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Preface

The Space Transportation System program was formally launched on January 5, 1972, when President
Nixon announced that the National Aeronautics and Space Administration (NASA) would proceed with the
development of a reusable Space Shuttle system, with North American Aviation (later Rockwell
International, now Boeing) selected to be the prime contractor. This followed early “Phase A” studies
beginning in October 1968 and “Phase B” studies in 1970, during which various concepts and designs
were evaluated. In 1977, during the Approach and Landing Test (ALT) phase of the program, five free
flights of the Orbiter Enterprise landed under astronaut control and verified the flight characteristics of the
Orbiter design with several aerodynamic and weight configurations. From the first flight of Columbia in
April 1981, through the landing of Discovery in September 2009, there were 128 Orbiter launches and
126 landings. (Challenger was lost during launch on January 28, 1986, and Columbia during entry on
February 1, 2003.)

This document provides a historical summary of the design, development, verification, and flight test of
the entry flight control system (FCS), including its integration with the guidance and navigation systems.
(Note that the entry FCS is also known as the entry digital autopilot [DAP]; these two terms are used
interchangeably throughout this document.) Emphasis is placed on design drivers, including performance
requirements and database impacts, together with the thinking and logic that went into design decisions
and solutions. The FCS was certified and considered operational for the first flight, and no significant
performance anomalies have been encountered since STS-1. However, the FCS has continued to evolve
over the years, with modifications made both to resolve minor anomalies and to enhance performance
capability. The overall success of the entry FCS program can be attributed to the cooperative effort of
countless individuals, working for various corporate and government entities, with the common goal of
ensuring safe entry and landing of the Space Shuttle Orbiter.

A comprehensive draft of this document was written and released by Larry McWhorter NASA-Johnson
Space Center (JSC) in June 1992, but was not formally published at that time. A major update completed
in 2009 captures the various studies and FCS upgrades that have occurred during the intervening years.
An attempt was made to retain the original material untouched (Sections 1 through 5, 9, and 10), except
for some typographical corrections and formatting changes necessary for publication, but some additions
and updates were incorporated; most of these are indicated by footnotes or italicized in-line text.

The 2009 update was compiled primarily by Milt Reed (contracting to Barrios), with significant
contributions coming from various members of the entry guidance, navigation, and control [GN&C]
community. In particular, Mark Hammerschmidt (NASA-JSC) documented the wraparound DAP flight test
program, Brian Bihari (Jacobs Engineering) provided valuable inputs to the reaction control system [RCS]
redlines discussion, and Gordon Kafer (contracting to BATECH) contributed the ALT program summary
contained in Appendix C. Other contributors are listed on the title page. Much of the material presented
in Section 6 was obtained from Honeywell and Rockwell heavyweight certification and forward center-of-
gravity [CG] expansion reports, and the discussions of flight-specific and generic FCS certification in
Section 7 rely heavily on the certification reports authored by Dr. Steve Everett (Boeing). It is with sincere
appreciation that we acknowledge the help of Sue McDonald in editing this document for publication.

FCS details presented in this document are considered correct as of November 2009. Appendix D
contains block diagrams illustrating the entry DAP control laws at that time. However, the FCS is still
subject to change, so if the reader wants accurate up-to-date information, the latest versions of Flight
Subsystem Software Requirements [FSSR] and I-load data books should be consulted.
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1.0 Introduction

The Orbiter entry digital autopilot (DAP) is an all-digital, fly-by-wire system that provides vehicle stability,
control, and handling qualities necessary to fly within the narrow entry corridor. This entry control system
comprises sensors to measure the current Orbiter states, a computation system to convert the automatic
and/or manual commands to a set of effector commands for the unpowered Orbiter, and a set of effectors
(i.e., aerodynamic surfaces, control jets, and nosewheel steering). This control system, with minor
modifications, is also used during the gliding segment of a return-to-launch-site (RTLS) abort.

The Orbiter flight control system (FCS) had to succeed over its entire, unprecedented flight envelope
(Mach 25 to 0) on its first flight. Because it was not possible to conduct the normal progression of flight
tests for the Orbiter program, the entry control system was subjected to one of the most—if not the
most—extensive certifications (by analysis and simulation programs) in the history of aviation. The
control system development was also supported by the most extensive wind tunnel program in the history
of the aerospace industry.

Three basic approaches were used for analysis: 1) classical linear stability analysis with describing
functions to represent key nonlinear elements, 2) nonlinear time-domain analysis, and 3) man-in-the-loop
(MIL) simulations to obtain handling qualities ratings (Cooper-Harper) and general comments by the crew.
The time-domain simulations varied in complexity from simple point-response tools, such as SIMEX (a
Honeywell digital simulation), to fully functional MIL guidance, navigation, and control (GN&C)
simulations. The latter included the fixed-base Shuttle Procedures Simulator (SPS) Phase | and the
Shuttle Engineering Simulator (SES) at Johnson Space Center (JSC), the Flight Simulation Laboratory
(FSL) in Downey, California, and the non-real-time Spacecraft Trajectory Analysis and Mission Planning
Simulation (STAMPS) at United Space Alliance (USA). Landing and rollout studies, in which motion cues
were extremely important, utilized the moving base Flight Simulator for Advanced Aircraft (FSAA) and
Vehicle Motion Simulator (VMS) at Ames Research Center in California, along with the Orbiter Avionics
Simulator (OAS) at JSC. Extensive avionics integration and design verification testing were also
performed. Accuracy and fidelity of the analysis programs were maintained by correlating analyses
predictions with test results.

This report summarizes the evolution of the entry DAP from the mid-1970s into 2009. Emphasis is on the
key events and decisions, database content, and programmatic requirements that forged the entry control
system of today. Section 2 gives overview descriptions of the GN&C system elements and processes. A
history of program requirements and FCS evolution through the post-STS-51L upgrades is presented in
Section 3. A summary of flight and ground test programs in Section 4 is included to provide insight into
the high degree of interaction between the test programs and the DAP evolution. Key FCS issues
remaining in 1992 are reviewed in Section 5. The 2009 update in Sections 6 and 7 summarizes the major
FCS studies and DAP modifications since 1992, as well as the entry FCS recertification conducted after
the STS-107 Columbia tragedy. Section 8 discusses the November 2009 status of the entry FCS
program. A number of lessons learned during this program are presented in Section 9. Section 10 is a
concluding summary. Appendix A provides brief details of all orbital flights from STS-1 (April 1981)
through STS-128 (September 2009). Appendix B lists many of the key individuals involved in the entry
FCS and GN&C program. Appendix C describes the Approach and Landing Test (ALT) phase and lists
ALT flights. Appendix D provides a set of simplified DAP block diagrams that the reader of this document
may find a helpful reference.

2.0 Entry Flight Control Systems Overview

The Orbiter data processing system (DPS) that contains the autopilot and sensor/effector interface
software is comprised of a primary flight system (PFS), four AP101B general purpose computers (GPCs)
that function as a redundant set, and a backup flight system (BFS) set of software that resides in a fifth
computer. (Upgraded IBM AP-101S flight computers made their maiden flight aboard Atlantis in April
1991. By the middle of that year, AP-101S computers had completely replaced the AP-101Bs.) IBM
developed the primary software and Rockwell programmed the backup software. A second programming
contractor was used for the BFS to minimize the chance of a generic programming error that might result
in loss of all command and control capability. The DPS system configuration is shown in figure 2-1.



Aft Sensor - Fwd Sensor
Group #1 < Aft — — Fwd <4—»Group #1
P —» GPC #1 |€ P
Aft Effector|< MDM #1 — <+ MDM #1 |« Fwd Effecton
Group #1 Group #1
(] o ([ J
([ J ] (]
® ]
o h ([
Aft Sensor Fwd Sensor
Group #4 < —> -+ < roup #4
P Aft > GPC #4 - Fwd P
Aft Effector|® MDM #4 |— — MDM #4 |« Fwd Effector]
Group #4 - o Group #4
—» -+
> GPC #5 -

Figure 2-1. Orbiter Data Processing System Data Flow

For entry, the BFS DAP is very similar to the PFS DAP, with two major exceptions: the BFS does not

have an automatic pitch or lateral control mode, and the various surface trim integrators are grounded
until the pilot activates the BFS system. (Only the pilot can command the backup system to take over
control of the Orbiter.) A special set of first-pass logic is executed at BFS activation.

