for their
| use would incur a large development cost chargeable to the electrical power
' systems, because thé EC/LS subsystem does. not presently have a require-
ment for these units. Development work at Allis Chalmers was .recently
discontinued. The electrolysis unit selected for this analysis is the General
Electric Solid Polymer Electrolyte water electrolysis system. The

" characteristics of this electrolysis unit are shown in Table 4. 5-36.

The important tradeoff parameters between a fuel cell/elec'trolysis assembly

and a battery assembly are shown in Table 4. 5-37 for comparison. The GSS '

model used had six station modules, rather than the current MDAC design

for five station modules.

The fuel cell/electrolysis asseinbly shows a definite advantage over a nickel-
cadmium battery assembly in initial launch weight and resupply weight.
However, in all other comparison factors the nickel-cadmium battery
assembly shows significant advantages. The 6perating life of the fuel cell/
electrolysis assembl-y is projected to about 1 year of operation taking into

account the off-time, while the battery life shown is available with current
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Table 4.5-35 _
NASA/MSC SPACE SHUTTLE FUEL CELL GUIDELINES

Weight, lb/kw 40 to 60
Sustained Power, kw 5to7

Voltage Level ' 28, 56, 112, 120
Voltage reg, 0 to 7 kw +7.5 percent
SRC*1b/kwh ~ 0.7t00.8
Operating life, hr 2,000 to 5,000
Reactant supply pressure, psia 200 or vhigher
Start-stop cycles Unlimited
Reactant purity Propulsion grade
Heat rejection means C.oolant and other

MDAC DESIGN

Weight, 1b 245
Volume, ft3. 4.2
Sustained power, kw 7
Voltage Level 120
SRC, lb/kwh 0.95

*Specific reactant consumption
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Table 4.5-36 ‘
'ELECTROLYSIS UNIT CHARACTERISTICS
GENERAL ELECTRIC DESIGN -

Type. = = o o ASolidzﬁolym‘er electrolyte
Nominal 62 rate - o 2.16 Lb/hr (2.59 1b/hr rﬁa.ximum) :
~Input volta‘ge _ _ 40 to 60 vdc | -
_Nom'mal.'mput powér - 5, 600 Watts (6, 790 w maximum)
. Installed weight - - 236 Lb |
Maximum 0, production rate | 36.3 Lb/day

Heat rejection (maximum)

~ Power conditioner 1,830 Bcu/_hf
Electrolysis rhddule - 1, 340 Btu/hr
Operating tefnperature 190°F
Cell current density 200 ASF (amperes/ftz)

te_chnology.t The resupply weights are based upon these operating lives. An
. . improvement in battery life and/or failure to qualify a l-year fuel cell or
electrolysis life will reduce the weight advantage shown for the fuel cell/

electrolysis assembly.

The electrolysis unit requires more solar array power than the batteries.
An additiona1'4. 1 kw of solar array power is required for ISS and an addi-
tional 8.2 kw is required for GSS. This corresponds to an additional solar
array area of about 410 ft2 for each of the two arrays. The fuel éell/elec- '
trolysis assembly has a significantly larger volume requirement for initial
launch and-resupply, and a much larger radiator a.reé for heat rejection than
the battery. The batteries are desigﬁed for 2.5 years of operation; replace-
ment and maintenance are achieved through relatively simple mechanical
and electrical interfaces. A philosophy for the replacement of fuel cells and

electrolysis units has not yet been developed, but is expected to be more
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complex because of the liquid and gas interfaces in addition to the electrical ‘

and mechanical interfaces. The fuel cell/electrolysis assembly also has a
significantly higher cost than the nickel-cadmium battery assembly. The
costs shown in Table 4.5-37 are complete program costs for 10 years of
operation, taking into account the ISS and GSS power requirements, and
include recurring, nonrecurring, and resupply costs. A comparative break-
down of costs for fuel cell/electrolysis and nickel-cadmium batteries is
shown in Table 4.5-38 based upon cost trade criteria used during the Modular
Space Station study. The crewtime cost was not included but would probably
increase the difference because of the more complex fuel cell/electrolysis
interfaces and because of the more frequent replacement requirements.
Also, the fuel cell/electrolysis assembly does not lend itself to a modularity

similar to the batteries within an increase in weight and volume.

Conclusions
The fuel cell/electrolysis system disadvantages cited above result in the
selection of a nickel-cadmium battery assembly as the best energy storage

assembly for use with the solar arrays on the Modular Space Station. How-

ever, fuel cell/electrolysis assemblies should continue to be developed and
compared with nickel-cadmium batteries for other missions because of their
potential weight savings. Further development of fuel cells and electrolysis
units may result in reductions in the disadvantages listed above, and other
missions may find this concept to be more advantageous. A significant
reduction would occur if electroiysis were a requirement for EC/LS and the
development cost would be shared. Additional advantage would occur if

(1 I-I2 and 0, propulsion tanks are available and would be shared, (2) the

2
missions are relatively short to reduce total life, (3) frequent return to
Earth would permit replacements and maintenance to be performed on Earth.
There merits are found on the Space Shuttle and the SOAR missions and

support a fuel-cell selection for those missions,
4,5,4.4 Conditioning Assembly Analysis

Power-Conditioning Requirements

The power-conditioning assembly is required to provide battery charging

powe'r from the solar array, regulated DC load power from the batteries, e
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Table 4.5-38
ENERGY STORAGE MISSION COST COMPARISON

$ x 106)
Fuel Cell/ Nickel-Cadmium
Electrolysis Battery
Initial weight ($250/1b) 0.87 2.28
Initial volume (§1,500/£t°) 0.19 0.05
Recharge power 111,87 88.35
($7,650/watt-10 yr)
Development 42.00 ‘ 3,60
Hardware 1.80 1.21
Operations (10 yr)
Weight ($250/1b) 3 9.78 9.88
Volume ($1,500/ft”) 10.73 0.23
Hardware 25.20 5.25
Total 202.44 110. 85

Note: Crew time for replacement was not assessed but is expected to be
greater with the increased resupply frequency of the fuel cell/
electrolysis approach ($1, 940/man hour).

and a regulated AC load power from the solar array/battery sources. The
power conditioning assembly employs modular design with components placed

throughout the Station in main distributor centers.

A battery charger is provided for each battery. The charger provides a
modified constant potential charge with charge termination on a signal from
the cell producing the limiting voltage of 1.5 vdc, or from a battery third

electrode.

Battery load regulators provide regulated voltage at the DC load buses from
the high voltage battery sets. In the normal or parallel mode of operation,

the regulators are biased to share load equally. This forces the battery sets
to operate at equal depths of discharge thereby assuring uniformity of charge

on subsequent charging cycles.
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Static inverters provide regulated voltage at the AC load buses. Three-phase

sine wave inverters supply 400 Hertz power to transient-sensitive and .

transient-free AC loads. Three-phase quasi-square wave inverters supply

400 Hertz power to transient-producing and transient-tolerant AC loads.

Single-phase sine wave inverters supply 60 Hertz power to GPL loads.
All pov&er' conditioners (battery chargers, battery load regulators, and
inverters) incorporate current limiting features to prevent damage from

external overloads.

