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Foreword

The content of this document was provided by the Control
Propulsion Section, Flight Training Branch, Mission
Operations Directorate (MOD), Lyndon B. Johnson Space
Center (JSC), National Aeronautics and Space
Administration (NASA). Technical support was provided
by the Rockwell Space Operations Company (RSOC) for the
Space Transportation System Operations Contract (STSOC).
Thisdocument was produced through the MOD Training
Center, Flight Training Branch, Training Division, MOD,
JSC, with the assistance of the Integrated Documentation
Support Department, Omniplan Corporation, STSOC. For
additions, deletions, or revisions to the technical content
of thisdocument, fill out a JSC form 318 and mail to the
document coordinator, Robin Lewis/DG6, or contact the
subject matter expert, David S. Matthews, at 483-2520/
DG66.

This material is for training purposes only and should not
be used as a source of operational data. All numerical
data, displays, and checklist references are intended only
as examples. Consult the applicable Certification Plan
outlined in your Flight Operations Support Personnel
Training Guide (Blue Book) or the Crew Training Catalog
to determine any prerequisites before using this
document. This training package should be studied
before attending any classroom session or lesson for which
thisis a prerequisite.
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A Training Materials Evaluation is included at the end of
this document. Inputs on this sheet will be used to evalu-
ate the lesson material. You do not need to sign the sheet.
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Section 1: Overview

In order for the space shuttle to achieve the desired orbit
and maintain vehicle control, either automatically or
manually, an abundance of information is required. This
information is provided by the vehicle sensors and the
onboard general purpose computers (GPCs) via software.
This software is known as applications software and is
divided into application programs. Guidance, navigation,
and flight control are examples of applications programs.
These programs are designed to manage the information
from the vehicle sensors and the GPCs.

Navigation software provides current vehicle position and
velocity (state vector) to guidance. Thisis necessary
because guidance must "know" where the vehicle isin
order to stay on course or to correct back to the desired
course.

Guidance software determines thrust magnitude and
direction (thrust vector) and duration required to achieve
a desired target orbit from a known current orbit (state
vector) provided by navigation software. Guidance must
achieve the desired target by staying within prescribed
vehicle and trajectory limits. Structural and thermal
constraints on the vehicle define these limits.

Flight control software converts the guidance-computed
thrust vector into effector commands in order to direct
thrust in the required direction to steer the vehicle to the
target. The effectors utilized are the main engine thrust
vector control (TVC) actuators and solid rocket booster
(SRB) TVC actuators. Figure 1-1is a very simplified
diagram showing the interface between guidance,
navigation, and control (GN&C).
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Vehicle
osition
‘a)nd. ° Auto
velocity steering Flight
change | Guidance commands w%t,o,
Manual
steering
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commands| jcommands
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Sensors accelerations
ensor
Main
engines Effectors

Figure 1-1.- GN&C interface.

The ascent flight phase begins at lift-off and ends at
insertion into a circular or elliptical orbit. It consists of
four subphases:

First stage

Second stage

Orbital maneuvering system 1 (OMS-1) burn
OMS-2 burn



This book concentrates primarily on the first-stage and
second-stage subphases. Guidance software is discussed
first, then flight control software is discussed for each
subphase.
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Section 2: First-Stage Guidance

H H This table calculates the vehicle attitude based on Vye|.
Ob] ectives Stated another way, as a specific Vre is attained, guidance
will command the vehicle to a new attitude. These
attitudes (Euler angles) are defined in relation to the
boost reference coordinate system, as illustrated in
figure 2-1. Basically stated, this system has its origin at the
launch site at a specific time, which makes it inertial. The
order of body rotations is yaw, pitch, and roll. Since first-
stage guidance only commands an attitude and receives
no feedback as to whether or not the target is being
achieved, guidance is said to be "open loop."

After reading this section, the student should be able to
do the following:

e Explain which subtask achieves the first-stage
trajectory

e Describe which subtask corrects vehicle performance as
aresult of a failed main engine

* Define the purpose of adaptive first-stage guidance The first-stage trajectory is divided into two phases.
Ascent first-stage guidance is initiated at the SRB ignition
command (major mode (MM) 102 transition) and is
terminated at the SRB separation command. The first-
stage trajectory is designed to perform four functions:

e Vertical rise phase
e Tilt phase

This trajectory is shown in figure 2-2. During the vertical
rise phase, the launch pad attitude is commanded until an
I-loaded V¢ sufficient to ensure that launch tower
clearance is achieved. Then the tilt maneuver (roll
program) orients the vehicle to a heads-down attitude
required to generate a negative g-alpha, which in turn
alleviates structural loading. Other advantages with this
attitude are performance gain, decreased abort maneuver
complexity, improved S-band look angles, and crew view
of the horizon. The tilt maneuver is also required to start
gaining downrange velocity to achieve the main engine
cutoff ?M ECO) target in second stage.

¢ Not to exceed maximum dynamic pressure (max q) for
the mated vehicle structure under nominal and
perturbed (winds, shears, flutter, and buffet)
conditions

e Maintain maximum vehicle performance

e Avoid contact with the launch tower

e Avoid recontact with jettisoned SRBs

In order to meet these constraints,guidance in first stage

works open loop based on an I-loaded table that is a
function of Earth relative velocity (V,g|).
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Origin: Derived from the center of the Earth

Orientation: The Z-axis is parallel to the gravity gradient
which passes through the launch site and is
positive in the direction of gravity. Itis fixed at
the time of launch.

The X-axis lies along the launch site meridian and
is positive northward.

The Y-axis completes a standard right-handed
system and is positive eastward.

The X - Y plane is normal to the launch site
gravity gradient vector.

Characteristics: Inertial, nght-handed, cartesian

N
Earth’s true

rotational axis

“ i Launch
True Site

equator

Figure 2-1.- Boost reference coordinate system.
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separation

Roll
program

Vertical

rise
phase

Figure 2-2.-First-stage trajectory.



In order for first-stage guidance to perform these

Guidance will also issue main engine throttle commands ] .
functions, four subtasks are required.

to limit the max q and to achieve the required perfor-
mance during atmospheric flight. The throttle commands
are also open loop in nature, with the commands being °
issued as a function of Vye|. Figure 2-3 illustrates a typical
throttle profile. These commands, as are the vehicle
attitudes, are I-loaded prelaunch and are flight specific.

First-stage guidance input subtask
e Boost guidance subtask

e Boost throttling subtask

Throttle e Space shuttle main engine (SSME)-out safing subtask
command ) ) ) .
(%) Figure 2-4 is a block diagram of ascent first-stage
guidance.
109 — A o
100 V ' To facilitate understanding of first-stage guidance, each
:g — s of these subtasks will be discussed in detail.
70 separation
60 |-
50 |-
40 - First-stage
30 guidance
20 |-
Rl T S R R R R O 2 B B B [ I I l
25 5 75 1 125 15 1.75' 4 425 45 4.75 First-stage Boost Boost SSME-out
guidance guidance throttling safing
Vrer(x 1000 FPS) input subtask subtask subtask subtask
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Figure 2-3.- Throttle profile.
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Figure 2-4.-First-stage guidance.




First-Stage Guidance Input Subtask

The first-stage guidance input subtask calculates various
parameters to be used by the other software subtasks
within first-stage guidance, as well as users in second stage
and powered return to launch site (PRTLS) guidance.
These parameters must be calculated because other inputs
to guidance require them to determine their solution. For
example, to determine how much propellant the SSMEs
are burning, one must know how many active engines are
operating before any further calculations are made. This
subtask performs four functions.

e Calculates the number of thrusting SSMEs

e Calculates the orbiter mass to be used in second stage
or PRTLS

e Saves Ve and altitude rate (H) for return to launch site
(RTLS)

e Enables maximum throttles

The first parameter calculated is the number of thrusting
engines. Thisis required for guidance to know its per-
formance so that later on, guidance can calculate SSME
burn duration and thrust magnitude. Next, the orbiter
mass is calculated; this calculation is used in second stage
or PRTLS to determine vehicle performance increase as a
result of burning main propulsion system (MPS)
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propellant. The third function is to save the V,e; and H at
the end of the last guidance cycle of MM 102. These
parameters are required by the pitch command subtask
within PRTLS guidance in order to calculate an alternate
fuel dissipation thrust angle depending on the magnitude
of Vyel at the MM 102 transition. Section 3 will cover this
in greater detail. The last function enables and maintains
maximum throttles when requested via SPEC 51, OVER-
RIDE DISPLAY. Maximum throttle (known as max
throttles) is a throttle setting higher than the nominal
value of 104 percent, to the highest setting available of
109 percent. As of this date, max throttles is an uncertified
flight mode but, if needed in an emergency, is available;
however, overall engine useful life is reduced.

First-stage max throttle logic:

MM 102 ——
SSME failure Command SSMEs
Max throttles enabled o to 109 percent
on SPEC 51—
Manual throttles—O|



Boost Gundance SUbtaSk Table 2-1.- Attitude table.