The BFS software has not been engaged during an actual flight, and no plans are in existence to flight-
test the system. The need to retain the backup set of software has been discussed a number of times,
with the decision always being to retain it.

The following sections give an overview of the Orbiter entry control system elements (software, sensors,
effectors, and crew interface) and the basic flight profile parameters within which the system must
function.

2.1 GPC GN&C Software

The flow of data through the various elements of the GN&C software functions in the Orbiter's GPCs is
diagrammed in figure 2-2. In general, the sensor data flows to the navigation and flight control functions.
The navigation function computes the inertially-derived parameters required to support guidance, flight
control, and crew displays. The guidance function computes the attitudes required to reach the landing
site, and the flight control function maneuvers the vehicle to the required attitudes using the aerodynamic
surfaces and reaction control system (RCS) primary jets. In parallel with these activities, the crew can
interact with the automatic and manual systems by using switches, controllers—e.g., rotational hand
controller (RHC), rudder pedal transducer assembly (RPTA) and speedbrake/thrust controller (SBTC)—
and cathode ray tube (CRT) displays. STS-101/Atlantis in May 2000 was the first flight to use the
multifunction electronic display system (MEDS) cockpit upgrade, in which electro-mechanical and
cathode-ray displays were replaced with liquid-crystal flat panel displays. This “glass cockpit” improved
crew/Orbiter interaction with easy-to-read, graphic portrayals of key flight indicators and brought the
Space Shuttle cockpit displays up to date with technology that is now common in many commercial
airliners.
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Figure 2-2. Guidance, Navigation, and Control Data Flow

2.1.1 Navigation System

The Orbiter entry navigation system (see figure 2-3) has four parts: 1) state (position and velocity)
propagation software, 2) attitude estimation, 3) state updating using external sensor measurements, and
4) computation of parameters for guidance (GUIDCOMP) and flight control (navigation-derived air data, or
NAVDAD). The state propagation software, referred to as the outer-loop navigation, is executed at either
0.25 Hz or 0.5 Hz. The higher rate is used after the microwave scanning beam landing system (MSBLS)
is acquired (at approximately 14,000 ft) to support the autoland guidance. When the outer-loop
navigation is being executed at 0.25 Hz, the software maintains separate states based on the number
(one to three) of active inertial measurement units (IMUs). Separate states are maintained to prevent
corrupting all the states with bad data from one IMU. After transition to the faster outer loop processing, a
single state based on selected IMU data is maintained.
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Figure 2-3. Navigation Block Diagram

The attitude estimate is attained by reading IMU gimbal angles every 0.96 sec and using rate gyro data to
estimate the attitude at points between the IMU readings. The rate gyro data is passed through two first-
order lag filters at 25 Hz and 12.5 Hz to smooth the signal before being used in the integration logic in the
attitude processor. The integration is done at 6.25 Hz. For comparison, the same logic is used during
ascent, with the exception that only one first-order lag is used (25 Hz), and the integration is done at

12.5 Hz. This approach minimizes the computer processing unit (CPU) computation time requirements.
The software maintains its attitude estimate in the form of an inertial-to-body quaternion.
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The navigation software uses a combination of tactical air navigation system (TACAN) (for range and
bearing), air data transducer assembly (ADTA) (for barometric altitude), MSBLS (in the PFS only, for
range, azimuth, and elevation), and drag altitude to update the outer loop states. Drag altitude refers to
the derivation of an estimate of the current Orbiter altitude from the measured drag, assumed Orbiter drag
coefficient as a function of alpha and Mach, and a standard altitude-density profile (62-standard, hot, or
cold). This technique is used between the point that the drag acceleration reaches 11 ft/sec? until the
altitude is less than 85,000 ft. TACAN data is used between approximately 150,000 ft (Mach 7) and start
of MSBLS processing. The TACAN data has produced extremely good results during actual flights. The
barometric altitude is used between Mach 2.5 and start of MSBLS processing with the exception of the
Mach jump region (1.4>Mach>.9). Finally, MSBLS is used below an altitude of approximately 14,000 ft to
the ground. When a landing site is not equipped with MSBLS, TACAN and barometric data are used at
the lower altitudes.

Beginning with STS-118, the first 3-string Global Positioning System (GPS) flight (OV-105 with no
TACANsSs installed), GPS data has been used from approximately 150,000 ft altitude to the start of MSBLS
processing. This is also applicable to vehicles with 3 TACAN transceivers and 1 GPS receiver installed
(OV-103 & OV-104). During the GPS data processing period, the GPS state vector is used to replace the
onboard navigation state vector as a whole-state-replacement at an interval of approximately every

42 sec. Between GPS update cycles, the TACAN range and bearing data (when applicable), along with
barometric altitude data, are heavily down-weighted due to the much smaller covariance matrix which
reflects the accuracy of the GPS solution. Although GPS accuracy is comparable to MSBLS, MSBLS
processing is still the prime navigation sensor from approximately 16,500 ft altitude to the ground.

It should be noted that the crew controls the updating of the state vector through a set of AUTO-FORCE-
INHIBIT commands on horizontal display (SPEC 50), a CRT display used for control of navigation
sensors and other functions for all external sensors except the MSBLS. AUTO indicates that a set of
automatic logic should be used to determine if the sensor data should be used, INHIBIT indicates that the
data should not be used, and FORCE indicates that the automatic logic should be overridden and the
data should be used provided no failure has been detected by the fault detection, isolation, and
reconfiguration (FDIR) logic.

Because the guidance and flight control need parameters that must be derived from navigation data at
higher rates than those at which the outer loop is executed, a separate state (called the user parameter
propagator [UPP] state) is maintained at 6.25 Hz. From this state, parameters such as range to the
landing site, angle of attack, altitude, and altitude rate are estimated.

2.1.2 Guidance Techniques

During atmospheric flight, four guidance techniques are used: 1) entry, 2) terminal area energy
management (TAEM), 3) approach and landing, or autoland, and 4) glide return to launch site (GRTLS).
As part of the OI-8C primary software release, an automatic normal acceleration (Nz) control logic was
added to the GRTLS guidance to support contingency abort operations. The first three techniques are
used for nominal end of mission (NEOM) and the last two are used for RTLS abort mode. Plots of
altitude, range, angle of attack, and roll angle as a function of relative velocity (reproduced from the
operational flight profiles of STS-41D) are given in figure 2-4.
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Figure 2-4. Nominal End of Mission Trajectory Parameters

The Entry guidance guides the Orbiter during software major mode (MM) 304 (entry interface to a

relative velocity of 2,500 ft/sec). This guidance attempts to follow a desired drag-velocity profile using the
following second order control law:

L/Dges = L/Dref + C1*(Drag - Dragyes) + C2*(Hdot - Hdot,)
Rollgng = cos'1(L/DdeS ! L/Dmeasured) + Kaipha*(Alpha - Alphayes)

A typical roll profile is charted in figure 2-4. Roll reversals are required to keep the Orbiter’s relative
velocity vector pointing toward the landing site. The number of reversals is determined by the initial cross
range and velocity at entry interface. The alpha-related term in the Roll.,, computation is required to

maintain the reference alpha profile. The actual alpha command is computed using the following
equation.

Alphagng = Alpha,s + C3 * (Drag - Drag,e)

The C3 coefficient is set to zero during the very early part of entry to allow the system to settle onto the
desired angle of attack. The alpha modulation logic is activated when the velocity is below a given value
or the drag is above the reference value. If the delay until the reference value were not included, the
system would immediately pitch up to the maximum allowed angle of attack.