Conditioning Modularity and Growth Accommodation

Each battery charger supplies one battery in a battery set (four batteries).
No provision is made for switching the charger to another battery. Redun- .
dancy is achieved at the battery-set level. If a charger fails, the associated
battery set is isolated. System operational requirements are met with no
degradation in performance, using the remaining battery sets. The failed
charger is replaced at the earliest opportunity. The chargers are sized to
provide a short-term, high-rate charging capability when the station
emerges from an eclipse, and maximum excess power is available from the

solar arrays.

A battery load regulator is provided to condition the output of each battery

set, No provision is made for switching the regulator to another battery set.

Failure of a regulator produces the same result as failure of a charger;
system operational requirements continue to be met with no degradation in
performance. The battery load regulators are sized to handle, as a mini-
mum, the contribution of a single battery set to the full system peak load

with one battery set out of service.

The three-phase inverters are modularized. Identical three-phase inverter
modules in each Space Station Module operate either one at a time or in
multiple, and either isolated or paralleled, as may be required to maximize’
operating efficiency. The single-phase inverters operate one at a time.
Identical inverters are synchronized to a common clock; however, inverters
in one Station Module cannot be paralleled with like inverters in another

Station Module.
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Switchable reduﬁdant inverter modules are provided in the Station Modules

to meet reliability requirments. The three-phase modules are sized to
optimize efficiency over the expected load range in the individual Station
Modules. The number of three-phase modules making up an inverter
assembly in a given Station Module is chosen to provide the required capacity
for the maximum Station Module load plus the RAM's AC load demand on that |
Station Module. Single-phase inverters are sized for the allocated

60 Hertz AC load in the GPL.

Growth accommodation for DC power conditioning is provided at the battery
set level, i.e., four chargers and one load regulator must be added for each
additional battery set. Growth accommodation for AC power conditioning is
at the three-phase inverter module level for either sine wave or square
wave power, and the single-phase inverter level for 60 Hertz power.

A}

Conditioning Module Installations and Thermal Control

The conditioners are installed in the main distributor center in each Station
Module. All conditioners are conductively cooled by the Station fluid cooling
system. The temperature of the fluid coolant will be between 60°F (minimum
inlet temperature) and 110°F (maximum outlet temperature). Design for

heat removal from power conditioning components will be based on 90-percent

conducted and 10-percent radiated heat transfer.

Battery chargers and battery load regulators are located adjacent td their

respective battery sets. Charger control logic is integral with each charger.
Battery load regulator logic is contained in the power conditioning unit (PCU).
A functional description of charger and regulator controls is given in the next

section.

Inverter controls also are integral with each inverter. Automatic parallel-
ing, load sharing, and protection circuitry are incorporated in each three-
phase inverter module. Controls for the single-phase inverters are much

simpler; these units are not designed for paralleling.
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Conditioning Module Characteristics

Battery Charger

The battery chargers employ pulse-width modulated (PWM) buck-type
reg}llators to supply charging power at a nominal 42 VDC. Each charger
weighs 5 1b and occupies 0.1 cu ft. OQutput rating is 1.0 kw. As previously
indicated in Section 4.5.3.1, Figure 4.5-18, the four chargers for each
battery set are paralleled at their inputs but isolated at their outputs. Each
charger supplies a separate battery in the series - connected battery set.
Each charger is biased on and off by outputs from its control logic. An ele-

mentary diagram of the charge control scheme is shown in Figure 4. 5-58.

Inputs to the control lo.gic are derived from the battery (individual cell limit

voltage or third electrode signal), the PCU (sun sensor, load bus.volts low,

SPSR state '"0'", SPSR state '"1'"), and from the control console keyboard

(battery recondition charge). Logic states shown on the diagram are for the

high rate charger mode. When the cell limit voltage or third electrode sig-

nal is received from the battery, the output of the AND gate to the HIGH

RATE function will change from a 1 to a 0; a 1 will appear at the input to ‘
TERMINATE CHARGE, and the charger will be biased to its off state. The

charger is also biased off by an output from the INHIBIT function.

Battery Load Regulators

The battery load regulators also employ the PWM buck-type design. Regula-
tor outpﬁt voltage is adjustable from 112 vdc to 118 vdc and controllable to
within %1 percent of the set point. Output rating is 6 kw. Eé.ch regulator
weighs 13 pounds ‘and has a volume of 0.4 cu ft. Reverse current relays are
provided in the regulator outputs to prevent parallel sources from feeding

into an internal fault.

The battery load regulator for a given battery set is biased off when the
battery chargers are on. This is indicated by the logic elements in the
battery set regulation/control diagram on Figure 4.5-59. If the chargers

are on (not inhibited), a 0 will be present at the output of the CHARGER SET 1
INHIBITED function in the lower right hand corner of the figure. Therefore,
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a 0 will be present at the output of the function AND gate and at the input to
the following OR gate. From Figure 4.5-59, if the chargers are not
inhibited, the sun sensors must be on. Accordingly a 0 also will be present
at the second input to the OR gate on Figure 4.5-59 so that the regulator is
not enabled. In short, the regulator is off when the chargers are on (array
operation normal), and on when the cha.rggrs are off (eclipse and post=-eclipse

battery operation, or array operation not normal).

Referring to the rest of Figure 4.5-59, it is seen that several battery control
functions are identical to those shown on Figure 4.5-47 of Section 4.5.4.2.3
for the solar array. The battery set/load bus discrimator matrix performs
the same basic function as the solar array wing/load bus discriminator mat-
rix; namely, identifying the source or sources of power for each load bus.

It is in fact part of the same matrix. The bus voltages associated with each
source are first limit tested, then averaged as before for comparison with
the 115-vdc nominal reference. In addition, the current from each battery
set is sensed and fed into a processor which determines the average current
for each group of paralleled sets. Identification of paralleled and isolated
sets is established by the open/close status of switches in the discriminator

matrix.

The average current of the paralleled groups is compared with the current
from each set in the group to generate load share bias signals. These sig~
nals are used to bias the error signals generated by the voltage comparisons.
The biased error signal causes the regulator to raise or lower its voltage

as required to reduce the load share bias signal to zero, while maintaining
the average load bus voltage as close as possible to the desired nominal value.
In this way, all battery sets in the paralleled group will operate at equal
depths of discharge. This is the normal mode of operation-- all load
regulator /battery set units operating in parallel. A load bus voltage out-of-
limits signal overrides the load share bias signal and immediately requires

corrective action by the regulator or regulators supplying the affected bus.
Inverters
The three-phase sine wave and quasi-square wave inverter modules are

sized to supply 750 VA (peak) at 115/200 VAC #2-1/2 percent, 400 Hz
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] percent. Each sine wave module weighs 11.7 1b and occupies 0.3 cu ft. ' ‘
Each square wave module weighs 7.5 lb and occupies 0.2 cu ft. Identical

modules can be paralleled in any number to increase power capacity; ‘The

basic power switching and protection and control circuits can be separately

packaged as interchangeable submodules.

All inverter submodules are driven from a master frequency reference which
provides equalization of frquency among the paralleled modules and elimina-
tion of beat frequency interference from isolated modules. Load division
circuitry limits unbalanced current among paralleled modules to less than

10 percent of module rated current. Protection is provided for over-voltage,
under-voltage, abnormal frequency, and over-current7(current-limiting).
The control circuits provide for automatically switching in or switching out
parallel modules as a function of load and efficiency requirements, in addi-

tion to providing regulation functions.