The boost guidance subtask performs five functions.

Flight [Vrel Yaw Pitch | Rol
. . phase (fps) angle angle angle
e Commands attitude hold at lift-off
Vertical
e Determines nominal roll, pitch, and yaw attitude rise 0 0 %0 0
profile TILT 127 89.7° 70.5° 180°
341 89.7 70.1 180
® Determines attitude profile for single and multiple 91 23? ;32 oy
SSME failures 571 89.5 69.4 180
678 89.6 68.6 180
R . 747 . .
e Adaptive first-stage guidance 846 23: g;.g igg
932 89.2 64.4 180
e Calculates the Mean of 1950 (M50)-to-commanded- mg ggg gf: }gg
body quaternion ‘ 1304 88.9 59.0 180
1382 88.9 58.2 180
The first function is performed during the vertical rise 1oy el A 180
phase (pre-roll program). This is required to prevent 1693 88 1 547 _
contact with the launch tower. Guidance commands the 1797 88.0 52.9 -
space shuttle attitude to the attitude of the launch tower 2027 88.5 48.7 -
o~ . ; ! 2154 88.6 46.4 -
until it reaches a specified Vre| magnitude which ensures 2286 887 430 -
that launch tower clearance is attained. This Ve is mission 2323 88.7 42.0 -
ic |- d ori 2421 88.8 41.6 -
dependent and is I-loaded prior to launch. 3296 28 8 288 ;
‘ i 3019 88.8 36.3 -
The boost guidance subtask contains an I-loaded table of 3157 88.9 35.3 -
roll, pitch, and yaw attitudes for a nominal ascent. After PP 283 3 ;
the vertical rise phase, guidance will command the vehicle 3950 88 9 20 8 -
to these attitudes based on Vi¢. Linear interpolation is 5000 88.9 22.6 -
performed between each point to smooth the attitude

commands over the trajectory such that step inputs are
avoided. Table 2-1 shows 30 spaces for the yaw and pitch
profiles along with 30 spaces for V,e). There are 15 roll
values, all of which are 180°, which utilize the first 15
velocity spaces.
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Should an SSME fail during first stage, a pitch bias is
added to the nominal pitch table value to loft the
trajectory slightly hidqher than the nominal profile. This
action is taken to aid the RTLS abort maneuver. Figure 2-5
shows the trajectory lofting which is necessary because of
the open loop nature of this guidance scheme. Without
it, the trajectory would be depressed due to the loss of
performance with the engine failure. If this were to
happen, the vehicle would exceed the design loading
constraints because of the relatively lower altitude (higher
dynamic pressure, g-alpha and gq-beta). Also to prevent
tower contact, thiscLias is not added until tower clear,
which is based on V.

The trajectory would be depressed even further in
contingency abort situations where more than one

SSME fails. To reduce this effect, logic exists in first-stage
guidance which calculates a new pitch command to loft
the trajectory further than what is done for asingle
failure. Thislogicis known as autoloft and is used in
conjunction with scant manual intervention in order for
the vehicle to remain controllable. Without this logic, the
open loop guidance scheme would be trying to achieve
the nominal profile with insufficient performance
capability.
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added)

Figure 2-5.- Trajectory lofting.



The fourth function within this subtask is adaptive first-
stage guidance. Adaptive first-sta?e guidance determines
when SRB thrust performance is otf-nominal. When this
happens, it will automatically adjust the pitch and throttle
commands during load relieZto correct for this perform-
ance dispersion. Off-nominal SRB performance can be
high, caused by hot SRBs, or low, caused by cold SRBs.
Barring any engine failure(s) prior to load relief (the
region of max g where the vehicle attempts to relieve
structural loading by adjusting SSME power level, elevon
schedule, and trajectory), only SRB dispersions will
significantly change the velocity/time history. Adaptive
guidance computes the elapsed time since lift-off, at
which a specific Ve is achieved, and compares it to an
I-loaded reference time to determine if a time difference
(At) exists. If a At exists, the SRB performance is ¢ ff-
nominal. If the Atis >0, the SRB performance is low. If the
Atis <0, the SRB performance is high. There are three
reasons for correcting for performance variations.

o To preventviolating max q constraints
e Toregainlost performance

e To preventunnecessary abort for small variationsin
SRB performance

TD358A 2-7

Note in figure 2-6 that if the SRB performance is low,
adaptive guidance will pitch the vehicle down slightly with
reference to the natural horizon. Operationally, this is
very difficult to notice; it is mentioned here to gain insight
into how the vehicle is responding. The objective of this
maneuver is to maintain the nominal trajectory as much

as possible. Since acceleration is lower with low SRB
performance, the vehicle will be further downrange when
a specific Vgl is achieved. Therefore, to prevent a lofted
trajectory, the nose is lowered. This also increases the
downrange velocity so second-stage guidance, which is
closed loop, does not have as big a deficit to work with to
obtain the MECO target. Also in this situation, guidance
attempts to regain the lost performance by adjusting the
thrust bucket. When SRB performance is low, the SSMEs
will not be commanded to throttle down as far as they
would have with nominal SRBs. In other words, the
minimum throttle setting during the bucket will be
higher. Figure 2-7 illustrates a nominal bucket and SRB
dispersed buckets.



Lower pitch attitude Throttle

command
(%)
109 — A -
100 V t
90
80 SRB
70 separation
60
50 |-
0 40
. 30 |-
28 20
© LU T T B I TR N I AN SO R B
25 5 .15 1 125 15 1.75 4 425 45 475
0 + Vel (x 1000 EPS)
Horizon '
]
%0 |
80
— 1 oo-.oooCO'dSRB'S.QQ..QQ..
- Y \ Normal 7
’
,\‘\\ 70 |- ---Hotsre's----<
/,
Higher throttle setting during 60
thrust bucket B
\ | | ]

75 1 1.25

Figure 2-6.— Vehicle response to cold SRBs. Figure 2-7.- Thrust bucket throttle commands.
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Asshown in figure 2-8, the SRB performance is high. In
this case, the vehicle will pitch up slightly (again, difficult
to notice) with reference to the natural horizon, and the
SSMEs will throttle down further than nominal during the
bucket. The objective of this maneuver is to prevent
exceeding the max q on the vehicle by throttling the
SSMEs to a lower (65 percent minimum) setting. The
pitchup maneuver attempts to maintain the nominal
trajectory. With high SRB performance, the acceleration
will be higher and the vehicle further uprange when a
specific Vel is achieved. Therefore, the nose is raised
slightly to prevent a depressed trajectory.

All corrections for off-nominal performance will be
performed during load relief and applied as a function of
load relief. The vehicle pitch correction will be ramped
out by the completion of load relief, and the nominal
I-loaded table for attitude and SSME throttle commands
will be resumed.

Should any SSME(s) fail prior to load relief, the SSME-out
safing subtask will "kick in," and no throttle adjustments
will be performed for off-nominal performance. In this
case, there will be no bucket in order to achieve the
highest possible performance. If any SSME(s) fails during
load relief, load relief and adaptive guidance will be
terminated and guidance will mode to the SSME(s)-out
case. Remember that a pitch correction will be made in
this situation to loft the trajectory.

ID358A

Higher pitch attitude

Lower throttle setting during
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Figure 2-8.- Vehicle response to hot SRBs.
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The last function within the boost guidance subtask
converts the shuttle attitude commands from the M50
reference frame to the shuttle body reference frame.
This conversion is performed using a quaternion. All a
quaternion does is transform one reference frame to
another (for additional information on quaternions,
consult the quaternions supplemental workbook, Quat-$
2102). This conversion is required in order for guidance
and control steering (G/C steer) interface to caiculate the
body attitude errors. Body attitude errors are what flight
control uses to steer the vehicle in the correct direction.
G/Csteer is a software module that will be discussed in the
flight control section (section 5).

Boost Throttling Subtask

This subtask provides first-stage SSME throttle commands
as a function of V(¢ to gain the desired vehicle perform-
ance and to limit the maximum value of dynamic pressure
(max q). Thisis accomplished via an |-loaded table of
throttle commands, table 2-2. There are a maximum of
four throttle command change points within this soft-
ware. Essentially, thisis the subtask which creates the
thrust bucket. The thrust bucket (figure 2-7) gets its name
from the shape of the line when the throttle commands
are plotted with respect to V,e|. This bucket limits the max
q on the vehicle by throttling down the SSMEs during load
relief. The bucket will not occur if manual throttling'is in
progress or if any SSME(s) fails. Should an SSME fail, the
remaining engines will be commanded to the full power
level (I-load, 104 percent) by the SSME-out safing subtask.
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Table 2-2.-Typical throttle command table.

ngif:w gte Vriel Throttle
no. (ft/sec) command (%)
1 60 104
2 650 104
3 792 65
4 1304 104

Under nominal conditions the launch processing system
(LPS) will command the main engines to 100 percent.
Vehicle acoustic and structural constraints limit the LPS
from commanding a higher power level on the launch
pad. The 100-percent throttle command is maintained
until an I-loaded V(e is achieved. Normally, after this
velocity is reached, the main engines will be commanded
up to 104 percent of rated power level (RPL) (or any power
level loaded into this subtask). The throttle setting will
remain at this value until a specified V,e| is reached, at
which time the main engines will go into the thrust bucket
to limit max . When a specified Vg is attained that
ensures the max q region has passed, the main engines will
be commanded back to full power.