An approximation of the nominal drag-velocity profile is given in figure 2-5. The drag level is selected to
ensure that the trajectory parameters remain within the capability of the Orbiter’s thermal, structural,
propulsion, venting, and control systems. The software will iterate on the drag level until the predicted
range potential of the trajectory matches the range to landing site computed by GUIDCOMP.
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Figure 2-5. Typical Drag-Velocity Profile
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There are two ways to initiate a roll reversal. The first is for the magnitude of the heading error to exceed
the limits within the guidance (see figure 2-6). The second is for the pilot to manually roll the Orbiter to
the opposite bank. When the guidance notes that the sign of the actual roll angle is different from the
commanded roll angle and the heading error is within the programmed limits, the guidance assumes that
the pilot has requested a reversal and changes the sign of the desired roll angle. This capability was
added late in the STS-1 development cycle to allow the pilot to avoid reversals in selected flight regimes,
or to keep the heading error small in low-energy cases.
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Figure 2-6. Heading Error Limits

The angle-of-attack command is derived primarily from an angle-of-attack versus relative-velocity profile
with small deviations allowed to maintain the desired drag-velocity profile. A close look at the alpha
profile in figure 2-4 shows transient increases after each roll reversal. The trajectory lofting that
accompanies a roll through wings level causes a small reduction in dynamic pressure. The increase in
alpha is required to increase the drag coefficient in proportion to the reduction in dynamic pressure. The
profile is primarily derived to minimize heating during entry and, with the exception of a minor change
starting with STS-6, the same profile has been used for all flights. As part of the contingency abort
software upgrade after STS-51L, the capability to fly a longer range (lower angle-of attack profile) was
added to support low-energy transatlantic abort landings (TALs). Figure 2-7 is an approximation of the
reference nominal alpha profiles.
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Figure 2-7. Reference Angle-of-Attack Profile

The TAEM guidance is used from the start of MM 305 until the transition to approach guidance between
10,000 ft and 5,000 ft. This guidance attempts to follow an altitude versus range to the runway profile in
the vertical channel and a fixed ground track profile. It uses the roll angle to control the ground track and
the normal acceleration (Nz) level to control the vertical channel profile. When the Orbiter is low in
altitude, the Nz will be increased to reduce the energy loss rate (which assumes the vehicle is operating
on the front side of the L/D curve). Similarly, the Nz level will be reduced to increase the energy loss rate
when the Orbiter is high on altitude. The guidance will also constrain the Orbiter to stay within the Nz and
Qbar limits. The Orbiter will fly a ground track similar to the profile shown in figure 2-8. The heading
alignment cones (HACs) are normally positioned approximately 36,000 ft from the end of the runway.
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Figure 2-8. Typical TAEM Ground Track

The speedbrake is used to control airspeed directly once the Orbiter has gone subsonic. A modification
to this logic to make the speedbrake an energy rate controller was implemented in OI-22, which resolved
some wind-related concerns. In cases where the energy is extremely high, the guidance will increase the
distance to be flown by banking the Orbiter to turn the velocity vector away from the HAC. This maneuver
is referred to as an S-turn. For extremely low energy cases, the crew can direct the computer to move
the HAC to 30,000 ft from the end of the runway to reduce the distance to be flown. In addition, the
TAEM guidance will reduce the radius of the HAC from 15,000 ft to 5,000 ft to reduce the distance to be
flown.

The approach and landing guidance controls the final part of the Orbiter flight profile. This guidance
attempts to fly a fixed glide slope (17 or 19 deg) until the preflare maneuver at 2,000 ft, where the Orbiter
transitions to a 1.5-deg inner glide slope. The 17-deg glide slope is used for weights greater than
220,000 Ib; the 19-deg glide slope is used for lighter-weight landings. (As part of a suite of approach and
landing guidance updates made in 1993 to increase touchdown energy, the heavyweight and lightweight
glide slopes were raised to 18 and 20 deg, respectively.) At approximately 100 ft, the Orbiter executes a
final flare maneuver. The speedbrake is used to control the Orbiter airspeed. A typical approach profile
is shown in figure 2-9. Roll angle is used to align the Orbiter with the runway. Although Sperry (designers
of the approach and landing guidance) completed all the analyses required to commit the Orbiter to an
autoland for midrange weights, autoland demonstration tests have never been accomplished. However,
the automatic landing system has been used to as low as 100 ft. The BFS does not include approach
and landing guidance or MSBLS navigation.

Aliude (kft)

Shallow Glideslop 1.5 deg

0 5 10 15 20 25 30 35 40

Range to Runway Threshold (kft)

Figure 2-9. Autoland Range/Altitude Profiles

Upon sensing weight on main wheels (WOWLON) and the airspeed decreasing to a desired value

(180 KEAS), a slapdown maneuver is executed by the pitch control system, the speedbrake is opened to
provide aerobraking, and the lateral guidance is transferred to the yaw control logic. After nosegear
touchdown, the elevons are commanded to provide load relief/load balancing, and lateral control to the
runway centerline is accomplished by a combination of nosewheel steering and rudder control. The pilot
may use the brakes to supplement the primary lateral control effectors.

The GRTLS guidance is sometimes referred to as the extended TAEM guidance because below
3,200 ft/sec (MM 603), the GRTLS guidance is almost exactly the same as the NEOM TAEM guidance.
Figure 2-10 presents typical angle-of-attack and normal acceleration profiles during the GRTLS unique
trajectory segment. To handle the flight phase (MM 602) between external tank separation (ET-SEP) and
start of MM 603, three open-loop phases (alpha hold, Nz hold, and alpha transition) were added. These
guidance phases attempt to control the plunge into the atmosphere caused by the low ratio of the
Orbiter’s inertial velocity to circular velocity at main engine cutoff (MECQO). During the alpha hold phase
(IPHASE 6), a constant angle of attack of 50 deg is held and the roll command is set to zero. During the
Nz-hold phase (IPHASE 5), a constant normal acceleration level (2 g) is commanded and the roll
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command is maintained at zero. The final open-loop phase, alpha transition (IPHASE 4), follows a fixed
alpha relative velocity profile, and the roll angle is proportional to the angle between the relative velocity
vector and the tangent to the desired HAC. The only energy control is the option to execute an S-turn in
the alpha transition phase.
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Figure 2-10. GRTLS Profile Parameters

2.2 Entry DAP Configuration

The DAP has both manual (with stability augmentation) and automatic modes that are selectable by axis
(pitch, roll/'yaw, or nosewheel steering) or by secondary effector (bodyflap or speedbrake). The pilot is
free to mix and match modes for any combination. One of many possible combinations is auto-pitch,
CSS-lateral, manual-speedbrake, and auto-bodyflap. Early in the program, a direct mode—which had
elevator, aileron, and rudder commands directly proportional to the RHC and/or RPTA displacement (no
feedback)—was evaluated and found not to be a flyable mode. The current manual mode, which is often
referred to as the CSS (control stick steering) mode, is a rate-command system with almost the same rate
damping stability loop that the automatic system uses. The automatic system replaces the RHC-
generated rate commands with commanded rates computed from the errors in the body roll angle in the
lateral axis, and either the angle of attack error or the Nz error in the pitch axis, depending on the flight
phase. The RHC is used as a two-axis controller (no yaw input) to generate the desired pitch rate and
the desired stability axis roll rate. Roll maneuvers are done while maintaining the desired angle of attack
with minimum sideslip. This is accomplished by the addition of automatic turn coordination logic based
on the set of desired stability axis rates. Normally, the desired stability axis yaw rate (- Bqo) is zero. The
equations used to convert body rates to stability axis rates follow:

Pstabiity = Poody COS(alpha) + Ryoay Sin(alpha)
Baot = - Rstabiity = Pbody Sin(alpha) - Rpegy cOs(alpha)

Simplified block diagrams of the pitch, roll, and yaw axes of the entry/GRTLS DAP are shown in figures 2-
11, 2-12, and 2-13. These diagrams are based on the OI-8B software release. (Diagrams based on the Ol-
25 and OI-27 software releases are shown in Appendix D.) As shown in these simplified diagrams, each
axis can be divided into five basic elements: 1) rate command computation logic, 2) shaping gains and
filters, 3) trim logic, 4) bending suppression, and 5) command limiting. Typically, the inner stability loops
(rate damping) and RHC operations are done at 25 Hz by the computer, while the guidance interface
blocks are done at 6.25 Hz. The RCS jet computations are done at 12.5 Hz to provide a minimum ON
time of 80 msec.
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The high degree of interaction between the roll and yaw axis control logic has resulted in the combination
referred to as the lateral axis, and all stability and response analysis is conducted for a combination of the

two axes.

