DAC-56626

i

o 8 (THRY)
o TGRS UMBER /
) //g_zi’__, {CODE)
=
g (FAGES) /g’_,_\/
z W/ KMEGOR“
-
= = UMBER]
=1 W OR AD N
3 (ASA CRORTM
2 (A

-

S-IVB ORBITAL WORKSHOP
ATTITUDE CONTROL SYSTEM STUDY

DECEMBER 1867

o Eép:éc_lucﬂvd by o y
(of-\ S
NATIONAL TECHN .

- ON SERVIC
INFO;&{:{‘\@E' Vo m



N70-35801

S-IVB ORBITAL WORKSHOP ATTITUDE CONTROL
SYSTEM STUDY

December 1967

Distributed ... ‘o foster, serve
and promote the nation’s
economic development

and technological

advancement.’

U.5. DEPARTMENT OF COMMERCE

This document has been approved for public release and ale.



NOTICE
This document has bc;en reproduced from the best copy
furnished us by the sponsoring agency. Although it is
recognized that certain portions are illegible, it is

being released in the interest of making available as

much information as possible.



S-IVB ORBITAL WORKSHOP
ATTITUDE CONTROL SYSTEM STUDY

DOUGLAS REPORT DAC-56626
DECEMBER 1967

PREPARED BY: H. 8. CURTIS

SUPERVISOR, FLIGHT DYNAMICS & CONTROL SECTION
FLIGHT MECHANICS BRANCH

SATURN MECHANICS & RELIABILITY DEPARTMENT
AND

R. 5. BUNYAK

ANALYSIS BRANCH

SATURN PROPULSION

AND

W. J. EWALD '

STAFF ASSISTANT,

ADVANCE APPLICATIONS BRANCH

SATURN ELECTRONICS

%@--#ffi’ TIA ; 1.

aPPROVED BY: W. MILLER
DEPUTY DIRECTOR
SATURN/APOLLO PROGRAM EXTENS]ONS

UPG et

APPROVED B8Y: A. P. O’'NEAL

DIRECTOR, SATURN REVELOPMENT ENGINEERING
SATURN/APOLLO PROGRAMS

DOUGLAS MISSILE 8& SPACE SYSTEMS OIVISION

SPACE SYSTEMS CENTER — HUNTINGTON BEACH, CALIFORNIA



Approvel. Sheeb

REPORT NO. DAC-56626

S-IVB ORBITAL WORKSHOP
ATTITUDE CORTROL SYSTEM STUDY

Approved by:

.y

H. 8. Curtis, Supervisox

Flight Dynamics & Control Sectien

Flight Mechanics Branch .

Saturn Mechanics & Relisbility Depaxtment

Saturn Electronics

B) SSdibls

Do Wo Go:i.dberg’ Chiefy e .
Flight Dynamics & Control. Seetion

Flight Mechenics Branch

Sefurn Mechenics & Rellability Department

A bt

R. L. Odenbaugh, Chief
Flight Mechanics Branch .
Saturn Mechanics & Reliability Department

o
— *f-'/-/ i\E"’;Q/’/‘fzz""—‘;q"/

F. L. Redding, Chle
Advance Applicatiofis Branch
Saturn Electroenics X



Approval Sheet Page 2

REPORT NO. DAC-56626
S5=-1IVB OREBITAL WORKSHOP

ATTITUDE CONTROL SYSTEM STUDY

Analysis
Saturn Propulsion Depariment

R. Zrkenorack, Chief
turn Advance Applications Branch
Saturn Structural/Mechanical Department

Z/ Do

/8. 8. Mayer/ - Chief Bngineer
Mechanics & Rellability Deparbtment
Saturn Development Bngineering

Chief Engineer '
Bropulslon
Sa’cu:r.'n Development Engineering

J«&mﬁ

Jde. D. Shields
_Chlef Englneér
- Saturn Electrorilcs

R. V. Brown, Chief Engineer
Saburn Structural/Mechanical Deparcmnt




Approval Sheet = . Page 3
REPORT NO. DAC~56626
S-IVE ORBITAL WORKSHOP
ATTITUDE CONTROL SYSTEM STUDY

Approved by: K _C‘:l M’-W/

R. B. Holmen, Manager S-ivBd
Advance Application Studies & Propesals
Saturn/Apollo Program Exbensions

o

W. B. Schulte .
Chief Project Engineer
Saturn Development Engineering



ABSTRACT

A study was made‘of attitude control systems to provide several modes

of control for the Saturn S~IVB Orbital Workshop to be used for the

second Apollo Appfgcations Program mission (AAP-2). Areas studied
included control sensors, control logic electronics, reaction control
propulsionr, and thermal and environmental conirol systems. "The conbrol
modes studied included gravity-gradient capture, local vertical hold,

rate stabilization, and solar orientation. Solar panel electrical power.
was determined for several methods of solar orienting thg soler penels;
and the control impulse for these methods was determined as a function

of attitude control gains and the angle between the orbit plané and the
sun line. The recommended.system utilizes horizon sensors, sun sSensors
and rate gyros to generate attitude error signals for gulsing the regction
control thrusters. The propulsion system util;zes the Saturn V S-IVB APS
modules with negiengines and tanks.: Dual redundant components and fallure
detection }ogic are used to improve system reliability. . ‘

DESCRIFTORS
Orbital Solaxr
Workshop ‘Redundancy
Attitude | Thermal Conditioning
Control Electronies .
Gravity-Gradient Dynamics

Propulsion Systems . Impulse
' ' orientation



FPREFACE

Douglas Aircraft Company, Saturn Development‘Eggineering, has performed '
a study of active attitude control systems for the S-IVB Orbital Work-
shop under Supplemental Agreement 1L1 to NASA Contract Nas7-101.

This final report presents the resulits of studies in the areas of propul-

sion systems, thermal and environmental control systems, control electronics,
and control sensors. .
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1.0 INTRODUCTION |

3

Douglas has performed studies, as defined by MSFC in reference 1, of
attitude-control requirements and system-mechanization concepts for a
Workshop Attitude Control System (WACS) foxr the S-IVB Orbital Wor}':shop
(ows). The systeén is to be instelled on the second Apollo Applications
Program (AAP) vehicle for the AAP-2 mission. Attitude control requirements
have also been sps.-"_cit:‘ied for the S«IVB Stage of the AAFP-J-L mission; however,
these requirements’are much less severe in terms of impulse required,
duration of operatign, and number of modes of operation than those for the
AAP-2 mission. Consequently, the study has concentrated on the AAP-2
mission on the assumption that the same system can be used on-the S-IVB
Stage for the AAP-b mission. '

The AAP-2 QWS is used for two missions, designated Missioi: A end Mission B.
The configuration of the cluster used for these missions and the vehicle
coordinate system used in this study is shown in figure 1-1. The elements
of the OWS cluster configuration include the Airlock Module (AM), Multiple
Docking Adapter (MDA), Command and Service Module (CSM) , &nd the Lunar
Module and Apollo Telescope Mount (IM/ATM).

The liission profile is shown in figure 1-2., For Mission A, the S-IVB/oWS/ '’
AM/MDA will be launched by the AAP~2 vehicle into a 260 nautical mile
circular orbit of 28.5 degrees inclination. The CSM, with the crew, will
be launched by the AAP-1 vehicle into & lower elliptical orblt, separate
from the $-IVB Stage of the launch vehicle, and- perform:a rendezvous  and
docking maneuver with the QWS cluster. After & period of up to 28 days in
orbit, the CSM will separate from the OWS for deorbit to return the crew

to earth. ' '

Following Mission A, the OWS will ‘bé'pla.ced in a gravity-gradient orienta.
tion with the MDA down for a three to six month storage period.

For Mission B, the CSM, with the crew, will be launched by the AAP-3
vehicle, and the LM/ATM by the AAP-I vehicle. The CSM will separate
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 from the launch yehicle and rendezvous and dock to the IM/ATM. After
extraction of the IN/ATM from 1ts leunch vehicle, the CEM/LM/ATM will

b
effect a rendezvous with the OWS/AM/MDA of AAP-2. 'The IM/ATM will then

be docked to side port number 1 of ‘the MDA, and the C&M will dock to ths
MDA axisl port (number 5).

Following Mission B, the OWS/AM/MDA/IM/ATM will be placed in a gravity-
gradient orientation with the MDA down for a possible revisit after a
six to 12 month storage period.

At various times during the mission, attltude control capsbility is required
of the OWS because of the unavailsbility of the CSM or IM/ATM, while at
cther times when attitude conlrol is required, it could conceivably be pro-
-vided by either the OWS, the CSM, or the LM/ATM. ‘

Specific OWS attitude control requirements which were specified for the
study are given in section 2. '

1.1 Study Reaquirements
" o

The study was dlvided into two phases as defined in reference 1.

Phase I considered attlbude control systems to provide all of the -required

a'b‘ci'bu(de ‘control functions. Impulse requirements for these functions were

specified by MSFC in reference 2. For the Phase I study, the WACS was
required to provide pitch and yaw control to hold the gravity-gradient

* ovientation throughout Mission A. '

The areas of evaluation for atiltude :c:ontz‘:-ol were sgecified in reference 1 .
ass . ' '
" 1. Propulsion Systems (hypergolic, monopropellant, and compressed gas)
" 2. Thermal and environmental control systems '

3. Control logle and electronies

L, Control sensors (gyros, horizon sensors, etc.)

5. Sbmctural installation



Guidelines forigvaluating alternate systems, as specified in reference 1,
ineluded: ' _ . o

1. System and component reliability )
2., Bystem weight ’ '
':3. Schedule compatibility
L, Cost
5. DPower requirements
6. Vehicle control system installation
7. Availability of qualified components

The study was extended in Phase II to study alternate orieﬁtations during
Mission A which were specified by MSFC for lncreasing both solar panel

- powef and thermal heat input to the OWS over the 1evels.obtéined with
gravity-gradient orientation. The Phese II study, as specified in -
reference 1, included evaluation of the following for the specified

orientations:

1. Control impulse requiremeﬁté);
2. Aﬁailable solar panel power
- 3. Recommended implementation (bardware mechanizetion)
. System ;eight
. Power reguirements
. Relisbility

[o NN B L

This report includes results of both FPhase I and Phase II ‘studies. In the .
folloving sectiéns, system requirements,‘control system mechanization
concepts, results of attitude control dynamic analyses and simulations,
solar.panel power, and hardware for electronic, propulsion and thermal
cdnditioning subsystens apd S.IVB Stage modifications to accommodate this

system are discussed.

LENEN

The propulsion system designs presented in this report were based on a
launch date which allowed a system deﬁélopment_ﬁycle of only 18 months.
This accelerated development cycle made necessary the maximum utilization
of developed and qualified hardware and as a result system opfimization
was not possible. ’ o



igfb SYSTEM REQUIREMENTS

The WACS is required to provide attitude control of the S-IVB/OWS/AM/MDA

" which will ve launched on AAP-2, and the S-IVB/LM/ATM which will be
launched on AAP-4. The basic requirements for AAP«2 are for stabiliza-
tion prior to docking of other modules of the cluster mission (i.e., the
CSM or IM), and for restabilization following disturbances caused by
unsueccessful docking attempts or by undocking of other modules. In
addition, it is reqyired to provide attitude control for the cluster

" at times whén the LM/ATM or CSM is unable to do so because of Reaction

. Control System (RCS) propellant limitations or other considerations.

Attitude-control capability is réquired on AAP-L to stebilize the vehicle
for rendezvous and docking, in the event the CSM is unable to dock with
the 1¥/ATM before the present launch vehicle cepability is-exhausted.

The attitude-control requirements for AAP-2 and AAP-h, as established by
MSFC, are contained in reference 2. This section presents these require-
" ments. More detailed subsystem design requirements, which were derived

from these system requirements and mission profile, are given in- section b,

z

2.1 Schedule

The WACS must be compatible with the existing AAP launch schedule in

terms of procurement, testing, qualifiecation, and implementation. This
requires control system accommodations instellation on the AAP-2 launch
vehicle during the first quarter of 1969. "

2.2 Lifetime and Environment

Lifetime and environmental'requirements are implicit in the specified
mission profile. '

2.3 Phase I Requirements

The attitﬁde control system requirements for the Phase I study {reference 2)'
included 2 sequence ‘of attitude control functions or maneuvers for fhe entire
mission, the durstion of each function or maneuver, the impulse required

for each function, and the control system performance requirements.

These requirements are discussed in detail in the following sectlons.



1

4
2.3.1 Attitude Control Functions

The attitude control functional requirements for the AAP-2 mission are
listed in the second column of teble 2.1, The third column gives the
duration of each control functibn, and the last column gives the limits

", on attitude and attitude rate and indicates those conmtrol functions per=
formed by the CSM or IM/ATM attitude control systems rather than by the

; WACS., Table 2.2 lists similar data for S-IVB Stage control system for

" the AAP-L vehicle. Data in tables 2-1 and 2-2 are taken from reference 2.

2.3.2 TControl Impulse Regquirements

The control impulsé required for each attitude conbrol function, as
specified in reference 2 is listed in the fourth column of table 2-1.
for the OWS of the AAP-2 vehicle, and in table 2-2 for the S-IVB Stage
of the AAP-L vehicle,

2.3.3 Control System'Performﬁhce Requirements

" Control system performance requirements, as abstracted from tables 2-1 ,
and 2-2 are listed in tableZ-3together with other requirements from

reference 2. -

2.3.&\ Dockihg Constraints

The docking constréints, which are specified in reference 2 as the basls
for the applicable requirements in tables 2-1 through 2-3, are as follows:

Closing rate 0.5 ft/sec nominal, 1 ft/sec maximum

" Lateral rate 0 to 0.5 ft/sec ‘
‘Lateral displacement O to 1 f%
Angular displacement 10 deg in each axis

_.Angular velocity © 0.1 deg/sgc in each axis

2.4 - Phase IT Requirements

The Phase II requirements specified alternste orientations, in lien Sf
the gravity-gradient orientation of event 7 in tab%e 2-1, for the cluster
during the 28 days of Mission A. .These orientations are more favorable .
‘ for'solér panel power and thermsl input considerations. Requirements

for the remainder of the mission were not changed.



EVENT

TABLE 2-1

S-IVB/OWS CONTROL SYSTEM REQUI?EMENTS (AAP-2)*

ATTITUDE CONTROL FUNCTION

Insert S-IVB-OWS (AAP-2) in gravity-
gradient stabilized position .

Maintain gravity-gradient position
during CSM-M&SS hendezvous

Stebilize OWS after one successful
- and one missed docking attempt by
. CSM-M&SS : )

‘Remove undocking disturbances, and
stabilize OWS-M&SS for CSM docking
attempt

' Stabilize 'OWS after one successful

and '‘one missed docking attempt by CSM

Insert OWS-M&SS-CSM in gravity-gradient

stabilized position with MDA down
Maintain gravity-gradient stabilized
position ) o

Position OWS-M&SS-CSM as may be
requlred other than gravity-gradient

* From Reference 2
*% Mapping end Survey System

IMPULSE
. REQUIREMENT
TIME (N-sec)
Before‘IU loses 0
power Q7.5 hours)
7.5 to 48 hours 7,500

after AAP-2 launch

1/l orbit allowed
to remove docking
disturbances

1l orbit alloweg'
1/h orbit allowed

Start of 23~day
mission :

During 23-day

mission

During 23-day
mission

15,000
3,500

15,000

7,500

. COMMENTS

Use JU with S-IVE APS

Systen muggnhaintain,pitch and yaw
within 120" of the local vertical, and
can allow random roll attitude

.Rate stabilization only. gws angular

rates must be less than0.1”/sec about
each axis

Rate stabilization only. 0.1%/sec’
anguler rate

Rate stabilization only. QWS angular
rates must be less than0.1" /sec about
each axis .

CSM will perform this maneuver

System must maintaiﬂ—pitch and._ yaw

‘within 3207 of local vertical, and
.can allow random roll attitude

CSM will perform necessary maneuver
and return the system to gravity-
gradient stabilized position



EVENT

10

11

13

1k

15

16

17

ATTITUDE CONTROL FUNCTION

Reacquire gravity-gradient stabilized
position after CSM undocking

Maintain gravity-gradient stabilized
position during CSM & LM/ATM rendez-
vous

Restabilize QWS after two docklng
attempts by IM/ATM .

Stabilize OWS aftg} one "successful
and one missed docking attempt by CSM

N .
CMG*spin up and dump
Maintain gravity-gradient stabilized
position in the event of IM/ATM free-
fly or tether operation

Stabilize cluster for IM/ATM redock

- after free-fly mode or tether operation

CMG Despin

Reacquire gravity-gradient stabllized

" position after CSM undocking

* Control Moment Gyro

W
TABLE 2-_.,?‘ (cont " d)

IMPULSE
REQUIREMENT

TIME (N -sec)
End of 28-day 5,500
rission
Start of 56-day 7,500
mission for 3
orbits
1/4 orbit after 10,000 .
each attempt
1/4 orbit 2,000
Not defined 0
Two days 7,500
1/4 orbit 0
End of 56—day - 0
mission .
End of 56-day 1,000

mission

"

COMMERTS

Vehicle must be left in storage so that
MDA points toward the earth; vehicle
is not allowed to tumble . ‘

P S

Systemomust maintain pitch and yaw with-
in +20" of -the local vertical; random
roll is acceptable (attitude)

System must remove docking disturbances
from one unsuccessful docking sttempt
and one successful docking attempt to
prepare fog CSM docking; rate stabiliza-
tion 15s0.1" /sec about each axis

Rate stabilization0.1%/sec about each

axis
CSM will provide stabilization
System must maintain piteh and yaw

within +20 of local vertical

CSM will provide stahilizatiﬁn

.CSM will provide stabilization, if this

maneuver is required

This requirement exists only if CMG ig
inoperative



ol

EVENT

18

19

ATTITUDE CONTIROL FUNCTICN

Maintain gravity-gradient stebilized
position for CSM revisit rendezvous

Staebilize OWS after one successful
and one missed attempt by revisiting

-C8M:

TABLE 2-1 (cont’'d)

IMPULSE
, REQUIREMENT
TIME (N-sec)
. ¥ .
Not applicable 7,500
1/4 orbit 10, 000

TOTAL 99,500
(N-sec)
22,500
(1b-sae)

COMMENTS

System sy naintain
within #207, and can
Needed only if CMG's

Rate stabilization o
gll axes reguired.
are operating

pitch and yaw
allow random roll.
are inoperative

nly. O..‘Lo/sec about
Not needed 1f CMG's
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EVENT

TABLE 2-2

S-IVB CONTROL SYSTEM REQUIREMENTS ‘(AAP-4) -

MANEUVER

Insert S-IVB-IM/ATM (AAP-4) in
gravity gradient stabilized
position

Maintain gravity-gradient position
during CSM rendezvous

Stabilize AAP-4 after one success-
ful and one missed docking attempt
by CSM

IMPULSE
TIME REQUIREMENT
¥
Before IU loseé 0
power (7.5 hours)
7.5 hours to L8 7,500
hours
i/h orbit réﬁuired 2,000
" 9,500
TQTAL (§-sec)
2,100
(1b-sec)

COMMENTS ’

et

- J:'_’-

Use TU with S-IVB APS

System must maintain pitch and yaw

* . within +20 of the loeal vertical,

and can sllow random roll

Rate stabilization only. AAP-L
a%gular rates must Be less than
sec about any axis



TABIE 2-3

CONTROL SYSTEM CAPABILITY RequIREMENTS(L)

Thrust: éo Newtons (1l.3 pounds)
Attitude: Piteh & Yaw ‘ f20° with respect to loecal vertical
) Roll No control reguired
Rates: - Pitch " " orbital rate within +0.01 deg!sec(e)
Yaw +0.01 deg/gec(e)
Roll + $0.01 deg/sec

Impulse (Based on 8-meter: moment arm; S-IVB aft skirt)
AAP-2 99,500 N-sec (22,500 1b-sec)

AAP-4 " 9,500 N-sec (2,100 1b-sec)

(1) FExcluding boost and passivation (from reference 2.

(2). These requirements represent capability for minimum rates rather
than meximum limitations. The requirements of table 2-1 are
assumed to govern, since these requirements are not compatible
with gravity-gradient-assisted attitude control.and the 320°
attitude 1imit (see section 4.2). These rates may also be
exceeded during docking and'capture transients.

12



2.4,1 Solar drientations‘fcr Mission A

The alternate clr;s.ster orientations for Miznion A which were specified in
reference 1 for study éu.ring Phese II are listed in table 2-4. The
orientations listed fall into two general categories. The first are
solar orientations for which the vehicle zaxis » which is normal to the
plane of the solar panels when they are held parallel to the ‘vehicle
longitudinal axis, ls solar oriented to maximize solar panel power and
thermal input to the OWS. Included in this category are Cases 1, 2 and
3 in teble 2-4. The difference between these cases lies in the type of
attitude conbrol that is ubilized about this solar oriented sxis. The
eriterion for selecting the method of control sabout this axis is tﬁe. .
ninimization of control impulse which is attributeble primerily to
e;cavi“qy-gradient torques.

For Case 1, the longitudinal prineipsl axis, which 1s assumed to be

tﬁe exls of minimum moment of inertia, is controlled to lie in the orbit
plane as shown in figure 2-1. The y-axis will thus be perpendicular %o

the local vertical at the terminator. Case 1A is identical except that-

the axis of nid-velued moment of inertia ls held in the oxbit plsne, so that
the axis of minimbm moment of inertia is controlled to be perpendicular

. to the locai vertical at the terminator. If the x-axis is the axis of
ninimum inertia , this will cause the y-axis to lie in the orbit plane

as showvn in figure 2-2. ' '

For Case 2, attitude about the solar-oriented z-axis is uncontrolled;

- however, in order to limit the yaw rebe, which could be induced by unsym-
metrical roll engine ilmpulse, yaw rate signals can be added to the xoll
error signal. This will cause pulsing of the roll thrustor which will
decrease yaw-rate. This orientatlon ;s shown.in figure 2-3.

Case 3 is the same as Case 2 except the vehﬁ.cle is spun about the yaw-axis at
an optimum rate which is restricted to values equal to or less than -.'l:.O degree
per second. This can result in & degree of spin' stebilization so that impulse
usage is reduced. This oxientatlon is also shown in figure 2-3. ’

The other type of orientetion is that of Cé.sg L in which control about

the pitch and yew axes holds the vehicle in the gravity-gradient orienta-
tion with the longitudinal principal sxis slong the local vertical. Roll
attitude sbout the longitudinal axis is controlled to orlent the solar '



Teble 2-4

SOLAR ORTENZATIONS FOR MISSTON A
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penels toward 'thie sun to the maximum extent consistent with, the piteh
and yaw control. Articulstion of the soler penels (rata’ciofa. of the
penels with respect to the stage) for this orientation can further
increase solar papel power. ' This orientation is shown in figure 2w,

~ Another orientation, has been defined for which impulse usage can be
determined based on gtudy results for Case 1A. For Case 1A with zero beta
_angle, (the angle bebween the orbital plane and the sun line) the long-
-itudinsl exis is perpendiculsr to the orbit plane. The results of this
‘case at zerc beta are thus applicable to the case in which the longitudinal
axis is held perpendicular to the orbit plane, and vehicle roll combined
with solar panel rotetion or arbticulation sbout the y-axis ma;.nﬁains normal
solar Incidence on the panels. This case is-identified as Case 5 in sub-
sequent paragraphs, and is shown in figure 2-5. '

2.k.2 Docking Configurations

™o CSM docking configura.tions were specif:!.ed for study for each orien'ba-
tion, these were:

1. The CSM end-docked to docking port number 5.

2. The ‘CSM side-docked to docking port number %, vwhich 1s on posi.-
tion plane IV making the CSM longitudinal axis parallel to the -
plane of the s_olar panels.

2.4.3 Abtitude Deadbands

‘I‘he effect of sttitude deadbands between the linits of -5 degrees and
-30 degrees was to be d.e'bemined.

1
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3.0 7 CONTROL: SYSTEM CONCEPTS

‘;5 In selecting attitude control syétem concepts for the Orbital Workshop,
three areas must bq considered, - These include the sensors for Bbtainihg
attitude and attitude rate signals, the control logic vhich commends
corrections based oﬁ this intelligence, and the reaction=control thrustors
and propellant system which provide the corrective moments. The choice '
of sensors is dependent primarily on the orientation and?operatiqnal-mode
requirements; the choice of reaction-contrel configuration is dependent
‘primarily on vehicle épnfiguration and disturbances; and the contrel logile
is dependent primarilyzon operational—mode requirements and sensor selection,’
bqt must also be compabible with the reaction-control configuration. fhe
considerations relating to the selection of concepts in each of these three

areas are discussed in the succeeding paragraphs.

3.1 Thrustor Loecation and Orientztion

The eonfigurstions of the thrustor clusteern‘the CSM and on the S-IVB
represeﬁt two thrustor configurations which ecould bhe utilized. The four "
thrust vectors for each CSM cluster lie in a plane which is tangent to the
vehicle surface, so that pitch and yaw moments are obtalned by thrusting
parallel to the ﬁeh&cle longitudinal centerline; The S-IVB thrust féctors
for each module lle in & plane perpendicular to the longitudinal centerline
of the stage, so that pitch and yaw moments are obteined by thrusting
perpendicular to the vehicle longitudinal centerline, For s long vehicle
such as the OWS,. the 3-IVB configuration gives the advantage of greater
efficiency, in terms of propellant required to maneuver and counteract

disturbances, because of the longer mement arm.’

The candidate thrustor configurations which were evaluated during this study
are shown in figure 3=1. All have arrangements which are similar to the
present S-IVB APS modules used on the Satummn IB or V. Thase‘confggurations
are compatible with existing propulsion hardware} and except for configurae
tion €, require no change in the IU for control during boost and S-IVB.Stage
pessivation, The thrustors have been assumed to be located on the S~IVB aft
gkirt becausze this longitudinal locatianprovi&as the most efficient propellant
usage a8 discussed in section h.1.1, ’
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fAnother selection which must be made is between adding additional Auxiliery

_ Propulsion Subsystem (APS) modules' for Workshop attitude comtrol and re=

‘ placing the present S-IVB APS modules with ones having larger propallant
capacity, vhich can satisfy both the boost and cosst requirementé. The
candidete thrustor coafigurstlcns shdwn in figure 3-) are applicable to
either approach, deﬁgnding‘on the number  of modules and the size .of each
module. The relativ% advantages of these two approaches are discussed in
section 8 of this report.

1
i
i

3.2 Modes of Operati;%

Tpe Phase I attitude c;ntrol requiremsnts for each nmission event listed in
t%bles 2~1 and 2-2 and the additional Phase II requirements can be grouped
to arrive at seven modes of operation. The requirements and use of each
mode are discussed in the following peragraphs, and summarized in table_B-l.

The LOCAL VERTICAL HOLD mode holds the longitudinel principal axis aleng
the local vertical, which is the gravityegradient gtable orientetion, withe
in ¥ 20 degrees during rendezvous, and was considered for Mission A in the
Phase I study. ' . - ; g

The RATE mode is used to reduce vehicle body.rates induced by unsuccessful
docking disturbences (the CSM mey control following successful docking) to
less than 0.1 degree per second.

The GRAVITY~GRADIENT CAPTURE mode minimizes ‘reve and attitude disturbances
relative to the gravity-gradient stable orientation (with the MDA down) to

ensure passive control to this corientation after active control is terminated
for storage. '

In the STORAGE mode, power is applied to all thermal conditioning systems

in the APS modules and in the elecironic assemblies, but ell control loops
are open. If tumbling cannct be prevented during storage by ﬁassive maens,
the piteh and yaw horizon sensors and essoeisted electronies may be active

in this mode. Alternative approaches inelude periodic activation of the
GRAVITY-GRADIENT CAPTURE mode during storage, or-the use of an additicnal '
mode, utilizing only the pitch and yaw horizon sensors, vwhich would be acti~
vated periodically during storage to reduce oscillations to o small value.
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TABLE 3-1

RMODES O

F OPERATION

] (WACS-5 .
8—22-67 '

———————— o

MODE

.1 USE

{U

. NORMAL CONTROL BY L.U.

' REQUIREMENTS

ny

], DURING, BOOST .
2." FIRST 7 1/2 HOURS ORBITAL COAST

o

t QCAL YERTICAL |

+ V+ 20 DEG. OF GRAVITY-GRADIENT .

PITCH
AND Y AW:! STABLE.ORIENTATION, MDA DOWN.
"ROLLY 0.01 DEG/SEC MA‘(!!.*UH . i .

—

1. _RENDEZVOUS .

RATE "

F!Tm YAW, & ROLL BATES 0.1 D::G/SEC RAXINUA

DOCK!NG -

—

GRAVITY-GRADIENT}.

PITCH

[ iATTITUDE DEVIATION FRON GRAVITY-
:GRADIENT STABILIZED ORIENTATION AND

A ;FOLI. OWING CSM SEPARATION FOR
RE‘-NTRY PRIOR TO ORBITAL

[ ]
CAPTURE _ 'ATTITUDE RATES LOW ENOUGH TG ISTORAGE PERIODS
j YAW | PRECLUDE TUMBLING WHEN DEACTIVATED.|'2. PRIGR TO RENDEZYOUS
ROLL' | (UNDISTURBEDY), KDA DOWN - o . N
1. DURING DOCKING ATTERPTS
STORAGE ALL POWER OFF EXCEPT THERMAL CONDITIONING STORAGE
. gggﬁﬁ)’;’oﬁjw POVER TO GYROS AND HORIZON SENSORS "TELEKETRY DURING STORAGE

SOL AR

ORUENT SOLAR PANELS TO SUN"

MISSION A’




In the STAND~BY mode power is applied to all attitude control components
but all control Iooﬁs are open, This mode will be used dﬁring sontrol

by the CSK or LM/ATM immediately prior to transfer of control to the WACS,
and may be used intermittently during storage for telemetry.

The Phase II reqniréments add an additional SOLAR mode for control to
align the solar panels normal t¢ the sun vector during Mission A, The

_specific requirements for this mode depend on the orienta%ion salected.
E ;
=The IU mode permits centrol of the thrustors by the IU qﬁring hoost and

?gnitial orbital coast, as for the normal S-IVB Stage.
B i
5

3, 3 Control System Conceptsy Phase I Modes

In establishing control systenm concepts which can meet the requirements

for the various modes of operation listed in table 3«1 which are applicable
to Fhase I, pitch ead yew requirements can best be considered separately
from roll. Concepts for meeting the requirements for each mode of operation
are discussed in the following sectioné, starting with the most eritieal.
Although pitch and yaw requirements gnd mechanization are discussed together,
in depicting system mechanization yaw and rell are shown together—because
common thrustors are used for obtalning yaw esnd roll control moments,

In the followlng figures, dual rate gyros, horizon seunsors, spatisl smplli-
fiers, and thrustors are showvn, however, approaches o redundancy for im-

proving rellabllity by counteracting failures are discussed in sectien 3.5.

3.3.1 Gfaviﬁy—Gradient Capture; Pitch and Yéw

The g;avity-gradient capture mode will be used primarily to capture the
paésive gravity-gradient gstable orientation, with the MDA dowm, after
separation of the CSM, and prior to deactivating active attitude control

for storzge. It may also be used to obtain the correct orientation with

the MDA down prior %o activating the local vertical hold mede if tumbling

has occurred, To capture the gravity-gradient orientation with the MDA

down requires that the desired orientation be cbtained within an alloweble
tolerance, which is a function of the maximum-‘vehicle rates that are obtained
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at the switching limits in this mode of control. These rates are functions
of the minimum pulse width deiived Ly the control logic.

The horizon is the best reference for sensing atbtitudes with respect to,
the local vertiesl, It can readily be sensed with sufficient accuraey to
meet the asttitude-control requirements in section 2, and solution of navia
gation equations iélhot required as for an inertial reference. If altitude
is known, one horizoq sensor in each of the pitech and yaw axes iz adequate
to determine the local vertical. The use of two sensors in each axis to
sense the horizon on ¢oposite sides of the vehicle can eliminate ervors
&aused by altitude uncertainty, and provides redundancy which permits
oberation with reduced accuracy in the event of a horizone-sensor fallure.

Damping signels carn be provided froﬁ any of several sources, or & combinge
tion of these sources. These include; lead sheping of the horizon sensor )
attitude error signals, derived rate feedback around the switching amplifier,
and rate gyro signals. Several factors influesnce the cholice of damping
signals., 3Both attitude error shaping and derived rate feedback provide‘;
damping signals which are proportioncl to the engular velocity relative

to the gravity-gragient orientation, however, lead shapiﬁg of the horizon
sensor output will provide no damping signalsz for attitude errors greater
than the horizon sensor saturation limit. This will ceuse the switeching
lines in the phase-plane to bvecome vertical at this sttitude, and effectively
eliminate damping for large attitude excursions,.

Rate gyro damping signals about the axis perpsndicular to the orbit plane
ineclude a bias equal to orbital rate when the vehiele is in the gravitye
gradient orientation, This bilas must elther be nulled out, which is practical
only if cepture of a specific roll orientation can be assured, and roll
attitude excursions are small, or rate gains must be low enough that orbital
rate is smeller than the rate-sxis intercept of the switching line in the

. Phase plene, One approach to the solution of this prodblem is to use a none-
linear rete gain so that the rate gyro gein is zero for rates vhich are legs™
than & value somewhat greater than orbital rate. This, in conjunction with
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lend shaping of the attitude error signel, will give auitéhing lines which
arg symmetrical about the gravity-gradlent null 4in the region of the phase
Pplene near this null point, and provide an effective rete ledge for high

attitude errors to limlt peak rates, thus improving lmpulse usage during
“capture from large amplitudes, The swltching lines in the phase plaue

which result from thrésystmmof control in the ordvit plane &re shown in
Tigure 3~2 for typical gains. The figure shows that the switching lines
are symnetrical about the gravity-gradient orientetion in the small regiom
around aull, which is applicable to stéady-state linit cycles, but is une
symmetrical for larger excursions from null as would be eacountered during
a large-capture transient, Further simulation studies are required to

establish acceptable'gains and network time constants for thissystem concept.