The single-phase sine wave inverters are sized to supply 500 VA (peak) at

115 VAC %5 percent, 60 Hz 1 percent. A single-phase module weighs

18 1b and occupies 0.4 cu ft. Protection features are identical to those for
the three-phase modules. These units are not designed for parallel

operation.

Design for Maximum Efficiency

Emphasis is placed on designing power conditioning equipment for maximum
efficiency. High efficiency is achieved primarily by component derating.
This also improves reliability. These gains result in increased conditioning .
equipment cost and weight; however, appreciable net program cost savings
are realized using the weighted trade factors for launch weight ($250/1b)

and power ($7,650/W-10 years). Power conditioning efficiencies used in

" this report have not been optimized for these trade factors, however.
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4.5.4.5 Distribution Assembly Analysis

Distribution Requirements .

The basic requirements of the distribution assembly are safety, reliability,
and efficiency. Specific requirements include the following:
A, Provide for priority distribution of power based on load criticality
assignments.
B. Provide redundant load buses and load circuits for system reliabil-
ity and operational flexibility.
C. Provide for switching of buses and load circuits to meet system
reconfiguration requirements.
D. Provide bus é.nd circuit capacity to meet peak load demands within
voltage regulation limits. '

E. Provide coordinated protection of load buses and load circuits.

Load on-off switching and control are not requirements on the baseline EPS
distribution assembly. These functions are included in the power-up and
power-down provisions of the DMS/load systems interfaces as noted under
the discussion of interface requirements for the Power Management Assem-

bly, Section 4.5.4.6.

Operation of the distribution system will be simplified to the greatest extent
consistent with performance requirements. Buses, feeders, and equipment
will be located to facilitate maintenance and will be mechanically protected

to minimize involvement of other circuits by faults. Vehicle structure will

be used for mechanical protection where possible.

Circuit/Bus/Panel Configurations

The distribution assembly supplies DC and AC loads from separate DC and
AC panels configured to reflect the following load criticality categories;
~A. Emergency loads — operation is required to ensure crew safety

for emergencies up to one hour.
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Essential loads — operation is required to provide crew habitability,
malfunction analysis, and repair capabilities for. sustained emer- ‘
gencies. ' | '

Nonessential loads — not required for crew safety or crew habitabil-

ity and emergency repair capability. Experiment loads and

experiment support loads are included in this category.

Redundant load buses, load circuit (feeder) terminations, and associated

switches are installed in each panel in accordance with the following criteria.

A.

Emergency loads, with their circuits and control should be 100 per=-
cent redundant, for safety reasons. Redundancy includes supply
feeders. Emergency ioa.ds will be readily reconnectable to an
alternate bus section in preparation for bus maintenance or in the
event of a bus fault.

Essential loads are not required to be redundant for safety reasons,
but may be selectively redundant for other reasons. Nonredundant
essential loads will be readily reconnectable to an alternate bus

section in preparation for bus maintenance or in the event of a bus

fault. Nonredundant essential loads may be automatically deener-
gized during emergency conditions. No essential load will be
deenergized until all nonessential loads have been deenergized.
Nonessential loads are discretionary in nature and are not redundant.
Nonessential loads, principally consisting of experimental loads,

are supplibed by single buses in the AC and DC distribution systems.
DC nonessential bus loads will be automatically deenergized by the
power management system during overload or emergency operating
conditions. Return to normal operation will be performed manually,
after the fault or other abnormal condition has been identified and

cleared.

Circuit and bus configurations for the basic types of loads in the DC and AC

distribution panels are shown in Figure 4.5-60. One DC panel and one AC

panel are installed in each Station module. Each panel provides the total

DC or AC load circuits for the module and its interfacing loads (RAM's and

Logistics Module) as required.
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Regulation and Electrical Characteristics .

The 115-vdc distribution system is designed for a maximum drop of 4 vdc
from the panel load buses to the loads. The 115/200 vac systems are
designed for a maximum drop of 4 vac (rms) from the sine-wave and sciu‘a.re-
wave load buses to the individual AC loads. Table 4.5-39 summarizes the

characteristics of all power types distributed to the loads.

Distribution Control/Protection Provisions

Each DC emergency and essential load bus can be supplied from either one
or both sections of its associated distributor bus. The required switching
is accomplished by the remote circuit breakers indicated in the distributor
bus/load bus interface detail shown on Figure 4.5-61. These breakers are
part of the primary switching assembly. They also provide overcurrent
protection for the load buses and their supply feeders. In addition, they are
under keyboard control and are operated in this manner for routine bus
maintenance, for bus reassignments due to special loading conditions, or

for system reconfiguration following a fault.

Each DC nonessential load bus is controlled by its bus tie circuit breaker,
and where provided, by a bus selector switch. The bus tie breaker can be
operated remotely. Under control of the power management assembly, it
opens to dump nonessential bus load in the event of a sustained system over-

load. The breaker opens automatically for a fault in the bus itsélf,

The AC load buses are controlled by contactors in the supply circuits from
the inverters, and by their respective bus tie breakers. Referring again to
Figure 4.5-61, the two sections of each 400 Hertz AC load bus can be supplied
supplied from either or both inverter sources; or can be isolated from each

. other and supplied separately if required, The 60 Hertz bus sections can

- be paralleled, but their inverters cannot.

All load circuits, DC and AC, are protected by magnetic circuit breakers,
These breakers are not remotely controlled. No provision is made for
remote control since there are no requirements for automatically transfer-

ring any load to an alternate bus or for using the circuit breakers for
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programmed on-off switching of the loads. It is as sumed that automatic
load control will be provided at the load by control from the DMS. Circuit
breaker pairs provided for transferring selected load circuits to an alternate
bus are operated with only one breaker normally closed to minimize disturb-

ance on one bus system in the event of a fault on the other.
4.5.4.6 Power Management Assembly Analysis

4,5.4.6.1 Interface Requirements

The power management assembly is required to interface with other EPS
assemblies to provide monitor, checkout and/or control functions for con-
tactor and circuit breaker switching, solar array voltage regulation,
battery charging and discharging, and system/equipment protection. These
functions may be in a central processor or an internal closed loop system.
They may be either automatic or manual, or a combination of central/
internal and automatic/manual, depending on operational requirements of

the interfacing ass e'mbly.

The power management assembly interfaces with the DMS (displays and
controls, data bus, and multiprocessor) to implement many.of these functions.
Through the DMS, the assembly also interfaces with all suBsystem, RAMs,
and Logistics Module loads to control overall Station loads according to
established priorities, and to provide system isolation, test, and recon-

figuration capabilities.

4.5.4.6.2 Instrumentation/Sensors

The power management assembly consists of interface instrumentation,
sensors, displays, transducers, and control devices within the EPS and the
data management subsystem and the onboard checkout subsystem which
allow monitoring, display, control, and a substantial degree of automated
power system supervision. Critical parameter values are read on hardwire
or sampled by the data bus. The data are fed into a computer that reviews
and compares the data with predetermined operating ranges. If not within

the predetermined range, modifications will be made according to
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out functions. Control functions primarily use hardwire signal transmission

preprogrammed conditions. The values from the sensors are also capable '

of being read by command on the display panel.

Sensed parameters include voltage, current, temperature, frequency, power‘
fa.c-tor, position, pressure, and mode (state). These are primarily éma.lo_g By

measurements. Commands on the other hand are primarily bilevel functions.
Table 4.5-40 shows the distribution of EPS commands (stimuli) and measure.-

ments (responses) by signal type.

