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FOREWORD

NASA expericnce has indicated o need for unilorm critena for the design of space vehicles.
Aceordingly, criteria are being developed in the following areas of technolomy:

Environment
Structuncs

Cuidance and Control
Chemieal Propulsion

Individual components of this work will be issued a3 separate monographs as soan as they
are completed. This document, “Entry Vehicle Control,™ is one such monograph. A st of

all previously issucd monographs in this serics can be found on the last page of this
document.

These morographs are to be regarded as puides to desipn and oot as NASA requirements,
except as may be specified in formal project specifications. It is expected, however, that the
eriteria sections of these documents. revised as experience may indicate to be desirable,
evenmually will become uniformly applicd to the design of NASA space vehivles.

This monggraph was prepared under the cognizance of the NASA Electronics Research
Center. Principal contributors were ). Zvara of Kaman AviDyne and Prof, A, E. Bryson of
Stanford University,

The effort was puided by an ad hoc advisory panel chaired by Professor Bryson. The
lallawing members participated in advisory panel activities:

. ), Adkins MASA, Fhight Research Center

K. Bolling MASA, Office of Advanced Research and Technology
F. L Carroll NASA, Electronics Rescarch Center

1. Chambers - NASA, Mamned Spacecraft Center

. Defeg Stanford University

W. Geissler dicldonnell Drougtas Corp.

. Jinow NASA, Office of Advanced Research and Technology
C. Moesbhrupper Honeywell, Loe.

8. Osder Spemy Rand Comp.

K. Sandoval Aerospace Comp,

L. Robersga University of Calilornia

The assistance of other seientists and engineers who contributed to this monograph is
appreciated. Comments concerning the technical content of these monograghs will be
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Entry Vehicle Control

1. INTRODUCTION

Almost every spacecraft requires an active attitude stabilization and control system during
atmospheric entry to steer the vehicle in accordance with the puidance commands, to
prevel.t undesired vehicle oscillations, to aline the vehicle for terminal landing, ang to stecr

the vehicle along a flightpath where aerodynamic heating and load limitations will not be
exceeded.

Factors that influence the design of the entry-control system include

{1} Vehicle mass and geometric characteristics
{2) Vehicle aerodynamic characteristics
{3) Vehicle aerodynamic-heating charaeteristics, and nature of the heat shield
(4} Payload and crew physical lirmiations
(5) Initial atmospheric entry conditions
{6) Type of moment-generation devices available
{7) Vehicle sensing and contrel equipment
(8} Actitude accuracy and speed-of-response requirernents
{9} Crew safety and mission success requirements
{(10) Guidancesyslem and fightpath constraints

Improper design or e¢peration of the entry-control system can cause excessive attitude
cantrol propellant consumption or large landing-position errors. or cause the entry vehicie

to experience osciilatory motions that in extreme cases can cause loss of the vehicle or
Fzilure of the terminal-landing device.

The entry-control system should make effective use of sensing, data processing, display, and
control equipment required for other mission phases, so thet a minimum of additional
gquipment and expendables is required for entry control. It should be as insensitive as
possible to vadations in vehicle parameters, atmospheric couditions, and imtial entry

conditions. 1t should make effective ust of the crew's capability for monitoring, backup, or
manual control duning entry.

This moncgraph is applicabls to all types of entry vehicles that use aerodynamie forces [or
decelerntior. The entry phase of Might is assumed to begin with the orientation of the

vehicle for entry into the atmosphere and to end at 100 000 ft altitude or deployment of
the terminaklonding device.




The entry-control system is concemed with the vehicls attitude motions about the center of
mass. It is closely coupled with the entry-puidance system, which is concemed with the
motion of the vehicle center of mass along a desired flightpath. The guidance problem for
entry vehicles is covered in NASA 5P-8015,

2. STATE OF THE ART

The state of the art of entry control is derived primarily [rom desipn, development, and
flight experience with the Mercury, Gemini, Apollo, X-15, ASSET, and PRIME vehicles, and

from preliminary design studies ol advanced logisties vehicles. The entry-control systems of
these vehicles are briefly described and appraised.

2.1 Mercury Entry Control

Design of the Mercury entry-control system was strongly influenced by strinpent
requirements for crew safety; the necessity to minimize power consumption and weight: the
desire for simple, highly reliable redundant modes; and an absolute requirement that the
pilot have the capability-of controlling spacecraft attitude. Information on the system
presented in references 1 ta 6 is summarized below,

2.1.1 System Description and Operation

The Mercury entry vehicle was a noniirting body that followed a ballistic traiectory in the
atmosphere. Thus, no chanpes in the entry (lightpath were possible after retrofire, The
entry-control system was first used to establish and maintain the proper entry attitude (1.5
deg nose down), When the deceleration reached 005 g, an entry mode was initiated in
which pitch and yaw damping were provided to insure that esciltations would not exceed +4
deg/sec until deployment of the drogue chute. A steady roll mte of 10 to 12 deg/sec was

maintained to minimize landing-point dispersions and equalize aerodynamic heating on the
stracturs,

There were four control systems on the vehicle that conld be used singly or in various
commbinations: a fully automatic contrel as provided by the automatic stabilization and
control system {ASCS), a completely manual proportional control (MPY, and combinations
of automatic and manual control as provided by the rate stabilization and control system
(R5CS) or the ily-by-wire (FBW) type of manual control. All tut the ASCS mode were
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Figure 1.—Mercury control-system functional diagram.

controlled by pilot actuation of the three-axis hand coatroller. A functional diagram of *Le
control system is shown in figure 1.

The twe reaction-jet systems (A and B) were completely independent, with separate
hydrogen peroxide fuel tanks, separate fucl-flow control valves, and separate sets of jet
thrusters. The jet-thruster configurations are shown in fipure 2 and table [. The AS(S and
FBW arrzngsments were used to control the thrusters in system A, and the MP and RSCS
modes controlled system B jets. Metered quantities of hydregen peroxide were decomposed
in silver-plated catalyst beds in each thruster to provide the desired impulse.

in the MP system, mechanical linkages transmitted the handwontroller movements to
aroportionakcontrol valves, which regulated the flow of fuel to the thrsters. This system
required no electrical power. The RSCS used a combination of hand-controller positions and
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Figare 2.-Mercury entry-control Jet configuration,

Table F.—Mercury Entry Control fet Configuration

- | Artitude Reaction et system A Reaction jet sysiem A
command Jet Thrust Thrus
| (Ib} et k)
: Pitch up A3fATa 241 B3 74
Pitch down AlfAla 2df] bl 024
Yaw righ A2fA2; 24/3 B2 0.24
; Yuw lefi AdfAd, 2411 B4 0-24
| . Aol right Al 6ft Bé 0-6
Roll left Ab 61 RS 0-6

the compnting componenis of the automatic S¥stem to provide rate control. The FEW

system Wwas operated by movement of the hand controller to operate the solenoid control

;ﬂfigé siecirically. Certain control modes could be operated simultaneously, such as the
and MP, or FBW and MP, to provide complete cont . Rk

: : ' rol even with :

in each mode. certain malfunctions




The ASCS included a two-depree-of-freedom directional pyre; a two-degree-of-lreedom
yertical gyro; pitch-, yaw-, and roll-rate gyros; an amplifier-calibrator unit; and a 005 g
accelerometer switch. The outputs of the attitude and rate gyros were fransmitied to the
roll, pitch, and yaw switching logie, which activated apprapriate reaction-control thrusters
ta maintain the desired attitude and rates. Inlrared-sensing honpzen scanners provided
attitude signals in roll and pitch to aline the attitude gyros.

The RSCS provided rate damping in case of ASCS failure. Controbsiick motion was
transmitied 1o the rate damper by means of potentiometers attached to the stick. Spacecralt
angular rates were made to follow stick displacement up te a maximum of 12 degfsec for all
axes

The astronaut could, at any time in the mission, switeh off the ASCS or RSCS and control
the capsule manually by the MP ot the FBW systems. The proportional valves in ths MP
system were designed to provide a linear relation between hand-contreller deflection and
thrust. The astropaut, when exetcising manual controf, monitored attitude snd attitude rate
on indicators mounted on the control panel. The FBW included provision for high or low
impulse from the thrusters. This provision allowed the astronaut to conserye fuel by using
the low-thrust position when small commestions were required.