A block diagram of the pitch axis attitude control system in the gravity-
gradient mode, which incorporates the techniques discussed, is shown in
figure 3-3., The offset command is used to account for the misalignment of

the principal axes with respect %o the body axes which is elpecially signifi-
cant with side docked modules., - 4

In determining the field of view required for the horizon sensors, several
factors must bé congidered, These include; g .
1. The viev angle required for the # 20 degree switching linits
required for local vertical hold. )
2, The view angle required for the lower switching limits of
approxinately * 5 degreeg required for gravity-gradient captﬁre. .
3. Varistions in view angles required to accomodate the verlations
in prineipal axes orlentstion caused by side docked vehiclea.
i, The view angles required for both opposing horizon sensors to
. be active at each switching 1mit,
5. The upward fleld of view required %o ensure a right-side=up
- capture following large attitude,éxcursionag
6. The deslrsbility of a coﬁtinuous.wida-angle field qr view to
- obtain a continuous attitude-error signal which is amenable to
shaping to obtain damping signels. ' '

L f
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7. The fleld of view required beyond the desired switching point
to assure that svitching will occur before saturation is reached
for adverse tolerances and cross-sxis coupling.
{
The fielé of view required in the pitch and yaw axes to meet each of these
considerations is shown in figure 3«4, The location shown for the horizon
accounts for the orﬂset of the horizon as measured by inrrared sensors from
the target to the ea;th's surface, The four switching pointa required to
fﬂcepnmodaﬁathe +5 degree and * 20 degree deadbands for eech of two cluste.
iconfigurations are showa in figure 3-lLa and 3-hb for the pitch and yaw exes,
respectivaly. These points are very nearly symmetrical about the longitudinal
axis Zor the OWS alone configuration and for the endwdocked CSM configuration
of Mission A, for wvhich the longitudinel principal axis very neerly coincides ‘
with the longitudinel body axis., For the OWS/ATM configuretion, which exists
dufing storage following Missien B, the axis of symmetry of these switching -
points in pitch are displaced about 15 degrzes from the body axes. For
these two configurations a field-of-view of T0 degrees is sdequate as it will
provide a margin of 7.5 degreas beyond each of the extreme switching polnts
for both horizon sensors in the pitech axis, Mthough & 55-degree field of
view prov1des the «ame marging in the yaw plane. 23 TO-degree field-ofhview
will provide the seme margins and give an additionel upward field-of-view
for both sensors to assist in capture from an 1nverted poaition.

Smaller fields-of-view could be utilized if a compromise is made seo that both .
horizon sensors are not active at a2ll ewitching points. This would decrease
accuracy because of errors caused by Qariations in altitude from the design
value, and in the event of & horizon sensor fasilure, would cause loss of
corrective control pulses on one side-o?_the deadban@.

Figure 3-5 shows the output error sisnﬁl of each yaw horizon sensor, and the
error signal derived by subtracting the eignals from the two opposing sensors.
The figure shows the higher slope in the error signal output of the yaw axis
about the upright (zero degree) position, md for -small deflections, sbout the
inverted position. The figure also shows the lower slope for larger deflections
which is one=halfl of the value about the normal null orisntation., These are
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caused by the ef}ective overlap in the fields~ofwview of the two horizon

gensors &and thg fact that only one horizon sensor produces an ogtput for

deviatlions about either the normsl or inverted orientaxiong vhich are
greeter than the overlap. Toleransces can decrease the effectlve ovarlap,
and mey give an un&erlap about the inverted position, -

. 1 . ) !

To correct for an inverted capture, the horizon sensors in 8% least one
:axis must have an upward field-ofwview which is sufficient t0 ensure an
-adequate error signa; to command the spatial amplifier in the event of
Aan inverted orientatipn. The upuard field=ofwview, the expected libration
-gmplitude, end the deddbend limits (attitude gain) are factors which
‘determlne whether an inverted orientation will be sensed and an inversion
command‘derived. As shown in figure 3=k, the upward field~of=-view in the
vaw plane is two degrees more than required to sense the horizon when in-
verted, but with tolerances could conceivably be less than required., Bee
cause of this small overlep and the reduced gain in the inverted position,
an attitude libration of greater than theunderlap plus twice the deadband

1imits is required to develop an error signal of sufficient megnitude to

commend an inversion. For this reason, the deadband limits for the capture.

mode should be as “low as possible, considering tolerances and propellant

consumption. For deadband limits of + 5 degrees, a libratipn amplitude of ‘

8 degrees plus an émount determined by tolerances is required to obiain an
inversion commend, neglecting rate effects.

In the event the OWS ig inverted with libration amplitudes which are too
small to develop an inversion command, an attitude bias commend similar
to those which ers required to account for the variations in longitu§1n31
principaleexis orientation (caused by ﬁariations‘in the modules docked to
the OWS, and the port to which they ere docked) can be used to obtain an
inversion commend. The attitude commend would be removed when-sufficlent
attitude change has been achieved to meintain the inyeréiogxgbmmand.

gome of the Phase II solar orientations (Cases’lA and 5), for which the
mechanizations are discussed in section 3.4, require additional yaw horizon
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sensors which have a more upward, or aft, fleld-of-view than those shown
in figure 3~4, These can generate an inversion signal in the event of an
up=gide-down capturé for zero libration amplitude for all configirations,
Inversion commands é?n also be achieved bﬁ use of the piteh command normally

used to compensate for the beta angle for the Case 5 orientation as dise

cussed in section 3.%.5.
- i

1
3.3.,2 Gravity-Gradient Capture; Roll

The MSFc'requirements listed in section 2 require only that the longltudinal
a%is be vertical within the specified tolerances. Capture of the vertical
gravity=-gradient orientation for the OWS alone, which has nearly equal pitch
and yaw inertiass, requires that the body roll rates be limited, in addition
to the pitch =nd yaﬁ restrictions discussed in the previous section.

Figure 3«6 is 'a block .diagram of the yaw=roll control system for the gravitye=

gradient capture mode which includes }oll rate gjfos for limiting bedy roll
retes, '

N

With the CSM docked to a side por%, the difference between pitech and yaw
inertias is incressed, thus providing greater roll-restoring torques for

. the gravityegradient stable orientations which ere 180 degrees apart. Either
stable orientation‘can‘be acguired by providing damping signals from rolle
rate gyros, However, the relative stablility of these two orientations is
affected by aercdynamic torques which are stebilizing only about thé CsM
trailing position. ’

£ither of two approaches can be used %o capture 2 particular roll corienta-
tion for solar panel orientation should it be required. Roll attitude could
be sensed, or a roll inversion maneuver of 180 degrees could be commanded

if an inverted roll orientation were captured. Possible methods of sensing
roll attitude ineclude s magnetomeber, ion engle-of-attack sensor, or gyro-
compass. All of these gpproaches increagse system complexity.

The yaw and roll axes are coupled in the same mepner as the S-IVB APS

because of the thrustor arrangement which uses the same engines for yaw
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and roll. Consequently, the yaw axiz is shown with the roll, although
yav requirements are identical to those for pitch.

3¢3.3 Local Verticel Mede; Pitcoh ond Yow

The pitch and yev requirements for the local vertical mode are identical
to those for the gravity-gradient capture mode, except that greater'
attitude deviationélare permissible and capture from eny orleantation is
not required. Because initisl attitudé errors and rates will be very
small on activating this mede, if the capturs mode is used first, much
%leas damping will be required, Thus, the rate gyros shown in the.pitch
%and yaw axes for the capture mode will not be required. Eliminetion of
piteh and yaw gyro operation during the 23 dey mission will increase
reliability. '

Mgure 3«7 is a block diagram of the pitch‘axis in the locsl vertlical
mode of operation.

3.3.4 Local Verticel Mode, Roll

The roll-axis requirements for the local vertical mode are similar to,
but less stringent then, those for the grevity-gradient capture mode.
The requireﬁent to limit roll rates during this nmode of operation can
"be met by using bo&y-mounted roate gyros to derive roll control signals.
Figure 3«8 is & block dlagram of the yaw=roll axes for this mode of
operation, )

Roll attitude control cen be achieved, if required for solar panel
orientation, by one of the methods discussed in sectionm 3.3.2.

3.3.5 Rate Mode

Control of body rates, as required afier an unauecazsful docking attempt,
" can be achieved by deriving control signsals from body-mounted rate gyros.
Figure 3=9 is a block diagram of the rmte msde for the yaw=roll axes,

The gein will be set so that rates are limited to 0.1 degrees per second
or less, Figure 3-10 is the pitcheaxis block.diagram.
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3.4 Phase IT System Mechanizabion Concepbs

cOn'b;ol system mechanizabion concepts for each of the orientations evaluated
during Phase II.‘a.re discussed in the following sections :and one or more '
control system mechenizetions ave recommended fox cach oxdentation. Some

of the considera"i:ions in choosing system mechenization are common to several
orientabions and to more then one axis. For brevity these considerations .
are discussed Only for the first case to which they are applleable, and

this discussion referred to in sﬁbsequent cases.

In the following sections, only the n;e'thods of deriving pitech, yaw, and roll
error signals for input o the spatial amplifiers are discussed. "The pitch
and yaw-roll spetial amplifier commands are derived fLrom'these-error .

" signals in the same manner as is done for the S-IVB Stage, which is shown

in figures 3-3 and 3-6 in the Phase I section of this report.

The axls systemn, solar panel location, and CSM docking configuration used
for the Phase IT study axe shown in figure I-Ll. The S-IVB axis system,

for wiich the positive x-axis (roll) is in the divection of flight, the
_positive y-axils (pitch) is along position plame IV, and the positive z-axis
(yaw) is slong pdsition plane I is used. The solar panels are mountéd off
the IX.IV plane, but are pivoted gbout an axis which is parallel to the
IT-JV plane when deployed. Two CSM docking locations were consldered:

the CSM end-docked to poxt 5, and side-docked to port 4 which coincldes
with position pléne IV as shown in figure 1-1. _ !

3.4.1 Case I Mechanization

3.4.1.1 Pitch and Roll Axes, Case I

Orientations for which the ymw-axis is . solereoriented heve cormon problems
related.to control about the pltch and roll axes. These orlentations include
cases 1, 1A, 2, 3, 34, 5 with minor distinctions, and the rollsaxls for L.
For these systems, control problems can be subdivided inbo two orbit phases:
vhen. the sun 1s visible, and vhen the sun 1s occulbed by the earth. Figure
3-11 shows the block dimgram of the recommended system.
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With the sun visible from the OWS , sun sensors provide sttitude error
signals, Damping signels are provided by rabe gyros and addibtional damping
is provided by derdved rate feedback around the swibching amplifiers and
by shaping. |

During sun occultation, a gyro reference is required to pi'ovide attitude exror -
signals., Two problems must be accounted for In sw:i.tchiné from sun sensor to
gyro conbrol. 1) Attitude errors due to deadband operabion must be preserved
during the transfer o?f control to preciude shifting of the null to the attitude
error which exists at the time of svibching. This is especislly importent for
'z;:ystems with large deadbends in order to prevent large transients and the e~
sulting control propellant usage when the sun is reacquired. 2) Switching of
control must be accomplished at & time in the orbit (between terminator passage
and sun occulteticn) when atmcépheric effects do not degrade the sun sensor
slgnals, either by gain reduction or refraction. Switching times in the orbit
are showm in figure 3-12.

Either & rate-integrabing-gyro (RIG), or a rate gyro and electronic integrator
could be used. The latber, which is the system used on the IM/A1M, is shown.
W:I.'l‘.h the RIG System, a sample and hold circult is required to holo. attitude
errors during sx»ﬁ.‘hch:.ng to a gyro referencee

For the recommended rabe gyro and infegrator sysbem shown on the block diagram,
_ attitude errors are preserved during switching by having the integrator irxi‘hiai‘
condition (I¢) follow the sun sensor cubput, or attitude ervor signal, during
sun sensor control, so that the attitude error from the integrator after switch-
ing equals that from the sun~sensor before switching.

On switching from gyro bo sun sensor coatrol, similar signal preservation is
not required or even desired as the sun sensor provides the desired reference
attitude which will automatically correct errors which have accumulated during
gyro control because of gyro drift and orbital regression. )

Time of sﬁtching to gyro or sun sensor reference 'is controlled as showm in the
block disgram of figure 3-11 by & timing sequence .activated by Yhe sun presence
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signal. A switching sequence based on an orbital event times for & zero
beta angle ’ {i.e., the sun vector in the orbit plane)} can be used 't:hrouéhout
the mission. Although sun sensor control could be used for a greaber percent-

age of the orbit for high bets angles, the fixed sequence of the recommended
system is adequate and is more easily mechanized.

3.4.1.2 Yaw-Axis, Case 1

To keep the x-axis :;.n the orbit plane within allowable tolerances requires
., one of the following:

1) A continuous orbit-reference attitude-sensing system
2) An inertial reference, a means of commending a time verisble
attitude to account for orbital regressions, and a means of -
. periodically realigning the inertial reference. .
3) An inertial reference and s means of periodically realigning
the reference to the orbit plane, or
L) An orbit centered attitude reference which is usable part of
each orbit and an inertial reference for use during that part
of the orbit for which the orbit centered reference is not usable.
Method Number 3 is the recommended system.
A
Flgure 3-13 shows a block diagram of the recommended system. The system uses
the integrated out.put of a rate gyro as a source of atititude error f‘rom an
inertial reference with damping provided by the rate gyro oubtput signal. The
yaw horizon sensors are used Yo periodically correct for atbitude errors
caused by gyro drift and ofher sources. This is accomplished as showmn in
. the figure by using the difference between the yaw attitude errors measured
by the horizon sensors.and by the integrated rate gyro output to develop a .
drift correction signal which is s.dded;. to the rate gyro signel at the input to
the rate integrator. The error mesurement is mede at the termiretor because
at this point in the orbit the yaw horizon sensor output signal will null when
the vehicle x~axis iz in the orbit plene for all inclinations of the oxbit
relative to the sun vector. The correction can be made at only one terminator
crossing To be compatible with the field-of-view of the horizon sensors used
for locai verticel control. The switch 1s closed to sample. the exrror for a
fixed period of time which 1s symmetrical about the terminator as shown in
figure 3-12. '
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The error integrator serves two purposes: 1) it averages éhe error measurew
‘ment .over a finite time interval to minimize noise effects,-and 2) it holds
previously determined average drift rate corrections. Thel attitude drilt

ervor as measured- &b the error integrator output is subtracted from the rate
gyro signal at the-rate integrator inpub. The gain can be established such that
the measured drift ‘will be parbtially corrected in one orbit which is the

time between drift corrections., This will. effectively grovide Tiltexring ol the
drift correction pqueqs for improved system stability.,

1 - iﬁ }
: f

g Seqpencing 31gnals 39 activate the sampling switch at terminator passage
w can be derived from & timing sequence initiated by the sun presence signal in_
fg menner similar to that showm in figure 3-1l to 'switch from sun sensor to.
?_gyro control. Sequence times can be preprogrammed with pericdic update capa- )
biliby from the ground, or timing of sun oceultation IT ) and sun presence
(T ) can be used for on-board derivatlon of the time from sun presence to
the terminator s

T, = 1/2 ('rsp-

pt TSO)°

3 h 2 Case 1A Mechanization

Because of the simllarity between yaw-conirol for Case 1l for which the x-axis
in the orbit plane, and Case 1A for which the x-axis is perpendicular to the
loeal vertical at the ferminator and the y-axis is in the orbit plané, the
control mechanization described in the previous section for Case 1 can be
used for Case 1A with one revision. Addltionsl yaw horizon sensors must

be instelled since the fields-of-view of the vaw horizon sensors used for
gravity-gradient orientation control are not suitsble for this orientation.
The additional horizon sensors must be installed so that their field-of-view
is parallel to the plane of the solar panels and the centerline of the field-
of-viev is coinecident with eilther the;positive or negetive y-axis as shown
in figure 3-14. The field-of-view required is dependent on the pfincipal

axis variastion, deadband size, and the maximum drift expected during one orbit.

The mechanizations of the pitch and roll axes for this case are identical o
those for Case 1 showm in figure 3«11 and described in section 3.M4.1.1.
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3.4.3 Case 2 Mechanizabion

The orientation of the vehicle sbout the yaw axis is uncontrolled for this
case. However, & yew-rate gyro can be used to limit ysw-rate buildup caused
by yew torques attributable to unsymmetrical yew=roll engine characteristlcs
or disturbences. The mechanization foxr this system is showm in figure 3-15.
The. commanded yaw-rate showm in the figure is zero for this case.

v, .
The control mechaniz%:bion for the pitch a:.ml roll axes are identicel Yo that
for_c:asé 1 shown previously in figure 3-11 and described in section 3.k4.1.1L.

3.4 Case 3 Mechenization

For this case the yaw axls is oriented towsrd the sun and yaw-rate is controlled
To 'bhé optimum vaelue which minimizes con‘bro;t_.—impulse usage. Mechanization

of pitch and roll axes 1s identical To that of Case .l described in section
3.4.1.1 end $hown in Tigure 3-11.

The control mechanization for the yaw axis is the same for Case 2 whichui.s
discussed in section 3.4.3 and shown in figure 3-15. The yew-rate gyro

" output is subbracted from the commanded optimum-yaw-rate to obtain the yaw
error signal for the spatial amplifiers.

3.%.5 Case 4 Mechanization

The mechanizetions of the pitch and yaw attibtude control systems for this
case, which holds the Longltudinsl principel axis of the vehicle along.the
local verticel, are the same as used for the local vert}cal hold mede of
Phase I deseribed in section 3.3.3 and shown in Plgures 3-T ané 3-8,

Roll-axis mechanizaticn iavolves all of the same cons;i.demtions as for the
roll-axis of Case 1 which are discussed in section 3.k.1l.1; however, several
other fachors must be considered. These can best be discussed by consider-
ing the roll angle histories for several beta angles as shown in figure 3716.

Comparison of the roll angle hilstorles for hetas of 20 degrees and 45 degrees,
shows that during sun occulbabion roll attitude must be changed, and that
the magnitude of this attitude change is a function of the angle beta. It

is approximztely 80 degrees for a beta of 52 degrees, and approximately



RATE COMYARD *

CASE 3 I’,‘ ;
ONLY § !
e ‘ + I
! v — YAW + ROLL > I
. YAY FN - +
| RATE e GAIU-—-—— SPATIAL
[ GYRO | + AMPLIFIER
' ¢ + IIIII
ROLL §+ -1 YAW - ROLL =]
- Pm:  SPATIAL .
— i R,
SIGNAL | AMPLIFIER lTIT

* PIGURE 3-15 YAW ATTITUDE CONTROL BLOCK DIAGRAM
CASZS 2 AND 3

49



NORMALIZED INCIDENT
__SOLAR POVER

ROLL ANGLE ¢ DEGREES

WORKS’-&OF ATTITUDE CONTROL S‘YSTEM FWACS-13
GRAVITY GRAD IENT ROL I. HISTORY - CASE 4 H8-22-67
180 : : -
R T‘\{—CONSTANT.ROLL RATE ‘
. ~ l \ORBIT PLANE
'ALTERNATE 8= 0—1 *
B=200—L | TSRS
- ,'8;.18005 ~o\
R WA .
, —B=0,0- 0, OPTIMUN ROLL (AVG = 0.71)
I : -~ N\ ATHOSPHERIC LOSSES .
i 2 ' TB 0, - 90 AVG - 0.6
™ B8 0,c- 0, = CONSTANT,
o L —}7 | (We-oa
C1M I gam 12 NOON. 6PM | 121 1LOCAL SOLAR TIME
270 - i 0 I T 180 i N .270 |ORBIT POSITION 7.
"'SUN PRESENCE ) TSUN'LOSS. |

. _ ‘ ..
igure 3-16, TRol} Attitude History for Various Beta Angles, Case L



- 1L0 degrees for a beta of 20 degrees. At lover beta angles, extremely high
* roll rates, which result in high impulse usags, are requiredlwhen the sun is
at the zenith to sccomplish an sttitude change of up to 180 degress. These
rates can become infinite for beta engles less than thé pitch and yavw dead-
bards, The high roll rates can be prevented by commending the required
chaﬁge in roll attitude at s reascnable rate near the meridian as is done
‘during sun occultatiép( The rate used is a compromise between contrel ip—
?ulsa usage aad solarzpanel pover output.

A !

B

A%blcck diegram of the1roll axis mechapization of this case is shown in
figure 3=17. This mechanization differs from that for the rolleaxis for
Case 1 only in the addition of a commanded change of roll attitude, at 2
predetermined rate, twice pef orbit; during sun oceultation, and when the
sun is ﬂear the zenith. The megnitude of tﬁe commend can be changed periodie
cally, as bets changes, by ground command, by an on-board program, or by
on~board computation of the command sz a function of heta, Beta can be
determined on-board from messurements of sun oceultation time for a cirecular
orbit of known sltitude, The rate-eiror integrator develops a roll attitude
erroxr by integration of the roll rate error and thus provides control of the
roll- attitude withi® the established deadbands, and errors caused by the
gro and integrator.

An alternste method of roll control at low bets angles which reduces impulse
usage is the use of the constant rate of change of roll attitude, of a magni-
tude nesarly equeal to orbital rate, so that the soler penels are nominally
perpendicular t¢ the sun vector at each terminator. Mechanization of this
scheme requires updating of the roll rate reference by means of a roll sun
sensor., . )

- Solar power can be increased for asny of these mechanizations by articulating

the solar penels to provide more optimum panel orientation relative to-the
sun,

3.4.6 Case 5 Mechanization

_ For this case, the orbit orientation, the vehiéle longitudinel axis is held
perpendiculer to the orbit plane. "The orien%ation of the vehicle relative.
4o the orbit for this case is thus identical to that for Cese 1A for a beta
‘angle of zero. ConSEQpently, the control system mechanizetion is nearly
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R JON

identical to that for Case 1A. Seversl minor modifications are necessary
because the vehicle z-axis is displaced from the sun vecbor by rotating

about Tthe pitch axis by an angle equal to minus beta which holds the z-axis in
the orbit plane. ‘.'

The reccmmended mechanizatlon for this case is shown in figure 3-18. The
only change from Case 1A fox the pitch axls is the adda.t:.on of the piltch
attitude command equal to minus beta. This could be accomplished electric-
ally, as shown, or ‘*gy mounting the pitch sun sensor on the solar panels and
comanding the corr;;ct solar panel angle. The command can be obtained by -
prepréogramning with i:eriodic updating capability, or by periodically command-
ing & new angle from the ground, or from the airlock control pg.nel. For any
©of these approaches, override capability from-'bhe ground or airlock can Le
provided. Beczuse the maximum rate of clarge of bebta is less than four
degrees per day, & chenge of panel angle once per orbit or once every several
"orblits would insure that deviations from The preferred vehicle attitude from
this source sre much less tilan- from other sources, such as deadband.

The other considerations affecting the mechanization of the pitch axis “are
the same &5 those for Czse 1 and 1A which are discussed in. section 3.4.1.1.

The mechanization of the yaw and roll a.xe‘s is also shown in Tigure 3-18. One’
© addltional feature 1s required in the yaw and reoll axes for 'this case comparad
to Case 1A. Because of the sun vector can be offset from the vehicle z-axis '
by an angle beta, a vehicle yaw error will induce an error signal in the roll

sun sensor given by '

§=(+pB)sing -F cosy
* where 0, Y , and § are the Buler angles describing vehicle attitude.

Because g can be much J.aréer than 9, which is limited to slightly larger than .
the deadband, and for the smsll yaw deadbands used, ¢ 1s small, the major
yaw-to~roll coupling induced at high values of f@ can be removed by & coupling
. signal given by -ﬁ w

This is accomplished by the cross-feeding yaw attitude exror { { ) into the
roll axis through a gain equal to /3 as shoyn in figure 3-18., Periodic changes
in gain will be made simultaneously with changes in pitch attitude command;
however, since gein is not critical, galn changes will not be reguired at each
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chz_a.nge in attitude command.

The yaw mechanizetion saown in Pigure 3-18 uses techniques similar to those
used for the piteh and roll control systems except that horizon sensors are
used in place of sun sensors. Because the vehiecle longitudinal axis is
perpendicular to tl{e local vertical, within tolexances caused by deadband
and drift, the sidevlooking yaw horizon sensors will provide usable yaw- '
attitude~error signag.s for a significaent distance along the orbit before

- and after the ’Gemmg‘:bor crossing. Thus, yaw attlitude control can be
iismitched from the gyro to the horizon sensor during this period. During

“Fhe time that the aittitude error signals are o'btained‘ Tfrom the horizon.

" sensors, the rate integrator will be in an initial condition mode with

the yaw-attitude error applied o the initial condition input én the . -
integrator; so that, when control is switehed to the gyro, the initial yaw-
attitude error at the ‘oubput of the rate integrstor will equal the attitude
error from the horizon sensor. ‘ ’ -

The mestimum duration of satisfactcry'horizon gensor control is dﬁependtﬂm‘&r
on the orbit altitude, the maximum expected deviations of pitch and roll
attitude from nomfnal > and the size of the deadspace in the field-orf-v'iev
of the horizon sensors ebout the nominal local vertical: For the QWS
Mission, hor:.zon sensor may be possible for up to one fourth of the orb:!.‘b.-

The mechaniza‘tionn showvn in figure 3-13 for Case 1A could also be used for
Case 5, The considerations affecting this yaw-axis mechanization are

tdentical to those for Case 1A discussed in sectlons 3 L.,1.2 and 3.k.2.

However, the yaw drift correction wis h the horlzon sensors can be mde a
fixed time Interval from the sun presence, - This is because the vehicle
longitudinal axis is perpendicular-to the orbilt, so that the horizon sensor

" nulloattibude is not affected by deviations fwrom the terminator.
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3.5 Redundancy!and Failure Correction

An important consideratiqn in selecting control system concepts for

the WACS, is the selection of methods of improving mission reliability
by providing redundancy to negate the adverse affects of failures in
subsystem components. The type of redundancy for a particular componéht,
including the method of transferring to a redundant channel, must be
based on the effect%of the primary failure modes on the mission, the
allowable failure déﬁection and corfection time, and the probabillity of
the failure occurring.

The types of recdundancy considered for the WACS include those used in

the Saturn guidance and control system (reference L). However, during
orbital operations of the OWS, failure response times are much greater
than during boost and failures can not impair safety to an extent compar-
able with those during boost. C{onsequently different redundancy approaches
may be appropriate. Different approaches are applicable to the electronice
and propulsion subsystems because of the problems in mechahizing some
approaches for the different subsystemé. Fpr both systems the failures”
which must be considered include failure to operate, causing a-null

output, and failure to turn off either mechanically or electronically,
causing a full or partial output.

Possible methods of providing redundancy include:

a. Dual channels with capability of commanding switching from one
to the other by an automatic failure detection system, by a
crew=-operated control, or by command 1ink from the ground or
CSM.

b. Triple redundant components with a comparator which switches to
» & back-up channel in the event of a difference in output signal
between the active channel and a reference channel. Tﬁis is
the system used in the IU portion of the Saturn flight control
system. The autu.matic é;itching feature permits rapid detection

and correction ¢* failures, as is required during boost. This
is a special cav2 of item a sbove irn that a third channel and

a comparator serves as the automatic failure detection system.
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Multiplé chennels permanently connected so that fallure of a
single channel to elther null or saturation causes no more than

& gain chenge and bias signel. This ususlly requires three
channels.i '

Dual . channels with output ;'.:i.gna.ls surmed, so that loss of signal:
from either channel would result ocnly in a reduction in gain.
Provisions 3can be included to disconnect either channel in the

event of a i‘u.].l ~output faillure.
i
Tro compl_ete active systems, with slightly different system

gains, so that one system pulses at lower error gignals with
the other acting as an automatic backup. Provislons can be
included fox changing relative gains in the control logie for
the two systems, so thet primary and backup functions can be
periodically iﬁterchanged between redundent systems so that
propellant consumpbion can be equalized. ‘

¥

methods of implementing propulsion system redundancy include:

Use of two independent propulsion systems, including tankage
and thrustors, to negate effects of propellant leakage or
thrustor failure to operate.

Use of series-redundant conbrol valves, with redundant thrusfors, .-
to minimize the probability of a thrustor-on failure. '

Use of quad valves on each thrustor to minimize the probability
of either type of thrust failure.

Use of shutoff valves for each engine oxr cluster which are
automatically closed in the event of a thrustor-on failure.

Provisions for in’herconneet:ing propellant supplies in the

" event of a thrust-off fallure in the systen with the maximum’

propellent remaining.

As noted in reference 4, the duplex redundancy technique is very aesirable

in terms

of simplicity and relialp:li'by imprwement bub is Llimited by the

problem of determining the funciioning channel after a failure has occuxred.



’ For a switching lsys'tem, such as the WAéS, the approach of duplex systems

© with slightly different gains, as listed in item e above, provides auto-
metic transfer of:control to the operative channel in the event of an
inopexrabive fallure. A method of detecting a full-on failire is also -
required, particularly for the thrustor which can fail ‘with & valve or
valves open. . '
One approach to detédt and correct a full-on thrustor failure is shown
in Tiguwre 3-19. Thi% system consists of logic circuitry which compares
g signal that indica%es propellant flow to the thrustor with the error _
signal to the spatial'amplifier for that thrustor. If there is flow to
the thrustor and the spatiazl amplifier input signal is not of the sign and
magnitu@e which would command this thrustor'on, a signal is developed which
can shut-off propellant to that pafticular‘thfustor or to the entire three-
engine cluster. The propellant-flow signal can be obtained from thrustor
chamber pressure, or propellant flow-meters. The exror signal can be
obteined at the inpub to the spabtial amplifier or by appropriate summing
of signals directly from the sensors. . 4

Another method of?correcting for a th&ust-on fallure is to derive an

engine or cluster shut-off signel from the flow indication signal for

each thrustor if the on~time for that thrustor exceeds the expected value,
based on predicted disturbances for that mode of operation, by an established
margin. ‘

Gyro failures causing null or near null output are not critical for the
dual-redundant switching system. 'A gyro failure which causes a non-null
output can be detected by the oubput eﬁceeding the maximum rate which is
expected during the particular*missioﬁ phase. A logle circuit, similar

%o that shown for thrustor shut-off, can be used to shub-off and disconnect
the fault gyro.

For any of these eniomabie systems, the addition of an override capability
by ground dommand >r crew control can further enhance relisbility.

a
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Further reliability anslyses during detail design of the system are
required to firmly establish the approach used. .

3.6 GCommands \

Commands must be furnished to the WACS to accomplish the folJ.ov.i.ng
three functions: . )

l. Change 'bhe mod.e of operation and a.pp.'l.y power to the wros )
prior to switching to & mode which utilizes gyros.

2. Command. a.t‘bﬁtude offsets from the ‘sensor null.

i

3. Control switching of electronic signels or actuation of
propellent valves to correct for component failures. .

These commands can be originated remotely on the ground (or in the CSM),
in the Airloek Module Astronaut Manuel Control Panel, or be derived from
on-board based on system parameters. The method used for each command
must be selected after study of mission control procedures and timing -
requirements for each mode, The required commands, based on preliminary
studies, are listed in table 3-2. o

W

S

The total nurber of commends .'L:Ls'ted is based on sequential transmission
of several cormends to obtain the desired system state (i.e. , turn on
gyro power, select mode of opersation, set-up offeet commsnds, select
operating gyro, ebe.). Hovever, the svitehing desired for initlal

" operation could be established prior to launch if desired.



TABLE 3-2 REQUIRED COMMANDS

Function

Mode of Operation %

1}

Gyro Power .
(Two packages, e%ther or both on and .off)

Offset Commands 3
Pitch (beta) magnitude
Sign
Scale (beta, high; gravity-gradient, low)
Yaw Cgravityhgradlent +lt deg In 1/2 deg increments)

Primary Channel (A, or B; gain change)

Spatial Amplifier Gyro Signal ’
(8ix amplifiers: Gyro A, Gyro B, off) '
(A1l A to A and all B to B; all to A} all to B,
all cpen)

Horizon Sensor Heads
(Six; cpen or closed; all closed)

Sun Sensors N .
(All amplifiers to A, all to B, 4 to A and B to B)

Cluster Shutoff
(Four clusters; on and off)

Manifold Interconnect
(Fuel and oxidizer, open and closed)

Timers (A or B, on or off)

Static Inverter
- (ALl gyros to inv. A, all to B, A to A and B to B)

Nurber

LVIRRN 3 IS e N

13
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? 3 7.

. be ATTITUDE CONTROL DYNAMICS

Three-axls simulations “and single-axgs analysls were performed to evalu-
ate the ’dynamic\"response characteristics of the candidate systems, and
to investigate potential solutions to problems associated with the WAGS. -
The simulation was used to evaluate the effects 6;‘ eonbrol system gains,
compensation, thrust, and miniminn-impulse bit on system performance for ‘
each mode of systém operation. The analysis techniques were uged pri-
marily to define tbe rminimum engine impulse bit, and to detemine im- :
pulse usage during iorbita.l-coast control. '

4,1 Phase I Anelysis

k.1.1 System Dynamic Model Description

The dynam'ic equa.f‘:ions used in the simulation included the effects of
gravity-gradlent torques, gyroscople coupling, skewed principal axes,

and the control engine moments. The cocrdinate system is showm in figure
bal. Vehicle anguler position is referenced to a coordinate It.zystém which
is fixed at the vehicle CG, and rotates with the orbital veloc:!.ty: vector. .
The X-axis is a.figned along the velecity \;ector, the Z-axis along the
local vertical, posltlve towards the center of the Farth, and the Y-a.xis.
completes & right-handed coordinate system.