Table 2-2 is an example of a one-stage bucket because the
main engines are commanded less than 104 percent only
once. Ifitisdetermined preflight that the designed trajec-
tory causes max g exceedances when a single-stage bucket
is used, a two-stage bucket will be required to properly
limit the dynamic pressure. Ascan be seen in table 2-3,a
two-stage bucket is one in which the main engines are
throttled down twice. The first stage is created when the
engines throttle down at change point two to an interme-
diate value between 104 and 65 percent. Then, at change
point three, they enter the second stage and are com-
manded even lower (65-percent minimum).

Regardless of the type of thrust bucket, it is this table that
adaptive guidance modifies for off-nominal SRB perform-
ance. Adaptive guidance not only adjusts the throttle
commands but also the change points as well. For cold
SRBs, the main engines are commanded higher than the
table value at change point three. For hot SRBs, the
engine throttle commands are lower than the table value
at change point two.

Table 2-3.- Throttle command table for a two-stage

bucket.
Changte Vrel Throttle
poin (ft/sec) command (%)
no.
1 60 104
2 650 89
3 792 65
4 1304 104

T0358A 2-11

SSME-Out Safing Subtask

This subtask is used by ascent first-stage guidance, second-
stage guidance, and PRTLS guidance when an SSME fails.
This subtask monitors SSME fail flags from the SSME oper-
ations sequence software to determine when an engine
has failed. The purpose of the SSME-out safin subtask is
to command a two-engine power level equivalent to three
engines or to full-power level. This is accomplished in first-
stage guidance simply by commanding the operating
SSMEs to full-power level (104 percent). However, in
second-stage or PRTLS guidance, a two-engine power level
equivalent to three engines will be commanded by using
the least of either full-power level or 1.5 times the last
throttle command. For example, let's see what happens
when three SSMEs have been manually commanded to 65
percent, then auto throttles resumed, and an SSME
subsequently fails.

Three engines at 65 percent
65
x3
195% = three-engine power level
Next, an SSME fails

65Y% last throttle command

x1.5
97.5% = new throttle command per engine
(97.5 percent < 104 percent)
X 2 engines

195% = two-engine equivalent power level
9 q

Notice that maximum vehicle performance is maintained
without exceeding structural flight constraints.
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Questions

1. Which subtask achieves the first-stage trajectory?

A. Boost guidance subtask
B. Guidance input subtask
C. Boost throttling subtask
D. SSME-outsafing subtask
2. Which subtask issues nominal SSME throttle

commands?

A. Boost guidance subtask
B. Guidance inputsubtask
C. Boost throttling subtask
D. SSME-outsafing subtask

3. Which subtask corrects vehicle performance as a result
of a failed main engine?

mon®>

Boost guidance subtask
SSME-out safing subtask
Guidance input subtask
All of the above

A and B above

4. Whatis the purpose of adaptive first-stage guidance?

A.
B.
C.
D.

TH3ssAa

Corrects low vehicle performance resulting from
an SSME failure
Enables maximum throttles

Corrects vehicle performance variations caused by

SRB thrust dispersions
Stores V,e; and H for an RTLS abort

2-13

5. Under normal conditions, how are the SSME throttle

commands issued from guidance?

A.

Guidance does not issue throttle commands; this
function is handled by the SSME operations
sequence

By an open loop command schedule based on
mission elapsed time

By a closed loop command schedule based on
altitude

By an I-loaded throttle command table that s a
function of V¢

6. Why must the vehicle pitch profile be biased if an

SSME fails?

A. To prevent a depressed trajectory resulting from
‘an engine failure in an open loop guidance
scheme

B. To preventalofted trajectory resulting from an
engine failure in a closed loop guidance scheme

C. Topreventa depressed trajectory resulting from
an engine failure in a closed loop guidance
scheme

D. None of the above



7. How does the vehicle respond to cold SRBs?

A

mo N w

It will pitch to a more vertical attitude and
throttle lower during the thrust bucket. ,
It will pitch to a less vertical attitude and throttle
higher during the thrust bucket.

The throttle setting during the thrust bucket will

always be full power.
B and C above.
None of the above.

8. How isguidance informed of an SSME failure?

A.

o n

TL358A

The SSME-out subtask sends an engine failure
flag to guidance.

Guidance monitors engine chamber pressure
indications.

Guidance recognizes a major deviation from the
planned trajectory. '

Engine fail flags are sent to first-stage guidance
from the SSME operations sequence.

All of the above.

2-14

9. Assuming auto throttles, under what circumstances
will the main engines be commanded to 109 percent?

10.

ONnw>»

E.

B, C, and D below.

MM 102 is in progress.

An SSME has failed.

When maximum throttles have been enabled by
the crew on SPEC 51.

None of the above.

Why does the shuttle fly downrange in a heads down
attitude?

A.
B.

C
D.

To ensure MPS propellant flow to the SSMEs.
To relieve structural loading during the max §
region.

This attitude is dictated by the launch pad
orientation.

Decreased complexity with the SRB separation

. maneuver.
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Answers

1. A. The trajectory flown is created by the I-loaded
attitude table contained within the boost
guidance subtask (page 2-5).

2. C. The SSME throttle command table is contained
within the boost throttling subtask (page 2-10).

3. E. Vehicle performance is corrected by a pitch bias
added in the boost guidance subtask and SSME
power level adjustments within the SSME-out
safing subtask (pages 2-6 and 2-11).

TD358A
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4. C.

Adaptive first-stage guidance detects SRB thrust
dispersions and adjusts vehicle pitch and throttle
profiles to restore nominal ascent performance
(page 2-7).

. Throttle command and relative velocity data are

loaded into the flight software preflight. Relative
velocity magnitude determines when a new
command will be issued (page 2-10).

. Without a pitch bias, the vehicle would attempt to

fly the nominal trajectory profile with insufficient
thrust (page 2-6).



7. B.

TD358A

Mission elapsed time is compared to an I-loaded
reference time which determines the low SRB
performance. Lost performance is regained by
increasing downrange performance and the
minimum throttle setting during thrust bucket
(page 2-7).

. SSME performance is monitored by the SSME

operations sequence software, which informs
guidance software of a failure with an indicator
known as a fail flag (page 2-11).
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9.

10.

. All three conditions must be met in order for first-

stage guidance to command the main engines up
to 109 percent (page 2-4).

. Given the performance available, a heads-down

attitude generates the negative angle of attack
required to safely fly through the maximum
dynamic pressure region (page 2-1).



Section 3: Ascent Second-St

Objectives

After reading this section, the student should be able to
do the following:

¢ Explain what type of guidance scheme is used for
second-stage flight

e Describe powered explicit guidance

o Listthe three steering parameters PEG calculates

e Explain the linear tangent guidance

Second-stage guidance is completely different from first

stage. Now, guidance has gone closed loop, which means
that guidance will compute each cycle where the vehicle

TD358A
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should be in the sky to hit the I-loaded MECO target. The
vehicle "knows" its current position, via navigation, and
where the desired position, the MECO target, is located.
This difference determines in what direction and how long
the vehicle is steered in a given direction to meet the
MECO target conditions. If there are any performance
variations left over from first stage, this guidance scheme
;Ni“ be able to correct it, provided the errors are not too
arge.

Second-stage guidance is initiated at the SRB separation
command and is terminated at MECO confirm. If an abort
to orbit (ATO) or transoceanic landing (TAL) is declared,
second-stage guidance is used to hit these MECO target
conditions as well. Figure 3-1is a block diagram
illustrating the elements making up second-stage
guidance.
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SECOND-STAGE
GUIDANCE

{
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Figure 3-1.- Second-stage guidance.
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Powered Explicit Guidance

The type of guidance used for second stage is known as
powered explicitguidance (PEG). Fourindependent PEG
algorithms were developed to handle all phases of shuttle
exoatmospheric flight. The four algorithms are

e PEG 1-Used for nominal, ATO, or TAL ascents.

¢ PEG4-Used for nominal, abort-once-around (AOA)/
ATO, and deorbit OMS maneuvers. Intended for use so
the cutoff velocity passes through a specific target
position with a specified vertical and horizonta
component of the velocity at the target.

¢ PEGS5-Used for RTLS abort guidance.