2.1.2 Flight Experience

Control-system failures of one type or another were experienced on all but one of the six
manned Mercury flights. These failures were overcome because of the redundancy designed
inte the system and the ability of the pitot to excrcise attitude control manually. The
problems cocountered arc enumerated below without detailed comment. Further mforma-
tion may be found in reference 5.

The single most prevalent malfunction in the control system during the early manned-flight
program was the intermittent failure of the small 1-Ib thrusters This failure caused early
termination of the MA-5 chimpanzee flight. In addition, during 2 manned suborbital fight
{MR-3) a 6-1b thruster also iailed to preduce thrust when required. Redesign of the
thrust-chatnber assemblies (ref. 53 eliminated this problem on later flights. Horizon-scanner
measurement ertors occnred because of “cold cloud™ effects, and on ane wission, MA-7. a
scanper circuit Cilure requircd the astronaut to establish spacecraft attitude for mirofire,
Modilcations deseribed in reference 5 eliminated these problems. Although the control
system performed satisfactorily durdng the MA-% mission, an electrical short circuit that
accurred at two of the power-carrving plugs of the ASCS made it necessary to use manual
control during entry. An open circuit in the pitch-rate gyre input to the amplifier-calibrator

of the ASCS caused the MA-4 spacecraft attitude to be in etror at retrofire, wiich in tum
resulted in a 75 0. mi. landing ecror.




2.2 Gemini Entry Conirol

The Gemini entry-codtrel system design was based on experience gained from Mercury: it
was a more flexible system, which emphasized the pilot’s control ability. Flight cifety was
achieved by relying on simpler redundant systems, Information on the entry-control system
presented in references 7 1o 17 is summarized in the following section.

2.2.1 System Description and Operation

One of the objectmes of the Gemini program was the development of active entry flightpath
contrel to reach a precise landing point. The vehicle was axially symmetriczi. with its center
of mass offset from the centerline as shown in figure 3, It trimmed at san anglc of attack that
resulted in an averapge lifi-drap ratic (L/D) of about 0.19, Trajectory control was
accomplished by rolling the vehicle to the right or left in response to guidance-systam or

pilot commands. Zero 1 was obtained (on the average) by continuously relling the vehicte.
Megative hift was not used.

A functional block diagram of the Gemin; guidance and control (G&C) system is shown in
figure 4. The centrol partion of the system includes the attitude-control znd maneuver
electionics {ACME), entry-control jets, attitude hand controller, znd attitude display group.

The ACME included two rate-gyro packages, each containing three orthogonally mounted
rate Evros.

Flightpath

0" Bank Lilt vectar

Drap veckr

Center of mass offsel

Figure 3 —Giemini vehicle trim conditiom.
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The ACME received inputs from the hand controlless, the inertial measurement unit (I,
and the digital computer. !l processed these signals and sent firing commmands to the
appropriate thrusters. The system operated with on-off mther than propertional commands

i the thruster solenocids. This arrangement allowed the use of simple switch actuation for
manual control.

Rate signals were summed with the computer commands or DU signals, and the output was
also fed to the switch amplifiers. A logic block provided proportional coupling of roll rates

into thec vaw axis, which allowed coordinated maneuvers about the velocity vector during
entry.

Two rings (A and B} of gight 251b bipropetlant thrusters provided attitude-control torques
abaut the spacecraft pitch, vaw, and roll axes during entry. Each ring of eight theusters was
supplied by an independent propulsion system. The 16 thruster locations angd firing logic are
shown in fgure 5. Hypergolic propellamts (monomethyl hydrazine and pitrogen tetroxide)

i




Aftiinde RCS jeis
comenand fired
Tilchup % and 6

Fitch down 1and 2

Yaw right Jendd
Yaw leh Tand &
Roil right Fand 7
Roll leh 4 and 8

Figure S.—Gemini ¢ntry-control jet conligurztion.

were used to insure fast propellant ignition. The following austomatic and manual attitode-
and rte-contral modes were available during entry.

Rate-Coimpnand Mede

Rate-oyro outputs were compared in the ACME with hand-controller signals, and when the
difference between the two signals exceeded the damping dead 2one (20.5 degfsec), the
proper reaction jets were (red. 1t was not recomméended that this mode be used during
entry because of the gh propellant usage duc to small deadbands.

Direct Mode

This represented a backup control mode used to provide spaceeraft angular acceleration hy
two methods., [n the fiest mewvhod, switches on the hand controller provided on-off
commands direstly to the thruster solenoid valves. This mode wasg highly reliable beeguse na
electronic circuitry was required for its operation. [o the second inethod, switches on the

hand controller provided signals to the ACME, which were converted to en-off commands
te the thruster soleneid valves.

Puise Mode

The pule mode was designed prmarily to minimize propellant expenditure while
performing attitude maneuvers in the absence of extermnal disturbance torques. In this mode,
2 sneri-duration command signal was applied to the thruster solenoid valve when the hand




controller was deflected from its centered position. Pulses could alsa be obtainad by using
the pulse switches. The astronauts used this mode mainly between retrofire anc the .03 g
point to maintain the horizon in a specificd oritntation in the windows.

Entry Mode

The spacecraft pitch and yaw mates were automatically maintained within the domping dead
zone (+4 deg/sec) by the ACME. The electronic circuits of the pitch- and yaw-axis control
were idetitical to those used in the ratecommand mode except that commands were not
accepted from the hand controller. Inputs from the guidance computer kept the spacecraft

within 2 deg of the wind axis. A steady roll rate of 15 degfsec was maintained for a zero-lift
etifry.

Entry Rate Cammand Mode

Thie mode was used for manual entry-attitude control and had operational charactenstics
identical toc those of the rate-command mode, except that the dampinrg deadbands
corresponded to the entry-mode values (22 dep and 24 degfsec), and rcoll-rate crossfeed was
included in the yaw channel as in the entry mode. This inclusion caused the spacecraft to
roll about the velocity vector rather than aboat the spacecraft rolf axis. The pilot could use
the attitude display to Tollow the computer-generated roil angle,

2.2.2 Flight Experience

The Gemini Program included 10 manned space flights during which the entry-control
system and its operational modes were thoroughly exercised and all design objectives were
demonstrated. A summary of the eniry-control modes used and pertinent flight expenence
on the manned missions is given in table 11

2.3 Apollo Entry Contrel

Although early Apollo flights were Earth orbital, the primary emphasis in the design effort
wag on the mere critical lunar return mission. [nformation on the entry-control system is
presented in references 18 1o 29,




Table {1 —Entry Control Mode Summary for {emini Missions

Mission Maode { omment
3 Direct Relatively high pilch and yaw rates (20 deg/sec)
4 Entry rate Computer failure during mision. Comstant 15 depfsec roll rate
command (zero lift) entry planned. A ter 2 roll rite was estabiished
additionat buildup occtirrerl because of a pitch thruster failure,
Roll aceelerations were pre duced as the piiot wis damping inilial
pitch oscillations. [ncreatiig zall mate caused increased yaw
thruster sctivity to kezp th:e yaw rate within th2 deadband . A
maxirum 65 degfaec rell =ate was reached approx 3 min before
drogue chute deploymeni . Propellant almost depleted a1 this
time. Jet interfertnee of arodynamic flow has been cited as
probeble cause.
5 Drircct Cne ring used. Propeilant aear depletion at drogue deployment
{approximately 3 min); because of using rate-cornmand (low-deadband ) mode.
rate command
4 Rate command One ting used unttil 2l propellant was expended approximately
14 st¢ after maX . 5ec ind sing initiated before drogue deplay-
ment. Aftributed 14 us ng low deadband mod=.
7 Drrect Dme ring depleted befod: 125 000 1 altitude. Other ring
(approximately 57 sec); activated. Artributed -o using low dezdband mode,
fate command
B Entry One ting deplewed sarl's m enicy because the system waz used
raté command after the separation Iram the Agena because of orbital system
thruster failure.
9 Entry Nominal propellant usage.
rate command
10 Entry Nominal proprilant wage.
rate command
11 Entry First aulomatic ¢nt ¥ control.
rate command
{approximately’
12 Entry Mominal propellar { usage.

10




2.3.1 System Description

The Apollo command module (CM), like that of Gemini, was a symmaetrical body with an
olfset center of mass {£/0 = 0.28). Control of the entry Hightpath was accomplished by
rolling the vehicle, Although direct entries were normally planned, the supercircular entry
velocity could produce a skipout trajectory that constituted the critical design path for the
entry-control system, The functional control requirements for a skipout entry are sh!:rwn in
fizure §. The control modes changed as a deceleration of 0.05 g was reached during th_e
initial entry, skipout, and second entry. The entry-cantrol system parameters and their
defining requiremients are presented in table [I1.