The angular position of the vehicle principal axes, with respect to the
local vertical coordinate system, are described by the Euler angle rota~
tions ®p (rotation in the orbital plene), Wp (rotation in the plane per-
pendioular to the orbital plene) and®p (xoll position). The order of
rotation used to derive the direction cogine matrix is &p, Vp, ¢v.

A block dlagram of the vehic_le and eontrol gystem dynemics is presented
in figure L4-2. The control moments asbout the body axes were transformed
£o moments about the principel axes, using the direction cosine matrix
which describes the position of  the vehicle body axes with respect to the
principal axes. _The cont rol moments were then combined with the gravity-
gradient and gyroscople woments , to define the. vehicle rotation about its
principal axes. Vehicel . anguler posi‘bd?.on a.ﬁd rates, as sensed by kns=lzon
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Sensoers apci rate gyros which are mounted on the vehicle body axes, were
defined, based on the angular position and rates of the principal axes
and the relationship between principal and body axes, as shown in

 figure h-2. \

h,l.e Results of Dynamic Analysis

Transient responsé‘ characteristics ; impulse usage, duty cycle, and éverv
all WACS complia.nc"g with system requirements were analyzed for all sys-
tem configurations i’,‘izi each of 1lts modes of operation. Vehicle mass data
used in these analyses s listed in table Lel. ’

k,1.2.1 Docking

One of the most critical flight modes during the (WS mission will be to
dock the C3M to the S-IVB prior to the 23-day misgsion. Following a dock=- .

ing attempt, the WACS must reduce the-workshop angular rates to 0.1
degree per second or less within approximately one-quarteAr orblt. The
WACS will be in a rate mode in all three axes to remove these distur-"
bances. There are no atti‘bucie—position requirements during docking or
after a docking a:ttemph ) . _ o

A prel:i_minary evaluation of the disturbances due to & mizsed docking
attempt showed that the workshop body rates could be as high as 1.5
degrees per second in pltck and yaw and up to- 0.5 degree per second in
roll. However, more debte on docking procedures and docking mechanism
characteristics =re required o a.céura:bely de’cermine these values. Sim-

ations of the WACS -response to Initial body rates were made to deter~
mine settling time, ang impulse usage &8s &, function of engine thrust
level. Thrust levels of 12, 50, and 150 pounds were evaluated. In each
case, & minimum pulse widbth of 0.050 second was used. The .settling time
(defined as the time to reach zero rate) and pesk attitude excursion
following a missed dodking';a_ve shown in figmi:e L3 as & function of thrust
level. It is noted ‘“het a thrust ievel of 12 pounds. provides adequate
control of the 'velii:'li.::- following the docking distrubances, as disturbance
rates are removed 3. less than 100 seconds which is much lesg than the
one-quarter orbit (14RO seconds) allowed.
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VEHICLE CONFIGURATION

FARMMETER I'SOLAR PANELS ONLY | SIDE-DOCKED CSM BND=DOCKED CSM
1. (£e) 11.51 11.51 1..51
3, (re) | 27415 31.992 47,217
1, (£8) 28,112 32,953 §T7.217
I (sdug-rt?) |} 0.12006 % 20° | 0.250 x 20° |0.15085 10°
IW (slug~£t?) - i 1 0.63L77 x 106 1.888 x 10°. 2.,8492 X 105
I (slugest?) 0.95476 x 10° § 1.950 x 106 2.8212 x 106
ch' (%) 0.k25 6.7 ~0.2770°
2 (6) 0,208 | 0.0 -0.03k52
S 0.9998k. | 0.9655 0.99996
iy 0.1236 x 10°% 0,2602 F0,5847 x 1073
e, e 0.799% x 2072 0.0 D.82069 x 2072
s T 1 0.1k676 x 207t -0.2602 .36117 x 1072
- <0, 79601 0.9655 ] 0.92743
5, =0.6055% 0.0 -0,37398
- -0, 212815 0.0 |0.73926x 1072
%y © 0,60515 0.0 0.37399
o, . ~0.79585 . 1.000 0.92740

TABLE L-1

Orbital Workshop Mass Data
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Figure k-3. Time for WACS to Control Initial Docking
" Disturbances for Given Thrust lLevels



L.1.2.2 Local Vertical Hola

During the pefiod'when the CSM is performing the rendezvous maneuvers,

and during the Z3-day misslon, the WACS will be in a local-vertical-;hold
mode. The workshop will be reguired to maintain a graviﬁ&-gradient stable
T orwentation within +20 degrees in the pitch and yaw planes, with the MDA
directed toward the earth. In this mode the roll rate must be maintained

less than 0.0L degree par secoud during rendezvous and during the 23 day
mission.

The rolllrate ;eséricbion imposes an upper limitation‘on the minimum-
impulse-bit size. Configuration 1, the OW3 zlone, is most ecritiecal in
estabiishing the minimum-impulse-bit because it has the lowes£ roll in-
"ertia. PFigure l-§ shows the change in roll rate for this configuration
s a function of impulse bit., This figure shows that & change in roil
vate of 0.CL degree per second is obtained with an impulse of 1.8 pounde
" secounds. The control logic, wnich mixes yaw and roll, will ensure that
in the limii cycle mode only one module can pulse with yaw errors and roll
errors; but two modules can pulse with roll errors ouly. Thus, with an
impulse it of* 1.8 pound~seccnds, or 0.9'pound-second with two redundant
thrustors per module, a single pulse will Eause roll rate to change from
one switcning limit to the other in\response to roll errors or from zero
to the switchirg limit with yaw errors. Although this value of minimum
impulse bit will meet rate requirements, a lower value must be used to
assure that tolerances on pulse width, thrust, switching limits, ete.
will not cause comtinuous thrusting. A minimum impulse bit less thén
that required to reverse the roll rate direction from the switching linves
is desirable to improve roll gravity-gradient capbure time. Thus, assum-
ing coatrol logic such that only two roli engines, in opposite modules,
can pulse simultaneously 0.9 pound-second is the upper limit on minimum
impuise hit. A value of 05 pound-socona has been selected to allcw for
tolerances. Roll phase plane plots are shown in figure L.s.

Performance in the pitch and yaw axes is also affected by minimm-impulse-
bit size. Based on a single-axis analysis the maximum pitch rates re- -

sulbing from a minimum engine impulse bit FTor & given pitch attitude limit
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are shown in %}gure 4.6, For the 207degree deaﬁband,“ratés of approxi-
mately 0.035 dggree per second are developed by gravity-gradient torques
alone. It is roted that the effect of the minimum éngine impulse bit on
maximun pltch xate increases as the attitude Limits are decreased:.

The sensitivity of the uncoupled WACS duty eycle to varying piteh attitude
deadbandé for sev$ral values of engine minimum impulse bit is contai?ed

in figure k-7, Bised on the single axis analysis, the duty cycle signifi-
cantly incresses as the pitch-attitude limit is decreased, or as the mini-
mum impulse bit siée is increased. For example, using a pitch attitude
limit of 20 degreeé, the duty cycle time is reduced by 23 percent by in-
creasing the minimum engine impulse bit from 0.6 to 7.5 pound-seconds.

This is equivalent To increasing impulse usage by a factor of 15.3.

The pitch impulse usage per dey for & given, minimum engine-impulse bit
is given in figure 4~8. Increasing the pitch-attitude limit reduces the
reguired impulee significently, but reducing the minimum-impulse bit re- +
dutes the required impulse by & greater amount. Figure 4-8, which is for
the more critical S-IVB/OWS configuration, indicates'that the 23-day mis-
sion would requlre. less than TOO pound-secondscf impulse for the pltch
axis to controld®gravity-gradient, providing the minimum engine-impulse .
bit is O;é pound-second or less. Iﬁpulse dﬁe.to disturbances, coupling,
and aercdynamics must be added to this value, end iripulse for the other
axes included also. Higure 4-9 shows é‘coupled, pitchﬁaxié, phage-plane
plot fér the local-vertical mode fbor the S-IVB/OWS with side-docked CSM
confignration. '

Because aerodynamic torques were not avallable initially, they were not
included in either the simulation or single-axis analysls. Consequently,
a comparison was made between'graviﬁylgradient torques and aerodynamic
torques for a range of angles around.the gravity-gradient loeal vertical
stable orientation, to ensure that destabilizing aerodynamle ﬁomentswould
not cause roll-attitude divergence. The comparison was made for the coa~
figuration used for'the 23-day mission with éhe CEM and MESS docked to the
5-IVB: The data used to compute‘the aerodynamic torgue ‘were ocbtained from
reference S.. It is expected that removing the M&SS will not change the
aerodyhamic character;stics drastically. - Figure 4«10 shows the roll

Al
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ORBITAL WORKSHOP ATTITUDE CONTROL SYSTEW:
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gravfty-gradient and roll aerodynamic torgues as a funection of roll atti-
tude for a plncn attitude of 90 degrees.

Based on figure k.10, it appears that the roll aerodynamic torque for roll
angles between‘o and 180 degrees will act with gravity-gradlent to stebi-
lize the CSM/OWS combined vehicle. Therefore, the CSM/OWS configuxﬁtlon
for the 23-dav mission will be.stable in gravity-gradient with the C°M
trailing. With ’Ehe CSM leeding (@ = 270 degrees), aerodynemic moments

are destabilizing. These aerodynamic moments will change for other solar-
panel arrangement;.-' '

13

Similar comparisions of gravity-gradient and aerodynamic torques were made
for piteh and yaw. It was found that the aercdymamic torgues were negli-
gible in yew, while they were sufflciently large in pztch to cause the
pmtch-sbaole gravity-gradient p031u10n to be snifted up to four ‘degrees.

Transient histories of orbital coast for several configurations, using
various i:itial conditbions, were‘obtaiped by simulation techniques. It.

was found that rate feedbeck was not required for control. Figure b;ll
shows transient histories of body attitudes and body rates for the S-IVB/
OWS in orbit with its solar panels deployed. The pitch end yaw attitudes
were co.trolled to 20 degrees, and the roll rate was maintained below

0.0l degree per second. It is shown in Tigare 4-11 that deviations in -
roll-attitude (P p) are limited by the combination of a rollw-rate switch-

ing limit and reétoring-torques from gravity-gradient and centrifugal
torgues.

4.1.2,3  Gravity Gradient Capture

Analysis of the gravity-gradient capture mode was required to 1) establish
system rate and position gains and attitude ervor limits which will assure
capture from large initlal attibude errors with optimum transient response’
and impulse usage, and 2) to determine an acceptable impulse bit and atti-
tude gain to preclude tumbling from the passive gravity-gradient positlon.
Tne canture mode performance and requirements are different for each of

the follcwwng configurations, becaunse of. the different inertia parameters.
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a. OWS alone with solar panelé deployed

b. OWS with C3M docked to a side poxt

c. OWS with LM/ATM docked to & side port
The yaw-axis phase-plane plot, which includes & simplified version of the
switching lines from figure 3-2, and shows & capture tra:jectory for the
gravity-gradient capture mode, is shown in figure 4-12. An 0.05 degree
" per second rate lédge will limit propellant consumpbion while giving maxi-
mum capture times,: from an inverted posibion, of approximately one-hall
orbit. The l0-degree attltude-error limit will be within the horizon-
sensor linesy range‘{‘for expected principal exis variations. The rate gain,

attitude gains, and atiitude-error limits can be adjusted to optimize pro-
" pellant consumption and capture time for the final configuration.

The maximum permissible body retes, as a function of pitch and yaw angle
. deviations from the local vertical for passive capture of the gravity grad-
ient orientaetion, are defined by the caplure envelopes showm in figure 413,
These curves are derived based on energzy considerations. QGravity-gradient
capture is assured, if the combined pitch and yaw body atiitudes and rates
lie below The curves when active conbrol is terminated. The envelopes for
both configuratigns that require gravity-gradient capbure are’given in the
figure. The alloweble pitch and yaw rates for the ATM docked to the. S-IVB/
OWS are considerably lower than for the S-IVB/OWS alone configuration with
solar penels deployed (0.52 degree per second compsxed to 0.66 degree per
second). The meximun allowable attitudes are approximately the same (37
degrees). The roll attibtude vas assumed to be 90 degrees from its stable
' gravity-gradient position. However, the effect of yoll sttitude on all
envelopes determined was ‘negligible, because the roll gravity-gradient
terms were small.

The cepbure envelopes given in figure 4-13 were determined, based on the
assumption that all three rates (pitch, yaw and roll) were equal. It was
found by limiting the roll rate to 0.0l degree per second, which is jbhe
specified roll-rate 1limlt, thet the moaximum permissible pitch and yaw rates
could be _increaseé. by only a negligible amount (0.00L degree per second)
Tor capture. o
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Figure 4-13,2ls0 shows boundaries whiéh provide a2 margin on capbure auch
. that pitch or yaw attitude excursions do not exceed 20 degrees.. This
reguires mucﬁ lower rates and attituie errors then reguired fto ensure -
cRpbUrY. R&tgn of approximately 0.0L6 degree per second are required for
attitude errons of 5 degrees. A roll-rate restriction of 0.016 degrée
per second restricts the minimum engine-impulse bit to 0.8 pound-second.
However, if the body rates in all three axes are assumed to have values
corresponding t% equal minimum—impulse'iits, the minimum engine-impulse
bit can be appra§imately 3.0 pound-seconds. The capture limits for this
case for the ATM configuretion are also shown in figure k-13,

Figure L-1k shows the response.of the OWS to an initial roll displacement
~ R

of 90 degrees without attitude conbtrol. It can be seen that this roll -

displacement does not cause tumbling about the pitch or yaw axes.

L.,1.3 RCS Thrustor Location Study

The effect on the WACS impulse usage of locating the APS modules a£ the

present S-IVB APS location, the IU, and the Air Lock was investigatéd.

Figure 4-15, which contains the results of this analysis for the various

S-IVB/OWS’coﬂ%igurations, shows the reiationship between impulse usage

and APS module location for the impulse usage of reference %, which is

used primarily-in the piteh and yaw axes. The impulse was normslized to
unity for the present S-IVB APS location.,

The results of figure 4-15 indicate that the present location of the APS
engines 1s superior to.all other locations for the configurations used
during Missilon A, Mission B, and oxbital storage after Mission B. The
.location at the forward end of the: Airloeck is superior only for the con=-
figu¥ati$n‘of the OWS alone. Conéidering the total mission, the present
locetion of the APS on the S~IVB is superior. Location in the IU is
infexrior in all cases.

Seversl other factors favor the S-IVB iocation over the Airlock. It is
necessary to locate engines on the 8-IVB aft skirt for control during .
powered roll, because thrustors on the Air}ock would be covered during
at least & part of the time that roll control of the 8-IVB is requifed,
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(during J-2 e.gine burn}. This would require multiple APS locations.
Also, impingement of reaction-control thrustor plumes on the CSM or
LM/ATM would be much more severe for Alrlock-mounted thrustors.

5

k.1.h "Summary of Dynamics Derived System Requirements

The additional system 1"equ.lremen'l‘.s obtained from the simula.t:.on and
) analynis oxae summarized in the followzng Bections and tablas k-2 through h-5

L.l.bh.1 Imnulseli‘g:r Module

b

The impulse per module and total impulse; for four possible propulsion
configuratlons is given in table h-2. This table iscludes the booat and
pa.ssn.vat;on requirements determ:.ned by Douglas, in gddition to the .AAP
requirements furnished by MSFC in reference (2). Several assumptlons
were made in determining the minimum propellant reguirements for each
module. It was assumed that 60 percent of the total required impulse,

to eontrol limit cycle, could come from one module because of ‘veriations
in impulse-bit size between thrustors, one-sided disturbances such as
aerodynamic torgues in the piteh axis, bias voltages, and cross-axis coup-
ling effects. “These effects could cause one module to Iire more frequent-;
ly than the oﬁhégrduring limit-cycle operation. It was assumed that 90
percent of the impulse for A.AP-requirements could be derived from either
module, based on.the considerations above and the unidirectional nature
of docking disturbances, which, as indicated in section ¥.1.h3 account
for most of the impulse requirements.

h.1.,4,2 Pulse Width Distribution and Duty Cycle

For ﬁurposes of evaluating the specific impulse of the engines during

each mission phzse, the total reguired impulsg wes divided into four catew~
gories of duty eycles as glven in table 4-3. Docking and separation re-
quire large continuous pulses, and are 'covered in the first categof&.
Category two includes duty cycles between five and ten percent, while.
category three includes duty cyeies 5etween one and five percent. Unper- ’
turbed limit cycle is covered in the fourth category as having & duty
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' ESTIMATEID IMPULSE REQUIREMENTS FOR
E

" TABLE L.2

:?QUR PROPCIED PROPULSION CONrIGURATIONS

-

IMPULSE REQUIREMENTS

(pound-seeccnd)
CONFIGURATION | PASSIVATION & BOOST| COAST & DOCKING | 4LL PHASES OF CONTROI
' Per Per Per |
Total Module | Totel | iodule Total .. Module
A ' L.
Nonmanifolded | 13,5C0 9,060 | 22,500 { 20,500 36,000 29,500
A .. f
Yanifolded 13,5¢0 £,750 {22,500} 11,250 35,000 18,000
3 - L
Nonmanjifolded | 13,500 4,500 | 22,5001 10,250 | 36,000 1k,750
. B a - .
Manifolded 13,500 3,375 {22,500 5,625 | 34,000 9,000
c - - _ .
Yormarifolded | 13,500 $,000 |22,500] 20,500 36,000 29,500
c : . - i
Manifolded 13,500 3,375 | 22,500| 5,825 36,000 9,00C,
.D ‘ B J .
Tonmanifolded 13,500 L,500% [ 22,500 | 10,250* | 36,000 1k, 750%
D . . ) o
¥anifolded 13,500 3,315% | 22,500 5,5675*| 36,000 9,000%

* These impulse requirements for econfiguration D, which has two separate

- systems in each module, are per system or hzlf module,
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TARLE, h~3 i
PRELIMINARY ESTIMATED PULSE‘WIDTH DISTRIBUTION

AND DUTY CYCLE FOR S-IVB WORKSHOP ATTITUDE CONTROL SYSTEM

L8°

- POTAL IMPULSE PER MODULE* (S~IVB CONFIGURAFION)
Mission Sequence Continuous " Pulsed
. ‘Pulses
(Times from S-IVB Cutoff) (>0.1 sec) .
’ ¥ o = DULY. Duty p 7 Duty
. 10% -C cle>5% . 5%>L CI>1 lﬂfbvcle
1, S-IVB Separstion to T 1/2- 2,350 2,870 1,680 2,100
Hours After S~IVB Cutoff . ‘
2. T 1/2 Hours to 48 Hours 0 0 0 1,550
3,. 1 to 2 Hours Following (2) 5,500 500 500 650
(Start of 23-Dey Mission A) .
4, During 23-Day Misszon A 0 0 0 1,550 .
. 'Assume Min, Imp = 0.6 Ib-sec) . ’ L
5. End of 23-Day Mission A 600 _ 0 .70 500
6.. '3 to 6 Wonths Following End of No Usage Yo Usage . No Usage Ko Usage
23rd Day L .
7. Start of 56-Day Mission E © 3,400 200 200 300
8, Any Time During 56 Days 1,000 0 0 550
{2 Day Duration) c
9, Y¥nd cof 56-Day Mission B 150 o} Q 50
10. 6-12 Months Following End of ‘ No Usage No Usage No Usage No Usage
. S56-Day Mission B . :
11. Start of 2nd Day Mission C 1,k00 0 0 1,900
TOTALS 1k,h09 3,570 2,380 9,150

CRAND TOTAL

29,500

# Yor configuration on A Non menifolded of Table hW-I.




cycle less than one percent. Powered roll and LH, venting are two typi-
cal examples of category two, while LOX venting is typlcal of category
three. ' '

Thg impulse for duty cycles lesé_thhn one percent durlng undisturbed limit-
cycle operation was sized, based on an engine minimum impulse of 0.6 pound=
second. A decreése in impulse per pulse, because of lower specific im-
pulse at low dutyl cycles, will reduce the total impulse.

4.,1.4.3 Minimum Pulse Bit
!

The maximum value of the minimumrimpulséLbit was established in section
4,1.2.2 as 0.6 pound-second based on the roll rate requirements. Lower
valties are des.rable for minimiiing impulse usage during limit-cycle
operétion, and for more accurate gravity-gradient capture.. Dﬁring‘IU
operation (boost and passivation), the present 0.065-second pulse-width
can be used. ’

k,1.k.% Thrust During Boost and Passivation

A roll thrust of 25 pounds is required during boost and passivetion for
the present S-IVB APS thrustéxlarrangements, based on previous analyses.
If dual thrustors‘(6 per module) are used, th;‘thrust per augine can be
reduced by a factor of 2. C

4.1.5 Results of Failure on Impulse Requirements

Table- b~k contains the estimated changés in impulse requirements due to

" possible failures in thé WACS for both manifolded and nonmanifolded pro-
pellant tanks. The impulse indicated in table L=l refers to table 42,

No estimates were made for cases which result in "loss of contxol" of the
CWS., Tor purposes of simplieity, the following assumptions were made with
respect to possible failure:

. &, .Tne loss of & propellant tank resulted in a total loss of a
module for the nommanifolded case. .



T
ESTIMATED CHANGES IN TiPULS
- . FAILUREE VWITH

o
=
Te1ER

ABLE k-4
R2GUIRSMENTS TO TOLERATE POSSIBLE

T LCSS OF CAPABILITY

\
TYPE OF FATLURE

. LY
1}

Loss of Tank None .

Manifolded

loss of Tank . %
Manifolded

Loss of Engine'Non—
Manifolded

Loss- of Engine
Manifaolded

Loss of Line
Nomnmanifolded

Loss of Line
Menifolded

Loss of Power &
to System lon-
fanifoldad

Loss of Power to
System Manifolded

. Engine Failure "OX".

Hommanifolded

Engine Failure "ON"
Manifolded

PROPULSION CONFIGURATION

A

>
No
Control

2 x-Imp
Per Module

No .
Control .

No
Control

No
Control

No

Control

No
Control

No
Control

Ko
Control

o
Control .

B

-1.33 x Imp

Per Module

l.b x Imp

Per Module

71,33 x.Xmp
Per Module,

1.09x Imp
Per Module

1.33 x Imp

Per Module |

No
Control

1,33 x Imp

Per Module
Yo .

Change

2 x Imp
Per Module

Yo
Control

c!

Wo
Change’

1.33 x Imp
Per Module

Yo
Change
. lo
Change

~No
Change.

Ho
Control

Ko
.Change

No
Change

No
_ Control

[}
Control

D

2 x Imp
Per Module

1.33 x Imp
Per Module

No'
Change

¥o
Change

2 x Imp
Per Module

No «
Control

2 x-Imp

Per Modules -

No
Change

2 x Imp
Per Module

No
Control

NOTE: The factors per module refer to Table 4-I

Assuming separate tank for each engine cluster
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The lcss of a single fuel line resulted in single module

loss for the nonmanifolded éase and complete WACS loss for
1 ’ ¢

the manifolded case.

The loss® of power to a module resulted in total loss of

the moduye. ;
\

Fuilure due to an "engine on! situstion resulted in total

' consumptioa of the propellant in the module that contains

the "on" eégine and the opposing module for the nonmani-

Tolded case (a roll-yaw engine failure may not be so severe).

Total loss of the propellant resulted for the manifolded

case.
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4.2 Phase IT Analysis of Solar Orientétidns

k.2.1 Dynamic Model Description

The dynamic model used to simulate the vehicle in a solax orientation is
similar to the model used for the gravity gradient orientation which is
discussed in section L.1.L. Figure 4-16 defines the OW$ coordinate system
with resvect to 1fs earth orbit and the sun. ‘The solalg: panels were assumed
to lie alonz the ,;‘,:-a.xis for all configurations simula"éea..

The sign convention, engine module locations, and vehicle configuration
are shown in :f:‘igure’{lk-l?. The order of the Euler angle xobtation used for
Phase II solar orientations was changed to pitch, roll, and yaw to mini-
mize changes to the analog simulation used in Phase I. A Dblock diagram of
the simuletion similar to figure 4-2 in section 4.1.l can be drasm for the
solar crientetion. However, changes are necessary to include the angle
between the eaxth orbit and the sun vector (beta) and o convert the horizon-
sensor ettitude-error equations to sun sensor error equations. The same
small angle spproximations were made in developlag the sun sensor error
equations as for the horizon sensor error equations. These variations are
contained in theablock diagram in figure 4-18.

¢

The same techniqu_e of writing equebtlions of mobion was used for ?hs:se IT

as for Phase I. Moments about the body axes due to the body mounted en~
gines were derilved and transierred lnto the principal axes using the trans-
form matrix from section 4.l.l. Rotational equations of motion which
included gravity-gradient and gyroscopic torques and the transformed engine
moments were written in terms of rotatlons about the principal axes. This
simplified the simmlation by eliminating the quadratic terms involving pro-
ducts of inertia. Aerod&na_,mic torques were not included in the simulation
because thelr effect on.impulse usage was considered small et the 260 nauti-
cel mile altitude, and further, because of their cyclic nature they will tend
to add to gravity-gradient torgues throughout haelf of an oxbit and subtract
during the other half of the orbit.

L.p.2 Impulse Regquirements

The following secbiohs summarize impulse requirements to counteract grav:!.‘ty-
gradient torgues for each of the five orientation cases. The important
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WACS parameters have been parameterized to permit optimization of the
control system such that the required inggulae per orbit is minin;ized.
Both side-dockéd-and énd=docked CSM configurations have been evaluated
&nd compied for eadh case. Mass dmbe used to obtain the sinulation ve-
sults for each configurstion is listed in beble L-l.
h.2.2.1 cCase 1 Impulse

-E_
The workshop orientai’."tion for Case L is shown in figure 2-1 of sechbion
) 3.4.6. The x-axis, which is the longltudinal axis of the vehicle, is
i conbrolled such Thet it 1s in the plane of the orbit while the z-body
-a.xis is controlled to be parallel %o sun vec'tor, thus orien‘bing the solar
panels in a pJ.ane normel to the sun vector.

The effect of attitude Jdeadbends of 5, 10, and 30 degrees on impulse per
orbit as a fur_zction-of the angle between the orbit plane and the sun vec-
tor (bete) is shown in figures 4-19 and 4-20 for both configurations. I’
was observed from the simulation results that, for the mass data used,”
.dmpulse usage was syﬁmetrical ebout zero degree of betz for both configu-
ratlons, wlth the exception of gne set of parameters which were used only
for Case 3. Therefore, in@ulse-ﬁse:gé results are shown only for positive
betas. Pitch and'ye.w-roll Impulse per orbit are indicated separately in
figure 4-19, vhile total impulse per orbit is given in figure 4-20. Yaw-

. roll impulse requirements for the side-docked configuration are consider-
ably greater than for the end-docked configuration as shown in figure 4-19.
This is attributed to the larger gravity-gradient %orques in roll which
ere cgused by the greater difference in pltech and yaw inertias and the
shorter yaw control arm, cz_a,tised. by thé more afb center of gravity, for the
side-docked'coni‘igumtion compared to the end-docked configuration. 4s a
result of the high yaw-roll impulse requirements for the side-docked, con-
figuration, the total lmpulse requirements for the end-docked configuration
are less. Reducing the attibude deadbands results in an increase in pro-
pellan'b consumption for both configura‘bions.

A rate deadband of 0.0l degree per second was used in the simuiation to
obtain the data for figures 4-19 and 4-20. _ Figure 4-21 shows that for an
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attitude deadband of +10 degrees, a 0.0l degree per second rate deadband
decreased impulse tbsage compared to higher rate deadbands. for Case -l with
the end-docked configuration, Othér simulation results indicated that this

" low rate-deadbacd was also preferred for attitude deaiﬁands greater than 10

degrees. Similar results were found for the'side-docﬁed configuration.
, :

4.2.2,2 Case 1A Impulse
A

Case 1A is simildr to Case 1 with the exception that the priuncipal y-axis
‘is controlled to ?ie in the orbit plane rather than the x-aﬁis. _This
positions the gor&ghop‘vehicle so that the gravity-gradient torgues that '
are imposed on the OWS vwhen beta is zero are minimized; therefore, the
propellant cousumption per orbit is considerably reduced from Case 1 for’
both  configurations as shéwn in figure .22, Héwever, the gravityagrad-
ient torgues seen by the OWS increase as the‘vehigle longitudinal axis is
rotated away from the local horizontal through the angle beta. The im-
pulse inereases for both configurations as the aqgle between the orbit
plaue ard the sun vector increases. ' e

[

‘ Total "impulse per orbit for sgveral'atéitude deadhands for Case 1A is
shown in figugz'h;Qé. T@e impulse is reduced at large beta angles: for
increased attitude deadband. However, at small -bete angles impulse in-
creases with increasing deadband. Thus, smaller deadbaids for low beta
angles and larger deadbands at high beta angles are optimum. Fropellant
.cousumption may be further reduced for small bete angles by rgducing the
piteh and yaw deadbands beyond the 5 degrees shown in the figure. Simu-
‘lation results not included in this report indicated that for Case 14
rate deadbands of 0.0L degree’ per second in each axes are better than
larger rate deadbands. Based on.;ighré L-22 the end-docked configuration
requires considerably less propellant than the slde-docked co:.figt%ration
for Case 1A, The primery reason for the additional impulse is evidenced
in figure L.23 which contains the yaw-roll and piteh impulse individually
as a funection of beta. This Pfigure indicates that the side-docked con-
figﬁration requires considerably moré impulse in ysw-roll than the end-
docked ‘configuration ﬁhile'requiring approximately the same for piteh con-
trolm. This indicates that the longér control lever arms for the end-
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docked configuration In pibch and yaw and the incressed roll gravity
gradient torqués are s;gnificant as discussed in section 4.2.2.1. Results
of theoretical impulse computatlons for the end-docked conflgurations for -
Cose L and LA ave shown in figuxc 4«8k, Mhose compubablons wera made gox
an uncoupled system, using separate engines for esch axlis, and Included
only the g}avity;gradient ‘torq_ues-. Comparing the Case 1 curve .of f?.gure
Lok with figure 4-20, indicates that the simulation curve foxr the five-
degree deadband closely matches the theoretical curve,

k.2.2.3 Case 2 Results

The OWS is uncontrolled in yaw attitude for Case 2. This enables The.
vehicle to rotate about the z-exls which 1s controlled, &5 in the initisl
two cases, to be parallel to the sun vector. The resulis from the simu-
lsticn indicabe that there is no advanbage in this method of control over
the previous cases except for the énd-dockeﬂ. configurabion for beta angles
greater than 25 degrees. On the other hand, as evidenced by comparing
figure =25 with Cigure 4-22, the Case 1A mechanization requires conslder-
ably less propeliant then the Case 2 mechanization to control the end-
docked configurafion for low beta angles. A similar cbservation for‘lov
beta angles can be made for the side-docked configuration. The impulse -
requirenents for Case 2 are nearly idenbiceal to those of Case 1 for the
slde-docked conflguration (compare figure 4-25 with figure 4-20). Thus,
the lower Case L impulse requiremsnts &b high beta angles for the side-
docked configuratbion are also achieved by the Case 2 mechanization. Figure
426 conbtains the impulse by axis as a funcbion of beta angles of Case 2.
The initial condibions for all similation runs for Case 2 were zerc for all
body attibtudes and rates.

~ k.2,2.k Case 3 Results

In Case 3, the vehicle is rotated asbout the yaw-axis (z-axis) while
controlling the z-axis to be parallel to the sun vector. Both end~docked
and side-docked configurations werse evaluabed over a range of values for
the WACS perameters to determine their effect on system impulse usage. Yaw
gpin rate and attitude and rate doadbands were each varied independently
Yo determine the optimum velues.
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For the end-docked configuration, the yaw spin rate was found to be most
eritical. The z-axis for the end-docked configuration was. the axis of
mid-valued moment of inertia, unlike the side-docked configuration fox
wihich the z-axis ;.fa'as the axis of moximum moment of inert;La, making the
end-docked configﬁrata.on unstable in pitch for Case 3. The effect of
this instability on impulse as a functlon of yaw spin rate is seen in
figure 4-27. A loidegree atbtitude deadband in pitch and roll a.nd a 0.01-

\ degres-per-second rsis,te deadband in each axis with & beta of 50 degrees

1 were the parameters used in bhe simuiation to obbaln the data for figure
Eh-a’r. Imoulse requirements increased sharply for the end-docked gon.figun
§;ra{::l.cm vwhen the yew-rate exceeded 0.7 degree per second. This increase
“‘is attributed to the gyroscopic torques which increase as the spin rate
increases because of the insbability. The instability occurs only in the
pitch plane as indicated in figure L-28 which shows that the piteh impulse
increases for increasing yew spin rate while the yaw-roll impulse remsins
relatively constant for the end-docked configuration. Revised mass data
recelved from MSFC after completing the simulation indicates that the
moment of inertia about the z-sxis is expected to be the maximum ineytia.
Thus, it is anticipated that the impulse will decrease as the yaw spin
rate increases as it did for the side-docked configuration.