® PEG7-Used for on-orbit maneuvers when accuracy in
achieving the target conditions is not required. This
guides the vehicle through a constant inertial thrust
attitude to achieve a specific velocity change.

Only PEG 1 and PEG 5 will be discussed in further detail
since these are the only guidance schemes involved in
second-stage flight.

The algorithm known as PEG 1, usually shortened to PEG,
is the scheme used for a nominal ascent. The objective of
PEG is to generate commands to place the vehicle in a
desired position with a specific velocity and to get there
with minimal fuel usage. This position and velocity are
called the target, and the target for PEG is the MECO
target. This targetis determined from a set of I-loaded
(flight-specific) tar?et parameters. Looking at figure 3-2,
the parameters defining the MECO target are as follows:

TD358A

¢ Inertial velocity (feet/second)

e Flightpath angle (radians)

e Radius from Earth center (feet)
e Desired orbital plane

Although the capability exists to take the external tank
(ET) into orbit, the MECO targets are selected to ensure
correct placement of the ET footprint in relation to
populated areas (land masses). The inertial velocity is
chosen to fall short of orbit insertion but close enough for
the OMS to insert the orbiter into orbit. This keeps the ET
out of orbit so its reentry can be controlled. The flight-
path angle is the angle between the velocity vector and
local horizontal. It merely specifies the ratio of vertical to
horizontal velocity component at MECO. The radius is
specified from Earth center in feet, which really specifies
the MECO altitude. The desired orbital plane (1Y) is
defined by the longitude of the ascending node and the
inclination. The orbital plane, also known as trajectory
plane or insertion plane, is dictated by mission objectives.
Typical MECO targets are shown in taﬁle 3-1.

Table 3-1.- MECO targets.

. Flight- .
Inertial Altitude .
Target | velocity | Path (xt000 | Apogee Perigee
(ft/sec) angle ft) (n.mi) (n.mi)
(deg)
Standard 25725 0.675 360 85 0
insertion
Direct 25871 0.792 360 160 35
insertion
ATO 25871 0.792 360 Variable | Variable
TAL 22500- 0.139 360 N/A N/A
25000




Inertial
velocity

Orbit
plane

Radius

VoS

Figure 3-2.- MECO target parameters.
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i H i Some of the aspects considered are mission objectives,
Standard Insertion Vs. Direct Insertion ascent performance, ET impact, orbital altitude, etc. In

general, adirect insertion will be considered for orbital
altitudes of 160 nautical miles or higher; otherwise, the
flight will have a standard insertion ascent.

A standard insertion is one in which the MECO targets are
chosen to require an OMS-1 maneuver. With a direct
insertion ascent, the main engines are burned slightly
longer to achieve a higher inertial velocity. Asillustrated
in figure 3-3, this creates a higher post-MECO apogee
(apogee altitude, HA) such that an OMS-1 maneuver is not
required. In this case, the OMS-2 maneuver is used for
orbital insertion/circularization. There are manK
programmatic decisions which determine whether a
particular flight will have a standard or direct insertion.

The big advantage to direct insertion is that higher orbital
altitudes are possible because more OMS propellant is
saved for orbital maneuvers. Note in figure 3-4 that direct
insertion also aids in downrange and AOA abort capa-
bilities because the higher velocity results in a greater
ballistic arc trajectory.

M,
M, M; M,

\

Launch
site

M; = Standard insertion MECO
M, = Directinsertion MECO

Figure 3-4.- Downrange abort capability.

M, a Standard insertion MECO
M; = Direct insertion MECO

Figure 3-3.- Standard vs. direct insertion.

TD358A 3-5



The PEG Algorithm

The PEG algorithm is an iterative process which first
computes steering parameters and, using these param-
eters, predicts the vehicle state at cutoff. Subsequently,
PEG will correct its prediction by providing desired thrust
direction and thrust turning rate information to the flight
control system (FCS). To "guide" the vehicle in a fuel
optimal manner, the following steering parameters must
be computed:

e Reference thrust vector

e Thrustturning rate vector

e Reference time

The purpose of each steering parameter is outlined below.

e Reference thrust vector - Provides a starting point
or reference point for computing changes in thrust
direction. Itis a unitvector in the direction of the
velocity to be gained (VgQ), indicating the constant
thrust direction which would achieve the desired
velocity.

e Thrust turning rate vector - The vector indicating the
direction and rate at which the thrust direction must
turn to achieve the desired position. This vector is
perpendicular to the reference thrust vector.

e Reference time - The calculated time such that midway
through the burn, the average thrust direction is paral-
lel to the reference thrust vector, which is parallel to
VGO Thiswill achieve the desired position and
veqocity at MECO. Essentially, it is calculated by taking
the burn time remaining until MECO (time to go (Tg0))
and dividing it by 2.

TD358A
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A fuel optimum trajectory is achieved when the tangent of
the thrust attitude angle varies linearly as a function of
the flight time. The thrust attitude angle is the angle
formed between the current thrust direction and the
reference thrust vector. All linear tangent guidance does
is to make the total change in thrust direction occur over
the total maneuver time, Tgo. Thisis required in order to
achieve the MECO position. The thrust attitude angle and
the thrust steering law is shown in figure 3-5. To
thoroughly understand this figure, one must also look at
figure 3-6.

Where:

© = Thrust attitude angle

T¢ = Current thrust vector

Twm = Thrust vector at MECO

_.T.R = Reference thrust vector

T = Thrust turning rate vector
Note:

©® = 25° at SRB staging
® = -2°at MECO command

135847000 3

Figure 3-5.- Thrust steering law.



Itis important to note in figure 3-6 that the second-stage
maneuver is generally a fly-down maneuver necessitated
from the lofting performed in first stage. Lofting is
required to reduce aerodynamic drag as rapidly as possible
so downrange velocity can be gained. Therefore, a large
positive vertical velocity (H) exists at SRB staging, resulting
in the velocity vector shown in figure 3-6. This vector must
be rotated downward such that it is pointed in the
required direction at MECO. To accomplish this, the
current thrust vector is "aimed" low to arrest the H and
increase velocity in the downrange direction. The
resulting velocity vector is rotated more downward, as
illustrated at the maneuver midpoint. However, the
velocity vector is still not in the direction required for

Just

4
Maneuver ﬂ
midpoint )

<t

’
/ Te ©
-t

1%

SRB
staging

lor
to M‘E"CO

MECO, and further steerdown is necessary. Notice that,
just prior to MECO, the velocity vector is nearly parallel to
and has almost the same magnitude as the MECO vector
(MECO target). Notice, also, that the thrust attitude angle
has decreased linearly with time such that at MECO the
velocity vector has rotated into the direction and velocity
required for MECO. Now, mentally superimpose the
average (over the entire maneuver) reference thrust
vector between the current thrust vector at SRB staging
and the thrust vector just prior to MECO: this image
should look like the thrust steering law illustrated in
figure 3-5. Figure 3-6 illustrates the second-stage
maneuver in the radial direction. Crossrange steering is
performed the same way.

MECO -
S LR

-
v

Where:
?( = Current thrust vector
i, = Reference thrust vector
V = Velocity vector
0 = Thrust attitude angle

Note: All angles are exaggerated for clarity.

10358°059

Figure 3-6.- Second-stage maneuver (not to scale).
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The PEG Task

Since PEG is iterative in design, it calculates the steering
parameters for the entire maneuver at one instant in time
and updates them on each successive pass. PEG executes
these computations once every 1.92 seconds. Each cycle

through the PEG calculations is known as a guidance cycle.

Theretore, approximately once every 2 seconds these
steering parameters are updated to flight control (G/C
steer) to steer the vehicle to the target. Unfortunately,
thisis not all there is to PEG. On each pass, PEG must
construct the information required to compute the
steering parameters. The process by which PEG constructs
this information and builds upon it to compute these
parameters will be discussed next. We will discuss each
subtask within PEG in the order in which it is executed in
the software. The reader is advised to read through page
3-25 before studying the details of any subsection.

Position Magnitude Subtask

This subtask calculates the magnitude of the current vehi-
cle position vector to be used later on in the PEG calcula-
tions. Thisis accomplished simply by taking the absolute
vaéue of the position vector to come up with the magni-
tude.

Initialization Subtask

On the first pass only, this subtask initializes dependent
parameters. Since PEG is a cyclic process that uses the last
cycle outputs as inputs to the current cycle, certain para-

meters must be initialized in order for it to start the calcu-
lations necessary for program execution. Examples of the

1D 358A
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parameters that are required to be initialized are TG,
VGO. software position constraint switches, desired cutoff
vectors, etc. Once thissubtask is entered, a software
switch is set to off which prevents reentry into this
subtask.

VGO Update Subtask

This subtask updates the Vg vector because the steering
parameters and the burn time are dependent on this
vector. Since the vehicle has undergone thrust acceler-
ation during the last cycle, the Vg vector can be updated
by subtracting the velocity change over the last guidance
cycle. Figure 3-7 shows how this velocity vector is
calculated.