The overall G&C system for Apedlo is shown in figure 7. Eadly flights in Earth orbit used the
black 1 cenfipuration. Subsequent flights used the block 2 system. In the block 1 design,
the guidance-system signals went through the eonirol system to operate the re?cﬁnn-mntml
jets. With the two systems connected in this senies configuration, 2 (ailure in the control
system would have incapacitated the pnidance and navigation (G&N) system.

Hold altilude during
Wanguver o aniry . "
altitude and hold shipout for second enlry

Roll in respanse to
guidance commands
for landing-point
cmitrod

Roll o posilian velocity veckor as
commanded by entry guidance for
pioper skipovt condilions:

Altituds

Damp ansular molions when 2> 0,05 ¢

Genefale yaw rate proporlional to Beoloy dr
roil rale to insure coordinated ploy (e
maneyvers when 3> (.05 g

Rape

Figure 6.— Apotlo entry-coatrol functions lor critical skipout rajectory.
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Tabie I — Apolla Einry Control System Reguirements

Parameter Value Requiremen|
Rate deadband 2 deafear Propellant minitaization
Artitude deadband:
Maximbm 8 des Propellant mizimizalion and
Minimium 4 degp aitinede hold for preeniry
Ratg-o-attitude gain 0.5—i/sec Propetlant minimization
Muximum commanded | 225 degfsec | Lifl-vector orientation

rod] rane
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The block 2 configuration, shawn in figure 7, improved wiilization of the two systems and
made them electrically independent, so that a failure in one would not affect the other. in
block 2, the G&N computer assumed the primary stabilization and control tasks. A manoal
and seminutomatic control system served as a backup to the primary system. With the
backup attitude refercnce, the control sysiem was siiTicient to allow the crew to make
safe entey in the event of primary G&C system failure. The block 2 design illustrates the
phijosophy of using twoe nonidentical systems 1o achieve Munctional redundancy.

The entry-control system functional diagram is {llustrated in figure ¥. Attitude-error and
rategyro Teedback signals were limited to reduce the maximum maneuver rate in the
interest of fuel economy. The output of the attitude hand centroller was limited for the
sime reason. The switching amplifier and pseudo-rate logic provided an on-off pulse to the
engine-sclect logic in response o the analog error signal input. The principle of operation of
pseudo-rate logic is described in references & and 18 During entry (& > 0.05 g) and dorning
manual rancuvers, the pseudo-rate fredback was switched out to prevent an overdamped
response. The cantrel pulse entered the jet select logic, whose primary function was to
provide electrical isolation of the jet drver circuils. The solencid drvers applied a fixed
voltage to the engine-control solenoid valves. Each sofenpid control valve had primary and
secondary coils. The primary eoil provided the normal driving force. The secondary coils

Syslem A
Altilude Attitude N 1eaclion
| andrate et Asliopaut  — nand contral
displays | tcontrofler ‘ jets
T o L
solengid |
SEC system drivers System B
alfiluda 1 + ] reaction
TyI0s - Switching et control
b Limiter and aiitier 1 | eotent jels
feadband and pseude fogic
select rale logic
Atliturde —I I —
from GAN
system
Rale
EYi0E

Figure & —Apoilo entry-contral funciional diagram.
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were connected directly to the attitude hand controllers and were powered directly from
the battery, thus providing a highly reliable backup control mode.

There were three functionally identical reaction-jet contrcl channels for roll, yaw, and pitch
control. Wehicle attitude and mte were sensed by appropoate gyros, and signals were
summed to drive switching ampiifiers. Switching allowed an increase in the attitude
deadband fo conserve fuel when precise controd was not required. For each channel, a
switching amplifier drove a one-shot circuit that guaranteed a minimum time “on™
command to the jet drivers. This arrangement eliminated the explosion hazard present from
improper proportions of the hypergolic fuel and oxidizer. An additional coil on each
eolenoid valve was driven directly fom switches near the end of travel of the thrse-axis

attitude hand controller. These switches provide direct manual overtide in the event of
failure of the atuomatic system.

Manual control of the vehicle was accomplished by summing signals from the hand
contraller and signals from the rate gyros to command the jet drivers. Miscellaneous
switching functions provided for disabling the attitude reference, the hand control, or the
jet drivers under certain conditions. Provision was also made for direct input commands
from the guidance computer to the jet drivers

Instrumentation and displays included a flight direction attitude indicator (FDAIY, three
necdle-type indicators that displayed computed aititude error in body axes, and three
needle-type displays of spacecraft rotational rates. The FDAI consisted of a servo-driven

gimbaled batl with (ull and continuous rotational capabilities for dizplay of pitch, yvaw, and
roll.

The two identical and independent jet-thruster systems {A and B) are shown in figure 9.
Both systems were operated simultaneously, but each system had the capability of providing
the impulse required to perform the necessary peeentry and entey maneuvers. The minimum

nnpulse that could be provided by a thruster was 2,0 Ib-sec. Each jet developed 100 Ib of
thrust.

2.3.2 System Operation

The modes of entry control are shown in fipure 100 Avtomatic modes were avajlable
through the digital autopiiot (primary) and the control system. Attitude information was
obtained from the IMU. Rate information was obtzined by differentiating the IMU gimbai
angles in the CM digital computer. Thruster commands for attitade-hold or maneuvers were
determined by logic in the computer-
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In the backep contrel system, altitude hold was accomplished by an analog system using the
body-mounted attitude gyres for attitude information and the rate gvros for rate
jnformation when acceleration was less than 0.05 g. For entry {o > 0.05 g), roll commands
for litt-vector control were generated manually by using the entry monitonng system for
visual cues. Pitch and yaw rates were damped automatically.

An emergency mode bypassed the controksystem electronics and drove the maction-jet
valves directiy. The resolution in attitude rate under manual control was zbout £8.5 deg/fsec.
Rates up to 25 depfsec could be commanded. Dunng the automatic attitude-held mode, the
control system was capable of achieving a Iimit-cycle amplitide of 0.5 deg. The deadband
could be changed te £5.0 deg to conserve prapellant. Drift rates of less than 0.2 degfsec

abaut all three axes were expecied. During entry {a>> (L05 g), the computer generated
thruster commands to achieve the wvehicle attitwde required for reaching the desired
dowtiranpe and crosrangs impact point.

2.3.2 Flight Experience

Available reports on the first five Apclle missions include roferences 26, 27, 28, and 29. The
planned entry trjectory for Apolle 7 differed slightly from the actual one, becauses the lift
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vector was held at a 55 deg roli-right attitude 60 sec lopger than planned. Manual contral
was used down to about 20 000 ft on Apolle 7. Control was then turned over to the digital

antopilot. Fimure 11 shows the propellant used during entry. The crew switched to dual
reactionrcontral system operztion as shown on the figure alter reporting a large,
unexplained pitch disturbance. The commanded and actual roll angles, shown an ligure ¢

a5 funections of time, indicate proper respons: of the spacecraft to the bank-angle
commands.

Considerable pitch and yaw control activity pccurred in the transonic region during the
fnal 2 min before dropue deployment on Apolle 7. Crround simulation indicated that this

activity was the result of thruster-jet interactions with flow arpund the vehicle and of strong
winds.

In later flights. Apollo 3, 9, 10, and ], the entry-attitude contrrol performed within
nominal limits. Automatic contrel, with the digital autopilot, was the mode primarily used.

2.4 X-15 Entry Control

Three X-15 aircraft were used in a flight test program £xtending from 1938 to 1948, One of
the objectives of the program was to develop and test entry-control systems [or manned

vehicies. Information on the entry-control systems, contained in references 30 1o 50, is
summarized.

2.4.1 System Description

The X-15 aireraft were single-place, rocket-powered vehicles that were lavnched from a B-51
gireraft and self-propetled to altitudes up to 350 000 ft. They returned into the atmesphere
without throgt at mach numbers over 6. Entry presanted severe control prohlems because af
the rapid inercase in dynamic pressure. More than 190 research flights were made with the
X-15 airplanes, using four modes of reaction cont rol and three modes of zerodynamic
control, and two airplane configurations (ventral fin on, and lower veitral fin of}. When the
orginal ventrakfin-on configuration exhibited undesirable augmentation-off control charac-
teristics, the lower fin was removed. The stability and controf and physical characteristics of
these configurations are presented in detail In references 30 through 35.