Figure 4-29 contains the results obbained from the similation by varying
the pitch and roll attitude deadbands for both configura.‘bions. The figure
contains the relationship between total impulse per orbit and the angle
beta. The figure indicates that the optimum attitude deadband for the
end-docked configuration is & function of beta, while the maximum.dead-
band is optimum for the side-docked configuration.

Simulation resulis indica.te_d that the most critical parameter for Case 3
was the rete deadband. Figures 4-30 and L4-31L show the relationship be-
tween impulse per orbit and rate deadband for the side-docked and end-
docked configurations, respectively.

‘ Bacause of the stable nature of the side-docked configuration, the pro-
pellant usage decreases as the rate limit for each axis increases. The
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impulse usage increases for rate deadbands greatér than 1 degree ﬁéf‘éeéond
because the rate gein is too low to provide sdequate system damping. The
system is séin stgbilized such that there aré no engine firings when beta
is zere and the ré%e deadbands are greater than 0.06 degreé-pcr sécand;
The optimum rste déadband in all three axes for the end-docked configura-
tion is approximaté;y 0.008 degree per second for the deadbands_evaluated
\ as shown in figure kf3l, which also indicetes that the impulse requirements
E\per orbit incresse aé beta increases for opbtimum rate deadbands. The WACS
3paraméters that werelused in the simulation model were a 1lO~degree attitude
%&eadband in pitech and reoll and a yaw spin rete of 0.5 degree pexr second.
The impulse per orbit incresses as the rate deadband incremses beyond the
6ptimum point. This is sttributed to the instebility in the pitch axis pre-
viously discussed and is further compounded by principsl axes béing rotated
five degrees from the spin axis. ‘ -

The effect of the principal axes beiﬁg offset from the spin axis for tﬁg betas
of zero esnd 25 degreses 1s contained in figure 4.32. The effect is shown Lo
be relatively sma%l for small offset angles.

The Impulse usage doubles for a five-degree rotation while it is 14 times
greater for a l5-degree rotation. The figure illustrates that small rota-
tions of two degrees or less, which is enticipated for the side-docked con-
figuration, results in a smell increase in propellant consumption. Although
these results are not directly appliceble to the'siﬁe-docked configurétion
because of the different inertia properties, the low sensitivity to offsets
of the principal axes from the spin ax;s is axpectgd to apply.

The effect of rotating the engine modules 20.5 degrees from the spin and
principal sxes is compared to the non-rotated case in figure &-33. Both
systems were simulated for the entire range of bdeta (-50 to 50) using both
positive and negative yaw spin rafes. The variation in impulse require-
ments caused by cﬁanging the yaw spin rate from positive to negative re-
sults from the unstable pitch zyroscopic torques which vary as a funcbion
of the yaw spin direction and beta angle. It is noted from the {igure
that the maximum impulse occurs gt a beta of 30 degrees instead of 50°
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degrees due to the 20.5-degree engine shift from the principal exes.
Tt is estimated that the shift results in epproximdtely a 10 percent
inerease in impulse for tals case, i

¢

k,2.2.5 Case b Results ;

¢ -

Case 4 utilizes the gravity-gradient stable orientation for which the
x~axis 1s controlleé to lie along the local vertical anﬁ the vehicle
is rotated about the'x-axis such that an optimum solar[panel orientation
- is achieved. Uhlike‘the previous cases, where the impulse requirenents
;increased as beta ;ncreases, the impulse for thils case ls minimum when
bete is 90 degrees because with & fixed roll sbttitude the panels are
positioned optimally for the entire orbift, thereby eliminating the roll
commands o the vehicle. The lmpulse usage goes up as beta decreases
because roll rate commands increase in order to orient the panels to the
sun. As discussed in section 3.%.7, the optimum roll attitude history
varies considerably as a function of bets and for a low values of bete
severai alternate roll control schemes can be used to minimize impulse
without significantly affecting solar panel power. Figure L4-3h shows
the impulse per cofbit versus bete for bobh end and side-docked configura-
tions for several roll gttitude control mechanizations. The mechanizations
for which Gsta are shown are Cases %, 44, 4B and 4C as described in the
following psragraphs. {See also section 5)

The impulse per orbit for Cese hA, which uses a fixed roll atbitude,
is independent of beta, and requires only & small amount of Ilmpulse
(5 pound-seconds per orvit) to control the vehicle in its gravity-
gradient stabdle position. This impulse is estimated from figure 4-8,
assuming piteh and yav impulse reguirements are equal.

Impulse data b" sxls obtained from the simulation for Case 4C, which uses
a consbant roll rate equal to orbital rate and 20-degree piteh and yaw
attitude deadbands, is also contained in figure 4-34. Although not shown
in figure 4-3k%, simulation results indicated that the impulse requirements
inecressed by a factor of 10 when the attitude deadbands in piteh and yaw '
sere reduced to 15 degrees. The impulse in pitch and yaw-roll are approxi-
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mately equal for Case LC as indicated in figure 4-35.

Also shown in figufe 4-35 is the impulse distribubién bebween pitch and
yaw-roll engines for the end-docked configuration for Cases 4, and 4B,
The rate deadband in pitch and yaw used in the simulation was 0.1 degree
per second wnile it was 0.0l degree per second in roll. The larger rate
deadbands in pitch and yaw were used because simulation results indicated
that Tthe smaller qebdbands increased the propellant consumption. The

. required impulse pe§ orbit for Cases L4 and 4B resulted in more propel-
lant usage than Cese 5 while requiring less than Case 1, However, of

! significance is the reduced amount of power obtained from the panels
zbecause cf the nonoptimum panel orientation with respect to the sun
'unless panels are articulated as discussed in section 5.

L,2.2.6 Case 5 Results

Case 5 is similar To Case 1A for a beta of zero in that the x-axis is
controlled to be perpendicular to the local verfical at the terminator
and thus perpendiculer to the.orbit plane when beta is zerc. The varié-
tion bhetween the&#wo cases is that for Case 1A the z;axis cf the vehlele
is controlled to be parallel %o the sun vector, while for Case 5 the
z-axzs is piased by beta such bhat it remains in the orbit plane and the
x-axis remains perpendiculer to the orbit plane for all values of beta. -
The panels are rotated toward the sun through the angle beta by a separate
contrel system for Case S

The impulse data for Case 1A, which is shown in figure 4-22, cen be used
to determine the impulse per orblt for Case 5 with beta representing the
offset of the piteh zxis null from thé perpendicular to the orvit plane.
The figure indicates that impulse is minimized by reducing the atiitude
deadbands. A curve showing the required impulse for a two degree pitch
and yaw deadband for beta angles in the range of zero to five degrees is
also shown in figure 4-22. This curve indicates that pitch and yaw dead-
bands smeller than #5 degrees will reduce the impulse requirements for Case
5. This impulse savings results because the.piteh and yaw gravity-gradient
torques are reduced. Larger roll attitude deadbands are expected to be
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optimun for Case 5, because of the eyclie nature of fthe roll gravity-gredient
torques.

The destebilizing nature of the piteh and yaw sraviﬁy-gradient torques
cause & ocne=sided limit cycle'in plich and yaw; thus, the gravity-gradient
torques, and the iﬁpulse usage, are Tunctions of the sum of the deadband
and the null offset ?aused by vearious tolerapces. Impulse can thus be
‘mininized by a éombiqation of small pitch and yaw deadbands, and the use
-of accurate sensors a?d attitude commands in pitch and yaw, The use of
;ntegral feedback to minimize these null offsets and further reduce impulse
ésage should also be considered,

4,2,3 Impulss Requirements due to Aerodynamic Torques

The effects of serodynamic torques were not included in the simulatlion

because data for the latest solar panel configuration was not availsble at
the time the study wss initiated, and the effect on impulse usage was ex-
pected to be small at the 260 nautical mile altitude, This conclusion vas
based on the serodynemic data available from reference 5 which indiceted
that aerodynamic torques were less than approximetely 20 percent of maximum
gravity-gradient torques. The effects on impulse usage are further reduced
because aerodynamlc torques subtract from the gravity-gradient torques for
part of each orbit and add for the remainder of the orbit.

4,2.4 Summery of Impulse Reguirements for the 28 Day Mission
1
The impulse requirements for each of the orlientations studied are listed

in table L-6, ‘The attitude deadbends that ylelded the minimur impulse
valuées for sach cdnfiguraiion arg ealso given in the table, and the optimum
configuration for each orientation is indicated by a heavy outline. A
rate deadband of 0.0l degree per second vwas used for all cases e;cept the
side-docked configuration of Case 3. For this case 2 rate deadband of 0.2
degree per second, based on the results presented in figure 4-30, was used
to obtain the impulse requirements. The impulse estimates for each case
were derived from the simulation resulis by adding & 20 percent factor to
the recorded simulation results to account for serodynamic torques, and to
allow for simulation variations, This assumes that the impulc. zrequired
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1A 30 deg_for 135,000 258,000 30 aeg_for 205,000 300,000
g7 25 B8 =as
Attitude “§ AlL
Deadband ’ i
5 ,;gn dz; 195,000 | 205,000 gzz;;zgg 308,000 | 255,000
'} are equal’ ’
s
30 deg
Attitude Attitude -
3 Deadband | 65,000 60,000 0.2 deg/st 30,000 82,000
10 deg Rate
i = Deadband
]
- 5 deg . , 5 deg
’ neadhand L 55,000 55,000 Deadband 103,000 103,000
20 deg . 20 de
L. L 5 & '
1B S geng (140,000 110,000 Deadband | 1554000 130,000
20 deg ’ 20 deg -
| Deadbana | 61900 6,000 | pavana | 659 6,500
20 deg : 20 deg r
he Deadbang 25,600 2?’690 Deadband 30,000 30,000

For total mission impulse, add 22,500 pound-seconds for rendezvous,
docking, ete., as shown in table 2-1, and 13,500 pound-seconds for
boost and passivation as shown in table 4-2.

TARLE b-6 Workshop Attitude Control System

Data Summary for 23 Day Mission
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for other disturbances is negligible. The summary table indicates that
Cases 3 and 5 and. cextain variations of Case 4 require considerably less
propellant than the other cases.

k.2.5 Effect of Impulse per Pulse and Thrust

The minimum.engine Impulse bit used‘for control during the 28 dey mission
is expected to be a significant factor in minimizing the propellant
consumption. A minimum impulse bit of 0.6 pound-second was used in the
‘simuilation to obtein the impul.se data given in the previous section.

This impulse-bit was sized to minimize the impulse usage during gravity-
gradient control. By increasing the bit size tﬁe specific impulse of the
engine increases, thereby decreasing the impulse required for disturbances.
This is true for all cases for which the total disturbancé torgues cause
operstion on one side of the deadband rather than two-sided 1imit cycle
operation. This situation exis%s Tor most of the mission for all corien-
tations, except pitch and yaw axes of the gravity-gradient cases. For
control about an orientation for which gravity-gradient torgques have an -
wnstable null, as is the case for the pitch axis of Case 5, larger minimam
impulse bits can decrease impulse usage by driving the axls further toward
the mull between pulses. This decreases the average ftorque and thus the
impulse usage. Thus, further study is required to optimize the pulse width
for each mode of operation.
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5.0 SOLAR PANEL POWER

The averaée valﬁe of continuous electrical power at the buses was esti-
mated for all of the attitude control orientations studied based on the'
solar ar&ay conf%guration recommended by Douglas Aircrafit Company in
reference 6. The' eurves of power versus beta angle hav? been computed

for 1,200 square feet of active surface. Active surfacé is defined for

this study to be the total surface of the panels Wthh is used for wmounting

solar cells; it unus excludes surface lost between the panels that is used

for deployment mech§nlsms end structure and other euxiliaries, but does
y include space on the panels between the solar cells.

The average power for each of the different attitude control configura-

tions, which are described in section 3, was computed by integrating the

incident solar flux on the panels during a complete orbit for a particular
beta angle (including shadowing effects). A value of 8.35 watts of electri-

cal power per square foot of active surface at 2500, was used to arrive

&t the value of electrical energy supplied to the Airlock power conditioning
#

equipment. The mathematical model of the Airlock batteries and power
conditioning equlpment for the 260 nautical mile circular orbit was
supplied bJ McDonnell Astronauties Company; it is

1.597 Eo

By = 557 T

Where PB is average bhus power in watts for a complete orbit,

Eo is input electrical energy in watt-hours during one orbit, and

Ty is the duration of the illuminated portion of the orbit in hours.

In onrder to make valid comparisons between power curves for different

attitude control cases, the panel temperature estimates must be compatible.

This was Gone by assuming the average temperature during the illuminated
portion of the orbit to be a linear function of total integrated solar
flux during the orbit. Temperature is estimeted to’vary between 70°C
(158°F) for normal incidence at a beta of 52 degrees -and 25% (779F) for
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Case & at a beta of zero degree. TFurther thermel analysis is desirable
to pfedict instantansous temperatures during an orbit and include this

factor in the integration of solar cell output power.

The average temperature of the panels for the orbital storége case was
assumed for simplicity to be constant at 25°C for the full range of
beta angles -~ no attempt was made to refine this further. Actually,
because of the lower value of integrated solar flux on the panels during
storage than for any of the active cases, the panels are expected to be

cooler than 2500 and thus supply somewhat more average power than is
indicated.

5.1 Normal Solar Incidence Orientations (Cases L1, la, 2, 5, 3A, 4B.and 5)

The attitude control cases which provide normal sclar incidénce‘to the
panels include éll the solar-inertial orientations, plus the gravity-
gradient case in which both vehicle roll and penel angle relative %to-the
vehicle centeriine (alpha) are controlled to point the panels directly
toward the sun (Case LB). These orientations provide the maximum possible
ppwef under any conditions. The power as a function of beta angle and
deadband is shoun in figure 5-1. The rise in power as beta increasés
results from the solar panels being exposed to the sun for a greater

fraction of the o}bit period.

5.2 Gravity-Gradient with Roll Control (Case 4)

In this orientation mode, the panels are held parallel to the longitudiral
axis of the workshop (alpha = O degree). This.orientation becomes more
favorable as beta increases. Filgure 5-2 shows the power as a funection of
beta and deadband. The constant-roll-rate maneuver which is used for
small beta angles when the sun is.néar the zenith, has a negligible effect
on solar panel power. '

5.3 GCravity-{radient with Variable Array Angle and Constant Roll
Attitude {Case bLa) '

In this orientation, the roll attitude is constant with the array rota-
tion (alpha) axis perpendicular to the orbit plane. At a beta angle of

zero degrees, the panel can be pointed normal fo the sun by controlling
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alpha continuously, to yield the same power as for Cases 1, 14, 2, 3, 34,
UB and 5. However, as beta increases, the fall-off from this level is
rapid, as shown in figure 5-3. '

5.4 ugravity-Gradient with Variable Array Angle and Constant Roll Rate

{Case hC)

For this case, theiroll rate is equal to the orbital rate of the Workshop
and is synchronizeé‘so that, if alpha were to be held at zero degrees, the
plane defined by the vehicle centerline and the panel normal would contain
the sun vector at the time the (WS crosses the meridian. There is only

a slight loss of poﬁer at a beta of zero degree compared to Case LA;

it results from the fact that the attitude resulting from the constant
roll rate corresponds with the optimal roll attitude required at the
terminator for Case LA, At greater beta angles the constant rate of

Case 4C provides & slightly worse match to the optimal attitude. As a

result, the power is nearly constant as beta varies, as shown in figure 5-4,

and does not increase appreciably with increasing beta.

5.5 @ravity-Gradient with No Roll Control and Array Angle Alpha =
00 degrees Storage

For orbital storage, insufficient stabilizing tofques will exist to main-
tain any particular roll attitude. As a consequence, the solar arrays

must be positioned so that their normal is parallel with the workshop

longitudinal axis (alpha equal to 90 degrees) in order that they may absord

solar energy independently of the workshop roll attitude. Under worst-
case shadowing and beta~angle conditions, the solar power system will
supply & minimum of approximately 960 watts, &s shown in figure 5-5. As
noted in section 5.0, this value is probably conservative, and further,
the likalthood of the workshop remaining in the worst shadowing condition
for a long duration is very low.

The best-case-:' :dowing curve shows & dip in the region around beta equal
to 10 degre 7. For orbit planes with beta away from this regicon, it is
possible to avoid any significant shadowing of the panels. However, at
beta angles near 10 degrees, it is impossible to avoid some shadowing.

1)

12



A

CONTINUOUS POWER CAPABILITY (WATTS)

AODO F 0-10° DEADRBAND

& 30°

?;% ¥ . ) . e
Ll—a— 20° i :

. -
’ NOTES: .

I, 1200 SOUARE FEET ACTIVE SUAFACE
2 260 MNAUTICAL MILES ALTITUDE
2,25~ 50°C TEMPERATULRE

/4

4,000 7 EPS (BucK RESULATION)

. S5, SHAROWING EFFECTS |NCLUDED
6. ARRAY ROTATION AXS ?EIQPENDICULMR.
TO O/BIT FLANE

100

O - * -
o 10 20D 30 4O Lo

AMGLE 5 BETWEEN SUN LINE AND 0R8IT PLANC (pe&ReEs)
FIGURE 5-3 SOLAR ARRAY/BATTERY BUS POWER CAPABILITY: - GRAVITY-GRADIENT
STABILIZATION- WITH FIXED ROLL ATTITUDE AND VARIABLE ARRAY ANGLE FOR

MAXIMUM SOIAR INCIDENCE (CASE LA)

60



&l

5000

4000 -
+ O0-20° DEADSAND.- 4~
,____,__“____:_‘_:“,.,Q z

_—

———=%30°

3000 NOTES : ! :
‘ . \R00 SQUARE FEET ACTINE SURERCE
2, 260 NAVTICAL. MILES ALTITUDEG
2, 235-48°'C TEMPERATURE

. 4.MoD 7 EPS (BULK REGULATION)
2000 5. SHADOWING EFFELTS INCLUDED

1000

CONTIMUOLS FPOWER CARARBILITY (WATTS)

o ' .
o 10 20 30 40 so 6o
ANGLE g BETWEEN SUM UNE AND 628IT fane (DEGREES)

FIGURE 5-b * SOLAR ARRAY/BATTERY BUS POWER CAPABILITY:GRAVITY GRADIENT STABILIZATION,

CONSTANT ROLL RATE EQUAL TO ORBIT RATE, CON;IINUOUS CONTROL OF & ANGETE°FOR MAXIMUM SOLAR INCIDENCE

(cAsg hcY



5000

9 %
g 3 8
Q c #)

CONTINUDOLS POWER, CApaBiuTY (WATTS)
o
K]
o

| ANGLE @ BETWESN SUN LINE AND ORRIT PLANG (pserges)

02l

NOTES

L 1200 SQUARE TEET ACTNE SURFALE
2.260 NAUTIgAL PILES AUTITUDE

3, 269 TEMPERATURE

4, MoD 7 EPs (BUCK REGULATION)
L SHADOWING EFFSCTS INCLUDED
& & 20° OSCILLATION, ABOUT LotsL VERTMcAL

—

e BEST CASE SHADOWING

WORST CASE samoo\um\e\\\\
i e S
o 10 20 30 40 go

FIGURE 5-5 SOLAR ARRAY/BATTERY BUS POWER CAPABILITY:

ORBITAL STORAGE IN GRAVITY GRADIENT AT &= 90°

&o



5.6 Summary

The available power for theé different alternative attitude con%%oi modes
for Mission A 15 compared in figure 5-6. It is cbvious %hat the orienta-
tions providing pormal incidence to the arrays provide the most power.,
The next best slngle orientation method appears from a power standpoint
to be that with the constant roll rate (Case 4C), because it provides
reasonably high power for the entire ranpe of beta orbit angles. It
might be desirable to utilize different attitude control modes, for
different values of beta to maximize power output from the solar panels.
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1.0 THERMAL CONDITIONING

6.1 Phase I

The Phase I stuéy was a broad approach to the general problems. associated
with thermal conaitioning of the WACS. This general approach was nccessary
because specific‘components and systems had not been selected nor Had final
recommendations been made. The extérnal environmental energy -inputs to

the vehicle were based exclusively on a gravity-gradient orientation;

it wes additionally assumed that a portion of this incident energy was
blocked by the solar panels and cluster modules: Since extreme "blockage"
is not likely to represent a typical mission orientation (especially
throughout an entire wmission), a certain degree of conservatism is auto-

matically included in the analysis results,

6.1.1 Propulsion Subsystems

This section summarizes the results of fhe thermalzevalugfion of several
WACS configurations employing'existing'S-IVB Auxiliary Propulsion System
(APS) modules and includes the effects of possible ménifblding of the,
propellants as well as the use of high performance insulation {i.e., multi-
ple layers of radiation shielding; e.g., NRC-2 aluminized mylar) The
various configurations discussed consider using two S-IVB/V APS modules
with either S-IVB/V or S-IVB/IB propeilant tanks or four S-IVB/IB APS
modules. The modules are assumed to be symmetrically located around tge,

vehicle.
ra

Also considered as possible variations to any given system are propellant
manifolding, substituting an oxidzer with a lower freezing point than the
nitrogen tetroxide of the existing system and replacement of both propel-
lants with a monopropellant. In addition to the abo&e considerations,

different numbers and kinds .of engines for each configuration are included.

The thermal control of these conflpuratlons is prlmarlly dependent on the
modules' external envelope and the partlcular temperature required to
assure that all system components remain within their operational limits.
Once the thermal limitations are establisﬁgd, two basic module envelopes

(IR and V) can be analyzed with regard to the vehicle and orbital gecmetry
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as well as their attachment locations relative to the vehicle. Additions
to or modifications of the basic data to account for manifolding, engine
type and number:variations, etc., can ve done separately, where applicable,
to account for é;l the possible systems considexed.

Table 6~1 is a summary of the power requirements necessary to maintain
the propulsion modules within given temperature limits for a vehicle in

a gravity-gradient orientation. For configurations using the S-IVB/V
APS propellant tanks or monopreopellants such as hydrazine, the minimum
allowable temperature is approximately 1o% . TFor systems using the
existing hypergoiic bi-propellants and the S-IVE/IB APS propellant tanks
the minimum allowsble temperatire is 20%, If an oxidizer such as red
funine nitfic aeid is substituted for the nifrogen tetroxide of the
existing system a minimum temperature of o°F (possibly as lov as -hODF)
may be used. The maximum and minimum values listed in the table give the
vearly variation of the required power supply due to the annual variation
of the sun vector relative to the orbit plane. If the vehicle employs a
slow roll rate while maiﬁtaining the gravity—gradient‘orientatién, the power
requirements would be- evenly distributed over each module. These values
are- shown in Table 6-1 also. '

Table 6-2 lists the modifications necessary to the basic data in Table 6-1
to arrive at the totel power requirements for esch system considered. For

instance, the maximum power required for a system with the following confi-
‘guration is tebulated below: '

Configuration

a. Two Saturn V APS modules with high performance insulation
b, Modules oriented -in the orbital plane
Six 25 pound thrust engines
d. Monopropellant - hydrazine (e.g., 40°F.allowable temperature
limit) . ' o ‘
. e, Manifolding with a single line wrapped with aluminized tape
(e.g., & = 0.05) '

f. Vehicle -fixed in gravity-gradient orientation (i.e., no roll)
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N
TABLE 6-1

POWER REOUIREMENTS FOR QWS AACP IN GRAVITY-GRADIENT ORTENTATION (PHASE I}

AVG. TEMP. WITH POVER REQUIRED TO MAINTAIN AVG. TEMP. OF
HO ACTIVE -
THERMAL CONTROL 40P 20°F 0% ~bg®y
MODULE/ ) {oF) (watts) " {wvatts) {watbs) (watts)

EN ER GY " '
CONDITION I LI IIX. IV I - I IIT IV Y II IIT Iv | I I IIr Iv!i | I1I IIY =1V

IB: Max 22 43 22 -h2 35 =7 35135 | -5 =47 =5 95 ~4o 81 ~4¢ 60 | ~07 -1k8 97 3
Min -22 7 -22 7 108 63108 63 | 68 23 68 23 | 33 -12 33 -12 | -2h 69 -2& .59

V: Max 15 64 15 -63 ] 101 ~116 101 34k | 17 -200 17 2GO |-56 -273 ~56 1BT }|-178 -395 ~L78 65?
Min 46 -17 ~46 -17 | 294 215 294 215 [210 131 210 131 {137 S8 137 58 15 64 15 -G4

‘et Energy Required for -

Vehicle Employing Slov Roll

gel

-_h~IB Modules: Max . 198 38 lNone ) . None
Min 342 182 ’ Lo None
o~V Modules: Max 215 W7 None _ None -
Min 509 341 195 Nome
ASSUMPTIONS:

1. Optical properties of external surraces g=0.3; €= 0.28
2. Orbital Inputs — Minimum energy conditions: spring, 6 a.m. insertien
Maximun energy conditions: winter, noon insertion
3. Values listed in table are for four circumferential locations (1-1V) 90 apart with axis I-TIT in
the orbit planerand axis II-IV normal to the orbit plane . )
L, DNegative watts indicate & surplus at that locabion
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MODIFICATIONS TO BASIC DATA TABULATED LN TABLE I FOR COMPLETE

TABLE 6-2

PHASE I

SYSTEM POWER REQUIREMENTS

ATTACHMENTS
_IB Modules

. V Modules

ADD: 3 watls/module

ADD: #5 vatts/module

" XMANIFOLDING

i Module Confiéuration

2 Module Configuration

Lines péliéhed
(e=0.15)

Lines wrapped with aluminmm
tave (e = 0.09)

ADD: 26 watts/line

ADD: 13 watts/line

13 watts/line

6 watts/line

ENGINE LO3gES
Average Temperature CDF)

ho

ko .
\-

25 1b thrust

150 1b thrust {watts/engine)

(watts/engine)

ADD: 1.5 G .

ADD: 1.2 5.

ADD: 1.1 k.2

ADD.' 0-9 3 )

HIGH-PERFORMARCE INSULATION

Multiply the values in Table &L by ©.5

%Assumes & 3/L-inch stainless steel 1line, supported every two feet with a fiberglass attachment L inch long

%

ind 0.5 square inches cross-sectionsl srea; with an average temperature gradient of 20Q°F.




Power Requirements

a. From table 6-1 in the 4O°F column, read 294 watts each for
Position I and III, yielding:
2(29L) = 588 watts for the basic system

b. For high performance insulation (table 6-2) multiply by 0.5
yielding: ‘
(0.5)(588) = 29k watts ..

c. Add 10 watts for the module attachments (table &~2) yielding:
30k watts o .

d. Add 9 watts for losses from six small engineg (table 6-2)
yielding: -

' 313 watts .

e. AGd 6 watts for one menifolding line (table é-é) yielding:

319 watts

Hence, the total power_reduired for this particular system is approxi-

mately 320 watts. Combinations or variations ‘for any system emplcying

the bgsic elements considered in the two tables mey be evaluated in a .
similar manner.

-

2

The factor 0.5 used in table 6-2 to account for the application of high
performance insulation is an estimated value. It is believed that an
optimized system could aéhieve a greater reduction in the pewer require-
ments than this value if “optimization" ig.permitted by the other design
constraints of tﬁe WACS.

6.1.2 Electronic Subsystem

This section discusses various problems associated with the thermal
protection of the electronic hardware. The requirements include a gyro

package, en electronics package, & horlzon sensor and an inverter. In

this group of hardware is equipment that is characterized during operation

by high power dissipstion, requiring thermal provisions that prevent-the
equipment from overheating (e.g., @ heat sink). On the other hand, it

is not desirsble from an equipment Lifetime nor power requirements stand-

point té have the equipment "turned on” during those months that the stage

will be inactive. The thermal problems assoclated with a reduced power
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http:application.of

condition require thermal 1solation of ‘the equipment to prevent %he
equipnent fvom,exceeding the minimum allowable temperatures. These
two separate operational conditionszproduce opposing requirementé for
the thermal protection system. ' ’

) . . )
Below are several approaches that may be  taken for thermal protection
of the electronic hardware for the WACS.

1. Leave hardware "on" 100 percent of thé time and design & passive

thermal protection system arouﬁd.tﬁe overheating problen.

This approach has the greatest power consumption and the most
stringent requirements on equipment lifetime and reliability.

2. Design an active heating system that maintains the hardware at the
lowest allowable operating temperatufé‘ioc percent of the time (i.e.,
includes inactive periods when stage is “powered down"). This
heating system is superimposed'OQer thé~thefmalrdesign that is uséd
to solve the overheating problem while.the equipment is opefating.

This &ystem has the aanntage of requiring lower power levels than
the first approach to maintain tﬁéfequipment within its operational
range, but -is Inefficltent since it s superimposed cver a structural
design used to solve an overheatlng problem -(e.g., heat sinks).
Another advantage relates to equipment lifetime and stems from the
fact that the active thermsl control‘systém (rather than the electri-
cal components) i1&' generating the ?eét to maintain the desired

temperatures.

3. ﬁesign the structural attachmenfs to prevent an overheating condi~
tion while equipment is ope#ating. -pefiné noh-operational temperasure
linits for each piece of.hardwﬁfe andgaesign an active thermal systen
with dual capabilities. .The first.-capability would be the sbility

_ to maintain the non-operationeal temperéturé levels during the
inactive periods; the second cap&bility'would be to "warm up" each
piece of har&ware Just prior ﬁo activation. o



This systém would require less power .than -either of the. gbove two
‘systems and has another advantaze in &8s .much as the non-operational
temperabure -Linits for some of the hardware may be below those -
lteppexdtures that result salely from the orbi%al enwironment.

4. Mount equipment on a "thermal switeh" which operates in a manner
that might be referred to as a thermal diode, It hae the ability
to passively dissipebe lérge heatihg-loadé through a heat sink during
The operational phases of the eqnipmenﬁ aﬁd, theréfore, provide _
thermal isolation. The "switches" can be used eingly or in groups;
the surface dimensions of one switch are approximately 6 inches by
6 inches (used on the Surveyor Spacecraft) The energy dissipated
per switch is approximstely C. 1hT watt per-degree temperature dif-
ference across the device; e.g., with a temperature dilfference of
100° F, 16 switches on a 2 foot by 2. foot pansl would dissipate
cver 230 watbs. -

This system has the potential of having ﬁuéh,lowef power requivements
than any of the active systems discuéééd above. This is primarily
because the*power used to maintain any temperature level (oyerational
or non—operatlonal) during the inactive periods is not conducted
into the heat sink which is necessary'to prevent overheating when
The equipment is operational,

Without design and installabion detdils for particular pieces of equipment
as well ‘as their environmental limitetions, it is.orly possible to approxi-
mate power requlirements for the thermal protection of the electronic hard-
ware for the WACS. These Dcwer requirements ma& range- from & "worst

case" of 100 percent of total energy being génerated. within the equipment
(e.8., mounting through e perfect heat slnk) %o & small fraction of this
amount (i.e., systems 3 or 4 above).

Insthe absence of specific equipment details it is estimeted that 100 watbs
wouid be sufficient for the thermal protectionzof the electronic hardvare.
associated with the WACS.  The active thermal system may be required to
deliver this loed to cne of several gieces;qf eguipmenx or at a reduced
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level to equipment in seversl locations. The equipment installation
locations can be distributed around the vehicle so as to exclude the

possibility of having the "worst case” thermal environment occur for
more than one location st 2 time. s '

6.1.3 Testing

Thermal vacuum testing should be performed on the WACS to verify the
thermal performance of the active and passive thermal conditioning sub-
systems. It is not possible for analysis aloﬁe to completely verify the
total thermal response of any médule or component under any given set of
condifions. Testing with the proper instrumentatioﬁ can assure that

the thermal conditioning system will adéquately meet the mission require-
ments.

The effects of long ferm exposure to the space environment on the WACS
optical properties must be determined in light of specific design require-
ments. Tesiing may be required to determine the degree of degradation
resulting from surface exposure to plume impingement, ultra-violet radia-
tion, vacuum environment, and cyclic orbitel temperatures. These factors
must be congiderad in selecting the mateiials to meet the thermal design
requirements.

The use of high performance insulation (i.e., multiple layer radiation
shielding) would require an evaluation of the "heat shorts” associated

with the application. Although the techniques used to minimize these A
heat shorts are well known, an exaet quantitative determination is diffi.
cult to perform analytically. This occurs because the heat short result
from physical and geometrical deviations from the ideal (theoreticél)'
application techniques end are most accurately determined expermentally.

“
Dougias has ample facilities for performing thermal vacuum verification
testing of the thermzl conditioning subsystem on the WACS. There are

two 5 foot diameter by 6 foot long high vacuum (10‘9 torr) chambers with
helium and LN, shrouds and one 10 foot diemeter by 12 foot long (BEMC?%
chamber with a LN2 ghroud capable of pumping down to approximately 10~ torr.
Each chamber 1s capable of absorbing a heat load of several kilowatts. .
Any of these chambers would'adeqhately meet the environmental requirements

necessary to perform the testing.
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A “worst case" %egt of the thermal copditioﬂing system for the propulsion
subsystem could ‘be performed with an "unloaded" module (i.e., no propele

lants or pressurization gas) or with a module using simulated propellants.
The module sttachment structuré aould be gimulated and the meodule allowed

to radiate to the LN2 shroud (représenting gpace) under & given operational-

power load (or & series of different loads) to the conditioning system
until steady state themmal conditions ere reached., The magnitude of the
power required to maintein the specified téméerature is a measure Qf the
total system heat shorts and can be used with the proper instrumentation
to verify not only the actual system performance, but the analytical
predictions as well. - '

6.2 Phase II

"The Phase II study reflects the results of narrcwing the candidate propule
sion systems considered in the FPhase I study and adding the effects of
solar orientetion for the vehicle. Also included is an additional tabula-
tion of “"nominal" power requiresments es well as those tebulated in the
Phase I analysis where blockage of the environmental inputs to the moduies
by the overall vehicle geometry (e.g., cluster modules, solar panels, etc.)
was considered. The neminal power tabulation assumes little or no intera
ference froﬁ the rest of thé vehicle with the envirommental energy incident
on the propulsion %ystem modules.