Vgo (current)

AVs
Vgo (previous)

Vgo (current) = VgQ (previous) -A V's

where A V's = Velocity vector change accumulated since
last guidance cycle

Figure 3-7.- Vg update calculation.

Remember, the velocity change information comes from
the inertial measurement units (IMUs). Once VgQ 1s
known, the burn Tgo and the thrust integrals can be
evaluated.



TGO Subtask

The purpose of this subtask is to calculate the total burn
TGO until the end of the maneuver, MECO. Tgoisa
necessary parameter required for several calculations
within PEG. These calculations are the thrust integrals and
the range to be gained (RgQ) subtasks. Tg( is also used to
predict the thrust cutoff time, which is used for display
purposes as well. The thrust cutoff time is calculated by
the following equation:

Thrust cutoff time = currenttime + Tgo

The Tgo computations are complicated by the fact that
PEG assumes that two distinct phases will occur. Three
phases actually exist, but the first, extending from SRB
separation to T-fail, is bypassed by an I-load of zero.
However, a discussion of T-fail is necessary to understand
how Tgo until MECO is calculated. T-failis an I-loaded
hypothetical mission elapsed time (MET) at which PEG
assumes an SSME will fail. This time corresponds to the
earliest time an AOA abort is possible. Early in the second-
stage trajectory, itis desirable to prevent an abort gap
between the latest RTLS and earliest AOA capability,
should an SSME fail. In order to prevent or reduce an
abort gap, a higher than normal trajectory must be flown.
Thisis known as abort shaping or lofting. 'Lofting is
required only when the flight performance is critical, as
in the case of a heavyweiggt vehicle. The engine failure
assumption at T-fail causes PEG to loft the trajectory such
that the MECO target can be reached using only two
SSMEs. In other words, PEG plans for a loss of perform-
ance at T-fail. The resulting lofted trajectory achieves
AOA capability earlier in the flight profile because of the
potential energy gain.
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At T-fail, PEG stops assuming that an engine failure will
occur and the remainder of second stage will assume three
active SSMEs. Barring any engine failures, PEG will even-
tually fly out the loft because of the downrange perform-
ance gained. TgQ for this phase is calculated with the
following equation:

TGO, = T-fail - present MET
where
TGO, = Burntime remaining until T-fail is reached (sec)

As mentioned earlier, for most flights T-fail is I-loaded to
zero MET, thus causing the first phase of the TGQ calcul-
ation to be bypassed. This can be done because increased
confidence in the TAL abort covers the gap between last
RTLS and earliest AOA. The two phases remaining are
constant thrust and constant acceleration. Figure 3-8
illustrates these phases.

The constant thrust phase, as the name implies, means a
constant power level is maintained on all three SSMEs to
obtain the required performance. The constant accelera-
tion phase (3g) is achieved by commanding the SSMEs to a
lower power level that maintains a constant acceleration
on the vehicle. This phase is required to prevent exceed-
ing the structural limitation of 3.5g on the airframe
(spaceframe?).
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Figure 3-8.- Second-stage flight phases.
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The constant thrust phase extends from the SRB separ-
ation command until the constant acceleration phase
(=1 minute prior to MECO) is entered. Within the
constant thrust phase is a simpler and more favorable
method to loft the trajectory for abort shaping. This
method uses a pseudo MECO target. A pseudo MECO
targetis a "fake" target that is used until an I-loaded time
isreached. When this occurs, the pseudo targets are
replaced with the nominal MECO targets. The primary
difference between the pseudo and nominal MECO
targetsis the targeted radius. Figure 3-9 shows that the
pseudo MECO radius is higher than nominal to achieve the
required trajectory lofting. Tgo for the constant thrust
phase is calculated independently of the MECO targets
and is a function of when the constant acceleration phase
isreached. TgQ is calculated using the current Vg,
exhaust velocity (VEX) of the thrusting SSMEs, current
acceleration (estimated), and overall vehicle mass. The
following equation shows how Tg( is calculated for the
constant thrust phase.

M VEX
Go, ~ M~ cA

Burn time remaining until the constant

where Tgo, =
2 acceleration phase is reached

M = Current vehicle mass (slugs)

M = Total vehicle mass flow rate (slugs/sec)

VEX = Exhaust velocity (function of the number of
thrusting SSMEs, fps)

CcA = Constant acceleration (3g, fps?)

TD358A

Basically, all this equation represents is that acceleration
increases as the overall vehicle mass decreases due to the
burning of propellant (MPS, OMS, and reaction control

s stem?RCS)). From this equation, whenever Tg( is less
than or equal to a small ﬁositive constant, the constant
acceleration guidance phase has been reached.

TGO for the constant acceleration phase is strictly a func-
tion of the remaining Vgo and how fast the vehicle is get-
ting there (= 96 ft/sec2 = 3g). Therefore, TgQ can be
expressed by the following equation:

ro= Vio
Go,  cA
where TGo; = Burn time remaining for the constant
acceleration phase

Vgo = Velocity to be gained (fps)
CA = Constant acceleration (fps?)

There are times when the constant acceleration phase will
not be entered before MECO. This is caused by a heavy-
weight vehicle and/or degraded SSME performance (i.e.,
engine failure). Also, if an engine fails during the constant
acceleration phase, the acceleration would decrease and
the constant thrust phase would be reentered. Finally, the
Tﬁo until MECO is obtained by adding the TgQ for each
phase together

TGO, + TGO, + TGOo;



i
-
- Nominal
MECO
target
MECO
target

Lofted

trajectory trajectory

Figure 3-9.- Pseudo MECO target.
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Thrust Integrals Subtask

In order for PEG to steer the vehicle (using the linear
tangent guidance law, figure 3-5), the thrust magnitude
must be evaluated over tae burn time, Tgo. Thatis
exactly what this subtask does. It evaluates various time
integrals of force over mass, which is the equation of
motion for the linear tangent steering law; i.e., how much
force is moving how mucg mass over what period of time
to move the vehicle from A to B.

The calculations for these integrals require the burn times
for each phase (from the T subtask) and basic thrust
parameters provided by guidance tasks external to PEG
(from the thrust parameters subtask). Two sets of thrust
integral equations are evaluated. One set is used for the
constant thrust phase and the other is used for the
constant acceleration phase. Next, these two integrals
are summed to give the total integral for the maneuver
required to reach MECO. They are then used to compute
the following:

e The velocity and position change due to thrust

* RGO

e Thrust turning rate vector

The final computation within this subtask is the time
associated with the reference thrust vector. Recall that
the reference time is chosen so that the average thrust
direction is parallel to the reference thrust vector in order
to achieve the required position and velocity. This time is
essentially Tgo/2 (average). In reality, this time is not an
average of Tgo. The reference time is a little larger than
the average because the thrust is not constant throughout
the entire maneuver.
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Reference Thrust Vector Subtask

This subtask simply determines the reference thrust vector
for all guidance modes. Since this vector is a unit vector, it
is rather easily calculated by the following method:

Velocity to be gained vector
Magnitude of VGO vector

Reference thrust vector =

If the magnitude of VgQ is zero, PEG is exited.



RGO Subtask

This subtask is required in order to determine the thrust
turning rate vector. Since this vector must steer the vehi-
cle to the desired MECO conditions, the commanded
thrust direction vector requires an estimate of the position
error at cutoff. Ascan be seen in figure 3-10, this erroris
what is "steered out" by the thrust turning rate vector
before MECO so the desired position can ge attained. This
error estimate is computed from the thrust integrals,
computed in thrust integrals subtask, and the RgQ vector.
RGO represents the range (position) change that must be
accomplished by thrusting in order to reach the required
position at MECO.

TD358A 3-14
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Crossrange
error

Radial
error

Current
position

Where:
Rcox = Radial componentRgo

Reoy = Crossrange component
of Rgo

Reoxy = Range to go vector for
radial and crossrange
components

1D358A°056

Figure 3-10.- Calculation for radial and crossrange
components of RGQ.
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Figure 3-10 illustrates only how the radial and crossrange Once the current position vector and the desired cutoff

components of RgQ are calculated. The downrange position vector (RgQ) are known, the turning rate vector
component is never constrained because it would be too can be computed from the resulting position error shown
fuel inefficient to hit a single pointin the sky. However, in figure 3-12. In summary, the turning rate vector is a
the downrange component must be considered in the function of RgQ. reference thrust vector, and thrust

RGO calculation as well. Note in figure 3-11 that the integrals.

downrange component of RgQ is calculated as the Rgo
thatis left over in the downrange direction as a result of
adjusting the burn to meet the radial, crossrange, and
reterence thrust vector constraints.

Current
position
vector

Resulting position
error, AR

TD358A*057 3

Where
Rgo z = Downrange component of Rgo

Figure 3-11.- Rgo definition.