Measurement sensors, transducers, and signal conditioning for the EPS are -

provided as an integral part of that subsystém. The signal interface between

 the EPS and DMS is in the form of a DC voltage for each measurement. The

voltage levels are in the ranges of 0-40 mv and 0-5 v.

4.5.4.6.3 Dedicated Computer/Preprocessor Functions

The power management assembly utilizes the DMS data bus, subsystem com-.

- puter, and peripheral equipment for most monitor and essentially all check-

circuits and dedicated computer/preprocessors to perform operations such .
as gating, Aaveraging,‘ comparing and amplifying, especially where very

high or near-continuous parameter sampling rates are required.

Table 4.5-40 |
EPS COMMANDS AND MEASUREMENTS

Stimuli | Response Status Monitoring
v Total v »
Module | Parameters | An | Bi An | Bi |Dig {Caution | Warning | Noncritical
1 1132 112 |194 | 622 |196 8 19 0 362
2 609 37 {119 | 319 {127 7. 19 0 192
3 603 35 {111 ] 329 |121 9 19 0 192
Total 2344 184 |424 | 1270 [444 | 24 57 0 746
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Typical applications include low-level circuitry used in the PCU for
controlling the solar array and battery voltage regulation systems, and the
differential protection relaying equipment. Both are examples of automatic
internal closed loop functions. Other examples include the inverter auto-
matic paralleling and load-sharing control submodules, the current-limiting
functions of conditioning equipment, the battery charge/discharge control
equipment, and the circuit breaker and reverse-current protective relaying
equipment. In addition to their automatic functions, these elements of the
power management assembly provide status displays and other operating
data to the command and control centers, and to the data management and

onboard checkout subsystems via the Station data bus.

The DMS is utilized where status information already available from the data
bus is needed in support of a control function, e.g., the source bus/load bus
discriminator matrix in the array voltage regulation scheme. The DMS is

also used to provide manual backup or override capability,
4,5.4.6.4 Monitor/Checkout/Control Operations

Monitoring

The EPS requires a minimum of crew supervision after initial array deploy-
ment. Monitoring of tunnel and mast drive motor positions, battery status
displays, and readout of selected bus voltages provides the basic information
for evaluating system performance. The ability to call up the status of other
parameters such as array feeder currents, inverter output currents, or
contactor and remote circuit breaker open/close status as may be deemed
necessary for evaluation of a particular operational condition, provides the

flexibility required to ensure adequate status assessments at any given time.

Continuous monitoring is required to detect out-of-tolerance conditions for
parameters such as bus and battery voltages. Continuous or near continuous
monitoring is also required to detect abnormal events. These include relay
trips, contactor and circuit breaker tripé, and power conditioner overload

(current limiting signal).
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* Checkout

Checkout functions are those necessary to verify operatxonal status, detect

and Lsolate fa.ults, and to verify proper operation following fault correction.

Spec1f1c requu-ements include stimulus generation, ‘sensing, s1gna1 condltlon-

‘ing, 11m1t -checking, trend analysxs, and fault isolation.

Periodic checkouts will be performed at intervals ranging from once per

week to once each 6 months depending on equipment or parameters to be

: ‘chécke‘d. Co,mplexify of checkout varies from simple readouts of parameters

such as volta.gve or temperature to injection of test currents into current

transducer loop circuits to simulate fault conditions seen by differential

. protection relays. No major shock-producing tests, such as powerline

.. . faults or fault clearing, are planned. Tests for relay, circuit breaker, and

contactor operatibns can generally be accomplished on line during periods of
rel'a.tivel'y low-scheduled experiment activity; system switching effects will

be minimal.

Controls

The EPS is primarily ‘controlled by automatic internal closed loop functions,

with selected operational functions under control of the DMS. Additional
"~ * . controls are provided in the DMS to support checkout functions, and to pro-

4 vide manuallbackup and override capability. These controls also provide for

either manual or programmed reconfiguration of the EPS following automatic

' f_é.ult-clea.ring operations, as well as for facilitating reconfiguration to match

changing loads or other operational conditions. The EPS portion of the pri-
mary and experiment/secondary command and control centers represent the

EPS output and input terminals for these control modes.

Functions which are controllable from the command and control centers

. include the following:

A. Solar array deployment

B. OArie’ntatit‘)n drives

C Tuhnel pressure

D. SPSR shunt element drives
E

SPSR error bias adjustments
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F. Batter;r module bypass

G. Battery charger on-off and mode select

H. Battery load regulator on-off and error bias adjusts
I, Protective relay test currents

J. Contactor and remote circuit breaker operation

4.5.4,7 EPS Cost Analysis Summary

A preliminary cost-effectiveness analysis was conducted during the early
studies covering the key issues of solar array modularity and power-growth
accommodation. These analyses addressed the closely-related issues of
total program cost and the resulting resource effectiveness measured in
kw-yéars available to the Space Station. Both ISS and GSS periods and power

levels were included.

Subsequent studies were conducted for two-step and three-step growth options
for the Baseline Modular Space Station, using two arrays or three arrays
during the 10-year mission, respectively. These studies were based on
arrays of both equal size and different sizes. Equal sizes resulted in the
lowest costs due to commonality reduction of the non-recurring costs. A
larger array followed by a smaller array incurred a larger cost for the
initial array than for an equal-size approach, although the second (smaller)
array benefited in cost by scaling down the more expensive initial array
development cost. Higher program cost will result from a higher total
array area during the program; or for equal total array areas, for (1) a
large array followed by a small array, (2) unequal array sizes, (3) capabi-
lity in excess of requirements, (4) an array modularity in excess of two, or
(5) replacement rather than augmentation of arrays, because useful area is

discarded when replacement occurs.

Concurrently, the power load profile underwent changes in both the time of
growth to GSS and in the ISS and GSS power requirements. The two-step and
three-step arrays were therefore studied with array growth occurring at
different times from 2 to 6 years in the mission. An effort was made to

satisfy the dual criteria of (1) meeting the projected power growth profile
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and (2) minimizing total program cost. A kw-year resource effectiveness
was computed for each case to produce a cost-effectiveness evaluation in

$ million/kw-year. The costs afe total estimated program costs and the
kw-year values are the integrated products of end-of-period kw for each
growth step and the time durations in years. An alternative mode of augmen-
tation prior to addition of the second Power/Subsystems Module consisted of

" a dedicated Shuttle launch with a "plug-in'' solar array. The dedicated
Shuttle flight cost estimate isr $5. 1M, thus adding $4. 6M to the launch cost

for the solar array weight on a cooperative launch.

The cost-effective values for the spectrum of cases studied ranged from
$0. 720M/kw-year to $0. 788M/kw-year. This corresponds closely to the
cost basis 0f$0.765M/kw-yearused for power on alltrade studies. The lowest-
cost two-step approach yielded a cost-effectiveness of $0.760M/kw-year
for two 5,500'ft2 arrays, giving 16.1 kw at 5 years and 28.0 kw at 10 years,‘

but having less complexity than the three-step approaches with plug-in arrays.

The solar arrays are the largest cost elements in both non-recurring and
recurring costs. Therefore, the cost-effectiveness is directly dependent
upon the overall electrical power system efficiency. The data used during
these studies were based on a conservative system design factor of .