6.2.1 Propulsion Subsystem

The power requirements in this section are based on the use of two propul-
sion modules and up to four tanker modyles., Table 6-3 lists the analysis
assumptions and ground rmles and table 6=l 1ists the average power require-
ments under these condltions. )

6.2.2 Electronic Subsystems

The discussion presented above in the Phase I study is applicable to the
Phase II study with regard to the electronic subsystenm.,

6.2.3 Testing

The testing section in the Phase I study is also applicable to the
Phase II study.
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TABLE 6-3. .

\WORKSHOP ATTITUDE CONTROL SYSTEM STUDY
THERMAL CONDITIONING SUBSYSTEM

ASSUMPTIONS
Solar orientation during mission phases A and B
Gravity-gradient orientation at all other times

Maintain APS temperature limdlts of 20% to 125°F

Extreme blockage of environmental inputs to modules by vehicle
protuberances (e.g., solar panets, module clusters, etc.) may
occur temporarily but "nominal” aséﬁmptions in tpis regard are

considered to be more representative of mission-averages

GROUND RULES

L3

.
*Compute power requirements based on meintenance of operational
temperatures throughout mission -

Manifold propellants

Employ multiple layer radistion shielding to minimize losses

* “Average" power requirements would be reduced considerably by permitting
temperatures to be below "operational” velues during inactive mission
phiges. ‘ '
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7.0

N

ELECTRONIC SUBSYSTEM
7.1 General System,Description

A block diagram of the WACS electrical system is shown in figﬁ;e Twle. *The
?asie draving is for case 5 with delotions for case 3 indicated with heavy
}ines. The system used for the phase I modes of teble 3=l is the same as

%hat tor case 3 execept that sun sensors and rote integrators are not required.

The WACS system is made up of two rodundant chaanels (A and B). Each choanel
feeds a erarate spatial amplifier which controls a redundant set of valves
on the APS, ZIach channel has a rate gyro which can also be used to control
the other channel 12 necessary, Attitude information is pfovided from the
Horizon Sensor electronics, The cutput from each of the sensing heads, which
are designated I and III in the pitch plene end II and IV in the yaw plane,
are 16 Hertz square waves which are pulserwidth nodulated. The signals from
the horizon sensors are distributed to the required pitech and yaweroll
channels, At the input to each channel thé pulze width modulated signals

ars transformed to & proportionel analog volteage.

.Two nethods of conversion ere presently under consideration. One system is

& filter which imposés somz restrictions on the response time of the system,
The second method mekes the digital=to-analog conversion using e clreuit that
samples the integrateé input signal once each c¢ycle and holds this level
until the next update., With either of the conversion metheds the signals
will be amplified using integrated eireult differential amplifiers. The
amplifiers can be used to derive the error signal which iz the difference
between the output signals of opposing sensors, |

Also feeding Into the horizon sensor shaping networks sre configuration bias
signals, These signals are inserted into the shaping network to compensate
for changes in the vehicle vrincipel axes vhen different peyloads and vehi-
cles ere attached to the workshop. The bias signals into the network can de
positive or negative and will be derived from the plus or ninus 20 velt
power supply and dropped through an appropriaste resistance.'
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.Gain chenges in the horizon sensor attitude error loop are provided for the
plué and minus 20 degree local vertical mode and.plus and minus L degrees for
gravity gradient capture. Use of slightly &ifferent goins in each channel

will ceuse one channel to be operative cnd {the lover galn channel to serve as
an sutomatic backup.

As noted above, one rate gyro is associated with each chennel. In the évent
of a single gyro failuyre, the butput from the remaining gyro can be inserted
into both channels, By wmonitoring gyro 6uﬁbu£ via telemetry,'and‘ﬁtilizing
g radio command link the defective gyro can be switched completely out of the

clreuit. During habitatidon the crew can disconnect the dissabled gyro from
the Astronaut Masnual Control Panel. '

The output of the spatial emplifiers are ﬁed_through normelly open relsy con=-
tacts to_thg valves of.the APS, These relay contacts, which electrically
perallel the reléys in the control reley package, will connect the ﬁACS_spatial
amplifier outputs to the oxidizer and fuel valves Sf the sppropriate engines ‘
upon actuetion, The setustion of these:relays'will thus?perﬁit control of
‘“the APS valves by the WACS. Relayssin phe é;IVB Stage control relsy package
will be held st the normally open position when control by the IU is termi-
nated, or when the IU/S=-IVB battery s&gtém is passivgted. This circuitry is
devised to minimize velve actustion time and is predicted on: 1) The output
transistors of the relay drivers in the spatial amplifiéés being capable of
providing cﬁrrent to drive the velves, and 2) The circuitry being capeble of
providing a pulse of 10 milliseconds. "In the event tﬁat the spatial samplifier
cannot provide the current of & pulse of 10 milliseconds, some design mey be
necessary in the Schmidt trigger circuits and the relay driver circults of

the spatial amplifiers. During operation of the WACS, the relays withiﬁ‘the
control relay peckapges would be open thus eliminating feedbeck into the 8-IV3
cireuitry during workshop operations,

The portion of the system discussed thus farlis that used for the phase 1

modes of operation. The cese 3 system requires the mddition of the Tollowing
eguipment: )
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1. Two axis soler sensor (2 units for redundancy)
2. Timer peckage (2 wnits for redundancy)
3, Solar switch (2 units for redundency)
4. Additionel summing and integration ecireuits within

the electronlces p&ckage. .
' The two-axis solar sensors for vwhiech signals can be svltched between channels
in & mapner similar to the gyros will provide pitch and roll attitude error
informstion during the solar mode. Duriﬁg}the shadow mode, attitude error in’
piteh and roll will be obtained by integrating the output of the rate gyros.
Svitehing between these two modes will be eontrolled by s solar switeh and
& timer package which has two outputs, As the workshop moves from the earth's
shedow into the sun, the solar switch provides an initisté signal to the timer.
Cutput rumber 1, which occurs approximefely three minutes after initiste,

switches from shadow mode to solar mode, Cutput number 2, which oceurs epproxi- -

metely 55 minutes after initiate, switches to the shadow mode. The timer
then resets awaiting another initiate signal after traversing the earth's
shadow. Two solar switches and timer packages will be used for redundaney
considerations. Only rete control is providsd in the yaw plane during the

case 3 solar mode. A continuous command of approximately ocne degree per
second is inserted into the rate channel.

The case 5 system requires the followiné additional eguipment over case 3!
1. One horizon sensor system with two heads
2. Additional ocutputs from the timer pack;ge
3. Interface with commend receiver relsy panel
and sstronsgut manual control
h, Additional summing and inﬁegration czrcuits
within the electronics package
5. DBeta angle generator (in power dlstributor or electronics package)
The pitch chanpel ‘for case 5 wlll operate in ithe same manner as for case 3
except & commend will be summed with thg pitch sun sengsor output to keep the
vehiclé perpendicular to the orbital plane, The roll channel for case 5 is
the seme as for case 3 except a voliege equive}ent_to the product of yaw
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attitude error and beta angle is summed with the roll sun sensor output to
cancel out the yawato-roll cross<coupling effect. Yo attitude control is
provided by inserﬁ%ng the rate and the raté integrated output of the gyro ‘
package into the spatial amplifier. However, gyro -drift compensation must
be provided by utilizing a horizon sensor system consisting of two heads
pointing forwerd and aft along position II, The yew axis will be switched
from gyro to horlzon sensor control near the terminator as described in

.section 3.4.6,

In order’ to sequence the system as discussed sbove, it will be necessary'to
provide additional outputs from the timer packagé to turn the horizon sensor-
on and off, Functions previously cdiscussed in case 3 will remain the sanme.

Beta angle volteges and gain changes nmay originate from three sources:

1) Ground control via the-cammand regeiver ﬁ.F. link, 2) .Astroneut manual
contro} panel, and 3) Preprogrammed date on-board. - Commands will be transe
mitted from the ground at the proper time  to change the beta angle volisege.
to the pitch sun sensors and the zoin of the amplifier betweer the yew and
roll channels, Itéis estimated that the beta zngle command must be changed
in increments of not more than 3 degveea to provide a maxinum error of 1.5
degrees between ‘nominel vehicle position and the orbit plene.. This will re=-
quire capability for 32 dffferent commands, Amplifier gein need be changed '
to only eight levels for each sign., The beta angle generator and gein
sequence will consist primarily of a resistor panel with a voltage source,
Relays -on the relay panel will'cut resistors in end out of the circuits at
the proper time, The R F. link will be the primary node of control. The
astronaut manual control will be used as & backup in the event of failure of
the R,F. link,. With this pitch attitude control system, the solar panels can
be controlled by = closed loop positioning system using either a sun sensor
mounted on the solar panels, or the output from the beta angle generator to

derive command signals.

The method of switching gyrog, sun sSensors and the electronics, -as discussed

above, is not the only option for increasing rellability as polnted out in
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paragraph 3.5. An evaluation of reliability date nust be performed before
a definite operstionzl mode iz defined,

i
7.2 Gyros |
The uze of conventi'onal spring restrained z:ate gyros is not feagible because
of threshold snd zero offset limitations. The existing IU rate gyros Qere

found to be a typical example. Characteristics of the IU rate gZyros are as
follows: ‘ )

Type:
_ Range:
Scale Factor; -

Zero Offset:
{Includes Hon-G
Sensitive Drift)

Threshold:

Self Test Torquer:
g«Sensitive Drift:
Execitation:
Slze!
weight:.:
Cost:

k7

Nortronies GR=-H4T  .358
+ 20 deg/sec _
200 mv/deg/sec + 3%

5 MV (0.02 deg/sec} Factory
Ad justment

25 MV (0.1 deg/sec) Max. for
all conditions

0,01 dég/sec Max,
0.125 deg/sec/na DC
0.03 deg/sec/g

26V, 400 Hz. _
0.96T in, Dia X 2.0 in, Long
5 oz.

ADDrox. $2,5b0 gach

Very little, if any, improvemsnt in threshold or zero offget can be schieved
with conventional spring restreined rate gyros, thus dictating the use of
electronically'caged rete integrating gyros.

Of the gyros investigeted, only two are available in 2 flight qualified
packaged system which would be sulteble for this applieastion. These are
the DELTA Gyro Assembly (Douglas P/N T842941) with three Honeywell GG8T

gyros end the Apolle Gyro Assembly (Honeywell P/N GG=362) with three Honeye
well GG 248 gyros, . ‘

Also, it was learned that the gyro packeges being develeped for the ATM may
be available in time for use in the WACS gystem.
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The Apcllo unit is a three-axis system capable of operating in either rate
or sttitude modes€(:'20 degrees). The Delta unit is a threg-axis system
normally operated .open loop ‘as attitude gyros (3.10 degrees) with caging
loops for initiel ;1ignment. The ceging circults could be;modiriediror
rate mode operatioﬂr - |

|
. The Apollo gyro pacﬁage has en MTBF of 17,400 hours; it is estimated the
EMTBF for the Delta package would be somewhat less, ‘

Congidering the Apollo and Delte packages the Afollo system is preferred

because of the lower gyro torquer gain end probable less extensive modifie
cations required.

"A comparison of the ATM and Apollo- gyro packeges may be found in tablec
7"'1 * ’ )

In general, the relative merits of each of the gyro systems varies with the
specific area of interest., ThoBe areas im whith the two systems are roughly
equivalent are: cost, long tera zero offset, input engle fresdom, noan
sensitive drift and power coﬁsumpﬁion. Congidering ¢ three-axis system, the
Apollo package is smaller in volume and weight, hes & higher MTBF and ig .
already qualified for the Apollo program. However, the ATM packages can be
obtained in a shorter periocd of time, can survive lover temperatures and has
& lover threshold. .

Either gyro will adequetely pérform the workshop mission. Considering the
factors discussed sbove, the most important are relisbility, delivery

schedule, production and gqualification status,

The Apolld package, except for schedule, has the edge in these categories.
The schedule permitting, the Apollo rate gyro package appears to be the best
cholce based on informatiog gavhered to date. If schedule is a problem, it
may be possible to'.obtain severazl packages from the Apollo program on & losn

basls and be replaced when the preduction line is setivated.
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Each of the gyros investigated must be heated for Proper operation. For the

heated gyros, the operating tempersture must be malnteinéd to less

than + 10°F

for specified performance, The unheated gyros will provide specified pers
formance over the épecified cperating temperature range but improved yerfor-
mance mey be obtained if the operating temperature range is winimized,

A new system would be desiraﬁle. This sytem could be designed specifieally
for the required low rate ranges snd scele factors., A lover cost gyro would
be selected compatidle with the requirements., Tae heaterless gyros are

attractive because of price, power consumption and the eliminetion of e heater

control systenm,

I schedule end developnent costs preclude the development of a new gyro
assembly, the Apolle and ATM units appear to be the only aveilable systems,

with the Apolle unit having an edge as discussed sbove,
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TABLE T=l. SOLLO & ATM GYRO COMPARISOR

Pari lumber
Gyro Type

Approx. Cost Per Packege
S8ize (Bach) )
Weight (‘Totel) = pounds

Input Angle Freedom
Qutput Gimbal Freedom

Signal Generator Scale Factor

Torque Generator Scale Factor

Non-g-sensitive drift-package

Non-gegengitive drift-gyro

© g-sensitive drift

ihreshold
Zero Offset

Operating temp. of the gyro
Internal heater

&bmperature Range of Package
Approx. Pouér Required (In

- cluding estimated aversge in~-
_ ternal heater pover')

APOLLO

Honeywell Part No. GG=362

Honeywell GG=248

$105,000 2 Required

© ib,25™ X 6,0" X 7.0"

54 * (2 Gyro Packages &

2 Stptic Inverters)

4 20 deg
i‘_ hol‘ G.EG
0.1V/Deg/Séc

400 deg/hr/ms
+ 0.15 deg/hr

+ 0.5 deg/hr
1.2 @deg/hr/g
0.01 deg/hr or less

I+

0.1 deg/hr Short term

1 deg/hr Long term

- 170°F

28v, 1kW
0°F to 150°F
161 watts #u#

ATHM

MSFC SPEC_SOMST?OS
Kearfott CT02519018

" (Simllar to C702519015)

$35,000 6 Required
12.0" X 8.75" X 5.25"

gL ##% (& Inverter
Peckages with Internal
Statie Inverters)

+ 24 deg
1 2 deg

Course: U5V/Deg/Sec
Fine: 100QV/Deg/Sec

4o deg/hr/ma

Package Outpﬁt fine
mode .1 deg/hr

*+ 0.5 deg/hr
% 0.6 deg/hr/e .
%+ 0,00001 deg/br

0.1 deg/hr Short term ..
1 deg/hr Long term

154°F

28V, 254
-67°F to 131°F
182 wattg R
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TABLE T-l. APO%) & ATM GYRO COMPARISON (continued)

APOLLO , ATM
' Production Status Produced for Apollo - Under Deveiopment for ATM
Delivery Schedule 11-12 months 8 months’
MIBF 17,400 hr for each 25,000 hr for each
package package
MTBF of o 3-axis systen 17,400 hr 8,700 hr
Probabllity of success of cne ' 0.942, 0.885
3=axis system 1000 hrs of ’ ’
operation
# Includes two static inverters at 4 pounds each
s Includes approximately 1 pound in each package for a static inverter
itk Includes k6 watts for two static inverters
Fi2eR-1

Includes U7 watts for static inverter internsl to gyro packages
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7.3 Horizon Sensors

; It is adviseble %o have e horizen sensor with ; large field of view which'
will provide continuous attitude information regerdless of vehicle position.
Also, becaussa of the long duration of the mission, it is considered desirable
to exclude devices Qith moving parts, if possible. This leaves the electronic

" gcanner and radiometric balance systems for oonsideration. The radicmetric
‘balance system compares the radiation received from opposite portions of the

‘earth. Level attitude is indicated when the f£ields receive equal amount of
earth radiant energy.

The radiometrie balance sensors that were investigated had a field of view
of not much over 20 degrees and radiance errors were proportional to the field
of view, To properly fulfill the operstionel requirements with s narrow.fiel&
of view device, it would .be necessary 4to: 1) Have nmoveable tracking heads
with more than one positien; 2) Have several hofizoq oensor heads in the

same plane to cover the totel angle required; 3) Develop a head with a large

field of view; L4) Incorporaste a search mode cepability within the WACS!

An electronic scanner type of system is the Lunar and‘Planetary Horizon

Sensor (LPHS) presently being developed by Barnes-Engineering, vhich utilizes.
g lineayr array of 3equentially samp 2d thermoplle detectors to provide scanning
without moving parts., This sytem employs four fields of view (FOV) which are
orthogonally projected into space as shown in figure T-2.

Each FOV of easch head is segmented lnto discrete solld angles which are dee
fined by the radlaticen detectors in & linear array. The location of the
thermal horizon within the FOV is determined by sensing thé.difference in .
output‘Petween thosa detectors being ir?adiéfgd by the energy from the earth
and those facing space, DRach Hetectorﬂoutput is sampled sequentially.by an
electronic commutator. This produces four outputs (one from each head) that
are 16 Hertz squere weves which are pulse width moduleted. A Drief break-
down of the specifications of the Bzrnes LPHS is as follows:
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Model Number:
Description:

Estimated Weipght:

Power:

Estimatéd Size:

Optics:

Mechanicel:

Electronics:

Environmental:

Instrurment .

Accuracy

Probability of |
Success *

13-162 , .
Arrays of thermopile. detector elements

are electronicelly samﬁied commutator

fashion. There are 40 dlscrete detectoés:

in one array, Four identical scanniﬁg”

heads, each—vith its optical system and:

detector array, define the four seétors

ghown in figure 7=-2. Each bogmntated

signal, after filtering, shows & profile.

equivalent to that whiech would be generw

ated by a detector mechanicaily scanned

across the space/earth horizoz.

15 pound for system comsisting of four

heads and one electronic box, 2 pound

each head, T pound elecironics on.

5 watts at 50V, 2400Hz, single phase,

square wave¥ : .

Each head:lé in. leng % 2 7/8. high x

2 3/h in. wide, Electronics box: T 1/2

in, x 6 in, x 2 1/2 in,

Spectral bend: 14 to 4O microns

Field of viev (each sector): 70 deg x

10 deg

No moving parts.

A1l solid stete circultry

Temperature: =40°C to +80°C

Shock: .~ - 50G3 10-12 msec. rise tinme,
0=2 msec decay time ) '

Vibretion: '20G; 28-2000 Hz .

Acceleration: .12 g

& l.digital count

*

- 90.6% for 3=year mission

’ # Power input to be changed to +28 VDC,
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OQutputs: Horizon crossover is indicated'hy
trensition from O volts (space in Tield)
"to -20 volts (earth in field). Auxiliary
. pulses show commutation changeover and
start of eaéh scan.

Development A feasibility model has been constructed

E%EEQEEE———— and environmentally tested. The first

flight unit, which will be a single axis

system utilizing two heads, was expected to

be completed ghout November 1,19§T.f

It is recommended that a modified model 13-162 be utilized for the

WACS. This unit is presently under development and can be obtained
within the required period of time. Estimated cost is $125,000 for a
four head system. A horizon simulator which will be. used for checkout,
will cost $:0,000 and additional gualification could cost $25,000. De-
velopment of a low altitude radiometric balance unit would co;t approxi-
mately $300,000 and would not be as accurate as the model. 13-162. Multiple
heads, moveable heads, or the addition of a search mode would result in

incressed complexity of fabrication and operational control.

7.4 8tatic Inverter

An AC source will be required to supply gyro spin motor power, de -
mrdulator reference voitage, signal generator excitation and other loads
which vary with specific equipment chosen for the WACS. A static in-
verter offers the best solution to this problem. A brief summary of in-
verters investigated mey be found in table 7-2. Most inverters were re-
jected immedistely usually for being too large or being out of speeirfi-
cetion requirements. Inverters with the 15/26V output were primary
candidates Tor the Delta gyro package, those with the 115/199V output
were primary candidates for the Apollo and ATM gyro packages. However,
either type of inverter coula be converted for use with either gyro .
through the use of a transformer. Also, the ATM gyro package has the
capability of sccepting an internally mounted static inverter. It is
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agsumed that this capability is utilized in the'‘power and weight tables
vhich are given ii sections 7.9, T.10, and T.ll.

The Inverter from the MOL Progrem would probably be satisfaétory for use
with the Delta gyro package, however, its ﬁaximum ovarload ﬁapability for

the 3 phase wye connection is 65 V-A which would be margineal fof‘the Delia
éackage which requires 68 VeA for starting, - In any cese, it offers more iﬂ
égpability than would actually be required for the'WAps. The Gemini inferter
package is single phase and therefore unusable. The Delta inverter vould be

& better choice for use with the Delts gyro package, however, more qualifim
cation testing would be necessary. )

s

" The Agena inverter with the‘oﬁtput eircuit changed appears to be the best
of f-the-ghelf solution at this time., However, a smaller inverter would be
used if found or designed. In the weight and power tables which follow the
lower entries are for an optimum static inverter and the higher entries arxe
for the Agene inverter. Of the other inverters, the Apolle inverter is too
large in volt-ampere capecity and weight. N;ither of the S=IVB iﬁverters’
are acceptable.becaﬁse of phase, input voltage, and waveform considerations,
The search for a qualified static inverter which more closely fulfills the
é&stem requirements should be extended.

7.5 Control Electronics Assembly

The electronics package is a specialized piéce of equipment which will be
designed specifically for the WAC$. The operation of the package is discussed
in peragraph T.l. The spatial amplifiers presently used in the f{light control

computer could be repackaged with the following equipment to comprise the WACS
electronics package:

Number
Power Supply - ) . 2
Rate Amplifiér Assgembly Channel A 1
Rate Amplifier Assembly Channel B - 1
G. G, Horizon Sensor Channel A 1
G. G, Horizon Sensor Chemnel B 1
Sheping Hetworks (Rate). 2
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\ T- Number
Relay Assembly N 1
Solar Orientotion Horizon Sensor Channélf?flf —
Soler Orientation Horizon Sensor Channel B:‘
Sun Sensor Hetworks
Integrator Netwokks A
Integrator Networks B -

"-ré oL

The equipment would be assembled in a package that would have the following
estimated characteristies: y

Size: . ) -o22 ipqhéé:ﬁ!iBJEhéﬁeQ'x 6 iﬁéhes

Weight: _ .+ 20 < 25 pounds

Power Dissipation: - fS - 95 watts .

7.6 Power Distributor

The pover distributor will direct pover. and sequencing signals to the various
pieces of equiprment of the WACS, as commanded'by:the R. F. Command Systen and.
the Astronaut Msnuel Control Panel, If the number’ of commands dictates a
decoder could be inéluded in the design of théhpowér'distributor. "It will be
constructed with the seme design approach as the pover -distributors presently
used on the SIVA. mha estimated size and weight wbuld be 20 inches x 16
inches x 6 inches and 20 pounds,

T«T7 BSun Sensors & Switches

A market survey was performed to deter@ine'ﬁﬁ_sun'sensors are eveileble off-
the-shelf that could provide piteh and roll at%iﬁﬁdé‘er;or for the WACS during
the solar orientation phase of the mission. The results of this survey may
be found in table 7-3, A sun sensor which has a linear Ffield of view of

+ 10 degrees to + 15 degrees and an acquisition field of view of % 50 degrees
or greater would be satisfactory to meét the WACS requirements for cese 3

or for case 5 if the pitch sensors are mounted on: the-'soler panels. Either

of two Bendix wide angle sun sensors° P[Ns 1771858 or 1818787, would be
satisfactory with the 1771858 being the better component for the WACS -
appl?catiou. For case 5 with the piteh gensors_gounpe&‘on-the stage, &

iineer field of view in excess of 10k degrees ;é required.
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The sun presence signal which is used to stert the timer unit will be
obtained by using a solar switch. Of the switches surveyed, the Ball
Bros. Switching Eye TE=-WA series looks the most promising, ﬂowever, the
field of view of + 9 degrees would be marginal for large dead bands, For
large dead bands it would be desirshle to extend the field'of view to

+ 15 degrees or-# 20.degrees.

7.8 Instelletion

An investigation was made to evaluﬁte possible pogitions of gravity gradieat
horizon sensor heads on the vehicle. In general, tracking head positione
forvard of the forward skirt of the 5-IVB were congidered undesirable be-.-
ceuse the field of view of the horizon sensor was obscured by hardware
attached to the. orbital workshop. Limited capafility is provided by mounting
the horizon sensors on the forward skirt of the S8-IVB., In some positions,)
clearance is provided after docking hag been accomplished, but the field of
view is obscured by vehicles moving in cloge proximity to the workshop during
the terminal phese of rendezvous. The aft skirt of the S~-IVB provides the
most desirable positién from a look angle étandpoint as shown in figure T7=3.
Further investigatf%n must be performed to verif& that exhaust plumes from
the APS modules will not obscure the Tield of view of the horizon sensors.

The yaw solar mode attitude horizon sensors ere mounted clong fin plane II
with one head in the aft skirt pointed aft, and one head in the forward skirt
pointed forward. The primary resson for the separation between the two heads

is to clear the solar panels vhen they are extended.

During phasé I the alternate locations for the electronic boxes, besides the
tracking heads, were investigated. The primary alternatives were to 1ocafe
the equipment in the aft skirt to minimize interconnection between the packe-
ages or to move & nmajor portion of the equipment to esirlogk or MDA in order
to benefit from-a more favorable environmental stmosphere dwring the period
of habitation, Two configuretions weré-in#estigated:' -
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1) All-of the phase I equipment shown in figﬁre T=4, on the woikshop.
side will be loceated in the S-IVB aft skirt; and, 2} the hori?én sensor
heads and eleetronié@, the heater control unit and the APS will be loeated
in the S-IVH aft(skirt. All other equipment including an additional heater
control anit will be located in the airlock. The following is a comparisen
qf the two znstallatiqns. : o ‘
1) The following connections afe consldered to be equivalent
' for either configurat;on. .
a} Power distribution power and control signals to:
Rate gyro No. 1 end No. 2
Static Inverter No. l.and No.-2
Electronics package
b} Static inverter pover to rete gyres No. 1l and No. 2
¢) Rate gyro Ho. 1 to electionics package
d) Rate gyro Ho. 2 to electroniéa package
e) Hester control unit aft to APS and horizon
sensor heaters “
I} Heater comtrol unit forward to WACS electronics
unit forwerd '
2) A comﬁarison of differences between configurations No. 1
and No, 2 nmay be found in table Tk,

The difference in weight between the two locations provides a small advantage
for mounting all equipment in the SgIVBuaft_skirﬁ.. Other rconsiderations

would be testing, eanvironmental control, and electrical interfaces. If the
system were mounted in the S-IVB aft ééirﬁ, it would be checked out as an
integral part of .the vehicle electrical system, and would eliminate the reed
for a WACS simulator for vehicle checkbut, thus simplifying interface problems,
For case 2, a power distributor simuletor could be. used for the airlock '
checkout, The*mal control in the airlock is .cnly provided during the periods
of habitetion, which 8till leaves a heater requirement for the WACS equip=-
ment during the storége pericd. I is.theyefbre recommended ‘the WACS
electronics be installed in the aft skirt of the S-IVE vehicle.

A similer studyvas not performed for phase II since the results were expected

to give the same conclusion as for phase I.
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CONFIGURATION #1 CONFIGURATION #2

(most eqﬁipment in the aft skirt) (least equipment in the aflt skirt)
Length Gauge Number Weight  Length- Gauge -Number Welght
Ft. of Wires lbs. Ft. of Wires Lbs.
Relay panel to power distributor 65 20 10 k.6 15 20 10 1.1
Astronaut control to power Co65 20 4 7 3.2 5 20 7 -
Distributor - . . e
Power distributor to norizon : 5 20 2 | el 65 20 2 .9
sensor electronics i :
Horizon sensor electronics to ‘ 5 20 8 .3 65 18 8 2.6
electronic package .
Eiectronics packege to APS 1 . 15 20 0. | 11} 6 18 0 | 6.5
Electronics package to- APS o . 11_3 20 10 1.1 65 18 © 10 6.5
- +28Y to the powér distributor .65 8 1 " 4.5 10‘_ BT SRS N
+28v to aft hea‘ber control ' 65 6 1. 7.5 } 65 '. ‘ 8. 3 ‘ 4.5
+28V to fwd heater control’ 0 B B 15 18 1 ’ :1
Fvd beater control unit 2.0% ' . S T.00
QAL 1 - c k. - '_ - 29.6

Eguipment in Transit:  Power Dnstrlbutor, Heater Control Unit, JTwo Static Inverters, Two Rate Gyro
Packages and the Electronics Package

&

#* Welght increase for Aft Heater Control Unit

TABLE T-h
LOCATION WEIGHT COMPARISON



7.9 Power & Control Slgnal Distrlbution

The airlock tontains a command system which was used on the Gemini program
and Apollo Block I. Thiz system consisys,of & single box which contains two
‘redﬁndant recelvers, & decoder aznd a relay panel which contains 160 relmys
of which 90 are in'use, It is recommended that &ll.control signals vwhich
originete outside the workshop be chenneled through this command link, .

' Manual controls, which will allow the astronauts to change mode if necessary,
will be provided on a panel mountea in the sirlock as = back-up for the
commend system, This panel will also allowfthe.astroﬁaut to change attitude
and initiate mﬁlfunction correcticn action, ;ﬁ genéral nost of these commands
will be inserted into the system throughAthe use of toggle switches. Power
(#28V) from the airlock power distribution system will be -supplied to the
péwer distributor which will switch 28V power %o the static inverters, rate
gyro packeges, heater control package, electronics throﬁgh redundant relay
circuits, Control signels will be.fed to the rate gyrc packages and the
electronics package.- Control signals sent to the gyro will allow proper
sequencing of pitch, yaw, end rate outputs -depending on the appropriate’ ‘mode
utilized in the control system, The control signals sent to the electrenies
peckage will energize'relays which control configuration bias signals, systenm
geins for verious active modes of operation, switching of out=of-tolerance
gyros, switching té standby and storage modes. ‘Control signals to the APS
will ectuate the cartridge valves. The 28V power sent to the electronics
package will be szent to two redundant fower supplies; one of which supplies
power to System A and the other 4o System B.’ .

Tahle 7~5 lists the anticipated power usage of the attitude control system
during various modes of operation, Tﬁe oparational mode considers the WACS
completely activated and performing in one of the various activé modes.
Storege option number 1l is based on the assumption that all equipment.in the
system except the gyro package will be kept operating st all times in oxdex
to keep the equipmént warm, It is snticipated in this mode of operation the
gyro will require an externmal heater to maintain an elevated temperature and
to conserve the heater circuits internal to the gyro package which maintains
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http:consists.of

AVERAGE POWER (WATTS)

' OPERATIONAL MODE

e

STORAGE ~ EQUIPMENT

#e

.

STORAGE -~ EXTERNAL, .

| OPERATING
APOLLO ATM APOLLO ATM APOLLO ATM
ORIENTED ORIENTED | -ORIENTED ORIENTED ORLENTED ORIENTED
SYSTEM SYSTEM SYSTEM SYSTEM SYSTEM SYSTEM
A, SAME AS PHASE I EQUIPMENT
1, GYRO PACKAGES (2 sysmws) )
ELECTRONICS 39 17 ** 0 0 0 0 —
HEATERS EINTERNAL} 76 105 0 o . 0 )
HEATERS (EXTERNAL 0 0 38 52 ~38—7 52
2. STATIC INVERTERS {70 -
DRTVE 8TY nvRral o
ELECTRONICS L6-65 (18 gyRO | 28-33 0 0 ¢
EXTERNAL HEATER PACKAGE) A% o -
3+ HORIZON SENSOR - ELECT, -7 6~7 o=7 6-7 o 0
EXTERNAL HEATER o] -0 0 o] B % G ¥
&, APS VALVES 3~k 3=k NIL. NIL NIL RIL
B. CHANGED FROM PHASE I TO
PHASE IF .
5. POWER DISTRIBUTOR - B . - ' ,
EXTERNAL HEATER 5-10. . 5-10 5-10 . 5-10 C.* . L H ¥
6.. ELECTRONICS PACKAGE 75-95 75~95 75-95 75-95 0 o’
- EXTERNAL HEATER con : o ‘ D T
7. APS HEATERS (2 MODULEs) 150-195 150-195 15h-259 154-259 154-259 15h-2
C. ADDED FOR PHASE IT o o
8. SOLAR 8™NSOR (2 UNITS) ' 0 0 0 o 0 0
EXTERNAL HEATERS NIL NIL, . NIL NIL
9; HORIZON SENSOR - ELECT, 6-7 67 6-7 6-7 0 o
EXTERNAL HEATER 0 0 0 E # J *
10, TIMER (2 UNITS) 10 10 10 - 10 0 0
EXTERNAL HEATER o} o} "0 0 P x K *
TOTAL (CASE 5) 416-508 h37-510 - | 322-h59 308-kho | ] 262-367 275-38

*

#¥%  Includes L7 Watts for Static Inverters in Gyro Packages.

91

Estimated Wattage for A+ B+ C + D+ E+ Fand G + H + T+J+Kis 60 watts.