Poth movatle aeradynamic surfaces and jet thrusters were used to provide ¢ontrel torques.
The two systems had nearly equal effectiveness when the dynamic pressure g was 10 [bfit?,
but the pilots used the jet thrusters at much higher values of g because they produced pure
torques about each axis {e.g., the aierons, while producing mainly roll torque, also
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produced significant yaw torgue). Two of the X-15 airplanes were eauipped with three-axis
stability augmentation. The other airpiane had an adaptive ratecammand-contrel systent,
desipnated the MH-96 system. Figure 12 presents the location of the control-system
gcompanents in the vehicle. The control system is Jescribed in detail in reference 36. The
reaction-jet throsters provided 2 roll acceleration of 5 degfsecd, and pitch and yaw
accelerations of 2.5 degfsec? for each of two systems. For pilot safety. two identical control
systems were provided which operated in parallel.

Stahifit - Augmeniaiion Systent

A functional diagram of the stability-augmentation system (SAS) is presented in lgure 13.
The systern, described in references 36 and 37, consisted of an electronic network or
channel for each axis. This network sensed the aircraft rate of change of pitch, roll, and yaw
and automatically provided signals to the respective servocylinders that caused the surface
actuators 1o move the hotrizontal and vertical stabilizers to oppose the simplane angular rates
Individual servocylinder outputs and the pilots manual inpuls were combined to form a
single input to the surface actuators. The pitch and roll channels operated singly or in
combination at the pilot’s discretion. Because the horizontal stabilizers were used for both
pitch and roll control, the left and right servocylinders controlled the stabilizers Tor bath

Right pitch-rail
servl tylinder

Rall rackels

L efl pilch-rol!

Reaction sefveCylmdes

arrmentalion syslem
Pilat console

Roll metering valves

bo. 1 system K0, tank

Pitch-yaw metering valves Wo. 1 system helium tank

Pitch and yaw rockets

Figure 12.—Location of control-system components in X-15.
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Figure [3.—Functional diagram of the stability augmentation system (SAS).

pitch and roll damping. The yaw channel operated independently of the pitch and rail
channels. The pilot had on-off and l=edback gain contrel of the SAS, which enabled him to
vary the gains throughout the flight envelope,

The working channe! drove the servocvlinders. The monitor channel operated electronically
simulated servocylinders, and compared the outputs to those of the working channel. When
the difference between the servoeylinder position and the simulated servoeylinder position
exceeded 10 percent in any channel, a Failure was signaled and the servocyiinder centered

and lovked, disengaging the 5AS. Differences could ocoui because of electrical or
mechanical malfunction.

MH-26 Adaprive Control System

The adaptive flight-control system (refs. 38 to 40} used on one of the aircraft was a
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modelfallowing rate-command system. A block diagram of the system is shown in figure
14. This diagram is for the pitch axis but is typical of the roll and yaw axes. The principal
features of the system were self-adjusting gains, miz-command control by the pilot, hald or
attitude command modes of operatien, normalacceleration command and limiting, and
automatic blending of aerodynamic and jet reaction cantrols.

The system was installed so that the mechanical connection linking the pilot’s contrel stick

with the surface actuators was unaltered. Manual control of the upaupmented airplane was
unchanged.

With the zirplane stability augmented by the autopilot, input was shaped by 2 medel to give
the desired response. A rate-pyro signal that represented the actual airplane response
was compared with the shaped pilot input. The signal difference was then driven to zero by a
high-zain forward loop. The serva feedback signal was filtered, rectified, and compared with
a set point. The sign of any difference was used 1o raise the gain if the servo motion was less
than desired and lower the pain if the servo activity was preater than desired.
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Figure 14—MB-96 adaptive conwol-syaem piich mode.




Reaction-Control System

Four types of reactior-control systrms were used on the X-15 {ref. 41). The basic
reaction-control system was a pure th ust-command system, but with thrust propoctional to
stick deflection outside of a dead zme of 15 percent of stick travel. A second type of
system was provided by modifying th: basic reaction-control system to include reaction-rate
damping. Two types of reaction control were available to the pilot with the MH-2& control

system: a rate-command reaction contrel for manual contrel, and an attitude-hold control
loop.

The reaction-control system consisted of two independent, parallel propellant and rocket
systems operated simultanecusly 3y a single three-axis controller. Althouph satisfuctory
attitude control could be maintaired with 2 pure threst-command system, the pilot had to
give considerable attention to the contrel task. To decrease the X-15 piloting task in the
low-dynamic-pressure flight regiors, an automatic rexction-augmenlation system {RAS) was
incorporated into the basic reacti y-controt systems on two aircraft. The RAS was added to
only one of the two parallel rection-control systems om each aircraft, which, in effect,
limited the RAS controt authorily to one half that available 1o the pilot, whoe had command
aver hoth systems.

A block disgram of the RAS ‘s presented in figure 15. The RAS consisted of three rate
pyros, located to sense the air qaft’s rotational rates about all three body axes. The gyros
converted the vehicle™s angular rates to proportional electrical signals, which were ampiified
in the electronics section of 'he assembly. The sienal was then used to operate an on-off
solenoid control valve that cotrolled the flow of propellant ta the rocket motors. Switches
on the controller linkages pre /ented opposing inputs from occurring between the RAS and
the pilot, An sccelerometer Lnit was used to provide a signal to automatically disengage the
system during entry after nor nal aerodynamic effectiveness was reestzblished.

2.4.2 Deveiopment and Flight Experience

The major entry-control sstem problems encountered during the X-15 development and
flight test program are discissed in references 42 through 50.

Limir Cycles

During early flights it w: s found that the SAS of X-15 caused tha vehicle to oscillate at a
small amplitude and at frequencies up to 3 Hz {ref. 42). These limit cycles were most
noticeable in roll and w e caused by the phase lag of hysteregs and ¢ther nonlinearitiesin
the mechanica! pottion of the control system. Althouvgh, in penerl, the Lmit cycles were
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Figure 15— Typical axis of X-15 reaction augmentation system.

only annoying ta the pilot, analysis and experience showed that with the original electronic
filter, the imit-cycle amplitude in rell abruptly increased at certain values of loop gain and
could cause loss of control. Efforts to aileviaie the problem by reducing the amount of
hysteresis were not successful. The problem was solved by using an electronic fidter that
reduced the phase lag in the system during flight. A resonapce problem still existed duning

groond tests, hawever, which made it necessary to reduce the SAS gains while the vehicle
was on the ground.

Strucniral Resonance

This problem induced by the SAS was encountered only after the electropic fitter was
changed to solve the limitcycle problem. The problem appeared as a severe in-flight
vibration af approximately 13 Hz at 170 000 {t altitude and a dynamic pressure of 104
1b/fi2. The vitration was limited in amplitude because of the rate limit {25 deg/sec) of the
controbsurface actuaier. The pilot stopped the vibration after about 2 minute by reducing
the pitch SAS pgains. A notch electronic filler for the SAS wac designed to give minimum
phase lag at limit-cycle [requencies and 3 maximum of attemmtation at the ratural
frequencies of the structure. The filter successfully eliminated surface resonance and
alleviated the limit-cycle problem. However, smalli-amplitude limit cycles persisted at somgc




flight regimes. As a tesult of the flight experience with the modified filter, it was clear that
hoth Hmit-cycle problems and structural coupling have to be considered simultaneously
the sefection of acceptable control-system filters,

Pitotf Vehicle Lateral Control Instabifiry

This phenomenon was observed with the X-13 simulator and later confirmed in fight
through closely controlled tests {ref. 43). Attempts to control bank angic with normal use
of aileron resulted in diverpent oscillations in sideslip and roll, although the basic airplane
was considered staticatly and dynamically stable. During studies of the problem, in which
the X-15 Right simulator was used, it was leamed that an important area in the Hight

envelope was uncontrollable without dampers. In this area, the vehicle seemed to the pilot
te be dy namicaliy unstable.

An analysis of this instability revealed the cause to be an unfavorable combination of the
yawing moment caused by aileron deflection apd the dihedral effect, which was
subsequently alleviated by removing the lower moveable yentral. The change, although
producing lower static-directional stability and rudder effectiveness, resulted m a more
controllable airplane with damping sugmentation inaperative, particularly at high angles of
attack. The studies of the problem indicated that extensive flight simulator tests are

necessary 1o define adequately the vehicle controliability boundary and the augmented
damper requirements.