2.5 (solar array delivered power during sunlight divided by load bus average
power), The preliminary design phase indicates that the design factor should
be reduced by 12. 8 percent to 2. 18, reflecting reduced power losses for
transmission at 115 vdc rather than a lower voltage, for the sequential
partial-shunt regulator rather than a series regulator, and for the thermally-
controlled battery ampere-hour efficiency of 94 percent rather than 80 per-

cent for room temperature operation,

The selected approach with a 5,300 ft:2 initial array which is replicated at
GSS, and a design factor of 2. 18, produces a corresponding program cost
estimate of$161. SMforthe EPS; a resource effectiveness of 239. 0 kw-year
(16.7 kw for 5 years followed by 31.1 kw for 5 years); and a cost-effectiveness
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‘rating of $0. 676M/kw-yea.r. This rating is 11 percent better than the value

obtained with a 12.8 percent poorer design factor, thus indicating the close

correlation predicted between EPS efficiency and power cost-effectiveness.
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4.6 ENVIRONMENTAL CONTROL/LIFE SUPPORT SUBSYSTEM

4.6.1 Summary

-The Environmental Control/Life Support Subsystem (EC/LS) provides cabin

atmosphere control and purification, water and waste management, pressure

- suit support, and thermal control for the entire Modular Space Station. The

preliminary design described in this section has been developed to a depth
sufficient to arrive at reasonable estimates of weight, volume, power and

performance requirements, and operating characteristics. In addition to

"these design data, EC/LS interfaces and design impacts on other Space

Station elements are identified.

In performing the Phase B Study of the Modular Space Station, data and
designs in the areas of COZ’removal and water recovery were provided by
the Hamilton Standard Division of United Aircraft under a subcontract to’

MDAC., Assistance was alsoc provided b‘y numerous unfunded subcontractors,

The selected EC/LS design provides a habitable atmbsphere, nearly the Sam_e ’
as that at sea level, with a selectable temperature of 18,3 to 29,4°C (65 to
85°F), Two 6-man EC/LS units located in the Crew/Operations and GPL

Modules are provided, Novrmally, each EC/LS.unit processes the air in one

sepérable, habitable compartment; however, in emergencies, either EC/LS

unit can serve the entire station.

The EC/LS Subsystem provides full water recovery; that is, urine, wash
water, and condensate are processea for reuse. This provides more water
than is required for drinking and washing so that excess water is available,
An open oxygen system is provided which complies with the guidelines for

low initial and total program cost. However, provisions are included to

" retrofit the orbiting station with closed oxygen at any time it becomes advan-

tageous. Oxygen for metabolic use is resupplied as high-pressure gas;

oxygen and nitrogen for atmospheric makeup in case of leakage is stored as a

gaseous reserve.
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Crew metabolic C"JO2 removed from the cabin atmosphere is collected and
stored for use as propellant in the low-thrust propulsion subsystem.
Expulsion of the CO2 at high temperature and velocity minimizes potential

contamination interference with the experiments,

Interference with the experiments is also minimized by providing a fecal
collection and processor design which precludes dumping water vapor over-
board. The feces are processed by heat and vacuum methods with an onboard
pump; fecal water is stored and returned to Earth during scheduled Logistics

Module return flights,

SeparateThermal Control Systems, consisting of a Freon 21 radiator loop

and an integral water loop, are provided for each core module to facilitate
station buildup and to allow any module to be removed for refurbishment or
replacement. A separate interchange loop is included which allows transfer
of heat between modules. This loop provides continuous thermal control
-within a module when its own thermal control loop is inadequate or

inoperative.

EC/LS process heat is derived from a solar collector mounted on the solar
array support structure., Solar heat is absorbed by the solar collector
surface which has a highly absorptive coating for trapping solar energy. Two
separate circulating water loops pass through redundant tubes in the solar
collector. Each loop transports heat to each of the EC/LS units located in
separate compartments to provide heat for CO2 removal, urine recovery,

and water storage.

Crew support provisions are included for suited or unsuited IVA and for
suited EVA, Additionally, a 96-hour pallet is provided which contains all
crew life-support needs for 4 days of emergency operation. Two pallets are
located in the GPL Module and one in each attached module (during initial
buildup one is also located in the Power/Subsystems Module). The main
purpose of the 96-hour pallet is to support the crew during an abort operation

when major Space Station systems have become permanently disabled.
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A number of backup modes of operation are provided for the critical EC/LS .

functions. Both the normal and contingency atmosphere stores are available
either through the normal-use manifold or through manually operated valves
located in the storage areas. Atmosphere reconditioning units are designed
for easy maintenance; redundant units are also provided. The 96-hour

pallets supply additional capacity for atmosphere reconditioning.

- A 30-day contingency water supply backs up the water recbvery unit which is
maintainable at the component level, The thermal control system-ﬁas consid-
erable redundancy since each core module has a separate system, external
radiators are redundant and because an interchange loop is incorporated
between the basic S/S modules. Additional capabilify is provided in the

96-~-hour pallet for potable water and for thermal control.

In order to arrive at a refined preliminary design, a number of trade studies
and analyses were performed to decide key issues in the EC/LS design. The

major results are highlighted in Table 4. 6-1,

The trade studies on the EC/LS Subsystem were performed on both qualitative
and quantitative bases., Each concept considered for the design is reqﬁired’
to meet absolute criteria of performa‘nce and safety and to be capable of
being developed for a 1979 1a_unch date. Concepts which meet these absolute
criteria have been evaluated from a quantitative cost standpoint which '
includes costs for launch weight, launch volume, power requirements, crew
time for maintenance, resupply costs and hardware costs. Qualitative evalu-
ation criteria considered include flexibility, growth potential, interface
sensitivity, development risk and complexity. Table 4, 6-1 givés the major

considerations which influenced each trade result,

" The thermal control design involved a major analytical effort to provide data
for design decisions and to determine the performance adequacy of the final
design. The selected radiator design meets all performance requirements
for all modules in '"worst case'' conditions of peak internal heat loads, orbits.
vielding maximum incident heating, maximum values for orbital heating

constants, least favorable docked module configuration and vehicle attitude

and for a degraded surface coating.
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Although an active radiator concept was selected, less conventional designs
were considered including refrigeration cycles, heat pipes.and hybrid sys- .
tems. The active radiator concept was selected based on extensive data '
from previous 'stlvldie_s and in particular the 10-m (33 foot) diameter Spacev
Station. Additionally, the selected concept waé proven successful on ‘
prévioué space vehicles (Apollo and Gemini). Alternate systems have the
ai_sadvantages of requiring extensive development which would result in
higher costs. The detailed design of the thermal control 10015 involvéa a-
number of subtrades to arrive at an efficient design. These involved studies
for determining radiator tube geometry and layout on the radiator surfaces,

fluid temperature and flow control, and meteoroid protection.

4.6.2 Requirements

4, 6.2.1 General Requirements

Table 4. 6-2 ta‘.bulates‘ p’r.:o'g"ramkalhd project requirements which have a

significant influence on the definition of the EC/LS Subsystem, These requir'e.-_

ments are extractions from the Sp_acé Station P‘rojectvand Program (modular)
Specifications No. PS02925 and No. RS02927 of NASA reports MSFC-DPD-235/
DR No, CM-01 and CM-02. The originating paragraph in the Specifications

follows each requirement in the table.