TARLE 7-5 WACS AVERAGE POWER REQUIREMENTS




gyro temperature Pf epproxinately lSO?F which is fer in excess of temperature
requirenents during storage. Storage optich number 2 is bésedfcﬁ the premisge
that it is not dasirable %o kdup the oquipment operating at all times and
that an external hester should be applied to all equipment to provide a
temperature to maintein the equipment at & temperature which would be on

' the'lower’limit of the specification values for that equipment.

The difference in average power resulting from the additional phase II
equipment was small. The most significent changes in power consumption are
those for thermel conditidning which resulted from the more detailed enslyses
described in section 6. These are a 65-110 watt reducation for APS module
heaters during the solar oriented operationsl phase, and the possible re-

duction of 106 watts during the gravity gradient siorage phase.
- ! '

A load profile for the complete mission is showvn in figure T-5. This profile
shows that power consumption for worst case APS operation rises sbove the
average power dissipation level by 50 to TO percent. These pulses are of
short duration and if avergged over one orbit represent an average powver
'dissipatioﬁ of apﬁioximately 20 watts, The primary design eonsideration is
to have a power source that will supply the required current without ex~

cessive voltage drop. This can be supplied by the source in the airlock
without difficulty,.

A system with two APS modules ~was used a3 & basis for tablie 7~5. The effect
of added modules on power requirements is as follows:

Active WACS with two APS PODS k1o

- 508 watts

Additional power for tanker 150 « 175 watts
nodules 2A and L4B*

TOTAL: ' 566 = 683 watts

Additional power for tanker 150 « 175 watts
modules LA and 2B#

TL6 = 858 watts

# Tanker numbers from table H=k,
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APOLI’ORIENTED SYSTEM

ATM ORIENTED SYSTEM

S
ky

WEXGHT (TOTAL) | SIZE (EACH UNIT) |WEIGHT (POTAL)" | S12E (EACH) -
POUNDS INCHES POUNDS THCKES
A. SAME AS PHASE I EQUIPMENT
1. RATE GYRO PACKAGES o
(2 APOLLO TYPE) LIS b X6 X7 :
(6 ATM TYPE) ) 8l % 12x83/M4x51/ML
2. STATIC INVERTERS 8-36 3X3X2T0 % IN GYRO ) -
: : .o 11 X120 X31/2 PACKAGE _ .| —
3. HORIZON SENSOR : .
(A} ELECTRONICS BOX T 8X6X3 7 8X6Xx3
(B) & TRACKING HEADS 8 6 X3X3 8 6X3Xx3
L, WIRING 55-65 60-70
B. REVISION FRCM PHASE I TO ¢
" PHASE I - . -
5. POWER DISTRIBUTOR 15-20 - 20 X 16 X 6 15-20 20X 16 X 6
6. " ELECTRONICS PACKAGE 20-25 22 X.18 X 6 20-25 22 Xx.18 x 6
¢. NEW EQUIPMENT FOR PHASE II
7. . SOLAR SENSORS (2 UNITS) 0.k 2 DIA. X 2 LONG 0.b 2 DIA. X 2 LONG
8. HORIZON SENSOR . ‘
(A) ELECTRONICS ROX T 8X6X%3 7 8X6x3
(B) 2 TRACKING HEADS 4 §X3X3 h 6%3X3
G. SOLAR SWITCHES (2 UNITS) "
10. WIRING 5-10. 5-10 ,
11. TIMER (2 UNITS) 1k 6Xkx3 14 6XLx3
TOTAL 189-242 224-2kg

TABLE T-6.

WACS WEIGHT AND SIZE ESTIMATES, PHASE II




TABLE

[

RECOMMENDED ELECTRONICS SYSTEM

141

Approximate Estimated Cost Estimated Time Estimated
Weight Not Considering of Procurement Qualification
te ‘ Qualification or Fabrication Testing Cost
Component Type (Pounds Bach}! Testing (each) Trom ATP
Horizon Sensor Modified Lunar & b $125,000 (b hedds
' Planetary Horizon % electronics ) *
Sensor {similar to 15 4 $40,000 (Horizon 10 - 11 mo. | #25,000"
Burnes Ingr. Model Simuldtor) : -
#13~162)
Rate Gyro Apollo Type {Sim-
ilar to Minn. . *
Honeywell Part 23 . $105,000 10 mo, #35, 000
#o6-362) (2 req') ’ ’
Electronics New Development 20 An ECP will be. 10 mo. See ECP
Packags prepared - . '
- ‘“’v .
Static Modified Agena -
Inverter Inverter or smzller L E
if can be found 18 $12,000 10 mo. - $20,000
(similar to Gulton (2 req'd) i
 Power V¥New Development ‘12 An ECP will be 10 mo. Bee ECP
Digtributor prepared
TOTAL (Black Boxes) 129 ‘
Wiring 60 g
TOTAL WEIGHT: 189

% These are ROM quotes pending further definition of testing program for extended life testing, ete.




7.10 WYeight and Size '

Changes in weight resulting from thHé Phase II additions &re small, Table
T=6 ineludes & welght dearsass of 20 pounds for an otimissd statie iaverstes
and small increases in weight for the glectronicé box, pﬁﬁer distributor,

hoéigon sensors, solar sensors, timers and wiring.
’ 3

"

- 7.1l Reccmmended Systenm

Based on the information gathered during phese I, the recommended WACS is
shown in table T«T7. The WACS System will be designed in kit form which is
separate from the flight system, and will allow installétion into the vehicle
with & minimum impect on the boost flighthequipﬁent. ‘

The following squipment would be neceésary, in addition to tﬁax_listed in
table 7=7, to implement the .case 5 configura@ion of phase II: )

1) Two two-axis solar sensors
2) Two timer packages
3} Two solar switches °

5

4) One horizon sensor system with two heads

7.12 Testing .
Testing of the electronics for the WACS falls into the following categories:

1) Augmentation of black box qualification testing
previously performed es part of énother program
testing. '

2) Design development testing of a black 'b'ox
newly designed for the WACS.

3) Qualification testing of & black box newly designed
for the WACS, .

4) Thermal-Vacuum testing of the complete electronies
systen for 28 days to verify in-orbit operation of
the system, )
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5) Complete engineering evaluation test of the total
electronics system to Verify compliance with
engineering design requirsments, The systen will
be sctivated end put through a test profile con-
sisting oﬁ all in-orbit memeuvers and all anticipated
malﬂunctioé modes with the resuliting response
evaluated i}th regard to over-all mission obje¢tives.

i
- "
kd A
<

The tests to be perfo:med relative to specific prices pf hardware are
shown in table 78,
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Humber Required
For
Flight System Tests Reguired Comments
1. Rate gyro package 2 - 1, 4, 5 GFE Part
2. Horizon Sensor System #1 1 :'t., 2, b, 5 GFE Part
(4 heads) - .
. $
Horlzon Sensor System #2 1 ' e
(2 heads) ‘
3. Sun Sensors 2 1, 4, 5 OFE Part
b, Static Inverter 2 2,3, 45
. Power Distributor 1 2,3, 4 5
6. Electronics Packege 1 2,3 45
T. Timer Package 1 2,3, b, 5
. 8. Heaber Comtrol Package 1 2, 3, 4 5 ‘
9. Solar Switch 1 L, 2,45 Specification Control
. ) . Draving

© DABLE 7-8

TESTING REQUIREMENTS FOR WACS ELECTRONIC EQUIPMENT




3.0 PROPULSION SUBSYSTEM

The selection of an orbital workshop attitude-control propulsion system
has been signifihantly constrained by the .early mission flight date. The
development of a 23-month space lifebime system within the time span
allowed (see section 1.1) cleerly indicetes that complete Llife testing ié
impossible angd the use of proven hardware is highly desirable. In several
instances, more ef%icient, lighter weight, or simplified system designs
have been sacrificéd for the increased confidence fthat proven componentis
give in meeting the fligﬁt date. Component development has been elinminated
or reduced to that in progress for other programs consistent with-the
mission schedule. These developments are primarily required for .suitable
thrustors and tankage. ’

In preparation for the propulsion system selection, cursory parameteric
analyses ildentified the bipropellant, monopropellant, compressed gas or
combinations thereof as possible system contenders. -Although the com-
pressed gas system carries an unaccepbable weight penalty if used alone,
the nission impulse requirements profile may permit combining this system
with & liquid—p§5peilant system to reduce thermal control powerdrequire-
ments, avoid matgrials corrosion preblems, or permit use of qpalified

hardwere.

As an initial analysis, the existing -S-IVB auxiliary propulsion system
(4P8) was investigated for possible mission use. Both Saturn IB and
Saturn V configurations were reviewed from the aspect of propellant
capacity, component lifebimé, corrosion problems, growth povential, new
modifications, and overall confidence of mission success. Mohopropellant
systems were designed within existing module envelopes and new tankage
was considered only if required.

Because eiectrical power availability wes considered critical throughout
the mission, methods of reducing active thermal conbrol needs were éought.
Propellants with lower freezing points than that of N2 Oh were sought to
depress the system-operating-temperature lower limit for bipropellants.
Moncpropellant sysbtems, in themselves, necessitated propellant storage



investigations » and freezing point depression methods were also considered.

Attitude control anelysis results, vhich erve presented in section 4.l.l
established minimum impulse blt (MIB) requirements of C. 6 pound-second or
less. This elimipsted the existing APS thrusbors which ilave a MIB of T.5
pound-seconds., A ‘thruswr survey was caonducted to identify those thrustors
having the req_u:ired operating characteristics which could bz availlable
within the mission ‘Schedule. Both bipropellant and monopro;;ellant thrustors
were reviewed. v

System pressurizatlon over a long duration was & major concern. Pressurant
leakage and component relisbility were considered in system design and
selection. Proposed systems were anslyzed for helium leakage rates and
the adventages of nitrogen established. Blowdown system simplicity and
reliability merited consideration, even in wview of a potentially heavier
system than one wibth pressure regulation.

The detachable module concept for the attitude control systems was sel.:ec’ced
for the orbital workshop o maintain an independent propulsion system

that facilitates development, qualificabion, checkout, manufacturing, and ‘
replacement, if requirsd. The extended orbital operation of the workshop
requires active and passive thermal protection of the propellant systems
to prevent freeziné. Compact system modules, with short propellant lines
and buried englne velve instelletions s greatly simplify the temperature
control problem. Detachable modules pernmit complete system testing in a
Tacllity lndependent from the orbifal workshop main stage. Each system
produced can be checked for proper operation hefore installation on the
orbital workshop stege.

The following sections present the results of efforts made to permit
selection of a realistic auxiliary propulsion subsystem for the OWS
attitude control system. Sysbem tradeoffs for opbimizabion of weights,
reliabiliby, and cost were made for sysbems which were compatible with
the mission schedule. Fhase I studies and Phase JI studies are described
separatel.y.
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" 8.1 Phase I Bipropellant Systems

Figure 8-1 depicts the evolution of Phase I system concepts. Initial
eiforts evaluatéd ‘the adequacy of the exiéting S-IVB/IB APS installation.
Propellant capacity considerations led to installation of manifolds be-
tween the modules, thereby utilizing propellant allocated for unsymmetrical
usage. When this method did not provide adequate total impulse, four
S—IVB/IB APS modules, mounted on the aft skirt, were considered.

It became evident that there was no advanbage to ubtilizing existing APS
modules for boost and passivation, and a separabe system for docking and
coast. New engines were reguired for coast; therefore, thrustor redun-
dzncy wes not aveilsble, even wibh four three-engine modules. Anelysis
indicated That the mission could be accomplished using only low-Thrust
engines, even with a single-engine failure., After establishing the
desirability of a single configuration, thermal and structural investiga-
tions revealed that the S-IVB/IB APS is difficult to insulate, and attach-
ment of two additional modules involves extensive aft skirt modifications..

‘A prefersble method of obtaining increased total impulse cepabllity is to
exchange S-IVB/V for S-IVB/IB modules. Saburn V APS evaluations, in
light of & 23-month mission requirement, considered three major areas;
thrustors, tankage; and pressurization subsystems. For control-dynsmics
reasons, replacement of existing engines wes made with low-impulse-bit
engines. Six were used per module for feliability. With the performance
of TPeflon bladders over long~-term storage still not thoroughly proven,
metal-bellows bankage permitbted greater confidence in meetlng The lauach
date. Mcdifications to the existing APS systems within existing module
envelopes resulted in a realistic, feasible system. Beyond this point,
little new system design or evaluation was pursued, since this would,
involve greater development tesbing, and an increased risx of not meeiing
the flight dste.

Eveluations of bipropellant tanksge, thrustors, and pressurizebion systems
are discussed in the following secbions, followed by discussion of the

evaluation of several system concepts utilizing these components.
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8.1.1 Bipropellant Tankage -

o L . A .
The requirement for bipropellant tankasge is propellant storage for 23
months, during which period the system duty cycle ranges from steady-"

state engine oPemtions to months of inactivity. The design eriteris
are as follovs' ,'i‘

1. Opera‘b:.onal llfetime of 23 months
2. Compa'bn.ble with 8-IVB APS system envelope and operating pressures

3. Man-rated nardwa.re at time of fiight
L, 36,000 pound-second impulse capablliby for 2 modul.e.a

’ Satisfagtoz-y s‘cqrage of bipropellants for atiltude-conbtrol ope::a'bion
during one to two years of spece flight hes not been conclusively demon-
strated to date. Missions such as Lunar Orbiter have retained residusl
bipropellants for several months after ‘l“.he system has accomplished its’
functional requirement. Successful engine steedy-state operation has

been demonstrated at Lunar Orbifer mission completior'x; howe;rer s only
limited data are aveilzable and questions of bladder permeation, pressuran’c'
gas enbrainment, and degree of nitrbgen solubility have not been 'fu_'l_'i.y'
resolved. Some form of tank-life festing is required for any tankage
qualificetion, be it bladder or bellows.

To minimize struchtural development costs, the selected tankage should fib
within the envelope of the existing S-IVB/V APS module with & minimum of

structurel modifications. Opersiion compatible with present APS pressure.
limits permibs the retention of sighificant number of existing components.

‘l‘é.ble 8-1 presents the DAC review of the availsble off-the-shelf metal
bellows and bladder tanks considered for the orbital workshop A.E’S. The -

texrm "off-the-shelf" denotes that the tank is in development or qua..ifi—
cation and/or in-use for space applica’cions. The tanks cons:.dered. will -
_meet the envelope requirements of The S-J.VB/V APS fairing assembly. However,
the majority of tanks listed will require various degrees of redesign and
additional qualification testing to meet the WACS requirements. The follow-
ing tanks are quelified for Seburn IB and Saturn V environments, and are
currently available herdware. Each tank meets the WACS propellant capacity
requirement and other criteria, except for the service life of 23 months.
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The S—IVB/V oxidizer and Tuel tanh is similar to the LEM oxidizer positive-
expulsion tank and the Apollo tanks. The tank is made from GAl-LV
tltanium forgings with a design burst pressure of 550 pounds per square
inch., The bpladder o atiached &b both ends. with {lungeu, propellant

being expelled by collapsing the bladder around a perforated stand pipe
mounted on the tatik axis. The tank volume of Lp089 cuble inches meets

the capacity reqpiﬁements established for the VWACS.

The S-IVB/IB metal-be].lows tank is an integral assembly consisting of a
cylindircal shell, 10.5 inches in dlameter, 'sapara.'bed into two compart-
meuts by a niltrogen storage sphere. Each compartman‘i‘. contains & posibivé-
expulsion metal bellows consisting of 0.006 inel thick stainless steel
convolutions, one vellows being used for fusl and the other for oxidizer.
A metel liner between bellows and tank shell serves as & gulde for axlal
movenment and as a dampener durdng ‘voost phase vibrations, '

% . -t .
Afser reviewing aveileble tank date for the survey, and’additlonsl infor-
nesion ovbained from Rockebdyne and Bell Aerospace, it is concluded “that
the netal bel:l.owE offers more religbillby in meeting the 'tar'ge'bed fLlight
gete. The -welded, stainless-steel bellows in the positive-expulsion
system ere superior to vlsdders of flexible materisls, such as Teflon,
because they are not permeable, have e longex cycle life, and are not
- temperature-linmited or sensitive over the operating range of the pro-
pellants. Thus, S-IVB/IB tenks were_selecte& for the VACS Phase I system.

8.L.2 Biprepellant Thrustors

With the requirement to provide adequate attitude-control thrust for
the orbital workshop, from booster separation through 23 montps of OWS
lifetime, the following criteria. developed and are discussed below:

Thrustor Design Cribteris

1. 25 1b thrust minimum - booster separation (assuming three
engines/module)

2. 0.6 lb-sec or less minimum-impulse bit

3. 800 seconds sheady-state operation capabllity
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L, .TOO seconds pulsed—opération capability

5. 2 yéars space-liZetime

§. Man-rated llxardware at bime of flieght
Roll-controi require;r‘lents. during booster separation establ}sh the engine -
mindmun-thrust level.-.i With a one-engine-oul capability, '?he roll torq_u.e .
reguirement a‘b booster separation can be met with the remé.ining three
roll engines oPerat:.ng at 17 pounds thrust each An upper thrust-level
.fl:r.m:.’c is not in ltselféa requirement hub :.s indirectly egta'bl:n.shed as .
‘p,xrresult of min:.mum—:.r@ulse bit. To meet rate requ:.rements during coast,
- he minimum-impulse b:\.t ‘must not exceed 0.6 pound-second. The larger the
gx"ﬁ’gine thrust, the more severe the requirements for system minimum pulse-
width. As pulse-widbh decreases, Isp decreases due to lnefficlent pro-
pellant combustion. Velve dribble volume, cold chamber operation, and
off-mixture~ratio operation all adversely affect performance at short
. pulse widbths in the neighborhood of 10 milliseconds. The prgi‘era’ple
method of attaining a minimum-impulse bit, from thrustor considerations, -
is to reduce engine nominal thrust to or near the minimua thrust require—
ment. This appreach wes taken in reviewing thrustors in the LT to 30
pound thrust range. Normal engine operation ls expected %o require a
meximum of epproximately 700 seconds of pulsed engine operation and 800
seconds teacg— state.

0f the wide variety of thrustors in various phases of develOpmenu through-

out the industry, the eriteria of flight qualifn.ed nardware within 18 months

eliminated numerous candidate engines.

Table §-2 presents a survey of several thrustors which were considered for

WACS usage. Bach thrustor is discussed in deteil below.

The Bell 18-25 pound thrustor is the latest generation of radiation-cooled

engines, and is scheduled for production in quantily under an existing

contract for a classified program. However, the vendor firmly stated thet

gqualified production engines could not be mede availeble within less than
24 months. ‘
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TARLE 8-2 BIPROPELLART THRUSTOR SURVZY

Detivery Time
: ’ 4 MiB Opersting Current fFrem ATP
Manufacturer Engine Thrust (it~sesc) Life (soc) Stetus- i {monvhs)
- - P Llokins i
Bel! 1825 . .25 >1500 Clossified 24+
Marquardt R-1E 22 T.23 13,200 Classitied 12
R-40 i00 51+ .18 198,000 LEM, S, LO 1z
Rocicteyne Bery!lium 5 .20 10,000 - In Housc o+
Se-6 23 .10 £30 | Gemini, 13
SE-7 - 23 10 54C Gemini R
OAMS 72. , .25 740 - S-1VB | 12
o , ) : . : NASA T~G7 .
Thiokol _ C-1i ‘ 100 A4+ .2 5000 Qualification an
-y URSA 25K .2 10,000 . .. | in Hoyse | 24+
150 7.5 .| 1000 | '5-1¥8 APS 12

g8l



Recketdyne's many attitude-control engineé'were.reviewed and eliminated
for the reasons noted below:

r
¥

The beryllium thyustor is &n in-house daveloped, radiation cooled,
latest generation engine. Although there is a high level of confidence

for use on the OWS, qualified engines would not be available for more
than 18 months. '

The SE-6 ablative-cooled Gemini engine is the seme as the SE-7, except
for operation at higher mixture ratio. The Gemini lifetime requirement
of 136 seconds is insufficient for the OWS.

The SE-7 has been gualified for the Gemini-ﬁttitude-control systen.
Although the SE-7 cperational requirement is 557 seconds, Rocketdyne is
confident that the SE-7 could meet the preliminary OWS operational )
requirement of 1500 seconds. However, for an engine life of 1500 séccnds,
the engine mixture ratio is 0.7, requiring loading of unegual volume of
the propellants thereby compounding grouth consideré@ian.

»

The Gemini QAMS LOO-pound thrust engine is ablatively cooled and also used
on the S-IVB/V;—%ut derated to 72-pounds thrust. However, the minimume
impulse bit is greeter than permitted by the OWS requirements.

The Thiokol C-1 regenerative, radiation-cooled thrustor is not available
from production tooling for a minimum of 18 months from ATP, The winimun-

impulse bit exceeds the OWS.requirement.

TRW's 25-pound thrust, radiation-cooled engine is an in-house developed
engine which can be available 24 months from ATP. The 150-pound thrust
engine currently used on the S-IVB has a limited lifetime, and the MIB

is too great for OWS application.

The Marquardt R-4D 100 pound thrusi, radiation cocled engine is in pro-
duction (LEM, 1O, SM), aveilsble and meets the WACS requirements. How-
ever, the minimum-impulse bit is marginally high (0.51 #0.18 pound-second)
which, therefore, would require minimum pulse-width operation at the
lowest propellant utilization efficieney.
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Ths Marquardt R-IE radistion-film-cooled engine is scheduled, under &
classified contract, for completion of formal qualification iesting in
April 1968. The qualification test program requirements equal or exceed
the OWS requirements, except for mission lifetime, The addition of a
life-cyele test to the present qualification test program is necessary.
However, this requirement should not delay the availability of the R-IE
thrustor for use on the orbital workshop APS.

The modifications &Fcessary to meet the OWS requirements are minor in
nature. These modifications include:

1. The addition of a welded connection in each propellant inlet
line adjacent to each engine valve, to accomplish propellant
recirculation during propellant loading.

2. The inclusion of a port in the chamber fbr monitoring chamber

pressure.

3, The addition of heaters on the mounting flange and/or the oxidizer
solenoid valve to mantain the oxidizer in a liquid state.

Tabulated data and a dimensioned outline of the Marquardt R-IE engine is
shown in figure¢8-2. This is the'engine recommended for the workshop
attitude control system. .

8.1.3 Bipropellant Pressurizaticn Subsystem

The selection of a pressurization subsystem was limited to the consideration

of a regulated system, a blowdown system, and a gas-generator system. The
gas-generator system would consist of a gas generajor, & plenum, and a
pressure switcll with associated electroniés. Due to the complexity of
this system, a rather extensive development task would be required. This

system is not considered applicable for the schedule prescribed.

The blowdown system is very reliable due %o its simplicity. Due to the
low pressures within the system (150 to 300 pounds per square inch
absolute), the safety of such a system is very good. Also, since no
regulator cr other devices separate the pressurant tank from the ullage,
overpressurization due to internal'leakage is not a2 préblem. The main

disadvantages of the blowdown system are its slze and weight, The
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WORKSHOP ATTITUDE CONTROL SYSTEM s
MODEL R-1E ROCKET ENGINE 22 Ib THRUST |®29.

THRUST I s e e VALVES

E{I;BS £ 130 PSIA PROPELLANT SUPPLY PRESSURE ELECTRICALLY LINKED SOLENOIDS
OPERAT! O AL RANGE - 15 TO 27 LBS THRUST POWER REQUIREMENTS — 35 WATTS @28 VOLTS DC,
OPENING RESPONSE ~ 9 MS @ 28 YOLTS DC

COOLING VALVES CAN BE FURNISHED WITH PIGTAILS
RADIATION : OR MECHANICAL CONNECTOR AS REQUIRED.
IGNITION v LIFE
HYPERGOLIC : BURN TIME — 220 MINUTES OR MORE
! IGRITIONS {100,000 + '
FERFORMANCE i o
STEADY STATE SPECIFIC IMPULSE — 276 SEC NOMINAL @ O/F = 1.6)  WEIGHT '
PULSE PERFORMANCE — SEE CURVE !, 283 LBS ‘ . :

b ows e

IMPULSE BIT & 10 MS PULSE WIDTH 0.12 LB- SL'.C y -
- CHAMBER PRESSURE NOZZLE AREA RATIO . ‘

PROPELLANT INLETS.0.25" | .93psta .. = 40 ol
_ INCH MALE AN FITTINGS '  [PUL'SE PERFORMANCE
' - : ‘ '300 .
OXIDIZER IN--=~ 1 ~MOUNTING FLANGE - —1 ?_o' 220
I l 4 1250 =]

2 ) ] . f e d M-[N
. 2.81 :SPECIFIC, - ,( '
FUBL Ny {E——/ DiA  IMPULSE,} ~ £\ SHORT:

6.00 \ | sEconps’ 200 N 4 PUlLSE

DiA

M ' : S 1 o R N
.15 : : , MILLISECONDS
]_ L - T100 l } l

1/4 SCALE ) ’ ' ELECTR]CAL PULSE W!DTH SECOND'S

Figure 8-2 Model R-IE Rocket Engine Data



blowdown system requires an initial pressurant volume equal to the initial
propellant volume. Ezcause of these requirem.ent's » the welght penalty becomes
larger as The lmpulse requivement increases. Tﬁe use of & blowiown system
is desirable, If space i3 available and the weizht penaliy can be to:!.erate'd.

The regulated systé{n utilizes high-pressure gas and, therefore, requires
less space than thei})lowdown system. Although the pressurant tank is

of heavier construci‘:ion, the overall system weight is less. The use of

.a regulator reduces the reliability of the system, and introduces.the
probler of internal leakage. Ry selecting regulstors with low internal
leskage, the regulated system is feasible for a 23-month mission. This
system also has the advantage of present use in the Saburn S-IVB Stage APS.

Another consideration related to the pressurizatlon subsystem, is the
selection of the pressurant gas. This selection was limited to two
candidates, helium end nitrogen. At the present time, helium is ubtilized
for the S-IVB APS modules.

The most significant criteria for selection of the pressurant is the
leskage rate. TFor a given system, the use of nitrogen reduces the system
leakage to approximabely O.4 times the leaksge using helium, Since the
pressurization subsystems eve closed systems, the size of the subsystem.

is independent of the gas used. " Use of nitrogen would increase the weight
of pressurant, but for the systems considered the additional weight is less
than 10 pounds. Therefore, nitrogen was selected as the pressurant.

8.1.4 Bipropellent Sysbems Installation

Figure 8-3 presents several methods of increasing the abtibude-control
total-impulse capabilily of the ‘$-IvB/IB APS. )

Configuration L uses the existing ‘S-‘IV'.‘B/ IB APS modules manifolded together.
For & relatively small weight increase, manifoiding inereasss the total
useble propellant availsble for a given mission. Unsymmetrical propellant
usage is aubomabically compen: - r via the ranifold. so that excess
propellant is not left in one mod -~ after depletion o. the other.
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1

2

3
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" Configuration

Location.

Dry Weight

Propeliant

Wet Welight
Manifolding {Approx)

M. R. -

2 Bat IB Modules

-'Present
760
i2h
824

20
1.6

"L Sat IB Modules

90° Aﬁnrt ‘
1,k00

248
1,648

Lo

1.6

w

k Sat IB Modules
Less Pitch Engines

90° "Apart -
2,202
218
1,540 :
Lo

1.6

Fighrg 8;3 Methods of Inereasing Propellant Cepacity

2 Sat YV Modules

.Presenﬁ‘
826
664

1,400
20

1.6



Configuration 2 utilizes four S-IVB/IB APS modules which could be mani-

folded together. Modules eare spaced 90 degrees apart arcund the aft
skirt. ' - ’

3
i

Configuration 3 is the same as 2 except that all pitch engines have

been removed. The remaining eight thrustors can accomplish attitude
control ebout all'three axes.

5

Configuration b uses two S-IVB/V APS modules which could be manifolded
together. The ullege engine has been removed from each module.  The
superior propellant mass fraction of the S-IVB/V APS over the S-IVB/IB

* APS is evident. For similar system weights at liftoff, configuration &
provides more than 2.5 times the propellant capability of cenfiguration 2

or 3.

Figure 8-L shows the total impulse and equivalent propellant loading
required per module to complete the 23-month mission for both independent
and manifolded cases. The advantage of moduie manifolding is evident.
The effect of pitch-enginé deletion in the independent-module case of
configuration 3 is to double system weight.

In computing equivalent propellant loéds per module, changes in specific
impulse were accounted for during various mission phases. " During béost,
the present pulse-width of 0.065 second was used for pulsed operation.

This corresponds to a specific impulse of 230 seconds. During the 0.6
pound- second minimum-impulse-bit operation, a specific impulse of 210
seconds was assumed. The specific impulse used for steady-state cperation
was 280 secoads. These engine perforﬁgnce figurés were cbtained from
Marﬁuardt R-TE engine performance curvés.

With & propellant capacity of 62 pounds per S-IVB/IB module, configuration 1
is totally inadequate. Independent module usage is not recommended for
configuration 2 and is inadequate for configuratiop 3. The S-IVB/V

module is adequate whether manifplded or not.

Figure 8-5 presents the effects of gross component failures on the various

configurations. For each configuration, various feilure modes were
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REQUIRER IMPULSE PER MODULE

Per Nodule

Figure 8-4 Impulse and Propellant Requirements by Configuration

Indep Manif Indep Manif Indep Manif Inded Honif
© Boost & Passivation
Steady State 2,k00 1,800 13200 900 2,400 900 2,400 - 1,800
Pulse , 6,670 5,000 3,335 2,500 6,670 2,500 | 6,670 5,000
Subtotal 9,070 6,800 4,535 3,k00 9,070 3,400 9,070 6,800
© Docking & Coast . .
Steady State - 12,500 6,850 6,250 3,430 12,500 3,430 12,500 6,850
Pulse 8,000 4,500 4,000 2,195 8,000 2,195 8,000 4,400
Subtotal 20,500 11,250 10,250 5,625 20,500 5,625 20,500 11,250
TOTAL IMPULSE 29,570° . 18,050 1&,785‘ 9,025 29,570 9,025 29,570 18,050
REQUIRED PROPELLANT PER MODULE.
0. Boost & Passivetion - . , . )
Steady State (200) 8.6 6.5 L.3 3.3 8.6 3.3 8.6 6.5
Pulse (230) 29.0 21.8 ik.s 10.9 29.0 10.9 29.0 21.8
Subtotal ' 37.6 28.3 18.8 14.2 37.6 k.2 - 37.6 28.3
‘o Docking & Coast ‘ :
Steady State (280} | hk.6 2L.5 22.h 12.3 4,6 12.3 Lh.6 2h.5
Pulse (210) | 38.1 21.0 19.0 10.4 38.1 10.4 _38.1 21.0
Subtotal 82.7 R 1.k . 22.7 82.7 22,7 82.7- ks.s
TOTAL 120.3 13.8 60.2 36.9 120.3 36.9 120.3 73.8
?r0pellant Available 62 - 62 62 332'



FATLURE MODE

INDEPENDENT :
Tank Loss No Control 1.33 RIPMF¥ RIFHM 2 RIPM
Engine Loss (Off) No Control & 1.33 RIPM RIPi4 RIPN ™

- Engine Loss (On'} No Control 1.33 RIPM No Control No Control

MARIFOLDED :

“Pank Loss 2 RIPM 1.h RIPM 1.33 RIPM 1.33 RIPM
Engine Loss (Off) No Contrel 1.05 RIPM RIPM RIPM
Engine Loss (On) No Control lio Control No Control " No Control
Venifold Loss No Control No Control ' No Control 2 RIPM -

4

%f“a
(M '~ Zgg

% Agsuming Sepsrate Tanks for Each'Engine Cluster, %wo Clusbers/Module.

{12

#% RIPM = Required Impulse per Module Baseé on No Failure Mode. The Factor Provides for Sufficient
Propellant to Complete the Mission in the Event of the Failure Mode Listed.

Figure 8-5. FATLURE EFFECTS ON VARTOUS CONFIGURATIONS



evaluated to determine if attitude control were lost or, if not, how
much additionsl propellant must be initially loaded per module for mission .
com_xﬁletion. The fectors shown times the required propellant per module
from figure 8- represent this initial propsllant loading, Conversely,
not loading additicgnal propellant results in prematuce mission termina-
tion In the event of g subsystem failure. The fackors for configuration L
sre ldentical to thé-se for configuration 4.. A new configuration 5 wes
also evaluated. (onfiguration 5 is defined as having six thrustors per
module, for;ni'ng two independent clusters of three engines each. ZEach
engine clusver 1s connected to its own tanksge and pressurant systems,
thereby providing complete systen redundzney in each module. If manie
folded together, complete redundancy is retained in configurstion 5 by -
providing two ‘independent menifold systems. This differs from the
technique of configuraticns 2 and 3 where all modules share a common
manifold. '

An engine-on feilure appears to create the most adverse system lmpact.

This type of feilure, if not corrected, can csuse premature mission termina-
tion. Methods of correcting this type of fallure are discussed in

section 3.5. More detailed failure analyses, using component criticality,
would be required to determine the listed failure mode probabiliti:es.

Bzsed on these considerations of overall system operation, capability,
and avallebillty, bipropellant eveluaiion henceforth coacentrated oun “wo
principel systems. These are four S-IVE/IB modules menifolded, and two
S-IVB/V modules with redundant thrustors and tankage. The installation
of these systems ig dlscussed ig the foiL‘Lowing sectlions. The synbols
used in the schemstie disgrams of the Systems are shown-in figure 8-6.