Figure 3-12.- Position error.
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Thrust Turning Rate Vector Subtask

As you have probably noticed by now, as we go deeper
into the PEG calculations, each subtask relies on inform-
ation previously calculated. This subtask calculates the
thrust turning rate vector based on previously calculated
parameters. This vector is determined by using the
position error that was calculated in the RgQo subtask
and the TgQ, which was calculated in the TgQ subtask.
Figure 3-13 illustrates this point. These parameters
determine the direction and rate at which the thrust
direction must rotate to achieve the MECO position.

Current
position
vector

If guidance calculates a large position error with respect to
time, a large turning rate would be required. Of course,
the converse would hold true as well. If the turning rate
vector is too large, the vehicle will exceed its structural
limitations. In this case, an I-loaded maximum turning rate
is used and the reference thrust vector and RgQ are
recomputed. In addition, the guidance convergence flag
is set to off until the required turning rate vector becomes
less than the maximum turning rate vector.

Figure 3-13.-Thrust turning rate vector.
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Steering Inputs Update Subtask

This subtask provides to G/C steer the new steering
parameters that have just been calculated . These
parameters are updated only if the predicted cutoff time
has not significantly changed since the previous guidance
cycle. Failure to satisfy this condition implies that PEG is
not converged. When this test is failed, G/C steer will
retain the last valid commands received while PEG
processing continues.

Burnout State Vector Prediction Subtask

Since PEG computes new values for the steering
parameters based upon current conditions, errors can
develop within its computations. To reduce these errors,
PEG incorporates a predictor/corrector algorithm. This
subtask is part of the prediction process. Its purpose is to
predict the position and velocity at cutoff to be used in
the corrector step to correct Vgo. This is accomplished by
computing the thrust and gravity effects on position and
velocity over the burn arc. This computation assumes that
the current steering parameters are used for the rest of
second stage. Thisisillustrated in figure 3-14. Do not
confuse this subtask with the Rgo subtask. This subtask
predicts position and velocity at cutoff, whereas the Rgo
subtask calculates only position to be gained.
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Figure 3-14.- Burnout state vector prediction.



Desired Orbit Plane Correction Subtask

This subtask is part of the corrector step in the PEG
algorithm. The ascending node and inclination within the
MECO targets define the orbit plane. The desired orbit
plane is constrained by PEG until just prior to MECO, at

Current
vehicle

VS

which time the orbit plane is released. Asshown in

figure 3-15, this subtask constrains the desired cutoff
position vector to be in the desired plane. If, however, the
orbit plane is unconstrained, the desired position will be in
the predicted cutoff orbit plane, as calculated in the
previous step.

Predicted
MECO
State

Figure 3-15.- Orbit plane correction.
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Desired Position Subtask

This subtask is also another step in the corrector part of
PEG. Thissubtask corrects the errors in the radial direction
back to the desired MECO position. Figure 3-16 illustrates
this. Thisis true only if the radial component from Earth
center is being constrained. If not, this subtask is not
entered.

Desired
MECO
position

Radial
error

|Radius

Figure 3-16.- Correction of radial error.

TD358A

Desired Velocity Subtask

This subtask calculates the desired velocity vector. PEG
already knows the desired velocity magnitude from the
I-loaded MECO target, but not the direction. Referencing
figure 3-17, the velocity vector is obtained from the
velocity magnitude, flightpath angle, and orbital plane
which yields direction. This velocity vector is required for
the next step.
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Figure 3-17.- Velocity vector definition.
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VGO Correction Subtask

Using the current steering parameters, this subtask
calculates a miss in the desired velocity resulting from a
miss in the MECO target. This velocity miss is used to

calculate a delta to the Vg vector so it may be corrected
to the required Vg (figure 3-18). This corrected VGgQis
used by the Vg update subtask to start another guidance
cycle and compute new steering parameters.

VMISS = \70 '\-/PRED‘

Then

VGOouw = VGO *+ VMiss

TD358A*001:3

Figure 3-18.- Vpyss computation.
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Convergence Check Subtask

The purpose of this subtask is to determine if the Vgo is
converged and to generate a flag indicating whether or
not Vgo is converged. Guidance will go unconverged
when the velocity miss is greater than 1 percent of the
magnitude of the current velocity to be gained for five
successive PEG cycles. This condition implies that the
predicted state obtained from the previous steering
parameters is not very close to the desired state.

If guidance does go unconverged, a discrete is sent to the
attitude display indicator (ADI) processor to stow the ADI
guidance error needles. This provides a cue to the crew to
take control stick steering (CSS) and fly the ascent manu-
ally via cathode-ray tube (CRT) displays and flight data file
(FDF). Thisis necessary because, when guidance goes
unconverged, the vehicle will be in attitude hold utilizing
the last guidance commands to flight control.

A first estimate of Vg during the guidance cycle follow-
ing the initiation of%EG is obtained. This first estimate
will be in error by a substantial amount. For this reason,
the first cycle steering parameters are not used for vehicle
control. Instead, these parameters are used to start the
predictor/corrector process. The corrected Vgo computed
in the second cycle will be better than the initial estimate
since the errors produced by the first cycle steering param-
eters have been reduced. As powered flight continues
toward the MECO target, PEG will continue to increase in
accuracy. Once again, during the period between PEG
initiation and satisfying the convergence criterion, the
vehicle will be in attitude hold, using the last valid attitude
command received. It should take no longer than four
passes through the PEG algorithm to achieve convergence.
When convergence is achieved, a change in thrust attitude
is to be expected since the attitude commanded by PEG
will not, in general, be exactly the same as the attitude at
PEG initiation.
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Cutoff Position Constraint Release Subtask

This is the final function of the correction step. Its purpose
is to release the position constraints on the radius and
orbit plane near MECO for flight control stability.
Basically, when TgQ is small, a small change in position
error will provide large changes in the thrust turning rate
vector, and overcontrolling will result. To prevent this
problem, the position constraints are released 40 seconds
prior to MECO when guidance is converged. When
guidance is unconverged, these constraints are released 34
seconds prior to MECO.

External Subtasks

There are other subtasks external to PEG which are used to
support the PEG calculations. They are necessary in order
to provide PEG with information such as the number of
active SSMEs, 3g throttling, when to terminate guidance,
etc. These subtasks are as follows:

e TVCretrimsu Btask

o ETlow-level sensor arm command subtask
e G-limiting subtask

e MPS guidance cutoff subtask

¢ MECO preparation subtask

e PEGinputsubtask

e SSME-out safing subtask

e Acceleration mass update subtask

e Thrust parameters subtask



TVi wetrim Subtask

When the vehicle mass first becomes less than a premission
I-loaded mass (~500,000 pounds), this subtask sends a
retrim discrete to flight control. This discrete informs
flight control to unparellel the main engines in the pitch
axes. Thisis a course adjustment to prevent an out-of-trim
condition, flight control saturation, and engine bell
collision close to MECO. The autotrim integrator will take
care of fine adjustments. Pitch paralleling and the
autotrim integrator are discussed in greater detail in
section 5.

ET Low-Level Sensor Arm Command Subtask

The ET low-level sensor arm command subtask enables
the low-level MPS sensors to be armed when the current
mass first becomes less than a premission I-loaded mass
(=361,000 pounds regardless of manual or auto throttles)
or when two SSME's have failed. Arming these sensors
based on mass is necessary to prevent an early MECO
should two out of four low-level sensors fail early in the
ascent. When two SSMEs have failed, the sensors are
armed because the second engine failure is assumed to be
catastrophic. In this situation, MPS propellant could be
leaking overboard; therefore, guidance would not be able
to accurately track the actual vehicle mass.
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G-Limiting Subtask

This subtask comes into play approximately 1 minute prior
to MECO when the vehicle reaches 3g acceleration. To
prevent overstressing the vehicle, the SSMEs must be
throttled down to maintain a constant acceleration of 3g.
This subtask does just that. It determines when the 3g
limit has been achieved based on measured vehicle accel-
eration from the IMUs. It then computes SSME throttle
commands to limit the average acceleration to 3g. Ifan
SSME fails during 3g throttling, the two remaining
engines will be commanded back up to full power by the
SSME-out safing subtask, provided guidance knows of the
failure. If guidance does not see an engine as being failed,
the remaining engines will stay at their last commanded
throttle setting until 3g are again reached. Remember,
this subtask only throttles down as a result of acceleration;
it will not throttle engines back up.



MPS Guidance Cutoff Subtask

The purpose of this subtask is to compute a desired SSME
cutoff time based on the desired cutoff velocity magni-
tude. The cutoff time calculation includes the predicted
velocity change from the time the minimum throttle

setting is commanded until cutoff and the predicted

tailoff impulse from each active SSME. This is known as
fine countdown or "fine count." For a nominal ascent, this
time is 10 seconds, and for RTLS it is 6 seconds.