A number of key requirements exist whiéh particularly impact the EC/LS
design. These requirements stress the need Ifor EC/LS overcapacity and for
multiple- EC/LS units. The general fequirement for '"'two separate preééurized
habitable compartments with independent life support capability" réquires at
 least two separate sources for each major life support function, Closely
related to this requirement is the need‘to provide for crew overlap. The two
independent sources for each life support function will in most cases also

"satisfy the crew overlap requirement,
The guideline for "'safety as a mandatory consideration' impacts the design by

emphasizing safety in EC/LS concept selection and in the design for redundancy

and backup provisions,
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Table 4, 6-2
GENERAL EC/LS REQUIREMENTS (Page 1 of 3)

10,

11,

12,

‘The Initial Space Station will be sized to accommodate at least six

crewmen. Provisions for double occupancy will be provided in case
they are required during relief crew overlap periods. (3.7.1.2.1)

A minimum of two separate pressurized habitable compartments with
independent life support capability and provisions and other essential
services will be provided at each manned stage of cluster buildup and
operation. (3.2,1.2.2)

The Space Station will be capable of accommodating a mixed male-
fermale crew. (3.1.3.1.5)

The Space Station shall be divided into at least two pressurized
habitable volumes so that any damaged module can be isolated as
required. Accessible modules will be equipped and provisioned so that
the crew can safely continue a degraded mission and take corrective
action to either repair or replace the damaged module. (3.2.6.2.1)

At least 30 days consumables, including subsystems and experiments,
will be available beyond the scheduled resupply mission. (3. 4,2)

The Initial Space Station shall have the capacity for independent
operation with the full crew for a period of 120 days This capacity
can be included in a cargo module. (3. 4. 1)

Redundant equipment and electrical or fluid paths shall be physically
separated, where possible, to minimize the probability of damage to
one when the other is damaged. (3.2.6.2.4)

Two or more suited crewmen will participate in any pressure-suit
activity and rescue provisions will be provided. (3.2.6.4.4)

All materials selected for use in habitability areas will be nontoxic,
nonflammable, and nonexplosive to the maximum extent practical.
(3.3.2.2.7)

Safety is a mandatory consideration through the total program., As a
goal, no single malfunction or credible combination of malfunctions
and/or accidents shall result in serious injury to personnel or to crew
abandonment of the Space Station. (3.2.6.1.1)

Provisions and habitable facilities shall be adequate to sustain the
entire crew for a minimum of 96 hours during an emergency situation
requiring Shuttle rescue. (3.2.6.6.2)

Access to an EVA and IVA airlock suit station(s) shall be provided for
all credible emergency conditions. Airlock chamber(s) shall be provided
to permit crew access for EVA/IVA operations. (3.2.6.5.4)
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Table 4. 6-2
GENERAL EC/LS REQUIREMENTS (Page 2 of 3)

13,

14.

16.
17

18.

19.

20,

21.

Critical onboard subsystems will be de51gned to minimize risk of loss

of modules, injury to the crew or damage to the Shuttle and other. '
1nterfac1ng vehicles., (3.2.6.2.7)

" The EC/LS system will provide a shirtsleeve environment within
~habitable areas for crew activities during the buildup, activation
* periods, and module replacement period. (3.7.1.3.1.1)"

The Space Station structure and subsystems will be designed for an
oxygen/nitrogen mixture at a normal operating pressure of 101 kn/m

(14, 7 psia). (3.2,1;1,16)

Carbon dioxide partial pressures will be maintained below O 4 kn/rn2

(3. 0 mm Hg) in all habitable areas. (3.7.1.3.1,2)

- The environmental control and life suppoft subsystem shall be designed |
- with a closed wash water loop. Closure of other functional loops will

be based on the appropriate trade data. (3.7.1.3.1.3)

An active temperature control system shall be provided with external
fluid radiators. The cabin temperature will be selectively maintained '

. between 18.4°C and 24.0°C (65 and 85°F). The mean radiant wall

temperature, referenced to the crew, will be maintained between
15.5°C and 26.6°C (60 and 80°F). The maximum surface temperature
of surfaces that may be contacted by the crew shall not exceed 40°C
(105°F), The atmosphere velocity will be maintained, in habitable
regions, between 0.1 and 0.25 m/sec (20 and 50 ft/min). The partial
pressure of the cabin atmosphere water vapor will nominally be main-

L tamed about 1.1 kn/m?2 (8 mm Hg) and shall not exceed 1. 7 kn/m?2

137 mm Hg)." Short transients to 0. 8 kn/m2 (6 mm Hg) will be allowed.
No condensation shall form on internal surfaces. (3.7.1.3.1, 4)

The potability of resupply water must be verified prior to its use on
the Space Station. The potability of water used by crewmen will be
monitored and controlled.- (3.7.1.3.1.5)

Atmosphere stores and subsystem capacity sufficient for one repres-
surization of the largest pressurized habitable volume shall be main-
tained on the Space Station during manned operations and be available _
to independently supply any pressurized habitable volume. (3.7.1.3.1.6) -

The atmosphere constituents, including harmful airborne trace
contaminants and odors, will be monitored and controlled in each
pressurized habitable volume., (3.7.1.3.1.7)
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Table 4, 6-2
GENERAL EC/LS REQUIREMENTS (Page 3 of 3)

22. Space Station modules shall be launched at orbital operating pressure
of standard atmosphere of 101 kn/m2 (14. 7 psia) with no programmed
venting, However, overpressure control and emergency venting shall
be provided. Systems shall be designed to operate at nominal atmo-
spheric conditions as well as survive pressures of 0. 00138 kn/m
(0. 01 mm Hg). Systems are not required to operate at 0. 00138 kn/m
(0. 01 mm Hg). (3.1.3.2.5)

23, Heat transport fluids located within pressurized crew compartments
shall be nontoxic and nonflammable at ambient atmosphere pressure
and composition. (3.3.2.2.6)

The requirement for a low 0. 4 kn/m® (3.0 mm Hg) CO, partial pressure
impacts the design in the areas of concept selection for CO2 removal and air
distribution design. Large ventilation rates are needed to maintain low COZ
level throughout the Space Station. Additionally a 0. 4 kn/m2 (3.0 mm Hg)
PCOZ

depolizer and carbonation cell.

favors removal concepts which control to low CO2 levels, i.e., H2

Liow cost is emphasized as a program requirement to minimize initial cost
and total program cost, This requirement favors low cost subsystems and
suggests that trades be performed from a cost standpoint rather than the

classical minimum weight standpoint.