The elevator trim logic consists of two distinct sets. During the initial phase of entry, a forward-loop
integrator using the shaped pitch rate error and pitch jet command as input is used to compute the trim
position for the elevator. After the high-Qbar flag (Qbar > I-load) has been set true, the output of a lag
filter (for which the input is the current sensed elevator position), is used for trim. It should be noted that
during GRTLS only the lagged elevator position logic is used.



The pilot can lower the surface (elevator, aileron, and rudder) forward loop gains by selecting the “low
gain” position on the entry roll mode switch. By using the same switch, the pilot can select the “no-yaw-
jet” mode. When this mode is selected, the lateral axis will be immediately changed to the CSS mode.
These two options are the remains of the extensive entry “downmoding” capability that existed for the first
five flights. None of the original or current downmoding logic has been used in flight.

The pilot also has the option, using the “beep” trim on the RHC, to input a steady-state pitch or stability
roll rate command. Currently, this capability has never been used in flight, nor is its use planned. There
is no way to monitor the exact value of the integrators that compute the beep rate command. Therefore,
once a rate has been trimmed into the system, there is no way to be sure the command has been
removed without going from CSS to automatic and back to CSS. (This action will cause the integrators to
be reinitialized to zero.) A more useful capability, which has not been used in flight, is that to manually
aid the trimming process. This is done using momentary panel switches that are gained and summed
with the normal signals that make up the inputs in the aileron and elevator trim integrators. The outputs
of aileron and rudder trim integrators are displayed to the flight crews on the entry trajectory displays.

Although the pilot does not have a direct input into the rudder integrator, he or she can bias the lateral
acceleration (Ny) that the DAP is trying to maintain. This could be extremely useful in nulling the effects
of a large bias in the lateral accelerometer output. The values of the Ny bias and the measured Ny are
displayed to the pilot on the trajectory displays. The pilot has the capability to actively command a lateral
acceleration by deflecting the rudder pedals. This command is executed by using the rudder and yaw jets
(Mach > 1) in all flight phases below Mach 5 and by using the rudder and nosewheel during rollout.

2.3 Trajectories and Events’

Key events in the NEOM profile are listed in table 2-1. The locations of some NEOM events relative to
basic trajectory parameters are shown in figure 2-14. An abort-once-around (AOA) has the same events
as NEOM, whereas TAL mode has the additional events listed in table 2-2.

! The following figures and tables may indicate bodyflap activation at Qbar=0.5 and other events at Qbar=20. Bodyflap activation
has been updated to Qbar=2.0, and all DAP RECON HIGHQ events to Qbar=40, as discussed in Section 6.1.
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Table 2-1. Key Events in NEOM Profile’

9.
10.

11.
12.
13.

14.

15.
16.
17.
18.

19.
20.
21.
22.

23.

Event

. PRO to MM 304

Dynamic Pressure = .5 psf
Dynamic Pressure = 2 psf

Dynamic Pressure = 8 psf
Dynamic Pressure = 10 psf
Dynamic Pressure = 20 psf

. Dynamic Pressure = 40 psf

Mach = 12

Mach = 10

Mach =5

Mach =4

Altitude = 125,000 ft
Mach = 2.5

Mach =1

Mach = .95

Mach = .6

Altitude = 14,000 ft

Altitude = 10,000 ft

Altitude = 3,500-500 ft

Altitude = 200 ft

Main Gear Touchdown
Nose Gear Touchdown

140 KEAS

Action
Start Entry Software
Maneuver to Alpha = 40 and Roll =0
Activate Bodyflap
Activate Elevator And Aileron
Activate Beta Washout Logic
Activate Entry Guidance
Deactivate Roll Jets
Deactivate Beta Logic
Activate Ny Logic
Allow 4 Yaw Jets To Fire
Deactivate Pitch Jets
Use Elevator Feedback for Pitch Trim
Start Ramp to Front Side of L/D Curve
Start Opening of Speedbrake
Activate Rudder
Deploy Air Data Probes
Start Transition to Normal Aileron Control (GALR)
Increase RCS Jet Minimum ON Time to 320 msec
Start MM 305
Activate TAEM Guidance
Incorporate Measured Air Data Information
Deactivate Yaw Jets
Activate Lower Order Bending Filters
Start Using Speedbrake for Energy Control
Start Using Body Roll Rate in Yaw Channel
Acquire MSBLS to Update Navigation State
Transition to Approach Landing Guidance
Move Bodyflap to Trail
Terminate Active Speedbrake Energy Control
Deploy Landing Gear
Transition to Slapdown Logic (WOWLON)
Transition to Rollout Logic
Activate Nosewheel Steering
Activate Load Relief
Start Manual Braking

* Post 1992 updates to approach and landing events:
19a. Altitude = 3000 ft
19b. Altitude = 500 ft

20.

Retract Speedbrake
Adjust Speedbrake
Altitude = 300 ft Deploy Landing Gear
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Figure 2-14.

Nominal End-of-Mission Events
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Table 2-2. Additional Key Events in TAL Profile

Event
1. Enter MM 304,

Action
Start Main Oxidizer Valve (MOV) and RTLS 1% in LH>

Dump
Open 8 inch LH; Fill and Drain Valve
Activate TAL Unique FCS Logic

2. MM 304 + approx. 20 sec, Start Nominal 100 ft/sec OMS Burn

3. Dynamic Pressure = 2 psf, Activate Bodyflap

4. Mach = 20, Open 8 inch LO; Fill and Drain Valve
Deactivate TAL Unique FCS Logic

5. Mach = 8, Start +X RCS Dump

The surface temperature data shown in figure 2-14 is for the stagnation point on a reference sphere.
Various points on the Orbiter may be at higher or lower temperatures, depending on the local flow field.
Early in the program, a simplified heating model was developed for use in the GN&C design and
evaluation and trajectory simulations. This model has been very useful as a trend indicator in evaluating
various change proposals and in the design of the nominal descent profiles. Figure 2-14 shows the
various entry guidance phases and MM 304 and 305 interface. Care should be taken in using the time-
to-touchdown scale because of the nonlinearity in the points used to make the plot.

The locations of some GRTLS events relative to basic trajectory parameters are shown in figure 2-15.
The large difference in the altitude-versus-relative-velocity profiles for GRTLS and NEOM is evident. Key
events in the GRTLS profile are listed in table 2-3.