Sysrem Saruration Instability

Early in the desigit of the adaptive controls, it was recognized that high rate commands from
the pitot could not be followed by the contrul-surface actuators. Serve motion v+ . i be
reflected back ta the pilot’s stick as stick kicks, and system instability would be expe. . wed
because of the inability of the system to follow the commanded rate. For nearly 40 flights,
mate-limit problems were pot encountered, even during entries from the highest altitudes.
However, the problem was experienced during a relatively routine flight and the airplane

became uncontrollable in Toll Eor a short time. The flight record indicated that the serve rate
limit had been ecxceeded.

The incident fref. 47) was initiated by a mther modest pitchrontrol command with some
roll command by the pilot. The resulting rate limiting of the servo produced sufficient
system lag to reduce the pitch-damper effectiveness and to cause the roll-command system
ta go unstable. Reduced commands and adaptive gains restored the system to operational
status, and the airplane motions were again damped Analysis of the problem showed that
the systemn nonlinear instability was caused by rate-limit-induced lag at low frequencies. The

problem was solved by including a simple lag-lead circuit in the servo loop to reduce the lag
at the critical low [requencies.
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Loss af Control

The 1215t X-15 Fight encountered loss of control during entry, which resulted in loss of the
aircraft and pilet {ref. 5U).

The zccident was pwecipitated during the ballistic portien of the flight when the pilot
allowed the airplane to deviate in heading and subsequently flew the airplane to an extreme
altitude with rospect to the flightpath that there was loss of contrel during the entry
portion of the flight. Destruction of the aircraft resulted from divergent aireraft osciltations
that caused the aircraft's structural Himits to be exceeded.

Additional information reparding the experience with the MH-36 Adaptive Flight Control
System will be found in a forthcoming NASA Technical Note, *The Experience With the
X-15 Adaptive Flipght Control System,” Staff, Flight Research Center.

Filor Opinion

All the X-15 pilots endarsed the blending of aeredynamic and reaction controls activated by
the same controller. The proportional-thrust command reaction control was not appreciated
by the pilots, nor dif they use the control as a proportional-control device. [n all instances,
it was used as an oooff control. The use of rate-command reaction controls resuited in
much mem precise control and apparently consumed less fuel. The reaction augnentation
was appreciated by the pilots The pilots used reaction controls to dynamic pressures severat
times higher than expected. This practice resulted in the use of more reaction-control fuel

during several entries than predicted or designed for. The deadband design of 15 percent of
stick deflection was considered excessive by the pilots.

2.5 ASSET Entry Control

The unmanned Aerothermodynamicfelastic  Structural Systems Enviropmental Tests
{ASSET) entry vehicle confipuration consisted of a flat-battomed, 70° delta wing and a
cone cylinder body on the upper surface. The vehicle maximum L1D was 1.2 and the
W/CpA was 250 1bift2. A liguid-baliast system transferred liguid mercury between forward
and aft tankg to change the vehicle center of mass and hence the trim angle of attack.
Control forces were provided by hydrogen peroxide jets which were activated by signals
from the control-svstern electronics. Detailed data on the entry-controt system may be
found in references 31 and 52, Data reparding related systems, SLAMAST (Scout Launched
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Advanced Materiais Test Bed) and another matt shill control concept, are given in
refercpees 53 and 54, respectively.

A Tunctional diagram of the ASSET G&C hardware (2 modifivd Scout system) i€ shown in
figure 16, During the transition phase, when the control system helped the vehicle to attain
tim angie of attack for glide, the pitch-control loop used attitude and rate feedback with
deadbands of +0.8 deg and +2 depgfsec respectively, in conjunction with a 40-Ib-thrust pitch
down jet and a 2-ib-tlirust pitch up jet. The rell system employed deadbands of +0.8 deg for
position and +£2 degfsec for rate in conjunction with 15-1b jets. The yaw deadbands for the
entire Might were £0.4 deg for position and £1 degfsec for rate.

At the stant of glide, active pitch-position control was discontinued, and a pitch-rate damper
system having 2 +1 degfsec deadband was used to atienuate large oscillations about the
vehicle trim. Twolb theusters were used for damping. During the plide phase, for periods of
sufficient roll airframe stability, 2 wide position deadband of *4 deg was nsed with g +3
degfsec rate deadband, and durng periods of marginal lateral-directional vehicle stability, a
narraw deadband of 20.8 deg far position and 2 degfsec for rate were used, At various
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Figure 16.—ASSET guidance and cantrol system.
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times during the flight, depending on the predicted dynamic pressure, vehicle charasteristics,
mach number, and angle of attack, the rell and yaw jets were swiiched between :he 5- and
1 5-1b thrust leveis.

The entry-control system performed satisfactorily during five suborbital ASSHT flights,
maintaining Night attitude within 3g design limits down te recovery-system deployment,
The only flight mallunctions were intervalometer timing errors that occurred during the
AEV-1 and AEV-3 {lights. The problem was found to be caused by radivfrequency
interference on the input power leads. Ground testing revealed several problems that were
primarily component failures. These malfunctions cccurred in the intervalome:er, poppet-
valve electronics, and in the stabilization unit. Descriptions of these [allures and ~onclusions
drawn therefrom are given in reference 51,

2.6 PRIME Entry Control

The unmanned Precision Recovery [ncluding Maneuvering Entry (PRIME| flight test
program was conducted to demonstrate the feasibiliiy of 2 maneuyerable vehicle capabie of
recovering a small payload from low Earth orbit. Three flights were made uzing an SV-3D
entry vehicle with 2 maximum L/ of 1.1 and W/Cp A of 173 1bfft?. Pitch cor.trol by means

of a pitch fap provided downrange contrel. In addition, reaction jets provided control in
pitch, roll, and yaw.

A functional diagram of the PRIME G&C system is shown in figure 17, The modulation of
£{D in the pitch plane controlled range of the vehicle, Modulatioh of the hft vector in the
roll plane controlled crossmnge maneuvering Yery little information von the PRIME

controksystem description and performance is available in the unclassified iterature. Some
data are presented in references 35 and 36,

2.7 Future Trends and Summary

Condderable technical literature exists on zttitudecontrol systems not directly related to
the space flight programs discussed previously (for example, refs. 54 tc 72). Emphasis
currently being placed on the development of man-rated systems that ar.: reusable without
major refurbishment, and systems that are versztile and adaptable to a variety of missions.

Severzl significant developments and trends have occurred during the evolution of
manned-spacecraft entry-control systems.
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The astronaut has been affinned as the final control-system backup mode. Experience has
shawn that provisions for manoal control significantly increase mission reliability. Provision

for direct zad fy-by-wire manuoal control and associated instrumentation and display has
been made in all manned spacecmft 1o date.

Current manned spacecraft use high-energy, faskigniting hyperpolic propellants, stainless
steel propellant-supply systems with helium pressurization, and thrust controls emploving
on-off selenoid valves. Reliability has becn the primary considetation in these choicas.

Thruster switching logic has recetved much attention to reduce propellant copsamption and
to improve the capabilitics of attitude hold and rate command. Pulse-widih, pulse-frequency

modulation s cumently in use, with consideration being given to nonlinear pulse-ratio
modulaiion for foiure systems
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The use of dipital adaptive-control systems is increasing as improvements gre made in the
onboard computer capabilities and in the hybrid systems necessary for this apphication.

A concept of funcrional redundancy has emerged that does not require proviston for spares
or replacement parts to be camed along on 3 mission Instead, the original desicn
incomporates two nonidentical systems that overlap functionally, so that in case ol the
malfunction of one, the astronauts can complete the mission with the other. This

philosophy is exempolified in the design of the block 2 Apollo guidance, navigation, and
control systems,

For vehicles that include moveable aerodynamic-control surfaces and reaction controls, piiot
preference is for automalic blending with actuation by the sene hand controller.

3. CRITERIA

The control system shall be designed io allaw the entry vehicle to acquire and maintain the
desired Mightpath under all anticipated mission conditions. An acceptable compromise
among perfermance, complexity, power consumption, propellant expenditure, weight,
volume, and reliability shall be achieved. The entry-control system shall be a5 insensitive as
practicable to off-nominal atmaspheric and initial entey conditions and variztions in vehicle
aerodynamic and mass characteristics. Crew safety shaii be accorded first prictity in design
decisions: however, appropriate emphasis shall be given to mission objectives.