8.1.%.1 wManifolded S-IVE/IB Modunles

Four S—IVB/IB nodiiles,. menifolded together, provide sufficlent total
impulse for mission accomplishment. Changes to the propulsion system are
relabively minor, being essentlally an exch&née of low—min:i.mum—iﬁnpulse-_
bit engines for Tthe existing ones. However, thermal-control power require-
merths are greater for this system than for two S-IVB/V modules, primarily
due to inherent design charactéristics gnd subface-to~volume ratios.
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The structural médifications involved in providing new supports for the
two additional modules are extensive as discussed in section 9. Flight
contrel considerations make 9C-degree spacings désirable sbout the ald
skdrt elreumferonce., This implies placing the added APS modules of
Position Planes II ‘and IV, wvhich interferes with an ullagg rockey located
on Plane IV. Relocation of this APS module can be tolerated if anguler '
offset is not excessive. Retro-fit of this system would;be difficult.

‘A four-module systenmialso involves chahges in control system logie.
Differential signal mixing is required in all axes, requiring sdditional
switching amplifiers and associated hardware. )

For the above reesons, use of four S-IVB/IB modules is not recommended for
the WACS.

8.1.4.2 5~-IVB/V APS Modules ~ Bladder Tankege

Ancther APS configuration, considered for use on the OWS, is the basie
Saturn V APS system, figure 8-7, which consists of bladder tarkege, a
cylindrical nitrogen storage tank, regulator, propellant-control module’
and pressurization system manifolding. A component change to the pres- -
surization system‘;s the .addition of a cartridge valve between the check
valve and high-pressure storage tank. The valve is activeted at liftoff,
and reduces leakage after launch. This change will increase‘the reliabllity
of the nitrogen gas system. The nitrogen low-pressure module removal is
recommended because of high leakege rates and failure encountered during

" testing. This module is repleced by the relief wmodule which contains &
burst dise, relief valve, and checkoub pressure port. APS modifications
required for the OWS are reﬁoval of existing 150-pound thrust and Gemini
engines, and replacement with'six model R-IE enzines, plus designing mew
engine-mounting adaptors. The propellant system is;manifolded 180 degrees
around the sbage to provide redundancy in the two-module concepﬁ. The
propellant system in each module suﬁplies.propellant 4o an engine cluster
in both modules by means of this manifolding. Recirculation provisions
are incorporated into each module, which ellows removael of gas from

stage manifolds by cross-flowing propellant during loading, and bleeding
in the opposite APS module.
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The lack of cénfidence ir the bladder tank for a 23 mﬁnth mission, with~
qut extensive %ualification testing, is the principal objection to this
system. Testing could very likely impact the launch data; and for this
réason this system is not recommended. ' C

8.1.4.3 $-IVB/V'APS Modules - S-IVB/IB Tenks

The APS configuration selected for installation on the orbliial workshop,
figure 8-8, 1s composed of two independent propulsion systems in each
module. Each system consists of S-IVB/IB propellant tenkageé, which
includes a high-pressure nitrogen storage sphere, nitrogen pressure
regulator, propellant-contrel modules, check valves, relief module,
cartridge valves and oxidizer-fuel nitrogen manifolding. '

The positive-expulsion propellant tankesge utilizes a welded stainless-
steel bellows for containing the propellents. The provellant-control
modules &re used to control propellant filling, recirculation, and
unloading of propellant from the APS. These modules are qualified for
both S-IVB/IB and S-IVB/V stage usage. The APS Tilling with propellant
(both oxidizer and fuel) uses & common module and’manifolding to £411
both tanks. The manifolding econtains two cartridge valves which ave
activated after recirculation and lozading of propellents. The purpose
of these valves is to isolate each system in a module; thus, each tenk

supplies only three engines.

The dual-regulator pressurization system is isolated after leoading by

- an explosive cartridge valve located between the regulators. The nitrogen
gas regulator conidists of twoy regulators.in series for regulating nltrogen

gas to the propellant tank ullage volumes. The pressurized ullage of the
propellant tankage provides the driving force for expelling propellant
into the engine velve menifolding..

In order to achieve high reliability in the duel-sysiem module application,

it appears that adequabe redundancy can be provided by manifolding each
module 180 dégrees apsrt on the aft skirt. The manifolding includes
cartridge valves which ere normelly closed to separate the modules, and
are opened either when p:uynllaﬁt usage depletes elther module to
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Hydrazine attltuqe-control systems have heen successfully used -on the
Mariner nrogram, and are presently being ..developed for the Titan Transtage.
System simplicity,’ rellabllity, and relatively low- development and
production costs are its chief advantages over bipropellant systens,

Major disadv&ntéges for WS applica{ion are low specific impulse, in-
creased thermal control requirements, new technology to the Saturn program,
and new ground support equipment at the Sacramento Test Center and KScC.

The First two disidventages affect overall system weight 2nd become 1ne
creasingly szgniflcant as total-impulse requirementSrincrease. The other
disadvantages may qffect the ability to meet early launch dates For these
reasons; this system was rejected. -

The following sections present the results of evalqgtion of monepropellant
_components and systems. ' ‘

8.2.1 Monopropellant Thrustors

Thrustor selection was based-on the samé requirements and design criteria
used for bipropellant engines. 'Thrust levels of 17 pounds or greater, and
minimum impulse bits of 0.6 pound-second or less, were the. principal criteria.

PR

g

Monopropellant thrustor speecific impulse is a strong funefion of duty cjcle..
Extended duration between pulses permits catelytic bed temperatures to drop.”
A significant emount of energy from a subsequent pulse is therefbrE'expended
in raising the catalyst temperature;:and propellant deéomposition may be
incomplete. Both conditions degrade'perfbrmence. “The theoretical specific
impulse of hydrezine is less then for the bipropellant (NTO/MMH)- reactions.
It 1s to be expected, therefore, that performance will be less then with
bipropellant engines,

Table 8-3 presents data from a survey of‘monopropéllant_thrueéofs with the
required operational characteristics. -Rocket Research has a firm contract
to develop the backup hydrazine thrusior for'the Titail Transtaze. The
thrustor utilizes Shell 405 caﬁalyst and.has the capabillty of blow-

down operation between 300 and 150 pounds per square inch. Thesa'
pressures corre3pond to thrusts of 26.7 and 16 pounds, respectively.



TABLE 8-3

RELIABILITY EXPECTATION FOR TRANSTAGE.

I 4ps.35
. L 7.20.67
MONOPROPELLANT THRUSTOR BUNVEY
F. o . DELIVERY TIME
- 5.";\>1I§ AC- 1 ENGINE | THRUST {LBS} | MIB(LB.SEC) |OPERATING | CURRENT STATUS | FRoy ATP
(RIS LIFE (SEC) (MONTHS)
- g 3 b
ROCKET  H TRAN- . CORTRACT 122YDECE
RESEARCH | STAGE 26/16 2 1,000* TRANST AGE 24 BY APRIL 68 i} .
B | RS i
T!'lr" ~n ‘ .AS
WL - 2518 25 REQUIRED IN-HDUSE 3
- TRAN- ' ' DEV. FOR
I2DE ,§$§.§E 2/16 2 1,009 TF:A.NS?AGE 4
TRAN_ DEV. FOR’
A ; % ]
TR STAGE 26/16 2 000 TRANSTAGE -
HATLLTGN . . DEV. FOR
R-14 26716 2 1,000 < 4
L STANBARD N . TRANSTAGE -
FTRANSTAGE END LGYS A BLOWDOWN SYSTEM TESTED TO 7500 SECONDS, 5000 TO 7000 sec NINIMUM .



s
At the S-IVB APS operating pressure of 196 pounds per squere inch, 17.3
pounds of thrust is available. A desirsble feature of this engine is
the use of a ser&es-reduudant propellant valve.

i
The thrustor llfetime specification is 1000 seccnds, with 2500 seconds
accumulated in testing to date. The minimum catalyst bed life is ex-
pected to be from 5000 to 7000 seconds. éualified thrustor delivery is. -
possible by December 1067 with complete shipment by April 1968.

Additional efforts required for application of the thrustor Yo the OWS

are the addition of valve heaters %o prevent freezing in space, and life.
time qualification testing. '

Tpe Margquardt fhrustor is neither developed nor designed; however,
Marguardt has sufficient confidence attained from.inphouse'activity to
offer a fixed-price quotation and a 3.menth delivery, utilizing their
hé-watt solenold valve, TRW, Kidde, and Hamilion Standard engines were
developed under contract for the transtage. A full quslificatlion program
would be required for any of these thrustors, which could consume more
time than is avafiable for the OWS. The expense of a2 full qualification

program does not appear to be warranted.

8.2.2 Monopropellant Systen Insballaﬁzon

Monopropellant-system specific impulse is generally below that of a
bipropellant system. Therefore, those propellant-capacity-increase
methods which proved inedeguate for bipropellant systems were not re-
considered for the monopropellant system. The schemes utilizing four
S-IVB/IB APS modules were eliminated for the same reasons as nobted-in
the bipropellant case, ' ’

The baseline-monopropellant-system conflguration considered 1s two S-IVB/V
APS modules manifolded together and locai:ed in the present S~IVB/IB APS
position. System varietions prima:ily involve changes within the medules,
such as diffferent tankage or pressurization techniques.
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Pigure 8-9 presents three monopropellaﬁt configurations with propellant
capacities and gross module weights.:

Configuration 1 retains the existing S;IVB/V_tankdge'and presowre~reguleted
system. Several components can be deleted along with some piping and
manifolding. Module dry weight has decreased from that of the S-IVB/V
bipropellent APS module.

Configuration 2 uses two S-IVB/IB APS tenks installed similar to the
configuration considered for the bipropellant sfstem. The tank metal
bellows are compatible with hydrazine. Six thrustors are used for systen
redundancy and S-IVB powered flight requirémen@s.

Canfiguration 3 utilizes the S-IVB/V APS tankage with a blowdown pressure
ization system. Each tank is loaded half full, and pressurized to epprox=
imately 300 pounds per square inch. System pressure at propellant depletion
is approximately 150 pounds per square inch. Thrustor operation is possible
throughout the blowdown range, Tﬁe modules are manifolded together, and
there is completghredundancy of systems. ‘-

Figure 8-10 shows the total impulse and equivalent propellant loading per
module to complehe the mission. In computing the propellant loads per
module, the effects of duty cycle were taken into consideration. " During
boost and passivétiop, the pulse width was kept at 0.065 seconds and a
specific dimpulse of 175 seconds assumed. A steady-state specific impulse
of 220 seconds was used., During minimum-impulsé-bit operation, 2 cold

bed specifie iwpulse of 100 seconds was assumed. - This reduced the minimum
impulse bit from 6.6 to approximately 0.3 pound second. As & result, {he
pulsing impulse actually required during coast is reduced fo 2000 pound-

seconds. All configurations have sufficient impulse capability for the
mission. ‘

In the folleowing sections, these systems are described in deteil.
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Impulse (lb.sec)

Propelient {1b)

e Boost & Pessivation

Steady State T 1,800 8.2 (Isp = 220)
Pulsing . 5,000. 28.6 (Isp = 175}
Suttotal ‘- 6,800 36.8
@ Docking & Comst
Steady State . 6,850 3.2 (Isp = 220)
Pulsing .. 2,000 20.0 {Isp = 100)
Subtotal ) 11,250 75.2
TOTAL 15,650 92.0 (Iep = 155)
. &
e Propellants Availshle
‘W/S-IR Tanke (2/module) 113 1b
W/SV Tanks {Full) 360 1
W/SV Tanks (1/2 full-blowdowa) 150 1b
]

Figure 8-10. Monopropellant Impulse end Propellant

Requirements (Per Module)
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8.2.2.1 Regulated Monoprepellant System Using Bladder Tanks
Figure 8-11 is % schematic of 2 monopropellant system which utilizes & |
regulated pressurization system and bladder tanks similar to those in

the §-IVB/V APS. This system is basically the S—IVB/V’A}S with modifi-
cations. ' !

!
i

The high-pressure system is identical to the S-IVB/V APS systen, with the
addition of & normallyaopen ca:ﬁ*idge valve in the fil1 line, This valve °
is closed a% liftozf, thereby reducing system lewkage to -allow missien
completion.

The regulated-pressure s&stem differs from the-S-IVB/V APS configuration |
in that no check valved are requlred end the tanks eve pressurized from

a common line. Since the ¢anks ere manifolded, only one relief module

1s required. ‘

The pr&pellan% supply system is eassentisilly oné half of the standard -~
S-IVB/V system. The tanks arc manifolded together, permitting the use
of one propellent, control module and retaining present £111 and recircul-
ation procedures. The engine manifolds aye simpler, requiring only one
line per engine. However, to obtein system redundency and allow egual

" usage (modular) of propellants, a manifold is utilized from each set of
engines in one module to 2 similar set in the other module.

The tanks utilized are the present S-IVﬁ/V APS tanks with new bladders of

Butyl rubber or ethylene propylene rubber (EPR). The new bladder material ...
offers better oyeling, permeation charocteristics, and betber competibility
than the present Teflon bladder. The time required for the change of

bladders is well within the scope of the progwam (3 months delivery).

8.2.2.2 Reguleted Monopropellant System Using S-TVB/IB Bellows Tanks.
A schematic of this system is shown in Fgure 8-12.

This system is idemtical to the system described in section 8.2.2.1, except
that S-IVBYIB bellows tenks are used in place of the bledder tenks. The
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systém still offers much simplicity, -and the disadventzges mssociated
with the development of bladder fanks have been eliminated.

8.2.2.3 Blowdown Monopropellant System Using Bladdef Tanks

Figure 8-13 shows.a schematic of a monopropsllant system using bladder .
tanks and & blowdoyn-type pressurization system.
: !

The pressurization ?f this systen is accomplished by off—icading the

. bladder tanks to 50 ‘percent capacity, and pressurizing the ullage space

i to 300 pounds per square inch sbsolute. Upon expelling propellent, this
Epressure will_decéy to 150 pounds perAsquére inch absolute. The thrustors
tused are capable of operation throughout this range of supply pressures.
As with the regulated systems, the pressurent £ill line is sealed at
liftoff by use of a normally-open cartridge valve.

The propellant supply, and engine systems are identical to those described
in section 8.2.2.1. The tankege is also the same as described in secticn
8.2.2.1, and the'associaﬁed'disadvantages §531) 2pply.

&.'F .
The rgmoval of the regulator from the sysiem resulis in an even simpler
system, end eliminates any problems aSsociated with the use of a regulator.
Although & reduction of engine thrust occuwrs vhen the tank pressure decreases,
this occurs during the latber pértions of the mission when i% 1s scceptable
and perhaps desirable, )

8.3 Phaze I Compressed-Ces System

Figure 8-1k% indiqates that 2 compressed-gas system is imprac%ical for
providing the total mission impulse requirement. Sysﬁem-weight is approx-
imately double that of zn equivalen% ﬁipropellant or monopropellant sysbenm.
One advantege of using compressed gas in conjuncbion with & liquid propellant
system lies in reducing ﬁhermal—con%}élupower reauizements during long-term
‘coast. In such an epplication, liquid-propellant-system usege might be
discontinued at the end of the manned visit. During the 6 %o 12-month
storage period, no thermal control would be used, and restabilization for &
revisit might be accomplished by the gas system. '
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There are several disadvantages to this concept: Approximately 8,300
pound=-second3 of%iﬁpulse would be réquiied to stabilize and peinit docking
to the OWS after both storage periods. This corrésponds Yo a gas~system
weigh% of about 550 pounds. There is some risk in permit%ing liquid
propellant to freeée within confined systems. As the prépeliants freeze,
theiy contraction ﬁgy permit liquid to flow past check vélves. Upon
thawing the increasing’propellant volume may deform valve seats, yield
soft materials, or possibly rupture components. Unless refueling is
used, liquid propellants will have o be aboard throughout the storage
periods for use &uring revisits., With thermal protection required, even
when not active, there is no advantage in introducing a compressed-gés
system, ‘

A second use considered for compressed gas was in providing the 0.6 pound-
second minimum-impulse-bit capability. If that part of -the mission‘having_
this requirement were done with the gas s&sﬁem, there would be no reason

Tor changing engines. The existing ablative engines have sufficient life-
time, and quad propellant valve redundancy would ﬁrobébly eliminate the need
for thrustor redugdancy, and sutomatically operated cluster shutoff valves.
However, with the availability of a rediation-cooled thrustor and its
superior lifetime for system growth, develoﬁment of the gas system dogs ' not
appear to be merited. For these reasons,; a compressed-ges system was re-
‘jected for use on the QWS.

8.4 Phase I System Selecticn

0f the dipropellant systems, the system in which most confidence is'ﬁlaced

_ for meeting the early launch dete is the S-IVB/V wodule with S-IVB/IB

tanks. While not the system with highest propellant mass fraction, lightest
welght, or grestest gfowth.potential, i% is the system which is considered
as requiring ﬁ minimum of development. S-IVB/IB APS manufactur;ng and -
testing experience are diréctly applicable to this design. Three launches
have proﬁén the flight capability of many components proposed for this
-system. Potential bladder permeation problems are eliminated by using
S-IVB/IB metal bellows tanks hile a Saturn IB flight capability is
certainly not a conclusive test of =~ 23—mon%h mission, it does represent a
significant hardware maturity over new or modified deéigns not yet in

existence.



To take advantage of monopropellant operation; 2 bladder-tank econfiguration
is recommended for its lighter weight. The consequences of péssible ges
permeation, asdociated with bipropellant bladder tanks, are of iitﬁle
concern for monopropellenta, Bubble cnbraimment within the propellant
stream does not affect hardware integribty as it might in o mixture~-ratio-
sensitive system. Hydrazine space sborsge for months in rubber bladderé
has been demonstrated by Mariney IV,

With the use of S-IVB/V rubber-bladdes tanks, sufficient tonk volwme is
availeble to permit mission completion with an inmtegral blowdovn sysbem.
This 1s the recommended monopropellent system. Simpliecity is obvious.

No moving pressure-regulator varts, burst dises replacing hesvier relief
valves, and complete sysbtem redundency within each module yield = light
weight, relisble system. Thrustor blowdown capability is pars of the
transtage RCS engine specification. In meking the final selection between
the recommended monopropellant and biprepellant systems, a broad assessment
of overall WS prograﬁ implications vas made. Pigure 8-15 presents monc-
prapellant and bipropellant system weighits as a funcbion of mvailéble’
impulse. '

The first point on the bipropellant curve represents two S-IVB/IB APS
modules. 3By placing two S~-IVB/IE APS bank assemblies in an S-IVBNV
module, the impulse cepability is dovbled as showa by point 2. A further
incresse in aveileble jupulse is realized by utilizing the S-IVB/V modules
with their present tankege shown by point 3. To obltaln impulse in the
250,000 to 300,000 pound-segond range, vhe use of four S-IVB/V APS modules
with $=IVB/V APS modules with S-IVB/V tenkage is reguired. This is showﬁ
by point 4.

On the monopropellant curve, point 5 represents the blowdown éystem
utilizing two S~IVB/V APS modules with S-IVB/V tenks helf full. To
inerease the system cepebility, the tanks mey be completely filled and
Bn external pressure source.useq; this situstion is shown by point 6.
The maximm impulse is obbtained by using four S-IVB/V APS modules. This
configuration is wepresented by peoint 7 on the monopropellent curve.
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It can be seen from the Tigure that the monopropellant systems are
competitive withtthe bipropellant systems in the 30,000 to 100,0C0 pound-
second impulse range. However, as the impulse requirements increase, the
bipropellant system shows an increasing weight saving. This is due,

primarily, to superior éﬁecific impulse.

Table 8-L presents‘nine significent attitude-control-system considerations.

High on the list are component availebility and testing required for
qualification, both of which have direct bearing on the flight date. New
thrustors are the pacing itemskin.each cage, with a bladder development ree
qufred for monopropellant storage in the S-IVB/V tanks. The monopropellant
system testing 1s expected to be more extensive than bipropellant develop-
ment, because of the new tank gqualification. Also, facilitiles and GSE
changes created by the hydrazine system will require thelr oun test and
checkout. On the other hand, considerable related-test experience is

available for bipropellant testing, and the learning curve not as steep.

Reliability is affected by critical components in each system. The
regulator and bladder are unique to the bipropellant and monopropellant
systems, respectively. While previcus APS experience is avallable to
improve bipropellant system relisbility, the inherent simplicity of the

monopropellant system is expected to compensate,

Powerravailability is criticel, and the difference between maintaining
a system temperature of 20%F or LO°F is almost a dovbling in elecirical
power for the latter. With freezing points of 34°F for hydrazine, 11°F
for NTO, and -65°F for MMH, the bipropellant system will require less
thermal-control power. )

Modifications to GSE are undesirable, especlally with tight development
schedules. Existing XSC facilities are adeguate for the bipropellant
system, vhereas a% least new cleaniﬁg, and possibly some hardware modi-
fications, are needed for hydrazine handling. -



AVATLARILITY °

RSLIABILITY

TEST

GRCWIH

FOUFR

~iSE

- et e

JLETON

b e m———

W ACTURIRG

At ——

Table 8-4 PROFELIANT SYSTEM COMPARISON

. SELELCTE

3IOPPOPELLANT
RYSTR

SELECTED
MOHOPROPFLLANT
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S~V TANK BLADDER CHANGE

ENGINES PACING ITEM

FEGULATOR RELIABILITY
CRITICAL
FREVIOUS Fi”EVIFICE

SLADDER RRLIABILITY
CRITICAL
8I"PLICITY

PREVIOUS TEST EXPERIENCE

»

TANK QUALIFICATION TEST
REQUIRED _
FACTLITIES AND GSE
TESTING

SUPZRIOR ISP .
LOWER TOTAL SYST¥M WEICGHT
ABOVE 100,000 .LB-SEC

’ Lt =
GROWTH TO 250,000"LB-SEC
NOT PRACTICAL WITHIN -
MODULES

“INIMUM PROPELLANT TEMP.
ALLOWABLE 20°F

MINIMT™ PROPTLIANT TRMP.
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For the 36,000 pound-second mission impulse reqﬁiremen'b‘ of Phase I, the
monopropellant system is approximstely 200 pounds lighter than the bi-
propellant system, due primsrily to 2z lowver dry weight. '

Design or manufactyring differences are not considered to fhéve extensive
impact on the syste‘m selection. Similarity to existing désign benefits
the bipropellants, whereas, simplicity assists monopropellant design.
Manufacturing will require changes in techniques where the S-IVB/IB banks
are placed in S-IVB/V modules. However, this is nob expected to be

any more severe than engine chenges or high Performence Insulation (HPI)
edditions. ‘

As a result of these considerations, the AES‘recé:mm.ended for the WACS for
Fhase I is contained in two S-IVB/Y modules, &nd manifolded bogether. Each
module is composed of an S—-IVZB/V APS module outer shell (structure) modif:}ed
fox installation of two S-IVE/IB APS bellows tank assemblies, & dual .nitro-
gen-pressurizetion subsystem, HPI, heater blankets, and a protective shroud.
Each of the two engine clusters in ezch module include three Marquardt R-IE
bipropellant thrustors. (See figure 8-16 and 8-17) A detalled description
of this system is giver in section 8.L.4.3.

Table 3-5 presents :bhea, pressurizabion system leakage of the selected system.
The values listed under system leakage apply to one subsystem {two subsystems
per module). Due to the reduction in leak rates resllized, nitrogen was
selecked for pressurization. The inibial pressure of 2800 pounds per squaxre
inch zbsolute was established to be compsabible with present KSC xedlines.

The maximum allowable leak rebe was debtermined to bz 0.017 standarxd cublc
inches per minite, assuming & bemperature decay of 40°F. ALl values shown
in the specification lesksge column gre leakage o The environment per
component., The leaksge of the relief module denoted by the doudble asterisk
(**) is the ieakege rete efter the burst dimphrvegm has :;ilp"tumd« With the X
cé.r’cridge velves closed and the burst dizphregm intach, the total system
leakage 1s 0.0057 stendard cubic inches per minube. TFhe resulting system
1ifetime is & years. If a burst diaphregm were to rupture ab liftoff, The
system lifetime would be reducec 5o 2.6 years, which is still adequate,
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The estirated dry weight of the total system is 1013 pounds, which is
438 pounds heavier than the present S-IVE/IB APS. The propellznt

capacity of 218 pounds is twice that of the S-IVE/IB APS. A deteiled
welght breakdowm is given in table 8-7.

8.5 Phase IT Auxiliary Propulsion System Studies

1 :
The Phase TII studieéﬁevaluated auxiliary propulsion systems to meet the
reéquirements for the vehicle solar orientations which are compatible with
the envirommental control and sclar panel system requirements. In section b

of this report several vehicle orientetion schemes were analyzed and the

-total impulse required to sccomplish each mode is summarized in .section L.2.k4,

These total impulse requirements range between 88,000 and 29k,000 pounde
seconds. This impulse range and the system design conclusions reached
during the Phase I study, which were besed on an allownble development cycle
of 18 months, formed the guide lines for the Phase II study. A summafy of

the conclusions from the Phase I study is presented below as the ground rules
for the Phase II study.

PHASE IT STUDY GROUND RULES

F
. Maximum utilization of existing APS hardwvare
Bipropellant System (NQOH/MMH)
. Module Concept ‘

. Propellant tank menifolding
. N2 pressurent

N
2
3
L, Bellows type propellant ftanks
>
)
7. Marguardt R-IE engines

The following sections present the results of the investigetion mede of the
available bellows type propellant tanks, the Marguardt R-IE thrustor, and

the GN, pressurization system for their applicetion into the selected system
for the Phase II mission.
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‘Pressurant - Nitrogen

Initial Pressure =

2600 pois

Maximum Allowable Leakoge for 2 year Mission = 0.017 scim

Tten Fanufacturer - Part Number Specification Leakage System Leakage (GNo) ¥
Regulator Fairchild 65-168 1 scch of Helium 0,000k scim
Stratos ' .
Check Valves (3) Marotta 801602 - 1 scch of Belium 0.0012 scim
. Tank Aszembly Ph X Douglas Ph I 1493231 1.5 x 10~4 socsoi:Helﬁum 0.6002 seim
Cartridge varvel LB Bl oy hE X NAS~26069Th %), 10-6 sces of Helium Yepligivle '
Relicf Module ' . Bos - 10-5 sces of Helium Negligible

Calmec

%%(20 sceh of Helium)

w#{ 0076 Belm)

Concseals (12) - Marman — 1 x 1977 pees Helium 0.0002 scim
"B uts {19) ———— — .01 scem Helium 0,003k secim
Thes ' — —— — 0.0003 scim
POTAL 3.0057 scim

. Baged on the ghove leakagés with a tempersture degradation from

B0°F to 4O°F, the system lifetime is 6 yecars.®*

. #. Leakage sliova for oie gyctem of one moduls,

% YWith the burst disphragm ruptured ot liftoff, system lifetime is reduced to 2.6 years.
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gtandard cuble centimenters per hour

second
winute
minube

Bipropellant Pressurizstion System Leakage’



8.5.1 Tankage Apﬁlicable to Phase IT

Considaering the indrensed total impulse requirements of Phase T, the bellows

. type tanks evaluated during the Phase I study (see table 8-1) were reviewed
for their annllcatﬁcn to the Phase II mission. In addition, & preliminary
investigation was mage into the development of two new t%nks. The first new
"tenk is essentially an extended Saturn IB bellows tank. The second new tank,
referred to herea:uer as the Seturn V APS bellows tank, would provide the
optimum propellant bellows tank for use with the Seturn V APS module struchure.

Table 8-6 lists each tank reviewed and provides the total impulse capebllity
ror-a rank pair (oxidizer/fuel). The tobtal impuise range has been computed
for a pulsing specific impulse of 215 seconds; and a steady-state specific
impulse of 280 seconds.

It should pe nofed that to attain the meximum mission total impulse of 20k,000
pounds-seconds,each propellent tank pair (oxidizer/fuel) must be capable of

supplying approximztely 50,000 pound-seconds, assuming the use of six modules.,

The S-IVB/IB APS tank, manufactured by Douglas, was listed for informstion
only. Tts nronel“ant capacity is too limiled %o be grven consideration for

the Phase IT mission.

The Agens target vehicle tank is described by its manufacturer, Bell Aerosys-
tems, as being fully quallfied and man rated. The tank has cowpleted 1its
developmentael and qualification testing and has been successfully flight |
tested.

The overall tank dimensions are 45.1 Inches long and 10.l inches in dianeter,
This envelope will eesily fit within the modified S-IVB/V APS module struct-
ure. A summary of the pertinent tank details is presented in table 8-6.
Modifications are required toc make provisions for propellant tank reclrculs-
tion and & propellant measuring device. RBell has stated that they have
developed a magnetic-microswibteh propellant level sensor system with one

percent accuracy, which could be easily installed on this bank. I necessary,



BELLOWS TANK SUMMARY

T

TOTAL IMPULSE PER
MAXTMUM TANK PAIR {LB-SEC)
USABLE ASSEMBLY OPERATING
VOLUME WEIGHT PRESSURE Igp = 215 | I, = 260
3 SEC SEC REMARKS
TANK (1n~) (LBS) {psS169 (PULSING)| STEADY STATE =

SATURN S-IB FULLY QUALIFIED FOR
APS BELLOVS _ SATURN IB

(DOUGLAS ) T75 63 275 13,350 17,350

POST, BOOST COMPLETE QUAL PROGRAM
(BELL) 3,248 k7.5 225 56,300 73,400 REQUIRES 12 MGNTHS
EXTENDED S~IVB/IB .

(DOUGLAS ~ NEM) | 2,930 38,0 275 50,700 66,100 REQUIRED 9 MORTHS
S, FULL QUAL. PROGRAM
(DOUGLAS — NEW) | %,301 58 275 7h,531 47,065 REQUIRED, 12 “MONTHS
GEMINT TARGET FULLY QUALIFIED
VEKICLE : (MAY RATED)

{BELL) 2,840 32.0 225 Lg . 500 6&,&00

B * LJ “or
Table &6 T




_this tank could be modified to incorporate the proven S-IVB/IB APS potentio-
meter-type propellant level sensor. With the nminor modification required
to accommodate tenk récirculation, the tank design will be:compatible with
tbe exisbing S-IVB Ars loedling bechnigues.

The teanx modifications discussed above will require a limlfed qu&lificatiﬁn_
test program, but bhis reguirement should nct result in any program delays.
The manufacturer has indicated thet initisl tenk deliveries could begin 10
mnnths'after.ATP. '

This tank cen satisfy =21l the requirements for the Phase IT mission.

The Post-Boost tank shown in figure 8-18, has beén'designeé by Bell Aero-
systens, and is preseqntly undexrgoing developmental and prequelification
testing. The preliminary review of this tank concluded that 1t could
satisfy the capacity and envelope criteria established for the OWS nission.
However, after a detailed review, it was concluded that the crush—forme%

type bellows tank was not acceplable.

- .
The following problem areas were uncovered during the deteiled review. The

tank design was based on a vacuum type loading sysbem. This loading approach -

would require an extensive modification o the existing APS loading technique
and herdware. The operating pressure totexpel propellants is significantly
higher for crush-formed bellows than for tHe welded design. This tank will
require a @ifferential vressure of 50 to T5 pounds per square inch aeross
the bellows to expel. the finil 15 per&enﬁ of tank ecapacity, compared to 10
pounds per square inch for the S—IVB/IB welded bellows. Expulsion cyele
life of the crush-formed bellows is anobher limitebion. According to the
tank specification, the tank is limited to a meximum of six cycles. Based
on Douglas experience during the S-IVB/IB program,'the cycle requirements
for checkout, propellant loading, ete., should be in excess of T5 cycles.

Experience at Douglas with B8-to-l0-inch-diameter crush-formed bellows on
propellant ducts has indicebed thet there is a critical alloweble clearance
between the housing and bellows. If sufficient clearance does not exist e

hemmering effect results during transverse dynamic testing and craciking
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results at the cénvolution inside diemeter.

%
Considering the problems discussed ebove, the Bell Post-EBsost tank is nob
eonsidered aceapbuble, |
The extended S-IVB/IB bellows tenk is essentially four S—iVB/IB.APS Pro~
pellant tenks joined}together zs showa in figure B-19. Tae philosophy
.pehind this ftank des:ign is that it uses the same basic design concepts, i.e.,
materials and technolé:gy, of the existing S-IVB/IB APS bellows ‘E':e.nlt. Furthex-
more, the new tank would use existing bellows Lixed head, bellows vibration
dampener, bellows, bellows moveable head, tank ring and dome, and liquid
measuring device. Although every effort was made to minimize the develop-
ment cycle of this tank, it wes coneluded thet, et best, the tank would not
be available for approximately 9 months after ATP.

From teble 8-6, it can be seen that the tank would supply the required total
impulsé of epproximately 50,000 pound-seconds; however, the advanteges of
this new tank do not warrant z cowmplete development program.

The Saturn V A®S bellows bank is & new development. Since system weight is
a prime consideration, it would be most advantagecus Lo ‘install the -largest
capacity tank possible within the S-IVB/V APS module. At present no tank
with this capability exists. Therefore, il appesrs reasongble that if &
sufficient time period would be availsble prior to the projected flight
dete, the development of an optlmum volume tank should be undertaken. A
bellows-type propellant tank hes been investigated as a replacement for the
S-IVB/V APS bladder tank. At present, preliminery lay-out drawings of this

tank exist. The philosophy behind this tank is the same zs that noted in the

Giscussion of the tank using exbtended S-IVB/IB bellows. The tank incozrpor-
ates the basic design concepts, materials and technology of the existing
S-IVB/IB APS bellows tank. The expechbed development cycle for this new
tank is approximstely 12 months. From table 8~6, it can bé seen tlat
epproximately & 40 percent totel impulse incrsase could be obtained if this
tenk were developed., The growbh potentiel afforded by this btank in both

propellant capacity and lifetime would be gpplicable to other NASA programs.