/— NOMINAL ENTRY REFERENCE

~@—— GRTLS NOM TRAJECTORY
25-

18-

MM602, EVENT A39, IPHASE B = 6
CREW INPUT OR DAP DISCRETE

ROLL RCS OFF, Q = 10
15- 20-

PITCH RCS OFF, Q = 40
13-

NZ HOLD (NZ © 1.65G) IPHASE B = 5

_— RUDDER ON
AD PROBE, DEPLOY

IPHASE B = 4

10- 15-

ALTTUDE, FT X 10 #

T IPHASE B - 0 IF EXCESS ENERGY
IPHASE B = 1, NOT EXCESS ENERGY

TMEMN TO T OUCHDOW N

10-

MM603 TAEM INTERFACE
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T T

28 24 20 16 12 8 4 0
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Figure 2-15. GRTLS Events
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Table 2-3. Key Events in GRTLS Profile*

Event
ET-SEP + 10 sec and
alpha > 10 deg

Action
Start GRTLS Software (MM 602)
Activate Bodyflap
Activate Elevator and Aileron
Activate Beta Washout Logic
Start Alpha Recovery Phase (IPHASE = 6)
Start MOV and RTLS 1% in LH> Dump
Use Elevator Feedback for Pitch Trim

2 MM 602 + 20 sec Start +X RCS Dump
Alpha = 50 deg.
Start Opening Speedbrake
3. Dynamic Pressure = 10 psf Deactivate Roll Jets
4. Dynamic Pressure = 20 psf Activate Ny Logic
Allow 4 Yaw Jets to Fire
Open LH2 and LO> 8 inch Fill-and-Drain Valves
5. Dynamic Pressure = 40 psf Deactivate Pitch Jets
6. Nz =2g Start Nz Hold Phase (IPHASE = 5)
7. Hdot > -250 ft/sec Start Alpha Transition Phase (IPHASE = 4)
8. Mach =5 Activate Rudder
Deploy Air Data Probes
9. Mach =4 Transition to Normal Aileron Control (GALR)
10. Altitude = 125,000 ft Increase RCS Jet Minimum ON Time to 320 msec
11. Mach = 3.2 Start MM 603
Activate TAEM Guidance
12. Mach = 2.5 Incorporate Measured Air Data Information
13. Mach = 1 Deactivate Yaw Jets
Activate Reduced Order Bending Filters
14. Mach = .95 Start Using Speedbrake for Energy Control
15. Mach = .6 Start Using Body Roll Rate in Yaw Channel
16. Altitude = 14,000 ft Acquire MSBLS to Update Navigation State
17. Altitude = 10,000 ft Transition to Approach Landing Guidance
Move Bodyflap to Trail
18. Altitude = 3500-500 ft Terminate Active Speedbrake Energy Control
19. Altitude = 200 ft Deploy Landing Gear
20. Main Gear Touchdown Transition to Slapdown Logic
21. Nosegear Touchdown Transition to Rollout Logic
Activate Nosewheel Steering
Activate Load Relief
22. 140 KEAS Start Manual Braking

* Post 1992 updates to approach and landing events:
19a. Altitude 3000 ft Retract Speedbrake

19b. Altitude 500 ft Adjust Speedbrake

20. Altitude 300 ft Deploy Landing Gear

2.4 Sensors and Effectors

As can be seen in nominal and intact abort trajectory profiles, the entry and GTRLS DAPs have to
function over a variety of flight regimes (between Mach 25 and wheels stop, angles of attack of -4 deg
(rollout) to 50 deg (GRTLS abort), and dynamic pressures from 0 to 375 psf) with changing effectors and
sensors. Because the sequencing logic between flight regimes is extremely critical, considerable design
effort was required to smooth these transitions. Even though they are not normally considered to be
control effectors, the brakes were used as the primary lateral control effector during rollout on all flights
before STS-61A.

Early in the program, other effectors such as canards, tip fins, and ventral fins were evaluated, but were
not incorporated into the final design for various reasons (such as complexity, weight, and cost).

2.4.1 Effectors

During entry, the Orbiter FCS uses a combination of aerodynamic surfaces and aft-mounted reaction
control jets. Before entering the sensible atmosphere, the DAP is configured for all-RCS operation and
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then sequences to a hybrid RCS-plus-surface system. Finally, at Mach 1, the system terminates use of
the yaw jets and becomes a surface-only system. Figure 2-16 presents a graphical layout of effector
utilization criteria. The regions shown are based on the STS-26 return-to-flight configuration. The
effectors and the regions in which they are used are shown in table 2-4 (surface) and table 2-5 (RCS).
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| | Q= d0PSF Q=2,ACTIVATE [ HI-PASS
PITCH - Q=40: SWITCHFROM (3  TONyFEEDBACK;
PITCH TRIM TOLAGGED e
ROLL | | ‘Q=10PSF
YAW | 2JETS, Q< 40 4JETS, Q> 40 {320 msec ON-TIME MACH = 1.0
AEROSURFACES
ELEVATOR -
Q=2
AILERON Q=2 | |
RUDDER MACH =5
BODY FLAP Q=2
SPEEDBRAKE MACH = 10
| | l | l | ] | l |
400 350 300 250 200 15 125 100 50 0
ALTITUDE (1000 FT)
M =25 TAEM
ENTRY INTERFACE INTERFACE TOUCHDOWN
0 TIME (MINUTES) 25 31

Figure 2-16. Entry Effector Utilization
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Table 2-4. Actuator-Driven Effectors

EFFECTOR REGION USAGE
ELEVATOR QBAR > 2 PITCH ATTITUDE/RATE CONTROL
PITCH TRIM
LOAD RELIEF DURING ROLLOUT
AILERON QBAR > 2 ROLL ATTITUDE/RATE CONTROL
YAW TRIM — MACH > 3.5
ROLL TRIM — MACH < 3.5
RUDDER MACH < 5 YAW ATTITUDE/RATE/ACCEL CONTROL
YAW TRIM — MACH < 5
BODY FLAP QBAR > 0.5 MAINTAIN ELEVATOR ON SCHEDULE
(O1-26 UPDATE: QBAR > 2)
SPEEDBRAKE MACH < 10 MAINTAIN ELEVATOR IN DESIRED LOCATION
ENERGY CONTROL (MACH < 0.95)
PROVIDE NOSE-UP MOMENT DURING SLAPDOWN
ADDITIONAL DRAG DURING ROLLOUT
NOSEWHEEL ROLLOUT MAINTAIN LATERAL CONTROL ON RUNWAY
BRAKES ROLLOUT MAINTAIN LATERAL CONTROL ON RUNWAY

STOP VEHICLE

Table 2-5. RCS Effectors

UNIT REGION USAGE
ROLL JETS QBAR < 10 ROLL ATTITUDE/RATE CONTROL
2, 4)
PITCH JETS QBAR < 40 PITCH ATTITUDE/RATE CONTROL
2,4)
YAW JETS MACH > 1 YAW ATTITUDE/RATE/ACCEL CONTROL
(2,3,4) (H > 80K)
AFT JETS MACH < 8 DUMP FOR CG/WEIGHT CONTROL ON ABORTS
(4) QBAR > 20
FWD YAW JETS MACH < 15 DUMP FOR CG-WEIGHT CONTROL ON ABORTS (NOT TO BE
(2, 4) QBAR > 20 USED UNTIL PTI PROGRAM COMPLETED

1

vy

—+

—

Loy

It should be pointed out that the aileron and elevator commands are implemented using the same
surfaces. The Orbiter has four elevons (two on each side) that are moved symmetrically for elevator and
antisymmetrically for aileron control. Similarly, rudder and speedbrake are obtained using common
physical surfaces. The panels are moved symmetrically for speedbrake and antisymmetrically for rudder.
Unlike the elevons, the rudder and the speedbrake have different drive units. The equations for
computing aileron, elevator, speedbrake, and rudder from the physical surface deflections are given in

table 2-6.

Table 2-6. Aerodynamic Surface Position Computations

Elevator
Aileron
Speedbrake
Rudder

(Elevon e + Elevon g / 2
(Elevon ¢ - Elevon rgy) /2
Panel o1 - Panel rgnt

(Panel left T Panel right) 2
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Each of the primary actuator systems receives four independent commands (which will be equal if the
computer system is working correctly) from the data processing system. Built into each actuator is a
hydraulic fault detection and isolation system which has the authority to bypass one of the channels when
a failure has been detected and isolated. The pilot has the ability to override the automatic FDIR logic
and either bypass a channel or prevent the system from bypassing a system it perceives to have failed.

The aerodynamic surfaces are driven by a set of three independent hydraulic systems that are powered
by three auxiliary power units (APUs). The FCS uses a software rate and authority limiting function—
priority rate limiting (PRL)—to maintain the commanded surface rates within the capability of the hydraulic
system. Figure 2-17 shows how the load is distributed between the hydraulic systems during nominal
operation. In this figure, the following notations are used: the symbols “A,” “S1,” and “S2” indicate which
hydraulic system is the active system, primary standby, and the secondary standby, respectively, for each
of the primary control effectors. If any of the systems fail, switching valves automatically start using one
of the other systems for the effectors that had been using the failed system. Currently, only system 1 can
supply flow to support the nosewheel steering system.