3.1 Performance

1t shall be demonstrated that eautrol moments are adequate to maintain vehicle attitede and
to provide maneuvering rates required by the mission,

Thc enttry-control system shali provide attitude control and maneuverning rates with specified
ACCUracies.

The entry-control system sha!l be stable. For any allowable set of Initial conditions, the
deviations from the commanded Mightpath and attitude should become or remain smaller

than acceptable bounds established by mission requirements. The clored-loop response shall
exhibil adequate damping and acceptable natural frequencies

The entrycontrol systera shall be designed to e as insensitive as possible to changes in

vehicle chametenistics, control-system hardware, guiklance requirements, and environmental
changes
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The control system should not excite vehicle structural oscillations that will impaic
fliehtworthiness.

The control foge should be as simple as possible to perform the required Functions. It

should require as little computation time as practicable ¢onsistent with performance
requiremenis.

The reactionjet fuel allotted for entry shall be commensurate with the required control
accuracy and safety.

The control system shall be capable of maintaining the vehicle attitude within specified
attitude boundaries consistent with vehicle load and heating canstmaints. The total nomber

of jet finngs required for control dunng entry shall be compatible with duty cycle, fuel
reserve and endurance limits of the thrusiers.

3.2 Crew Safety and Flightworthiness

The designer must quantitatively demonstrate with a high level of conlfidence that no
characteristic of the entry-conirol system could compromise crew salety or impair
flightworthiness. The demonstration shall be validated through a series of analytical studies,
compaonent tests, system tests, simulations, and flight tests. Al anticipated confipurations,
missicas, flight conditions and-system modes of operation shall be considered.

Failure of any individual component or subsystem shall not prevent safe completion of
entry.

Equipment reliability shall meet specified mission requirements

Malfunction detection and system-monitoring equipment shall be provided to snable the
crew to recognize the need for a mode change prior to and during entry. Al monitors and

contrals shall be simple, functionally strightforward, and readily identifiable ta facilitate
rapid and accurate crew prdormance.

All controls, switches, and displays should be desighed to insure operation in the intended
manner. Interlocks should be provided to prevent inadvertent mode switching or other

improper aperation, Positive safeguards should be provided to prevent any crew operations
that ¢could have catastrophic results.
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3.3 Additional Censiderations

Tte entry-controbsystem design should make effective use of sensors, computers, displavs,
and other equipment that are onboard the vehicle for other mission phases. {t shall be de-
signed to operate within spacecraft and total system constraints, such as weight, power,
yolume, computer memory, computer execution time, and propellant weight.

The entry-control system should be of a madular design with ready accessibility for ease of
inspection, testing, and taintenance.

All interfaces {mechanical, electrical, sto stutal, environmental, computational, crew, etc.)
should be compatible with adjoining systcms.

4. RECOMMENDED PRACTICES

Pracedutes and recommended practices for the design of stabilization and contrel systems
for entry vehicles and for the analysis, stmulation, and test of such systems are presented.

4.1 Statement of the Problem

It is recommended that at the inception of a spacecraft developmient program the designer
obtain a clear description of the functions to be performed, a definition of the system and
vehicle intecfaces, a numcrical specification of the required control-system performance
during entry, znd rcliability goals for crew safety and mission success. Quantitative control
requirements and specifications will be determined by the specific mission objectives and
mission constrained entry vehicle characieristics.

[t is ofen not possible to define the entry-control requirements umiquely during the initial
design phase. 1t is important to recognize that the design and development of the spacecraft
and its subsystems will be iterative because requirements are time-variant and may change
radicaily, initial design constraints are generally ill defined, inherent characteristics of the
spacecraft are not well known, and basic input data for control-system design is frequently
not avzilable when needed. Experience has shown that cost, schedule, and other consirants
aften force major controbsystem design decisions in spite of the lack of fupdamental
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information. [t is recommended that the designer develop a philosophy of building a: much
flexibility and adaptability into the entry-control design as practicable to accommodate
future contingencies or unexpected problems. In practice, the acceptability of the
entry-contral system is often judged by performance under extreme off-nominal corditions.

Requirements and constraints should be established for the two distinct {light phases during
which the entry-control system must operate:

(1) The extra-atmospheric portion subsequent to retrofire or final staging, and prior to
sensible atmosphers drag deceleration (0.05 g). In this phase, the control system must

‘be capable of holding the required vehicle artitude within specified limits without
using excessive propellant

{2) The atmospheric portion subsequent to 0.05 g drag and prior to entry into the

tertninal landing mode. In this phase, the entry-controf systems must be capable of

controlling attitude and attirude rate witkin specified limits, and damping any vehicle
instability.

‘The entry-artitude and attitoderate accuracy requirements are of fundamental importance
to the desiga of the entry-control system. However, the complexity of the control itself in
terms of Ickic, signal processing, etc., will inerease rapidly as the required control accuraey
increases: therefore, caution should be exerciced 1o avoid overspecification. The angular-
acceleration requirements to perform maneuvers often determine the maximom level of
control torque to be provided by the reaction-jet system. For example, during supercircular
entry, critical roll manceuvers mast be conducted in a very short fime duting the maximum
g-loading period to establish the proper skipout copditions. This repid-controbresponse

requirement during initial entry sized the roll reaction-jet thrust magnitude for the Apollo
i

Other data that the entry-cownirol desigrer must obtain early in the design include
preliminary estimates of vehicte geometry; fnertial and hypersonic aercdynamic characteris-
tics: wvehicle heating and leading htnitationg; time histories of typical entry-tmajectory
characteristics; constraints on weight, power, and volume; and other requirements such as
those concerning vibration, mechanical, thermal, humidity, and radiation environments. 1f is
recommended that the sensors, computers, thrusters, and cther equipment onboard the
vehicle for other mission phases be used for the entry-control system whenever possible
Thus, it is desirable that the entrycontrol designer have detatled information on the total
mission Q& system as soon a5 it becomes available and nsure that any requirements
unique to the contral system are included in component specifications. In particular, such
mformation as reaction-iet prapulsion-system data including jet interference estimates { refs.
72 and 74). propellani-weight Umitations. computer memory, and executicn-time con-
straints should be provided. lInitially. the above information will, of nscessity, be

preliminory. As the mission plan and spacecrall desipn progresses, this infermdtion should
be updated.
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4.2 Performance

Analytical studies, simulation studies, and tesis vhould be conducted 1o insure that the
entry-control-system performance is adequate to fulfill mission requirements. The following
practices are recommended for the conduct of these stodies.

4.2 Performance Analysis

rnitial stodies should be condocted to determire required performance ranges of the
entry-control system and all components, insolar as this is practicable. A dynamic
mathematical model of the spacecraft should be developed {ref. 44) that includes rhe
rgid-body dynamics with the kincmatic represenzations, sensor representations, and the
complete mathematical model of tie control elements.

The initial spacceralt model may include only the primary dynamic effects, neglecting such
offects as variable vehicle mass, structoral flexibility, and fuel sloshing. The analysis should
involve a threc-degrec-of-freedom rotational model in which only the orientations and
angular velocities of the vehicles are involved. Fuler equations or Quaternians, for large
flichtpath angles, in nomprincipal axes for the vehicle rotational accelerations about the
yaw, pitch, and sofl axes such as those used in teferences 56 and 73 are recemmended.

Candidate entry-contral systems should be formulated that nse 1o maximum advaniage
sensors, computers, displays, and thrusters already planned for installation in the vehicle for
other mission phases, These configurations should e investigated initizlly by linear-analysis
techniques (refs. 76 to 80), using the rigid-body dynamic model, assuming all axes
uncoupled. Minimum bandwidth consistent with performance requirements should be
selected. Gain and phase margins should be established to satisfy performance and stability
requirements. Frozen-point analyses al representative points along the entry trzjectory
should be made, including such critical conditions as the maximum-dynamic-pressure point
and the maximum-heatingrate point During these initial studics, it should be determined
which of the candidate configurations is most suitable and whether slight relaxation of
perfonnance requirements permits significant simglification of the conteel system.