Two additional functions of this subtask are as follows:
¢ Tocommand minimum throttle setting
e Tocommand MECO

The minimum throttle setting is required to maintain an
adequate net positive suction pressure for the SSMEs in
preparation for a stable shutdown. If three engines are
running, the minimum command is 65 percent; if less than
three engines, the setting is 91 percent. This minimum
setting is required for =6 seconds prior to shutdown.

The MECO command is issued when Tgo becomes less
than two guidance cycles. This ensures an accurate guided

cutoff. Assoon asthe MECO command is set, PEG is
exited.

TD3S8A
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MECO Preparation Subtask

This subtask is performed from SRB separation until the
MECO preparation discrete is set. The only thing this
subtask does is set this discrete when TgQ is less than 10
seconds. This discrete is used by other software sequences
for reconfiguration. For example, if an interconnected
OMS dump were in progress close to MECO, the MECO
preparation discrete would stop the dump and recon-
figure the OMS/RCS valves back to straight feed.

PEG Input Subtask

This subtask provides PEG with required navigation and
engine configuration information. The velocity vector and
timetag associated with this vector are the navigation
information. Obviously, in order to reach the MECO
target, the number of active thrusting engines must be
provided to PEG as well. This numberincludes both OMS
and RCS engines as well as the SSMEs. The engine config-
uration must be known in order for PEG to keep track o?
vehicle mass and thrust calculations.



Thrust Parameters Subtask

The thrust parameters subtask computes the estimated
thrust and vehicle performance parameters for the neces-
sary operation of PEG. These parameters are total thrust
force, total mass flow rate, and VEX. The estimated main
engine thrust force is calculated as a function of the
current throttle setting, the number of thrusting SSMEs,
and an estimate of thrust force for a single main engine

(I-load). The total thrust force is then calculated by adding

the force of all thrusting engines, including the OMS and
RCS engines.

Next, an estimate of the mass flow rate (which is really
the weight of the propellant being burned off) is calcu-
lated. This, again, is a function of current SSME throttle
command, number of thrusting engines, and an I-loaded
estimate of mass flow rate for a sin%Ie main engine. This
estimate is added to the estimated flow rates for the OMS
engines and RCS jets to derive the total mass flow rate.
The total mass flow rate has to be calculated so that an
estimate of the vehicle equivalent VEX can be derived.
The VEX is primarily used by PEG to calculate Tgo and
the thrustintegrals. VEX is calculated by the fo?lowing
equation:

Total thrust force (Ibf)
Total massflow rate (slugs/sec)

VEX =

Acceleration Mass Update Subtask

As the name implies, the purpose of this subtask is to
provide PEG with estimates of the current vehicle mass
and a smoothed value of thrust force which prevents
spikes within the calculations. This subtask calls the thrust
parameters subtask for estimates of thrust force, mass
flow rate, and VEX in order to calculate vehicle mass and
thrust to be used in the PEG algorithm.

TD358A

Second-Stage Maximum Throttles

Like first-stage, second-stage guidance has the capability
to command maximum throttles; however, the logic is
slightly different.

MM 103 —
Max throttles enabled —— Command SSMEs
on SPEC 51 L] to 109 percent

Manual throttles —O
3g acceleration —O
limiting

TAL Guidance

The PEG algorithm was designed to be flexible enough

to handle ascent aborts; therefore, the same subtasks that
are used for a nominal ascent are used for a TAL abort.
The major change for TAL aborts is to redefine the MECO
target from nominal. Once this is accomplished, PEG
continues on as before. The RTLS/TAL target selection
subtask performs this function. The parameters that are
adjusted are the targeted orbit plane and flightpath
angle. The targeted radius is the same as nominal, 360k
feet. The TAL flightpath angle is shallower than normal.
This is to allow for a shallower entry which will result in a
smoother entry with less maneuvering, thus reducing
thermal effects. Figure 3-19 illustrates this point. It can
easily be seen that more maneuvering would be required
to shallow out the trajectory if a large flightpath angle
exists at MECO. A negative flightpath angle is undesirable
because entry into the atmosphere would occur too soon
after MECO, possibly before vehicle flight control has been
gained in operational sequence (OPS) 3.
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Figure 3-19.- Effects of flightpath angle on TAL entry trajectory.

3-26



The other MECO targets, such as the required orbit plane
and inertial velocity, cannot be constrained by I-loads
because they are functions of vehicle position with respect
to the landing site. Obviously, a miss of the landing site is
more critical than the miss in a desired orbit. The inertial
velocity is calculated as a function of the surface range
between the predicted cutoff and the TAL landing site
(range/velocity (R/V) line). What this means is that the
farther away from the landing site MECO is, the higher the
cutoff velocity isin order to reach the runway. Based on a
cutoff altitude of 360k feet, the range of MECO velocities
is between 22.5k and 25k ft/sec (I-load). These are the
minimum and maximum inertial velocities, respectively.
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The ascent orbit plane determines the vehicle ground-
track. For this reason, TAL landing sites are chosen to lie
along the resulting groundtrack, as shown in figure 3-20.
When a TAL abort is declared, the TAL orbit plane is set
equal to the current orbit plane as specified by the current
position and velocity vector. This will place al thrusting in
plane to gain maximum performance in the downrange
direction. If for some reason, the current crossrange to the
TAL landing site exceeds the maximum vehicle crossrange
capability, guidance will compute a new inertial aim point.
This new target plane, as shown in figure 3-21, will result
in a groundtrack with a crossrange that equals the
maximum vehicle crossrange capability so the runway can
be reached. Both the TAL velocity anJorbit plane are
calculated in the desired velocity subtask within PEG.
Since the landing site is Earth fixed, the desired trajectory
plane must be converted from Earth fixed to inertial
coordinates. This is accomplished by the second-stage
guidance parameter reinitialization subtask.
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Figure 3-20.- The planned mission orbit plane determines groundtrack and optimum TAL site.

. 1D358A 3-28

( ( (



TD358A

Old target plane

Figure 3-21.-Inertial aim point is changed to reduce crossrange to runway.

3-29

Africa

A N !
TD358A°011



The last difference in TAL guidance is the commanded roll
angle input to flight control. At arelative velocity of

= 14k ft/sec, guidance will command a vehicle roll to a
heads-up attitude. Thisis required because the TAL
trajectory is lower than nominal, resulting in ET heating.
The concern is setting off the range safety package
because of the heating. The roll to heads up more evenly
distributes the thermal load. This roll maneuver is
inhibited when the inertial velocity is greater than =20k
ft/sec. The reason for this is to prevent MECO from
occurring in the middle of a roll to heads up. If thiswere
to occur, the ensuing ET separation sequence would have
high vehicle rates to control.

TD358A
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ATO Guidance

ATO selection will not always affect ascent second-stage
?uidance. Initiation of an ATO will be required only for

lights in which OMS propellant must beaumped pre-
MECO to decrease overall vehicle weight, which in turn
increases performance. This is required in order to prevent
disposing of the ET in populated areas. Otherwise, an ATO
will not be selected pre-MECO. If an ATO is selected,
guidance will perform the following functions as well as
the functions performed during a nominal ascent:

e Select ATO MECO targets

¢ Initiate variable 1Y steering

e |Initiate abort dump sequence

The ATO MECO target is an I-loaded target of altitude

(radius), inertial velocity, and flightpath angle. For most
flights, the ATO target s identical to nominal.



If an engine fails early enough in the ATO window, a low-
level cutoff will most likely occur before the MECO velocity
isreached due to the decrease in performance. After an
ATO isselected, the ATO MECO target is selected within
the software as a function of the relative velocity at main
engine failure. There is a maximum I-loaded V¢ at which
guidance will use the ATO MECO target. If the velocity at
which the engine failure occurs is greater than or equal to
this I-load, the abort MECO target is not selected. This
engini-fail velocity is stored by the SSME-out safing
subtask.

To achieve ATO/AOA abort capability as early as possible, a
variable IY option is available which changes the targeted
orbit plane at nominal MECO to the current orbit plane at
the time of the engine failure (figure 3-22). This places

all vehicle thrust in plane to optimize fuel usage and per-
formance. This function is required only for orbit inclina-
tions greater than 28°, where out-of-plane steering is
done to achieve the required higher inclination. For more
information on this subject, consult the ATO/AOA/TAL
Training Manual.
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Figure 3-22.- Result of variable IY steering.



The last difference in ATO guidance is to determine the
pre-MECO OMS/RCS dump configuration. This is accom-
plished by the ATO/AOA targeting software within the
guidance software. The actual dump is controlled by the
abort control sequence, as is the case for all dumps. The
ATO dump configuration is flight specific and changes
from flight to flight. Thisis a timed dump; however, it
may be fixed in duration, variable, or it may be a combi-
nation of the two, depending on the relative velocity at
main engine failure. The dump may be interconnected
or not, depending on what s |-loaded into the software.
Figure 3-23 shows an example of a typical ATO dump.