HYD #1

HYD #2

HYD #3
A s2 A s2 S2
s2 A s2 A S1
s1 s1 s1 s1 n

L L L L L
LEFT O/B LEFT I/B RIGHT 1/B RIGHT O/B RUD/SB

Figure 2-17. Surface/Hydraulic System Configuration

The system was designed to supply the required power with one failure and only a small reduction in
rudder rate capability, and no reduction in elevon rate capability. Table 2-7 lists the maximum surface
rates as a function of the number of working hydraulic systems. When two failures have occurred, the
system will continue to operate, but at significantly reduced surface rates. (The FCS system has not
been certified for operating with only one APU, but simulations have shown that the system is acceptable
except for some large crosswind cases at landing. The probability of a pilot-induced oscillation (P10O) is
greater under single-APU operation.)

Table 2-7. Surface Rate Limits®

SURFACE 3 SYSTEMS 2 SYSTEMS 1 SYSTEM
Elevator 20 deg/sec 20 deg/sec 13.9 deg/sec
Aileron 20 deg/sec 20 deg/sec 13.9 deg/sec
Rudder 14 deg/sec 12 deg/sec 7 deg/sec
Speedbrake 10.86 deg/sec 10.86 deg/sec 3.8 deg/sec

Early in the program, it was recognized that the surface forward-loop gains had to be a function of Mach,
angle of attack, and dynamic pressure to account for the changing surface effectiveness. This was
accomplished by directly scheduling the gains with Mach number and dividing them by either the dynamic
pressure (on aileron and rudder) or the square root of the dynamic pressure (on elevator) to remove the
dynamic pressure effects. The square root formulation was used in the pitch channel to reduce the
effects of errors in the estimation of dynamic pressure. Direct scheduling with angle of attack was found

' Table 6-10 contains 2009 updated values of the surface rate limits.
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to be necessary (a by-product of flying fixed alpha Mach profiles) only in the aileron channel during a
small segment of a GRTLS trajectory (discussed in detail in Section 3.2.7 as one of the STS-6 updates).
In all cases, gain limits, after the division by dynamic pressure, were included in the formulation to prevent
excessive rate requirements. These limits were necessary to prevent excessive surface motion that could
reduce the FCS structural attenuations or saturate control authority.

The entry DAP uses only the aft side and up/down firing jets for control, but contains the logic to dump
excess propellants through the forward yaw jets or the +X aft jets. The jets all have the same thrust level
(approximately 870 Ib force). Average rolling and pitching moments from one up-down jet are approximately
15,000 ft-Ib and 30,000 ft-Ib, respectively. (Canting of the down-jets results in slightly lower moments
than from up-jets.) A single side jet produces a yawing moment of approximately 30,000 ft-Ib. Unlike the
on-orbit DAP, neither the entry nor the GRTLS DAPs take into account the translation accelerations from
control firings, because the effect of the resultant translation accelerations is small compared to the
aerodynamic effects. Included in table 2-5 is a depiction of the number of jets available in each direction
(at a forward viewpoint from behind the Orbiter).

Two sets of tanks are capable of feeding the aft jets (one on the left and one on the right). Normally, the
right tanks feed the right jets and left tanks the left jets, but the pilot has the capability to cross-feed the
jets. In a left-to-right cross-feed, all the jets are being fed by the left tanks, and in a right-to-left cross-
feed, all the jets are being fed by the right tanks. When a cross-feed is in operation, the DAP limits the
number of jets being fired for control purposes to a maximum of four, otherwise the limit is four jets per
pod. CR 93086A, implemented in OI-33, changes these limits to seven for GRTLS (see the FCAN 1
paragraph in Section 7.5). The jet selection logic (JSL) in the software gives priority to up/down jet
commands over yaw jet commands when all commands cannot be satisfied. Jets being used for
dumping are not included in the limit. (This was an oversight in the original design and has been
addressed during the return-to-flight activities.)

The numbers under each jet type in table 2-5 indicate the levels of command the flight control system is
allowed to send to the JSL. The JSL is a set of software that takes the roll, pitch, and yaw jet commands
and selects the optimum jet combination to satisfy the commands. The tank constraints (maximum
number of jets from a single tank) are protected by this software module.

2.4.2 Sensors

The Orbiter sensors for entry can be divided into two groups—navigation and flight control—based on
their primary usage. The rate gyro assemblies (RGAs), accelerometers (AAs), and ADTAs are
considered the primary FCS sensors, but without accurate navigation data, the control system would not
function: loss of state vector data or attitude data would result in loss of the Orbiter. The primary
navigation sensors are the IMU, TACANs, and MSBLS. A pair of radar altimeters is used for display only
during the final phase of landing. A summary of primary FCS sensor usage is given in table 2-8.

Table 2-8. FCS Sensors

SENSOR PARAMETER USAGE
RATE GYROS INERTIAL ANGULAR RATES INNER LOOP RATE DAMPING
(4 SETS) (P.Q,R) ATTITUDE RATE FILL LOGIC

LINEAR ACCELEROMETERS

LINEAR ACCELERATIONS

DISPLAY
LATERAL CONTROL

(4 SETS) (NY AND NZ) GUIDANCE COMMANDS
DISPLAY
AIR DATA MEASURED AIR DATA GAIN SCHEDULING
(2 UNITS) PARAMETERS — MACH < 2.5 TURN COORDINATION
(MACH, QBAR, ALPHA, TAS, EAS) ATTITUDE LIMITING
DISPLAY
IMU ATTITUDE AND ACCELERATION GAIN SCHEDULING
(3 UNITS) (POSITION, VELOCITY, ATTITUDE ATTITUDE LIMITING
AND AIR DATA) TURN COORDINATION

DISPLAY

17




Selection and placement of flight-control-related sensors were key design decisions. Placement is
important because of the need to obtain rigid body rates and acceleration data for the control system.
The RGAs were moved to the payload bay aft 1307 bulkhead on the main spar because of problems with
local structural modes found during the hot fire vehicle before STS-1. (Section 4 contains a description of
the ground tests and a summary of the results.) The accelerometers and IMUs are located in the front of
the vehicle, where the vibration and temperature environments are favorable, on a hard mount to reduce
the effects of local structural modes. For most analyses, the RGAs are modeled as first-order linear
systems with a break frequency of 50 radians per second (rps). The AAs are modeled as second-order
linear systems with a damping of .5 and a natural frequency of 15 rps cascaded with a 90 rps first-order
lag. (Rigid-body-only simulations normally use only the second-order filter because of their low
computation rates.)

Sampling frequencies for the sensors are 1) RGA and AA—25 Hz, 2) IMU accelerations—6.25 Hz, 3) IMU,
gimbals and ADTA—1.04 Hz, 4) MSBLS—.5 Hz, and 5) TACAN—.25 Hz. These rates correspond to use
by the on-board GN&C system, not to the frequencies at which the data are read by the avionics system.
The transport delay from sensor read to force-effector write (multiplexer-demultiplexer [MDM] read to MDM
write) is specified in the Level B Computer Program Development Specification (CPDS) as a function of
such elements as MM or GN&C path. This is normally approximated for analysis purposes as half of the
sampling interval.

Two air data probes are deployed at Mach 5 from each side of the vehicle through doors located just
below and in front of the crew module. Each probe has two air data system computers to provide the
required redundancy. The probes have been calibrated in wind tunnels only below Mach 2.5, and the
software has been defined to limit use of measured air data to below Mach 2.5. These specifications are
consistent with the ADTA calibration data. To remove the limit on the use of measured air data, the crew
must execute an “item enter” on special keyboard key (SPEC) 50.