The stability analysis conducted ar this point should empley root-locus, Bods, or Myquist
diagram techniques (refs. 81 to 83). The analysis mzy be peneralized to handle quasilinear
system configurations il required (ref. 24). This analysis chould investigate transient
response, steadyestate contro! errors, the sensitivity of the candidate systems 10 parameter
changes, and the extent to which linear control-svstem techniques are applicable. Other

methods of analysis of penlinear systems, including the methods of Lyapunor {ref. 83%, may
be used in certain cases.
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Where “hard™ norlinearities {deadbands, etc.) are included in the contreller, there is no
region of linear system operation. [n that event, quasi-linearization {describing function} or
phase-plane analysis is performed to study the nonlinear elements {ref. 36). If the controlier
contains sampled- lata elements, it s often necessary to use z-transform techniques to study
the system (ref. £1). In some cases, when the sampling frequency is high compared to other
modes of the sistem, the sampleddara subsystem may be anzlyzed a5 an :qoijvalent
continuals syster 1. Caution must be used, however, hecause the continuous analysis will not
display instabilit and poor transient response, which may be produced by the effects of a
finite sampling :ate. A z-transform analysis 15 usually necessary il the sample frequency is
less than §0 tim s larger than the highest sipnificant {requency camponent of the input 1o

the samplied-dat; system, or if the sampled-data output frequency can excite elements of the
control lcop.

4.2.2 Simulation Studies

Simulation sttidies of the selected entry-control systemn confipuration should be conducted
throuwghout tiwe design, test, and operational program to insure that the system is safe and
flizhtworthy. The studies may begin using computer simulations and rudimentary displiys
and control. Increasing realism should be incorporated in these studies 35 the desipn
progresses. 1 hrough these studies, the effects of aulty opemtion of systemn elements, crew
errors, and f-nominal conditions should be considered to insure that all factars that might
impair safety of flight are fu.ly wndersteod and are sppropriately eliminated.

It is recoramended that a digital or hybrid six-degree-of-freedom simulation be used 1o
conduct tese studies. Methods such as those used in reference 87 are recommended for this
stmulatios. The simulation should include man-in-the-lopp investigations of the entry-
control system coupled with the entry-guidance svstem. Depending on the vehicle
configurition, effects such as structural flexibility and propellant slosh should be
investipated. As various system components become defined and available, the actual
hardware elements shouwid be tied into the simutation. This prctice will allow an
undersanding and verification of the hardware and software inferfaces between the
entry-:ontrol elements and other subsystems.

Parametric studies to penerate technical data to be used for tradeoff decisions should be

conducted. [t is recommended that the parametnc investigation inclede a determination of
the Ifects of the following:

(1) Acrodynamic-coefiicient uncertainties
{2Y Moment-of-inertia uncertainties

(3} Ppneipat axes misalinements

{4) Artitude- and ratecontrol gain

{5) Centerofmass location

{6} Entry ansle of attack
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{7) Landing target location

(8} Mapnitude of attitude-rate commands

(%) Attitude and rate deadbands
{i0) Roll-yaw coupling pain
(11} Reuction-jet thrust plus interference level
(}2) Gusts and wind shears
{13} Single-thruster failure
{14} Single- versus dual-thruster system operation
(15) Rate-to-attitude signal mixing ratio
{16} Pulse-modulation methods for thrusting comman:s
{(17) Transonic region jetfairflow interaction

The results of the parametric investigation should be analyzed to determine the effects of
the preceding on the following:

{1) Propellant consumption dunng entry

{2} Maximum onctime for any thruster

(3) Number of thruster irngs

(4) Touchdown aceuracy of controlled eatry

(5) Angleof-attack osciflations during maximur healing, maximum dynamic pressure,
and transonic flight

{6) Tolerances on c.m. localion

(‘1 Controksystem sensitivity to landing location

{8) Limits on gain vanafons

With this information, decisions refative to system fradeofis may be made.

4.2.3 Tests

The test pian should be formnlated to include perfomance tests te insure that system and
component performance is adequate to meet alt anticipated requirements, and to include

acceptance tesis to insure that flight hardware conforms o design performance require-
ments.

The test plan should include such laboratory and flight tests as are required to insure that
assumptions regarding safety and effects of failure are realistic. The test pian shauld also
include qualification tests to demonstrate the adequacy of flightworthiness of the design.

Any interface problems must be worked out at this time to insure that the integrated <ystem

operates as planned in all modes. Tests for electramagnetic interference effects should be
performed to verify that no such problems exist. Closed-loop operation of the system
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should be checked lor all anticipated mission conditions. Final software tests should be
conducted to venify the campalibility of the generated commands with the
and mission requirements. Complete tan-i-thedoop simulations energizing oll the actug)
hardware components of the control system should be camied out a5 4 fnal check of the
selected system configurations,

After all anaiyses, simolation, and ground tests have been completed, a flight test program
shouid be ¢onsidered. For the manned system, a fMight test Program to insure satisfaction of

the crew safety criteria should be combined with other tests to qualify structure, heatshield,
etc., I practicable.

4.3 Crew Safety and Mission Success

Farly in the design, overall crew safety and mission success goals are established. Crew safety
goals expressed in probability terms are typically on the order of (.99 1o 0,999, Mission
success goals may fall in the range of 0.90 to §.95. The entry-control system coentribution 1o
the ovemll crew safety and mission success probabilities must be determined. [t js
recormended that the techniques of references B8 and 89 be used ta determine the
entry-control-system contdbution to crew safety and mission suceess. I carrying aut this
analysis, the basic elements of the control system, including primary, monitar, and backup
subsystems, should he arranged into reliability logic diagrams according to their function,
From these diagrams, equations defining the probability of successful operation are defived.
Component-reliability test data are used (o establish the required probabilities that
contribute (o the controlsystzm toral. Thic analysis should be repeated throughout the

design process to verify entry-controksystem compliance with the crew safety and mission
SUCCLss Chiteria.

A failure analysis should be conducted to determine the eff ects of failure of each wire, joint,
terminal, etc., ta insure that na single failure ¢an Impair mission completion and that no
combination of two single Failures mmpairs flight safety, This analysis will serve 1o identify
potential failures and to provide 2 hasgis for determining redundaney requirements n
considening the degree of cedun dancy to be used, only that amounr of redundancy necessary
for meeting the reliability goals should be ysed. Thus, excesses in weight, size, POWET,
complexity, and cost will be minimized, Monredundant designs, when campared to
redundant desipns, usuaily result in equipment that 15 smaller in size and lighter in weight,
requires less power, and ig Jese complex. However, the high reliability eoals of manned
cortrol systems and the numerous connections and dissimilar elements included in contral
svstems in gencral dictate that some degree of fedundancy be used in ihe design, Re-

dundzancy and backup provisions should be previded wherever necessary to achieve mission
reliabiiity goais,
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Provision should be made for monitoning the operational starus of all critical sysiem
elements. Wherever manual switchover is relied upon, information provided 1o the Crew
should be clear, easily comprehended, legible, and entirely appropriate for the intended
purpose. [ransition between primary and secondary systems should be accomplished
without undesirable transients Interlocks should be provided wherever inadvertent
switching could compromise flightworthiness.

Crew safety considerations dictate that two independent reaction-jet systems with separate
propellant supplies, each system adequate to insure safety of flipht throughouot critical
phases of entry, should be provided. Flight-proven Rardware should be used wherever such
cquipment is compatible with relizbility and safety-of-flight goals and other design
constraints.
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NASA SPACE VEHICLE DESIGN CRITERIA
MONOGRAPHS ISSUED TO DATE

SP-800) (Structures)

SP-8002 (Structures)

SE-RO03 (Struclurcs)
SP-8004 (Structures)
SP-8005 (Environment)

SP-8006 (Structires)

SP-R8007 (Structures)

SP-5008 (Struciures)
SP-B00P (Structurcs)
SP-80 10 (Environment)
SP-801] (Environment}
SP-8012 {Structures}

SP-2013 ( Environment)

SP-E01 4 {Structures)

SP-5015 (Guidance and
Control)

SP-R8016 {Guidance and
Control)

flufleting During Launch and Exit. May 1364

Flight-!.oads Measurements During Laonch and Exit, December
1964

Flutter, Buzz, and Divergence, July 1964
Panel Flutter, May 19635
Solar Eleciromazneric Radiation, June 1963

Local Sieady Acrodynamic Loads During Launch and Exit.
AMay 1963

Buckling of Thin-Walled Circular Cylinders, revised Aupust
1968

Prelaunch Ground Wind Loads, Novembet 1965
Propeliant Slosh Loads, August 1968

Vodels of Mars Atmosphers (1967}, May 1963
slodels of Venus Atmosphere (1968), December 1968
\atural Vibration Medal Analysis, September 1963