- oA,

Pressures and operating chearacteristies sre compatible with the S-IVB, CSM
and Lunar Orbviter, ;

Based on the discussions above, the only tank thet satisfies the total -
impulse requirements, and provides the best possibility: of neeting the
flight date, is the Agens Target Vehicle Tank. This tank has been selected
for the Phase IT APS. I the launch dete were to be delayed for 6 months
or longer, serious considerations should be given to developing the proposed

new S-IVB/V bellows tank for the OWS.

1

8 5.2 Thrustor Cepability for Phese IT

The thrustor requirements for the Phase IT system are identical to those
determined during Phase 1 and listed in section 8.1.2 except for an increase
in burn life and a greater number of ignitions.

These requirements axe:

1. Rurn 1life - 200 minutes

2. Number of ignitions - 100,000
-
Merquardt has indicated that both of these increased requirements are within
the capability of the R~IE Thrustor. These conclusions are based on the

results of sn R-IB life test program already completed.

During this engine life test program, thirteen engines were tested and a
totel durn time of 2101 nminutes was accumulabed. One engine accumulaved &
burn time of 219 minutes. ¥o assessable failures, burnouts, or engine
degradation was experienced during this test program. Pracbically speaking,
the R-IE rocket engine has an unlimited life. The burn-life-limiting pazrt
of the engine is the molybdenum disilicide coating on the thrust.chauber.
The life capability of the coating has been anslyzed and its life is a
function of chember wall temperature. The estimated lile of ©the thrustor
chember based on torch tests and analybical predicbions is over 50 hours.

Although bhe demonstrated Llife of 219 minutes s only slightly greater
than that of the mission requirenent of 200 minutes, the predzcted life
is 15 times the required life.
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During the same engine-life test program, the thﬁrteen engines tested
accunuleted a tot_l of 149,810 nigh elbitude ignitions and 2,774 sea level
ignitions. The maxlmum number of ignitions en one engine was 67,873
Although these cyclgs represent only two/thﬂrds of ‘the mission raquirenent
of 100,000 ecycles, otner ‘engines using valves of the sanme baslc design,

with the ssme materlals, and using the same ‘technology, have accumuiated
over 127,000 cycles.

The model R-IE engine is particularly well-sulted for missions with duretions
measured in years. Deep-space storege capability was one of the important
design criteria for the engzine., Meterials and clemping loads in the herd~
ware have all been selected to provide no degradatibn fron sbress or gelvanic
corrosion ovef long periods of storage ﬁitﬁ or without engine firings. Space
storage capability on the order of & year has been demenstrated on the model
R-4D, 100-pound~thrust engine, on the Lumer Orbiter flights. During this
progrem, the engine demonstrated zero valve leakage in exbended space exX-
posure es well as no ill.-effects due to the complete space environment

(herd vecuum, micrometeorities, or solar radizstion).

The R-IF engine is expected to perform equelly well on long duration nmissions
beceuse the same technologies and design were used in its design 2s on the
R-4D.

The engine relizbility depends on the pumber of required engine ignitions,
providing that burn time and structural requirenments are much leéé then the
engine cepabilities. Statistical methods were used to predict minimun
engine reliability from mccumulebed engine Tiring end valve test date. The
engine relisbility based on the orbitel work shop nission requirensants

s
is .997.

A supplementel qualificabion program is rocommended o quelify the engine
for mammed Tlight end extended mission requirements. The purpose of the
program would be formal demonstretion that 4he model R-IE would meeb the
exbended mission duration requiremesnts which were not demonstrated during
the MOL Qualification Program. Tre nrogram:woul& consist of fLiring tests
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which would accumlate 200,000 ignitions and over 400 minutes of burn Lime
on each engine.

8.5.3 Fressurization Subsystem

T

It was concluded iﬁ,the Phase I study, that the pressure regulated type pres-
surization systen w&ula best satisfy the requirements of the Phase I mission
with minimum size an% weight, and would provide even greéter welght savings
‘ Tor larger systehs. Eaase& on these conclusiions, reached in the Phase I
study, the regulated EVPG pressurizatlon system was chosen for the Phase

II A®S.

8.5.4 Phase II System Deseription

Based on the conclusions reached during the Phase I study, the deltachable
modular concept was selected for the stbitude control system. Bacause of
the wide tobel impulse range for which the system had to be desiguned, &
basic fodule and tanker module concept was édoy%ed.

The basic module is composed of & Sabturn V APS module structure modilied

for installation of two Agens target velilcle bsllows-type tank assemblies,

a nitrogen pressurization system and en engine package. The erngine package .
is composed of six Marquardt R~IE engines and The engine suppors assenbly

as showvn in Pigure 8-20.

Each basic module is composed of three m=jor subsystems: gaseous nitrogen
pressurization, positive expulsion propellaﬁt feed, and engine subsysben as
shown in figure 8~2L. The tanker module is identical o the besic module
except that The propellant control modules and the engine package have been
deleted. If the basic modules are used in e sysbem without Genker modules,
the two propellant shuboff valves in each module can be deleted.

From figure 8-21, the deletion of the propellant coantrol modulrs permits
single point propellant loading, thereby simplifying the loading of total
system propellants. The module thermel conditicning system consists of a
heater blanket, HPI ard @ px’ ¢! ° shroud es shown in figure 8-22,
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A)

S.S.k.i Nitrogeﬁ Pressurization Subsystem

The.GN2 pressurizétion subsystem is composed of & S-IVB/V preséurant tank

regulator, check valves, low pressure relief module and & ‘cartridge isolation

valve (see figure 8-21). The pressurant tenk stores nitrogen st epprox-

© imately 3000 pounds per square inch guage in & volume of-925 cublce inches.
This nitrogen is fed Yo & regulator assembly. The gas entering the assembly
first ‘passes through a filter and then through two regulsbors in a series,
both of which sense downstream preséure. During the normal operation the
first, or primery, regulator maintains 2 downstresm pressuré of 196F 3 pounds
per sguare inch gauge. Should the primary regulstor fail open, the sécondary
reguletor begins operating and meinteins downstream pressure at 200 % 3 sounds
per square inch gauge. Ambient pressure sensing ports, provided on both
regulators, furnish the necessary amblent pféssure references and provide

a checkout capability for enabling the regulated outiet pressure sebtings

to be cnecked. Regulator performence is evaluabed by pressure trensducers
installed immediately before and after the regulabtors. Regulated nitrogen is
fed through one check valve %o The fuel tenk vliage and two check velves fo
the oxidizer tank ullage. These check velves are & sefety feafurs used %o
orevent conﬁact'of$fuel and oxidizer vepors in the pressurization subsystem
should both positive expulsion bellows develop a leek. Two valves are used
in the oxidizer line because of the lower valve reliabllity in this ehviron-

ment.

The lower pressure relief module consisits of & pressure conbrol port, a
relief valve, and a burst.disc. Tuwo relief modules are employed in the
pressurization subsystem, one connected to each propellant tenk ullage
volume. Should the burst fail due to overpressurization from pressure
surges or regulator leakesge, the relief valve will prevent tofal depletion
of the pressurant gas. During ground operation; a GSE solenoid dump velve
connected to the pressure control port is opened 4o preséurize the tank
wllage volume in order %o collapse or extend the bellows during checkout
and servicing.

The cartridge valve at the inlet of the pressurant tenk assembly isoclates
the pneumatic system and provides s positive means of reducing presswrant -
leakage. This cartridge valve will be fired closed prior to vehicle lifToif.
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The leskege rates for the Phese IT pressurization system ere identicel o
those for the Phase I system given in table O«3. However, because of the
larger pressurizabion’ system volume, a mich greater Lifetime results. With
the burst alsc Lntact, the lifetims is 24 yeers. If the burst dise were o
rupture at lifﬁoff, The system Lifebime would be 10 years.

~8.5.k.2 Positive-Expulsion Propellant-Feed Subsysten

The positive expulsion propellsnt feed subsystem provides for hypergolic
propellant transfer to the engines under zero and random gravity conditions.
Each subsystem.eonsésts of two Agens terget vehicle propellant tank assenb-
lies containipg metal bellows for propellant expulsion, propellant contirol
nmodules with propellent filters and auxilisry ports for sexvicing operations
(purging and flushing), and propellant manifolds for distribution of pro-
pellants tc the eagines. A more detailed deseription of these components 1s

presented in the following paragrephs.

The bellows is instelled in a relaxed position and can be moved Yo either
of its extreme positions {collapsed ox extended) through the application

of a small differepntial pressure across The bellows movable end. FPressur-
ized nitrogen, when applied to the bellows moveble end, compresses the
bellows and expels propellant bo the engines on derand. VWhen the bellows 1s
conpletely collepsed, the moveble hemispherical end comes to rest against
the meting tenk bottom. This close stacking of the mating parts permits an

expulsion efficiency of 95 percent or greater.

The propellant guantity measuring system for the Agena target vehlele tank
was discussed in section 8.5. This will be used during propellant loading
and a&s a source of information for flight monitoring and malfunction detec~
%ion.

The propellamt-control modules filter propellants snd provide access into
the propellant subsystems Tor servicing. The module contains a propellent-
transfer velve, a recirculation valve, facility-lines-purge check-valves,
and a system filter. The propellant-transfer valve is a direci-operating,
normally-closed solenoid valve. This valve 1s employed to fill and drain
the APS module. The propellent recirculation valve is a direct acting?
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normelly closed solenoid velve with two independent poppets and seats. This
valve is used during propellent recirculstion only. AlL propellant flowing
to the engines and tenks pesses through filters. Each filtér has = 10-micron

nominal end 25-miecron absoclube rating.

The propellant tenk manifold system serves two important functions. First,
it compensates for unequel module propellent consumption and second, it
‘provides for engine q}uster redundzncy (sea enzine subsystem).

2 .

The manifcld system ié composed of two—360 degree maniiolds. One menifold

is used for the oxidizer system and the other for the fuel system. The

six normelly open cartridge vslves shown in figure 8-2l pernit the recircule-
tion in the menifolds and engines during propellant loading., To separate the
engine groups into two indevendent systems, these certridge velves will be
closed at Liftoff,

8.5.4.3 Engine Subsysten

Six Marquerdt R-IE engines will be installed in an engine package and attached
to the aft end of the besic module (see figure 8-20). The engines in the
package will be arranged into two groups cf pitch and yaw-roll engines. One
group of three engines will be connecied to the propellant tanks of the

module o which the engine packzge is ettached, the other group of three
engines will be connected to the propellant tanks of the other module.

This engine group arrangement in conjunction with propellant tank menifold-
ing forms two independent clusters of piteh, and yaw-roll englnes in each
module.

Motor operated shutoff valves will be installed in the fuel and oxidizer
panitolds of esch engine group. . (See Ffigure 8-21) These shutoff valves
will be used to isolate the engine group should & melfuncbion in that

group be detected. This velve was used on the Gemini spacecrafi and is

Tully quelified and man rated.
The group shutof? valve philosophy was required to provide a system beckup

" cepability for the single engine propellant shutoff valves. The alternstives to

the shutoff valve approach would be series-redundent or guad-redundant valves
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t

on each engine. However, the development and qualificetion of quad-redund-
ant velves could not be completed within the required schedwle.

The o RosBally aicaed eartridze valves batwosn the tio fual axd o
oxidizexr manifoldsJare used to interconnect the two independent propellant
manifolds. Should an engine malfunction be detected and the respechive clus-
ter shutoff valve is. closed, firing these cartridge velves interconnects the

propellant manifolds'and permits maximum utilizetion of propellants.

8.5.5.4 Auxilisry Propulsion System Installation

ﬁiéure 8-23 shows the approximate location of the basic and tanker medules
on the S-IVB aft skirg. It should be noted, that the bas;c modules have been
located on Tin planes I and III which are approximstely 900 from the solar
erray location (II-IV). This lecabion for the basic modules will ninimize
the APS engine plume impingment upon the arrays.

A3

8.6 Auxiliary Propulsion System Weight Summary

Table 8-7 presents the propulsion system weigh® breakdown and impulse capa-
bility of the Satuin IB, Phase I and Phase II auxiliary propulsion systems.
The weights noted in the teble are based on S-IVB/IB and S-IVB/V welght daba.
The purpose of this table is vo illusbtrate the welght increase over the
S—IVB/IB system.

As an example, for the two module configuretion of Phase LI, the weight
increase over the S-IVB/IB system of two modules is 555 pounds,.of which
336 pounds are propellant. If a banker module vas required, ths total
welght increase over the S-IVE/IB would be 555 pounds plus 694 pounds or -
1199 pounds, of which 565 lbs. are propellant.

8.7 Testing

Three types of testing are required to qualify the APS for manned flight.
A summ=ry of each type, i.e., Vibration, Environmental and preilight rating
(PFRT), is presented below.
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Table 8~7

SATURN iB

PHASE

PHASE 1l SELECTION

i WACS-5¢
8-22-67 -

!
l
g A0S eSO e TANKER |
(EWODULES) 1. (ZMODVEES) 1 "o monuLEs) | aobuLEs) |
FRIRIG * 305 251 Bl
PROPELLANT TARKS 252 128 VI
PRESSURANT TANIK 32 33
ENMGIES 135 2 -
BOINFE SUPPORT ASSY , 19 -
EMGINE MANIFOLD AND BRACKETS 9 -
MiSC HARDWARE 248 289 — 219
SHROUD, B, HEATER BLANKET 110 ap —3 !
¥ODULE DRY WEIGHT 539 951, 823 TN
ROPELLANT WEIGHT~ =126 —248- 468~ —455
WODULE LOADED WEIGHT 523 1762- 1283 1217
¥ODULE ¥OUNT STRUCTURE BEEF-UP WEIGHT 0 1 50 &6
MAMIFOLD INCLUDING THERMAL CONTROL . 0 & & 7
| TOTAL APS WEIGHT LCADED & INSTALLED 823 1261 1378 1285
iw:sm‘ [NCREASE OVER S-1B BODULES (2) - 438 555 —
| TOTAL I4PULSE Agsu.r'm - | .
[ Isp=2i5 SEC (FULSING) 26,769 53,400 99,000 95,000
! Isp= 7200 SEC (STEADY STATE) 26,760 63,500 © 129,000 129,000 .
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Vibration testing of the APS module can be conducted &t Douglas facilities

in Sante Monica, California. This testing will provide assurance that the
modifications mede to the S-IVB/V module for OWS application do not cause
any dynomic probiems. Since the APS shructure has not been altored Si&nl-’
ficantly from the S-IVB/V, no trouble is anticipated.

The testing will consist of three phases; sinusoidsl, random, and shock. All
testing will be performed in accerdance with design requirements in each of
the three primary aﬁes: longitudinal, radial (%o vehicle centerline), and
2nd transverse at 90 degrees to the radisl exis. The shock test phese will
consist of three shocks per axis st the specified peak scceleration level.

The eavironmental tests can be conducted in a spéce simmlator at the Douglaé
Space Systems Center in Huntington Beach, Californias. This testing will
result in thermodynﬁhic gualification, and provide an evalustion of the APS
module operabionsl and heat transfer characteristics. In additlon, system
leskage, compared with design specifications, will Dbe one of the primary
test objectives.

Testing will be éénducted iﬁ accordance with known conditions, where aveil-
sble, and obtherwise per theoreticsl caleunlztions. The vacuum environment
will be at 1072 to 1077 Torr. ¥eat flux will be measured et the APS surfaces,
and tempersture simulation will range to deep space levels. Inert fluids
will.be used to simulate propellants, and propellent utilizetion will be

programmeq.

Preflight rating tests can be performed st the Douglss “Gamms Site” facilities
in Sacraneunto, California. These bests will give pre-service evaluation of
system performance, checkout and test procedures, load?ng conditlions, mal-
function effects, and possible problems associabed with dlsassembly Inspect-
ion, and cleaning. Albthough no problems are expected, these tesis will be
conducted to esteblish system design coafidence.

8.8 EBffect on GSE and Facilities

Based on an evaluabion of the selecbed sysbter reguiremerits, it was concluded

that no significant changes will be required to ground support eguipment or
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facilities except as noted below.

The APS propellant loading recuirements will be inecreased, but assuming the
worst case of two bosic nodules and fou:r tonker modules, the existing
S—IVB/IB APS services can easily satisfy the total propellant reguirements.
If a tenker module is necessary, minor modificafions to the propellant re-
circulation panels at XSC will be required to permit recirculation of the
tanker module. The change from a helium pressﬁrant to a nitrogen pressurant
will require the addition of = gaseous nitrogen umbilical at KSC, but since
G, is evelilable in the pneumstic consoles for coﬁsole valve operation no
significant problem is anticipated.

If a tenker module is required to ssbisfy the requirementé for total mission
impulse, modifications to sccommodate the tanker module during the APS
module PFRT vesting at the Gamma site at SACTO will be required.
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STRUCTURAL REVISIORS

The study of revisions to the Attitude-Control System installation on
the Orbital Workshop Vehicle included three approaches. _Tﬁese are:
. b

a.

¢

c.

Replacemeqt of two existing Saburn IB APS modules with two
Saturn V A?S modules: at their present location.

1
1. With all modifications performed on the aft:skirt assembly.
2. With all modifications performed on the APé modules.

3. With modifications performed on both assemblies.

Installation of two sdditional Saturn IB APS modules,.
located approximately 90 degrees from the existing APS

Kmodules.

Installation of up to four additional Saturn V APS modules
on the aft skird,

ModifTications of the above listed spproaches were also considered.

9.1 Replace Existing IB APS Modules with Saturn V Modules

9,1,1 All Modifications Made to Aft Skirt Assembly

To provide the exchange of APS modules on the Saturn IB aft skirt requires

revision toc the support structure, seal support structure, and electrical

and air-conditioning provisions. The Saturn IB sgkirt used for comparison
is Drawing No. 1B29825 (per vehicle 211); support structure installation
is Drawing No. 1A97L80. ‘

Chaﬁges required et the forward end are:

a.

Cut a hole in the skin forward of Station 256 large enough to
provide access Ffor tools required to remove the boli and nut

holding the fittings. Remove the 1484790 fittings.

Note: Access to the area bounded by the aft dome, aft skirs,

Station 240 and Station 286 cen only be attained by cubting
a hole in the skin.

Remove the 1497hk80-13 plate and its seal.
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Changes

a.

Locate the centerline of the Saturn V APS 1.437 inches towerd
z . .
Stringer 112 (or 56) from the existing centerline of Saturn IB APS.

Mechine new fititings to provide Saturn V APS support points on
Saturn IB skirt structure interface. See figure 9.1,

Instell new Tittings.
Install new seal assembly similer %o 1B39246-23 exceph:

1. Part to be approximately 1h inches square and located
aft of fittings.

2. Tlanges should be removed to accommodste Saturn IB

stringers.

Replace the skin area cut oﬁt'fof'access with a patch'and
doubler combinstion. '

Note: Fitfings and seal essenbly would be installed with
"blind" fasteners. ’
required at the aft end of the modules are:

Remove the 1484792 and 1A84703 mounts. This area is accessible
from inside the skirt.

Remove the 1A9TL80-3 plate and its seal,

Locete the centerline of the Sajurn V APS 1.437 inches towards
Stringer 132 (or 56) from existing centerline of Saturn IB APS,

Mechine new fittings to provide Saturn V APS support points,
and maintein existing attach location in skirt.

Install new Tittings and insuiators.

Install new seal assembly similar o 1B392h6-19, except omit
flanges which interfere with Sabtuen IB sitringers.

Add extra cap meteriil to the inboard cep of Station 220 frame
to prevent local crippling. Investigate need for sdded frame
web stiffeners at cenberline of APS area.

242



. ] ‘ ;
. ! i\
——— — 2 ' —— -
-\-—‘-\‘-— - 5 D e — - -— - :—. - ! o — p—— |
R e £ ENEGTEN R TSR |
R » » € G ) Ty
T 4t | w« T !
PR ¥ o
: } E § 1 |
1 ! . . !
fa I : e ; e ; ‘ ) =
] . amba] * ‘ Ak . 1
e e e s et et AP Pt g oS L — ST ITTSEROHLTL
[ T N - : ) ~ -
o ) :
' I i
: ;
' ! ;
o m —] -
A R - R JE—— —— Tee t e mmaemis o s e —— ....?__." s = —- .STR, #112
R e o : G- Y. e
£ “‘Eﬂ" : \ ’2“- — - .- - -
; N\ !
! : : :
[ T -3 ! - \ -
) v _ . %_‘i)“‘y ..
el S = o = T miono I STR.LIL
[ »
L4 1 — - - = -
. p 2 ~ |
STA. 459.75 STA. 240,94 STA. 220,75 STA. 200

Points ITndicated Thus
... . Points Indlcated Thus

are Existing S-IB APS.
are New S«V APS.

*

FIGURE 9-1 APS MOUNTING POINDS ~_~ r_

T T R s e e e i

(A



9.1.2 All Modifications Made to APS Modules

3
This method of modification would require that permanently atitached adapter
Tittings be provided on the APS struchbure. This can be done physically,

, but there are several problems which immediately become evident.

a. The entire APS module would be moved outboard approximetely
2.5 inches,

b. The added distance outboard would increase the loads on the
skirt - frames.

c. The air-conditioning seals would interfere with the adapters.

d. A fairing would be reguired between the new APS position and
the skirt. The Structures redésign for the aft skirt effort
would be:

1. Remove the 1A9Th80-3 and -13 plakes and seal assemblies.

2. Install new seal assemblies similar to 1B30246-19 and -23 -
plates with items listed below.

&
3. Add new sheet metal frames %o reise seals up to the APS

skin (approximately 2.5 inches high). Provide. cutout and
seal around supports &% Stringers L1l and 55 at Station 220.

4, Add inboard cap beef-up locally on freme at Stabion 220.
The 2.5«inch gap bebtween existing skirt strucbure and APS
skin would be covered by the HPI installation and shroud
described in section 8.5.4.%4, A1l work noted ebove could

be accomplished from oubtside the vehicle.

9.1.3 Modifications Made to APS Modules and Aft Skirt

This method for vroviding support for Saburn V APS modules on Saturn IB
aft skirt encompassed portions of each of the previocus modifications.

An adapter would be provided for the forward ettach areas on the APS
Module. New fittings would be provided on the skirt in the aft meounting
area. Specificelly, a minimum-het:b»i =late at the "blade fitbing"
station of the APS skin will be addsd wo the APS. Onbo this plate will
be attached the Saturn IB "blade fittings” in the Saturn ip location,



The skirt structure will be modified as Tollows to accept the modified
Saturn V ABS module:

Q.

b.

Forward End

l.

2.

ALE

Remove the 1A97L480-13 plate and its seal assembly.

Install a new seal plate assenmbly similar to 1B39246-23
exceph: ‘

a) Plate to be approximately 14 inches sﬁuare and located
aft of the fittings.

b} Seals to be spaced off the plate equal to the thickness
of adapter on APS. '

¢) Plate to be flanged to accommodete the Saturn IB stringers.

End

Remove the 1A84792 and 1A84793 mounts. . This hardware is
sccessible from outside.

Remove. the 1A97LB0.3 plate and its seal.

Locate the centerline of the Saburn V APS 1.437 inches
toward Stringer 112 (or 56) from the existing centerline
of the Saturn IB AFPS.

Machine new fittings to provide Saturn V APS support points
on Saturn IB skirt struckture interface. Provide new insula-
tor at Stringers 11l and 55, See figure 8-1.

Instzll new fittings and insulators.

Install new seal assembly similar to 1B39246-19, except omit
flanges which interfere with Saturn IB stringers.

Add exbra cap material.to the inboard cap of the closing
freme (Station 220.750) to prevent local crippling. Investi-
gate need for added frame web stiffeners et r:interline of
APS area. ‘
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It is felt that the third method (joint APS-aft skirt modiffcation) is
the more desirable. There is 2 minimum of rework required at the forward
attach lecaticn, thereby minimizing the potential damage to the purge
plenum and dome. The APS module is "raised" outboard by a minimum amount

which is compatible,with the addition of HPI.

9.2 Installation of Additional APS Modules

-As an alternative to replacing Saturn IB APS modules with Saturn V APS
modules, a study was made of adding two additional Saturn IB APS modules
to the aft skirt. The one major criterion was that the modules should

be 90 degrees apart. This would imply placing the added APS neodules on
Position Planes II and IV. Position Plane IV is.the prasent location

for an ullage rocket. The module can be installed'approximaﬁely 10 degreess
froﬁ Position Plane IV toward Position Plane i, and clear the ullage
rocket which is jettisoned soon after S-IVE ignition.

The addition of the module would require backup structure at the "hat ’
_frame" Station 256 location. This is & restricted access area for rework,
when the skirt isqéttached to the fuel tank. At the aft end, additionel

intercostal -structure must be provided. Again, this esrea is highly
inaccessable with the equipment panels installed and the wire harnesses

connected.

An zlternate plan would locate the. two additional APS modules midway
between Position Plarnes ITT and IV. This would eliminate interference
with the ullage rocket. The difficulty of installation of this modifica-
tion dictates that structural considerations indicate preference for
replacing the present IB APS Moditles with Saturn V APS Modules if possiﬁie.

9.3 Installation of Additional Saburn V APS Modules

Additionel Saturn V APS Modules caﬁ be installed on the aft skirt as shown
in figure 8-21. Structural modifications similer to those destribed in
the ﬁrevious sections would be required. The most receni location for the
solar panels is at the locations shown fbr.Modules I’k and TVA in

figure 8-21, t@uS; soey wo additionsl banker modules cen be added at

‘the locations identified as IIA and IVB.
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9.4 Meteorcid Bhield

ModiTications will be required to either, sr'both, the nose fairing and

meteoroid shield. The nose fairing of Seturn V APS extends beyond the’
aft end of meteoroid shield.



CONCLUSICNS AND RECOMMENDATTIONS

10.1 Phase I. Studies

Alternate atiitude control system configuraticns and compénents, to meet
Phase I reguirements, have been evaluated in the areas of: '

Propulsion Systems
Thermal and Environmental Contral Systems

Control Logic Electronics

(TR T = S

Control Sensors (i.e., rate gyros, horizon sensors, ete.)

These systems and components were evalusted for relative reliability,
welght, schedule compatibility, cost, power requirements, and vehicle
installation. Recommendations of subsystem configuration and component

selection have been mzde in each of the study areas.

a. The recommended propulsion subsystem, which makes maximum use
of existing Saturn S-IVB Auxiliary Propulsion Sysiem, (APS)
components, consisis of two S~IVB/V APS modules with two
S.IVB/IB APS (bellows) tanks in place of the Saturn V tanks in
each module, and six Marquardt R-IE 22-pound-thrust engines in
place of the present engines. These S-IVBE/V APS modules will
replace the existing S-iVB/IB modules on the S-IVB aft skirt,

and be employed during boost and for the workshop missions.

b. The recommended thermal control for the APS wodules and propel-
lent manifolds is a combination active-passive system. It
_consists of high-performance insulation (HPI) on the exterior of
the APS modules, which is covered with a shroua for protection
during boost. In addition, electrical heater blanketg, installed
on the inside of the modules, are nseded to keep propellants and
other components in acceptable temperature ranges. Heater strips

and insulation are also used on the propellant manifolds.

The recommended thermal control for the electronics subsystenm
consists of & passive control system to maintein equipment below
its high-temperature limit, and an active control system {(heater
elements) to add the energy required to maintein the equipment
above its low-hemperature Limit.


http:elements).to

c. The recomménded contrél~logic-electronics utilizes S-IV% type |
(IU) spatisl amplifﬁers ‘to furnish commands to the thrustors,

based on attitude errors and sttitude rates derived from-the
sensors, The recommended electronics assembly requires 2 new
package, Qnd includes relax;lfor switching of sensors, ggins, and
commaends for the. various mode of operatioh. This electrénics |
assembly is similar in mechanization to the Saturn Flight Control
Computer, bubt it is expected to be smaller and lighter. A
power-distribution assembly includes relays for controlling

power .distribution to the sensors, thermal-conditioning heaters,
and electronics assembly. All units can be installed in the
S-IVB aft skirt. ‘ ‘

d. The recommended control sensors consist of slighﬁly modified
versions of the Barnes Lunar Planetary Horizon Sensor for sensing
the local vertical,‘and the Honeywell Apollo Block II Rate Gyro
Packege. An Agena-type inverter, made by Gulton Industries, is

recommended to supply power to the myros. ‘

0.2 Thase TI Studies

everal orientations, which provide greater impingement of solar energy
n the solar panels and OWS, have been evaluated, using the same guidelines

8 for Phase I 4o dekermine:
a. Control impulse reguirements.
P& Changes or edditions to mechenization in the areas of

1. Propulsion Sy%tems

2. Thermel and Envirommental Control- System
3. Conbtrol Loglc Electronics
L

. Control Sensors

'he following conclusions and recommendations are besed on control systenm
md solar power considerablons evaluaved Juring the Phase II study.

a. The optimum attitude orientetion for solar orientaticn is one
which orients the vehicle to ninimize the effects of graviity-
éradient torques., The two best orientations in order of

inereesing impulse usage are}
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1. Case 5; the x-axis is perpendicular to the orbit plane with OWS
roil control and solar panel articulation gbout the pitch axis
for meximum solar power. The end-docked CSM is optimum and
small deadbands in pitch and yaw ninimize impulse usage. This
case requires a totel mission impulse of 91,000 pound-seconds

plus an appropriate margin of safeby.

2, Case 3; the z-axis is sun-oriented with a constant yaw rate of
1.0 degree per second. The CSM side-docked is optimum, and
lerger deadbands decrease impulse usage. This case requires
a total mission impulse of 118,000 pound-seconds plus an appro=

priage margin of safety.

The recommended propulsi;n system, which provides lS0,00Q'pound—
seconds of impulse, mekes maximum use of Saturn S-IVB Siage AFS
components, consists of two 8-IVB/V APS modules with two Bell Aero-
space Company Agena-Target.Vehicle belles tanks in each module in
place of the present tanks, and six Marquardi R-IE 22-pound thrust
engines in place of the present engines. These modules will replace
the present APS modules in the S-IVB aft skirt. In addition, one
tanker module which is identical to those described except that the
engines :ill be cmitted, will ve instelled on the S~-IVB afit skirt.
The propulsive and tanker modules will be connected by propellant
manifold lines so that each cluster of three engines in each module
will be supplied from tanks in separate modules. The tanks in the
tanker module will be counected ﬁo'only one propellant supply system.
The APS modules will be used during boost, passivation and the
Orbital Workshop Mission 4 and B.

The recommended thermal control system is identiczl to that for
Phase I. However, propellant will be used from the tanker module
first so that i%s supply will be depleted early in the mission and

thermal control of this module discontinued.

The recommended comtrol logic is identical to that for Phase I except
that provisions are required for accepbing signals from the additional
sensors in the solar orientation. This requires the addition of

timers from obtaining sequencing signels and electronic integrators

for obtaining attitude sriors from rete gyro output signels.

230



e. The Control sensors recommended for Pﬂaae I are also applicable
to th% Phase II system. In addition, IM/ATM zate gyros are an
alternhtive to the Apollo Block II Rate Gyro Package.

f. Development of the recommended gysitem is feasible within the
mission schedule constraints as noted in figure 10.1.

10.3 Areas for Further Study

..The studies to date have concenirated on preliminary system requirements
and definiﬁion of system mechanization. Several areas in which further
study is required became evident during the study. A listing of these
areas follows. .

2. ‘Operations;

1. The operational maneuvering of the vehicles, particularly
during rendezvous end docking, should-be more completely
defined since these operations have en effect on horizon

sensor location and mode-of-operation switching. .

2. Malfunetion correction rsquirements and the-extent to which
the Astroneut and ground-based Flight Controller con parti-
ciﬁaté in this function should be clearly defined.

b. Design:.

1. Investigate malfunction~detection and correctiop systems

and procedures, both eubtomatic and manusl.

2. Investigate periodic earth pointing capabllity for experi-
mentel purposes. '

3. Investigate onboard beta ongle caleulation and derivetion of
attitude commands. -

L. Investigate alternate methods of updating yew-attitude

reference for Case 5 orientetion,

5. Determine optimum values of rate and attitude deadbands end
other control logic parameters for optimum performance end
minimum sensitivity to tolerances and feilurss.
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10,

1l.

2.

13.

1k,

15.
16.

i7.

18.-

i9.

20.

Evaluate effect of variations in mass properties on system
operation including impulse usege.

Eveluate S-IVB/Airiock interfece including command decoding
and logic methods. ‘

Evaluate gyro spin-up and werm-up time in relation to mal-
function correction capebility. ' '

Investigate methods of installetion and alignment of sensors
on the vehicle. )

Investigate installetion of electronic equipment.in the
vehicle in more detail.

Investigate intezration of vehicle sttitude control and solar

panel control systems.

Evaluate the reliability of verious control system schemes
in the areas of sensor and signal sheping redundancy and

malfunction correciion schemes.

Continue the market survey for wide-azngle sun sensors.
Investipgete optimized APS tankage.

Ihvestigate internal installstion of tanker module.

Evaluate effect of disturbances on attitude control system
operation.

Analyze thermal characteristics of solar arrays to predict
solar cell voliage and current instantaneously throughoub

entire orblts.

Investigate the effects of docking structure and solar array

dynamics, including nonlinearities, on operabtion of WACSE.

Because of the change in launch schedule, which allows more
development time, the desirebility of utilizing a more optimum

propulsion system should be evaluated.

The best system configuretion for use on AAP-b based on cost.

and payload considerations ghould be determined.
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