Early analyses and SPS simulations of the integrated GN&C system demonstrated the inability of the
inertial navigation system to calculate acceptable dynamic pressure using the estimated altitude and
velocity. An algorithm using the measured drag and a curve fit of the Orbiter drag coefficient was
developed for use above 1,400 ft/sec. Below this point, a set of default values is used if the measured
data is not available. The default values were determined by looking at the variation of dynamic pressure
and angle of attack from sets of Monte Carlo runs, stability margins, performance tests, and MIL
simulations. Default values were not included in the BFS because of core restrictions, a typical example
of protection for multiple failures not being incorporated into the BFS software. The BFS requirements
require single failure tolerance only.

2.4.3 Redundancy Management

Redundancy management is applied to the flight control sensors, manual controls, switches, actuator
positions, steering damping system, RCS, and GPCs to ensure adequate FCS performance even if
system failures occur.

For each type of sensor, logic was provided in both the PFS and BFS to select the best estimate of the
actual value of a measured parameter. The PFS includes failure detection logic to identify failed units.
The FDIR is normally executed at a low (1 to .5 Hz) rate, whereas the selection logic is executed at a high
(6.25 to 25 Hz) rate.

The FDIR is based on the assumption that for a number of FDIR cycles, a failed unit will provide data
significantly different from that of the remaining good units. The number of cycles and the magnitude of
data difference before failure is declared depend on the type of sensor being processed. This assumption
may not work if failure is near null (zero) or if a second unit fails before identification of the first failure.
For example, it is almost impossible to identify a failed pitch RGA during entry because of the low values
of pitch rate.

Three basic types of selection filters are used to compute the best estimate: 1) quad midvalue (four units),
2) midvalue (three units), and 3) averaging (two units). The averaging method simply takes the arithmetic
average of the two units. The midvalue method selects the value in the middle of the three units, and the
quad midvalue normally selects the unit in the middle with the larger magnitude of output. The quad
midvalue logic, designed to handle dual null failure, was added after STS-4, when the Orbital Flight Test
(OFT) program was completed. Because the BFS is required to be only one-fault tolerant, it uses only
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the averaging and the midvalue filters; even when four units are available, the BFS uses only the first
three. The one-fault-tolerant requirement may change when additional memory becomes available. The
difference in BFS and PFS memory has caused extra crew training, analyses, and verification testing.

In orbital program segment (OPS) 3, the crew was given the capability to override the automatic FDIR
logic via keyboard entries. Because of memory limitations, the same capability was not provided to the
crew in OPS-1 through OPS-6 until upgraded computers (AP101S machines) and OI-20 became
available in 1991.

2.5 Formal Verification Process

The planned formal verification process for the Orbiter entry/GRTLS FCS consisted of traditional stability
analysis, time domain simulations, ground vehicle tests, and laboratory tests combining the flight system
with models of the environment, sensors, and effectors in a real-time MIL simulation. Figure 2-18 diagrams
the elements and flow of the process with the data requirements.
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GAFD AERO DATA
H PARAMETERS
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Figure 2-18. FCS Verification Elements

This diagram shows the flow of data into the analysis and tests for both the rigid- and flexible-body
processes. Even though two paths are shown, the interplay between the paths is very important. The
three key events leading to the commit-to-flight signoff were planned to be the vehicle ground test, FSL
testing, and Honeywell analytical verification. The role of the aerodynamic flight test program in updating
and validating the wind-tunnel-derived aerodynamic and RCS force and moment data is also included.
This process led to changes in the database and in the FCS itself.

The same process (possibly reduced, depending on characteristics of the change) was followed in
validating each change before it was incorporated into the FCS.

2.6 Acknowledgement of Key Individuals

The Space Shuttle entry DAP in use today is based on many years of work following authority to proceed
in 1969. This effort has involved a large number and a wide variety of people. Participants are from
Rockwell (prime contractor); Honeywell (subcontractor for FCS); Sperry (subcontractor for autoland); JSC
civil servants and McDonnell Douglas and Lockheed support contractors; and other NASA centers with
their subcontractors and consultants (Langley, Ames, DRFC, Draper Labs, STI) and support programs
(such as the Calspan Total In-Flight Simulator [TIFS] and the Shuttle Training Aircraft [STA]). Although it
is not possible to list everyone who had a significant impact on the design of the DAP, many key individuals
are listed in Appendix B. Nor it is possible, for purposes of this document, to list all the individuals
contributing to the design of the DAP in their roles as technical sponsors of principal avionics elements
(such as FCS line replaceable units [LRUs], displays & controls, air-data, and G&N) or as test pilots and
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astronaut crew. Other NASA and contractor counterpart groups deserving recognition for their significant
role in the FCS/DAP design, development, test, and evaluation (DDT&E) include AERO, Structures,
Mission Ops and Natural Environments.

Some individuals with corporate memory are still available today, but most of the senior people have
transferred to other assignments or retired, and many have died. Corporate memory is available in
engineering documentation, and technical journal articles and conference papers, because the STS
program was managed to be open and serve the public.

3.0 History

A complete written history of the evolution of the entry DAP would require hundreds of pages and the
work of many individuals (some of whom have left the program). This summary can present only the
basic programmatic requirements and an overview of the evolutionary process since the start of the
Space Shuttle Program.

3.1 Requirements

It should be pointed out that although an Orbiter Flying Qualities Specification, JSC-07151 [JSC internal
document], was authorized for distribution, NASA did not impose these or a classical set of design
requirements (i.e., step response and phase and gain margins) on the prime contractor. The definition of
the margins is shown on a typical phase-gain plot in figure 3-1.

GAIN (DB)
Flex Mode
Attenuation Low Frequency Phase
L Gain Margin Margin
PHASE (DEG)

, ? -18p
High Frequency
Gain Marﬁin

Figure 3-1. Control Stability Margins Definitions

The Level Il and Il requirements documents, NSTS 07700, Vol. X, and Orbiter vehicle end item (OVEI)
specifications [JSC internal documents], simply state that the Orbiter shall have both automatic and
manual modes during entry and landing, and shall not require piloting abilities greater than that of a high-
performance land-based aircraft. One requirement given in Vol. X was a center-of-gravity (CG) envelope
of 65 to 67.5%. Based on this requirement, Rockwell, with the concurrence of the JSC flight control
community, placed the detailed stability and response requirements in the specification given to
Honeywell in the Systems Definition Manual (SDM). Although the response envelope has been modified
on several occasions as Orbiter characteristics evolved, the stability requirements listed in table 3-1 have
remained largely unchanged.
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Table 3-1. Stability Requirements

Rigid Body
Axis Condition Low Frequency Gain Phase High Frequency Gain
Pitch Nominal 6 dB 30 deg 6 dB
Off-nominal* 4 dB 20 deg 4 dB
Lateral Nominal 6 dB 30 deg 6 dB
Off-nominal* 4 dB 20 deg 4 dB

* When worst-on-worst pre-STS-1 aero variations were included, the only requirement was that the pilot
could maintain control.

Flex Body
Condition Requirement
Frequencies < 6 Hz* Nominal system 6 dB gain and 30 deg phase margins
Off-nominal system** 4 dB gain and 20 deg phase margins
Frequencies > 6 Hz Nominal system 6 dB of gain attenuation
Off-nominal system™* 4 dB of gain attenuation

* Although the requirements allow phase stabilization, the original intent was to have attenuation for all flexible body modes. When
the IUS upgrade was developed, phase stabilization was not accepted for the 3-Hz modes.
** 3-sigma on any parameter or 3-sigma composite (1.5-sigma on each parameter in worst combination).

In cases where the linear flexible attenuation requirements were not met, Honeywell used SIMFLEX, a
version of SIMEX that includes the effect of the Orbiter and payload structural characteristics to obtain
nonlinear time domain data on the control system margins. The concern in these cases was the
magnitude of the limit cycle, APU fuel usage, RCS consumables, and pilot loads. Cases with nominal
flight control gains, as well as increased gains to verify the linear margins, were included in the typical run
matrix. In some of the flexible body test cases, instead of changing the DAP gains, the test matrix
included the effect of uncertainties in local structural deflections as well as other structural characteristics.