4,6.2.2 Functional Requirements
Table 4. 6-3 tabulates key functional requirements for the EC/LS Subsystem
by assembly group. A more detailed presentation of the functional require-

ments is given in the CEI Specification, DR Number CM-03,

4,6.2.3 Design Requirements
Design level requirements are listed in Table 4. 6-4 at the functional assembly
group level, These requirements were derived from the Phase B Space

Station Study and from the Space Station Prototype Program.
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EC/LS FUNCTIONAL REQUIREMENTS

Table 4. 6-3

"Assembly Group

Requirement

Atmosphere Supply and
" Control :

Atmosphere Reconditioning

Water Management

Waste Management

EVA/IVA

. Thermal Control

Provide makeup O2 and N2
Provide contingency O2 and N2 supply

Maintain atmosphere pressure and
composition control

Provide for compartment pressurization/
depressurization

Provide atmosphere temperature control
Provide atmosphere humidity control
Provide atmosphere CO2 control’

Provide atmospheric trace contaminant
control '

Provide oxygen recovery from CO2 (if .
applicable) :

Process and render potable water from urine,
condensate, and wash water

Store and deliver potable water
Collect and transfer urine
Collect, process, and store fecal waste

Provide support for EVA and IVA pressure
suit activity

Provide pbrtable crew O2 supply

Collect waste heat from all liquid cooled
equipment,

Provide process heat for EC/LS equipment

Transfer waste heat to the radiator for
rejection to space.
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. . Table 4, 6-4
: : EC/LS DESIGN REQUIREMENTS (Page 1 of 3)

Atmosphere Supply and Control

Depressurizable compartment 23,2 m> - 440 m3/30 days

volume (820 - 15, 600 £t3/30 days)
Depressurizable compartment 24 hr for 115 m3 (4078 £t3)

time, minimum ‘

Repressurization/contingency Onboard storage for one repressuri-
supply zation of largest compartment
Repressurization time v ' 6-hr maximum

Leakage ' Negligible

Atmosphere relief : Relieves cabin pressure at’

105.5 % 1.4 kn/m2 (15 = 0. 2 psia).
Dump largest compartment to
6.89 kn/m?2 (1 psia) or less in

3 minutes.

Atmosphere
Oxygen partial pressure 21. 4 kn/mZ (3.1 psia)
Total pressure 101 kn/m'2 (14. 7 psia)

Atmosphere Reconditioning

CO, partial pressure : Normal - 0. 4 kn/m2 (3,mm Hg) or less
Emergency - 1.0 kn/m? (7. 6 mm Hg)
maximum for 7 days,

CO2 generation rate, peak/average 0.354/0.260 kg/hr (0. 78/0.575 1b/hr)

(6 men)
O, use rate, average 0.218 kg/hr (0. 48 1b/hr) (6 men)
Trace contaminants : Same as Phase B SS Study (see
Ref 1)
Free moisture in atmosphere None allowed
Particulate filtration level ) Class 100, 000 clean room
Atmosphere heat load Crew metabolic +20% of net electrical
_ power output
Metabolic levels IZ\I‘;nljlmal - 136 watts (465 Btu/hr) for
r.

Design - 2 men at 235 watts (800 Btu/hr)
4 men at 161 watts (550 Btu/hr)

Atmosphere temperature 18.4 to 23.9°C (65 to 85°F) selectable

Dewpoint temperature 7.2 to 14.5°C (45 to 58°F) with
transients to 4. 5°C (40°F) allowable
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Table 4

EC/LS DESIGN REQUIREMENTS (Page 2 of 3)

.6-4

Atmosphere Reconditioning

Mean radiant wall temperature
Velocity in occupied regions
Design latent load

Crew

Crew equipment

Experiments

Water Management

Urine rate, average

Urine solids rate, average
Urine flush water, average
Wash water rate, average
Wash water rate, peak

Wash water output temperature

Potable water delivery temperature,

" hot

Potable water delivery rate, hot

‘Potable water delivery temperature,
cold

Potable water delivery rate, cold
Sterilization requirements

Potable requirements

Waste Management

Frequency of defecation
Duration of defecation
Fecal solids

Fecal water

Frequency of micturations
Duration of micturation
Urine solids

Urine water

18.4 to 23.9°C (65 to 85°F)
0.1 to 0.25 m/sec (20 to 50 ft/min)

640 watts (2180 Btu/hr)
385 watts (1313 Btu/hr)
306 watts (1042 Btu/hr)

1. 64 kg/man-day (3. 61 1b/mé.n-day)
0. 0728 kg/man-day (0. 16 1b/man-day)
0. 163 kg/man-day (0. 36 lb/man-day)
22.2 kg/man-day (48.9 lb/man-day)

109 kg/hr (240 lb/hr) for 10 min

40.5°C (105°F)
71°C (105°F)

54, 5 kg /min (120 1b/min) for 3 sec
7.2°C (45°F) '

54. 5 kg/min (120 1b/min) for 3 sec
Capability to sterilize required

Determined by Space Science Board,
National Academy of Sciences

l/mah-day

5 minutes/event

0. 036 kg/man-day (0. 08 lb/man-day)
0.112 kg/man-day (0.25 1b/man-day)
6/man-day

1 minute/event

0. 0715 kg/man-day (0. 16 1b/man-day)
1. 54 kg/man-day (3. 45 lb/man-day)
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Table 4. 6-4
EC/LS DESIGN REQUIREMENTS (Page 3 of 3)

EVA/IVA
EVA metabolic rate, peak 586 watts (2, 000 Btu/hr) 2 hr
EVA metabolic rate, average 352 watts (1, 200 Btu/hr) 4 hr
IVA metabolic rate, peak 470 watts (1, 600 Btu/hr) 2 hr
IVA metabolic rate, average 234 watts (800 Btu/hr) 4hr
Preconditioning time per suited 6 to 8 hr
event ‘ ‘ :
Suit pressure 25.5 kn/m2 (3. 7 psia)
Average number of EVA activities 1. 5 events /month

Number of crewmen 2 crewmen/event

Thermal Control

Orbit inclination s 55 degrees

Orbit altitude 444 to 500 km (240 to 270 nmi)
Orientation : No restrictions allowed

Heat leaks » Minimize

‘Structural interface . Integrated meteoroid shield/radiator
Radiator reliability 0. 99 for each module for 10 years

4,6.3 Selected Subsystem Design

The selected design described below is based on the requirements noted in
subsection 4, 6,2 and design analyses and trade studies réported'in subsec-
tion 4, 6. 4 of this report. The description includes estimated weight, volume,
power requirements, interface characteristics, and operational considera-
tions of the EC/LS Subsystem to a depth consistent with or exceeding the
requiréments of the Phase B study and emphasizes definition of those
interfaces which have a significant effect on other subsystems of the Modular
Space Station, The description applies to the ISS level of buildup; subsection
4.6.3, 4 describes the growth to the GSS,

4,6,3.1 Subsystem Description
The EC/LS Subsystem provides cabin atmosphere control and purification,

water and waste management, pressure suit support, and thermal control
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for the entire Spal‘ce Station. Figure 4, 6-1 shows a subsystem-to-assembly

breakdown for the baseline design. Primary characteristics of the EC/LS

Subsystem include the following:

“A,

A 101 kn/m® (14. 7 psia) sea level atmosphere is provided with a
partial pressure of oxygen constant at 21, 4 kn/m2 (3. 1 psi).

Two 6-man atmosphere reconditioning subsystems are provided,
one in the Crew/Operations Module and one in the GPL, Each unit
is capable of processing the entire Station atmosphere including
attached modules, Normally the unit in the Crew/Operations Module
will process all atmosphere except the GPL which will provide its
own processing, In a contingency, either unit will process the total
atmosphere. Each module contains separate atmosphere cooling
provisions,

The ISS employs an open oxygen loop but provisions are included to
permit adding oxygen recovery at any time desired. CO2 removed
from the atmosphere is used in the resistojet low-thrust propulsion
system. '

The subsystem provided has full HZO recovery; that is more water
is recovered in the Space Station than is required for drinking and
washing. A water management system is located in the Crew/
Operation Module and a 30-day contingency water supply is located
in the GPL,

The total heat generated in the Space Station is rejected to space
through segmented radiators integrated with the micrometeoroid
shield, Each core module contains independent thermal control
loops. A separate water loop between core compartments provides
a sharing of cooling capacity. A solar heat collector is mounted on

the solar array structure to provide EC/LS process heat.