Meteoroid Environment Model-1969 (Near Earth to Lunar
Surface), March 1969

Entry Thermal Pratection, August 1968

Guidance and Navigation for Entry Vchicles, November 1968

Effects of Structural Flexibility on Spacecraft Control Systems,
Aprl 1909
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SP-8017 (Environment)

SP-2018 fCruidance and
Control)

SP-E019 (Structures)

SP-8020 {Environment)
SP-2021 {Environment)
SP-8023 {Envircnment)

SP-8024 (Guidance and
Control}

SP-%029 {Structures)

SP-8031 (Structures)

SP-8032 {Structures)

Magnetic Fields—Earth and Extraterrestrial. March 1969

Spacecraft Magnetic Toraues, March 196%

Buckling of Thin-Walled Truncated Cones, September 1968
Mars Surface Models (19693, May 1969

Models of Earih’s Atmosphere (120 to 1000 km), May 1969
Lunar Surface Models. May 1959

Spacecraft Gravitational Torques. May 1969

Aerodynamic and Rocket-Exhaust Heatine During Launch and
Ascent, May 1969

Slosh Suppression, May 1969

Buckling of Thin-Watled Doubly Curved Shells, August 1969
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The block 2 configuration, shawn in figure 7, improved wiilization of the two systems and
made them electrically independent, so that a failure in one would not affect the other. in
block 2, the G&N computer assumed the primary stabilization and control tasks. A manoal
and seminutomatic control system served as a backup to the primary system. With the
backup attitude refercnce, the control sysiem was siiTicient to allow the crew to make
safe entey in the event of primary G&C system failure. The block 2 design illustrates the
phijosophy of using twoe nonidentical systems 1o achieve Munctional redundancy.

The entry-control system functional diagram is {llustrated in figure ¥. Attitude-error and
rategyro Teedback signals were limited to reduce the maximum maneuver rate in the
interest of fuel economy. The output of the attitude hand centroller was limited for the
sime reason. The switching amplifier and pseudo-rate logic provided an on-off pulse to the
engine-sclect logic in response o the analog error signal input. The principle of operation of
pseudo-rate logic is described in references & and 18 During entry (& > 0.05 g) and dorning
manual rancuvers, the pseudo-rate fredback was switched out to prevent an overdamped
response. The cantrel pulse entered the jet select logic, whose primary function was to
provide electrical isolation of the jet drver circuils. The solencid drvers applied a fixed
voltage to the engine-control solenoid valves. Each sofenpid control valve had primary and
secondary coils. The primary eoil provided the normal driving force. The secondary coils

Syslem A
Altilude Attitude N 1eaclion
| andrate et Asliopaut  — nand contral
displays | tcontrofler ‘ jets
T o L
solengid |
SEC system drivers System B
alfiluda 1 + ] reaction
TyI0s - Switching et control
b Limiter and aiitier 1 | eotent jels
feadband and pseude fogic
select rale logic
Atliturde —I I —
from GAN
system
Rale
EYi0E

Figure & —Apoilo entry-contral funciional diagram.
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FOTAGmsfc.nasa.gov, FOIA Raguast #98-163

To: FOTAErsYo . npasas.gov

From: "John Greenewald, Jo." <greeneylpritwvenet., coms»
Subject: POIA Hegues: $55-143

Cios

Beoco:

Attached:
Dears Ms. Hollingsworth,
This 1= in resgonae to your letier dated Joly 07, 998, Please refer +n0 case HSB-16%.

=f T remember correctly, T ohiy stated that I would agres to Ldy only up To fifteen doilars
fzr the reguested material., T anm seing charged over 215.00. A: This is5 not a auge arount, T
am @ high schonl stadent dojng valid research znd ailewing this informatien te 36 or an
interaet wel alte for everyons To view, aT no charge wnatooever, T beliewve that under ke
FGTA, T am supposed Lo ne contacted 1f charges are owver ny agreed amount.

I alze Zind i1 unfair since 1 am a "all other™ reguester, Tris entitles me ke 2 Frec soopo-
hicurs, along with 1C0 free pages. I please 334 Yol RPrOCesS Ty FOUESET 45 & OO0-Commewsal 1all
c-her) peguester, which T A,

T kepe to hear from you as soon as cossikiy, and please feel free to rescond vis emsil. & am
gzing to withneld fron sending in the check unkii I kear frow you {unless [ do oot fear from
you by the 31st)

Sincerely,
Jokn Greenewald, Jr.

The Blacx Vaclt Site perator
http: /s waw.iclacsvaual t.. com

Printed for "John Greenewald, Jr." <greeneyiprimanat.com> 1




Hollingsworth, Judi, 09:57 AM 7/16/98 , RE: FOIA Raguest #%8-163

Erom: "Hollingswsrth, Judi™ <judi_poliingsworthimese.nssa,gows
T "'Soha Greenewala, Jr. '™ <greeneyviprimenct.coms

Subject: BE: POIR Hdequest #98-1€3

oete:r Thua, 16 Jol 195%5 Q9:57:07 0500

L-Mailer: interner Maill Service (5.0.1480_4)

A2 L recall, T retified you via phone that your were regquesks (vou nad
sabmitted 2) would 2e over the $15.00 you astated in your reguest and you
agreed Lo bhe charges. 1 have talked with our Legal ©ffice conocerning your
Zategory ol requester concern. In nur phone conversation, ¥ou stated that
YOU Wets Wanting these doecuments for 4 wensite, which you = ted on the
response back to nme.  Legal Office has determined that Wizl S8 @ Cortmersial

user and Lhe charges you were sited for yoor reguest are appraopriate. I
have your other regues- which T ar processing today. Yoo will be billed
22540 Tor this document {164 pages + 39.00 =eaxch time). I woa do not

wahl this document, please petify me by 4:00 CST today (1167997 wia emall
or phone at 256-5344-1837 and I will not process.

Thanx Yoz,
Judi A. Hollingswarth
FOLA Manacetr

Printed for "John Greengwald. Jr." <grasneviprimenet.com>




Hollingaworth, Judi, RE: FOIA Request #98-163

Tor "Hollingsworthn, Judi'” <iudi.hellingsworth®msfc.nasa.govs
From: “Johr Greenewald, Jr." <greeney@primenet.coms>

Subject: RE: FOIA Reguest #9%E-163

Tor

Boo:

Attached:

Dear Ma. Hollingswerth,

Thank you wery much for vour help on our recent conversation via phone. I hope this does not
create any problems or hard work to cancel out the charges.

Just to reiterate, the webaire that 1 have created, is fully for research, and does aoct have
any fees to wiew. It is all free of charge. What I am working on now is a site on the Arollio
missions, and have acoumulated a few documents regarding Project Apcllao.

The main apolle site i=s locazted at: http://www.blackvault.com/nasa/apollo. shtml if you area
roterested in checking it out.

The letters of correspondence can be viewed on this page, but for an exact URL to the letrer
showing me as a noh-commercial, please g0 to:
http:ffwww_blackvault.:Dmffﬂiafnasafguidanceﬁjunezﬂ.gif

This was a request for 154 pages, and the Ms. Luna stated the request did not incur chargqes

more than 55 and the fees were waived. (If she had me as a commercisl request, charges would
have bean $15.40 plus the =earch fees)

Also for clarification parposes, in request #98~163, can I have a letter either by email or
postal mall stating that the charges have been dropped? Also in the reguest referenced in
your e-mail, regarding charges cof $45.40, what are the fees going to be on this reguest?
Thank you wery much for your time, I appreciate your hels in this matter.

Sincerely,

John Greenewald, Jr.

Printed for "John Greenewald, Jr." <greeney@primenet.com>




Hollingsworth, Judi, 02:15 PM 7/16/98 , RE: FOIA Raquest #98-163

From: "Hollingsworth, Judi™ <-iudi.khck irgsworthinmsfo.nasa . govs
Ta: "'John Greenewald, Jr.'" <greeney@nrimenst.com:

Subdect: RE: FOIA Request #398-1683

Cate: Thu, 16 Jul 1996 14:15:34 -0304

¥-Majier: Intersnet Mail Service [5.0,1460.8}

The charges for f%8-163 khave hesn zerced oubt. You co ot ole anyzbing for
that reguest. There wilil be oo charges for #99-381. T will be mailing tho
letter anc dooument todawy.

Zincersly,
Judi k. Hollingsworth
FGIA Manager

Printed for "John Greenawald, Jr." <greeney@primenet.com>