Based on various structural tests, the damping for each mode is specified separately. Early in the
program it was assumed that all the modes had a damping of 1%, but this was ultimately found to be
excessively conservative. Normally, 2% damping is used on the first Z-bending mode; 1.5% is used on
wing-symmetric, wing-antisymmetric, and several other Orbiter modes; and 1% is used on the remaining
modes. All payload modes are assumed to have 1% damping unless the payload supplier provides other
data. The current (2009) Shuttle FCS Flex Engineering Analysis Standard Operating Procedure (Reference
3-1) assumes 1% damping on all Orbiter modes as well. Damping specifications for Orbiter structural
modes are relaxed to the known damping ratios when the minimum modal attenuations are not met and
damping relief is required.

The response envelope contains restrictions on response delay, rise time, overshoot, settling time, and
residual errors. These restrictions change as a function of the test point and the axis being evaluated. A
typical response envelope for a unit input is shown in figure 3-2. The commands used in the response
testing were angle of attack, normal acceleration, roll angle, pitch rate, yaw rate, and stability roll rate.

,_.
I

Com m and

Time (sec)

Figure 3-2. Typical Response Envelope

The basic guideline that designers and analysts used during design and verification was to maintain
acceptable nominal stability, response, and handling quality characteristics while providing maximum
coverage for off-nominal aerodynamics, environment conditions (atmosphere, mass properties, trajectory
dispersions), systems, and structural characteristics. A summary of the analysis cases and simulation
runs would show that a large majority of the cases included off-nominal items such as aerodynamics
(lateral and longitudinal), navigation errors (alpha, beta, dynamic pressure, Mach), sensor and effector
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characteristics (response, biases, failures), and structural characteristics (modal frequency, mode shape,
damping). Concern for the possibility of encountering extreme off-nominal conditions led to the
development of the extensive downmoding capability that existed during the orbital flight test program
(STS-1 through STS-4) and the first operational flight (STS-5).

Computation bandwidth requirements were based on the requirement to actively stabilize the rigid body
frequencies (less than 10 rps). This required a computation frequency of 25 samples per second (sps)
(40 msec), which does not allow active stabilization of the structural modes of the Orbiter. In addition, a
maximum transport delay on the inner stability loop of less than 20 msec was written in the Level A
CPDS.

3.2 Evolution
The history of entry control system development can be divided into nine phases.

1) Entry 1 DAP (1975): the period before the first integrated DAP
The development of Entry 5 DAP (1978)

The aborted attempt to certify Entry 5 DAP for flight

Tiger team redesign/verification effort (1979-80)

Resolution of STS-1 anomalies

Addition of TAL for STS-3

STS-6 upgrade

Landing rollout upgrades (STS-9 and STS-61A)
Post-STS-51L upgrades

The three phases before STS-1 are sequential in time, but the six phases between STS-1 and STS-51L
had some parallel activities. For example, the work to develop the Inertial Upper Stage (IUS) modifications
paralleled the tiger team effort and resolution of STS-1 anomalies. Also, a number of major studies have
been completed that provide a better understanding of the capabilities of the as-built entry FCS.

OOoOoO~NO O WN
—_—— e -

3.2.1 Development of Entry 1 DAP (1975)

From the start of Orbiter development until the first integrated entry DAP (a single DAP capable of flying
from entry interface through rollout), the entry control work was divided into two groups: 1) the terminal
area (TAEM and approach/landing) phase, with emphasis on the subsonic flight phase, and 2) the entry
area, which worked basically in the high Mach region. The division point between these two areas was
not well defined, and the method of lateral axis transition from an entry-type control system to a normal
subsonic system was one of the major design issues. The early integrated DAPs had a discrete transition
point based on a combination of Mach and angle of attack. Typical of this logic was a criterion such as
Mach less than 3.5 and alpha less than 25 deg.

In the early days of the program, there were two approaches to rolling the Orbiter at high Mach and high
alpha. The first was to use the “reverse aileron” (System 11) technique. This technigue commanded the
aileron to roll the Orbiter away from the desired direction in order to build a sideslip that would cause the
Orbiter to roll in the direction desired. The strong adverse yaw (-C,) aileron combined with the large roll

due to sideslip were the physical reasons this approach worked. The second technique used the aft yaw
jets (System 10) to induce the sideslip angle required to roll the Orbiter in the desired direction.

Because the Orbiter is not statically stable in yaw during supersonic flight, the parameter C,, Dynamic
(C..*) is used as a measure of the static restoring moment in the combined roll and yaw axis. The Orbiter
design requirements specified (in NSTS 07700) that the unaugmented value of C,.* should remain
positive (stable) throughout entry. The equation for C,* is:

c,” =C, cosle) - [l'ijqﬂ sin(a)

The first integrated DAP (Entry 1) used the yaw jet (System 10) approach for two reasons: 1) pilots did
not like the initial roll in the wrong direction and the increase in roll rate required to stop the maneuver,
and 2) System 11 was more sensitive to uncertainties in the Orbiter aerodynamic characteristics. The
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no-yaw-jet downmoding technique that was incorporated as a backup system before STS-1, and which
has been upgraded as part of the post-STS-51L activities, is a derivative of System 11.

The low-speed part of the Entry 1 DAP was designed to roll the vehicle in the normal aircraft approach.
Roll was controlled with the aileron and yaw with the rudder. This technique required at least a small
negative yaw from the aileron or a positive yaw moment from the aileron and a good strong rudder.

The first block diagrams for the Entry 1 DAP were sketched by Guy Bayle and Earl Woosley just before
their transfer to the ALT project. These diagrams were first implemented on the Crew Procedures
Evaluation Simulator (CPES) in JSC building 5 for a short study. In parallel, the DAP was implemented
by Ray DeVall on the SPS in JSC building 35. Between this time and the final definition of the Entry 5
system in 1978, the SPS would evolve into the primary design tool for the development of the entry
autopilot. (In 1981, the SPS program was moved to a new computer in JSC building 16 and integrated
with a new cockpit to form the current entry SES simulation.) Other simulations that would be used during
this period were Howard Stone’s entry simulation at Langley Research Center and the Shuttle Dynamics
Simulation System (SDSS) in building 4 at Downey.

The pitch axis was a straightforward rate damping proportional plus integral system, with an outer loop
that changed from an angle-of-attack controller to an Nz controller at TAEM interface. The automatic
bodyflap channel was implemented as a trim channel to maintain the elevator on the desired schedule
(function of Mach number), with capability for the pilot to manually position the bodyflap as desired.

The speedbrake channel provided automatic control either to a preflight-selected schedule as a function
of Mach number (to position the elevator and bodyflap at the desired position), or to follow the TAEM or
autoland speedbrake commands for energy control. It was found that energy control using the speedbrake
could not be allowed above Mach 1 because its position had to be restricted to a small envelope to
maintain proper elevator positioning for lateral control. Capability to manually position the speedbrake
was also provided.

3.2.2 Development of Entry 5 DAP

During the 3 years between the first integrated DAP and the baselining of Entry 5 DAP, which was
supposed to be the DAP for STS-1, a number of events forced the multiple redesigns. There are no clear
records that provide definitions of each of the DAPs before formal documentation of the Entry 5 DAP. A
number of configurations are documented in notes from meetings of the Entry FCS Mode Team. During
this time, the aerodynamic and structural databases were updated. Effects of navigation errors, winds,
aerodynamic uncertainties, RCS uncertainties, flexible body attenuation requirements, computer limitations
(core and CPU), and systems constraints became part of the design database. Primary differences
between the Entry 1 and Entry 5 DAPs and the issues that caused the changes are discussed in the
following paragraphs.

Aerodynamic Uncertainties: One of the key items in the design process was Joe Gamble’s
identification of aerodynamic uncertainty combinations, each including a scale factor for each of the
primary stability and control derivatives. These combinations were meant to identify the worst combination
of derivatives for factors such as lateral trim, damping, m