" All normal operations of the EC/LS are automatic; the crew will only occa-

sionally review status and initiate seldom-used operations such as pumpdown.

Primary control is by simple controls located on the EC/LS assemblies; the

data management system performs checkout diagnosis and monitoring -

operations, This arrangement is chosen to make the EC/LS nearly

independent of other subsystems, thereby enhancing crew safety.
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A total mass balance for the EC/LS Subsystem is shown in Figure. 4, 6-2.
Inputs are food, water contained in the food, and gaseous oxygen makeup.
Outputs are fecal water, miscellaneous solids associated with the metabolic
process, nonrecoverable water from urine purification, carbondioxide utilized
by the Propulsion Subsystem, and a water surplus, part of which is used for
EVA cooling. With the exception of the CO2 used as propellant and the leak-

age gases, no products from the EC/LS are dumped or vented overboard.

The wash water and condensate recovery assembly purifies 80 percent of the
condensate and wash water; the 20-percent residue is cycled to the urine
water recovery assembly., There the residue, the 'urine, and the urine flush
water are purified at a 99-percent efficiency; the only water lost is that con-
tained in the replaceable wicks. The purified water from the water recovery
uhifs provides wash water, water for EVA cooling, and the water consumed
by the crew in excess of that provided in the food. Oxygen required for crew
metabolic usage is resupplied in the form of gas, The carbon dioxide is
transferred to the Propulsion System where it is used as resistojet propellant

for orbit-keeping and control moment gryo (CMG) desaturation.

The excess water not used for cooling during extravehicular activity (EVA)
events provides a contingency that can be used for experiments and an allow-

ance for uneaten food or water lost in trash disposal,

Figures 4.6-3, 4.6-4, and 4, 6-5 are assembly-level schematics of the EC/LS
Subsystem which show how the assemblies are interrelated and how the sub-
system is integrated within the 3-core modules. Figure 4. 6-6 illustrates the
type of oxygen recovery unit which could be added during the mission if con-
straints on logistics resupply or other factors indicated the need. As pre-
viously noted, the assemblies provided in the Crew/Operation Module and the
GPL Module each have the capability to support six men and either system
can provide reconditioned atmosphere to any core module. If the EC/LS is
inoperative in either compartment, the remaining unit can accommodate the
entire ISS through the interconnecting ducting. However, the two habitable

volumes are processed separately although some intermixing will occur.

With this concept, a major emergency such as a fire, decompression, or
massive contamination will affect only the atmosphere in half of the Space

Station. The crew will be able to isolate the other compartment and continue
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operation limited only by the amount of consumables onboard at the time of

the emergency. With both units operating, the system easily accommodates

a 12-man crew during the overlap period.

Separate thermal control loops are necessary so that any core module can be
returned to Earth for refurbishment. If a single loop were provided for all
core modules, removal or incorporation of a module could result in loss 6f
thermal control for the entire ISS. However, to make full use of the multiple
loop concept, an interchange loop is provided between core modules, This
interchange water loop is normally inactive and is activated only when there
is insufficient cooling in one of the individual modules. Heat is removed from
the deficient module and transported to the remaining modules where it is
rejected to space, The interchange loop also passes through critical elec-

" tronics so that loss of the entire thermal control system in a module will not

result in complete loss of the module.

. Nearly all of the surface of the core modules is needed for heat rejection
under design environmental conditions. For this reason, and because radia-
tor failures may be difficult to repair, full redundancy is provided in the
radiator circuitry. Segmentation and circuit isolation further protect against

rhajor thermal control system loss,

Table 4, 6-5 tabulates the weight, volume, power, éssembly dimensions, spares,

and expendables for the EC/LS Subsystem.

A 96-hour pallet is provided which contains all essential EC/LS services,
food, or emergency power for the crew. This assembly does not rely on any
onboard system for support and is self contained for ease of location and
movement throughout the Space Station. The pallet contains the following
provisions: (1) oxygen, (2) water for crew intake and cooling, (3) food,

(4) LiOH for CO2 control, (5) a water boiler, and (6) miscellaneous medical
and personal hygiene provisions. Two of these 3-man pallets are normally
located in the GPL and one pallet is located in each attached module. During
buildup, a pallet is also located in the power module before the docking of a

Logistics Module.

Subsections 4. 6. 3.1 through 4, 6. 3. 6 of this report present a more detailed
description of the EC/LS Subsystem by assembly group.
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4.6.3.1.1 Atmosphere Supply and Control
The major functions of the Atmosphere Supply and Control Group are as
follows: '

A, Provide for makeup O and N5, as required.

B. Provide a contingency supply of O, and N, for emergencies..
C.  Maintain atmosphere pressure and composition control.
D

Provide for compartment pressurization and depressurization.

Figure 4.6-1 shows a breakdown of the assemblies which were designed to

meet these functional requirements.

. Oxygen and nitrogen storage requirements are shown in Table 4.6-6. Makeup

gas counsists of oxygen and nitrogen for pumpdown makeup and oxygen for crew

metabolic makeup, This makeup gas is resupplied as high pressure gas at
2. 06 x 10% kn/m? (3, 000 psia) in tanks located in the Logistics Module. The
‘gas is withdrawn from the Logistics Module at a reduced pressﬁ.re of

410 kn/m? (60 psia) as required by the Space Station and distributed to the

core modules through a common manifold running to all modules.

The contingency gas supply consists of Ozland N; for compartment repres-
surization and a 30-day supply of crew metabolic O,. This supply is stored
as 2.06 x 10% kn/m?2 (3, 000 psia) gé.s in tanks located in the power'module
(Figure 4. 6-3). The oxygen requirement of 240 kg (530 lb) is contained in
four O, gas storage assemblies (1100-1) consisting of tank and supporting
connectors and valves. The nitrogen requirement of 231 kg (510 1b) is con-
tained in four N, gas storage assemblies (1100-2) which are identical in
design to the O, gas storage assemblies (1100-~1), Pressure transducers
located on each tank provide signals for quantity measurements and orifices

are located in tank outlet lines to limit flow output.
The contingency gas supply is not normally used except during emergencies.

If the supply is used, tank replacement is provided for with the disconnect

1104. ‘
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PRECEDING PACGE BLANK NOT FILMED
Table 4. 6-6
GASEQUS STORAGE REQUIREMENT

On Board - :
. Storage Resupply
Item (1b) (lb/30 days)

Compartment repressurization O, 184
Compartment repressurization N, 510
Crew contingency O; 346
Crew metabolic Op 346.0
Pumpdown makeup O, _ 6.5
Pumpdown makeup N, 18.1
EVA O, 3.6

' Totals 1, 040 374, 2

Normally the tank shutoff valves are closed so the contingency gas supply is
not used. If gas is required from the contingency supply, the normally-closed
tank shutoff valves (1103) are opened. The high-pressure gas from the tanks
is reduced to a working pressure of 410 kn/m2 (60 psia) in the pressure reduc-
tion assembly (1200). The