A

150 T
41
4+ 2OMS engines

Time T +
(seconds) 4 24 RCS jets 2 OMS
1 (interconnected) engines only
15 I (straight feed)

SRB 11,000 13,800
sep

V,el (f/sec) at main engine failure
TD358A*003:3

Figure 3-23.- Typical ATO dump configuration.
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It can be seen that an engine failure at or before V|
11,000 ft/sec will result in a fixed-duration interconnected
dump. After this velocity, it is a variable-duration OMS-
only dump. The two considerations for an ATO dump

are ET footprint due to high inclination trajectory and
increased performance by decreasing vehicle weight.

The main reason for a variable ATO dump is to obtain a
constant MECO underspeed velocity so the AV required
for OMS-1 remains the same. A fixed ATO dump is utilized
to dump large quantities of OMS propellant because a
larger underspeed at MECO can be supported. It will also
resultin a variable underspeed velocity at MECO.

AOA Guidance

Since there is no pre-MECO AOA abort selection, there is
no guidance software devoted to AOA. ATO is selected,
with a subsequent post-MECO downmode capability to
AOA.



{/

PRTLS Guidance

Entry into OPS 6 automatically schedules PRTLS guidance
or PEG 5 guidance, as it is sometimes called. It isinitiated
at abort selection during second-stage flight and extends
to the completion of the -Z translation post-MECO. This
timeframe is referred to as MM 601. Should an RTLS abort
be selected in first stage, MM 601 will not begin until the
SRB separation command is sent. MM 601 can also be
terminated by a crew-initiated transition to MM 602,
which would terminate PRTLS guidance.

PRTLS guidance operates to achieve three flight phases.
e Fuel dissipation

e Flyback

e Powered pitchdown (PPD)
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Figure 3-24 illustrates these three phases.

The fuel dissipation phase continues the downrange flight
at a fixed inertial thrust direction while cyclical computa-
tions are performed to determine the proper time to
execute powered pitcharound (PPA). This phase is not
executed in aborts near the negative return abort
boundary, since PPA is begun immediately.

The flyback phase extends from PPA to targets designated
at MECO minus 20 seconds. During this phase, throttling is
performed for fuel depletion control.

The PPD phase begins when the vehicle is commanded to
pitch down to the angle of attack (a) required for ET
separation and ends at MECO.
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Figure 3-24.-Powered RTLS flight phases.
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With these extra phases incorporated, PRTLS is more com-

plexthan a standard ascent or any of the other aborts. For

this reason, additional subtasks ar

e required to success-

fully accomplish the RTLS. Figure 3-25 is a functional block

diagram of the PRTLS guidance software.

TD358A

Note that this software uses the PEG algorithm and the
same subtasks used for a nominal ascent as well as the
additional subtasks for RTLS. Since PEG has already been
discussed, only its differences with respect to the PRTLS
guidance will be discussed. Then the additional subtasks
external to PEG will be discussed.

POWERED RTLS
GUIDANCE
BFG INPUT CLIMITING TVE RETRIM ET LOW-LEVEL MPS GUIDANCE SSME-OUT
SUBTASK SUBTASK SUBTASK SENSOR CUTOFF SAFING
ARM CMD SUBTASK SUBTASK SUBTASK
ACCELERATION-
MASS UPDATE
SUBTASK
RTLS FUEL PITCH
INITIALIZATION DISSIPATION ;b‘gﬁg:ﬁ P';ﬁg?&":“ COMMAND
SUBTASK SUBTASK SUBTASK
THRUST RTLS/TAL TARGET THRUST MECO PREP
PARAMETERS SELECTION PEG SUBTASK PARAMETERS e PRE
SUBTASK SUBTASK SUBTASK

TD358A*016:3

Figure 3-25.- Powered RTLS guidance software.
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After abort select, the PEG calculations for PRTLS are
called by the fuel dissipation and the flyback subtasks
external to PEG. These calculations are basically the same
as a nominal ascent, with a few minor exceptions. These
exceptions deal mostly with the PEG targets for MECO.
The target for which PEG actually flies is PPD, at MECO
minus 20 seconds. The PPD target is defined by the
following parameters:

o |-loaded radius from Earth center (feet)

® Flightpath angle thatis a function of the PPD angle
and time to arrive at zero flightpath angle at MECO.

® Aburnout heading such that the landing site is
contained in the burnout plane.

o Desired MPS mass is approximately 2 percent at MECO.

¢ Desired V  thatisa function of landing site range.
(Thisisin reality MECO and not a PPD target
parameter.)

The PPD parameters are shown in figure 3-26. These
parameters are obtained by additional subtasks within
PEG that ordinarily are not called until an RTLS abort is
declared.
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Figure 3-26.- Powered pitchdown target parameters.
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The desired radius is determined preflight via an I-load.
Just asin the case of a nominal ascent, the radius will
determine the altitude of MECO. The desired vehicle
mass and flightpath angle are selected as functions of

the active SSME configuration (two or three main engines
operating). First, the desired mass is obtained by planning
MECO to occur with 2-percent MPS propellant remaining
within the ET. Safe ET separation is not guaranteed with
more propellant remaining. One can see why the number
of active main engines affects this; more engines burn
more fuel in a given period of time. Second, the flight-
path angle will be larger with three SSMEs operating
because the additional thrust causes the H to be larger.
The larger the H, the larger the flightpath angle at PPD,
which causes the total angle for PPD to be larger, as shown
in figure 3-27. This larger angle causes the time to arrive
at zero flightpath angle at MECO to be greater.
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Figure 3-27.- Effect of altitude rate on flightpath
angle at PPD.



During the flyback phase, PEG calculates a vector that is
used to specify the heading of the velocity vector at cutoff.
This is necessary so that, wﬁen MECO occurs, the vehicle
will be headed back to the landing site. In figure 3-28, it
can be seen that PEG actually calculates a vector that
points the vehicle to a point tangent to the heading
alignment circle (HAC). This vector is analogous to an
orbit plane.

The last difference in the PEG tar?et calculations is the
MECO velocity. The magnitude of this velocity vector is
calculated as a function of the surface range between
predicted cutoff and the landing site, just?ike the TAL
MECO velocity. The greater therange, the higher the
MECO velocity, and the converse is true as well. This is
known as the range/velocity (R/V ) line.

MECO

103584 °01)

Figure 3-28.- RTLS MECO vector.
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Subtasks External to PEG for RTLS

To facilitate understanding, the software subtasks
external to PEG will be discussed in chronological order
rather than a data processin%order. Only the additional
subtasks unique to RTLS will be discussed.

RTLS Initialization Subtask. The RTLS initialization subtask
is performed only once at the selection of the RTLS abort.
It performs exactly what the name implies; it initializes
guidance from OPS 1 to OPS 6 for the RTLS abort. In
addition, it also performs the following:

¢ Inhibits the PEG steering commands

¢ Determines active main engine configuratior:
e Selects MECO target radius for RTLS

e Stores Ve and H

The guidance steering commands are inhibited so the
pitch command subtask can perform fuel dissipation. The
steering commands from PEG will not be reenabled until
the flyback phase is entered.

Since the RTLS SSME power level is designed for two active
main engines (as opposed to three), this subtask must
determine if a two-engine or three-engine RTLS is in
progress. This is necessary to send the appropriate throttle
command to the SSMEs. These commands are I-loads that
are normally set at 104 percent for two engines and 69
percent for three engines. The lower throttle setting for
three active SSMEs is equivalent to a two-SSME power
level, thus satisfying the RTLS power level design. Thisis
evidentin the following example:

Three SSMEs at 69 percent = 207 percent

Two SSMEs at 104 percent

208 percent

TD358A
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_ SSMEs because t

"Recall from

Also, a lower throttle settin? aids in fuel dissipation
because rocket engines run less efficiently than at nominal
power levels. Of course, if manual throttnng is being
performed, the ?‘uidance command will not be sentto the
, e speed brake/thrust controller (SBTC)
will override these commands. Upon entry into this sub-
task, the nominal MECO target radius is replaced with the
RTLS target radius. This radius is an I-load based on
expected vehicle performance and is approximately

220k feet.

The last function of the RTLS initialization subtask is
performed during a three-engine RTLS. At abort select,
the present V¢ and altitude rate must be stored to be
used in the pitch command subtask for fuel depletion.
section 2, when an SSME fails, the SSME-out
safing subtask will store the V,¢| and altitude rate.

Pitch Command Subtask. After OPS 6 guidance has been
initialized, the pitch command subtask will compute a
thrust direction for the fuel dissipation phase. This thrust
direction is known as the fuel dissipation thrust angle.
Thisis a fixed inertial thrust angle that is executed in the
same plane in which abort initiation occurred. This angle
is calculated as a linear function of the Vrel and H at the
time of engine failure or abort select in the case of a three-
engine RTLS. The local vertical/local horizontal (LVLH)
pitch attitude at abort selection is higher for early aborts
as compared to late aborts. The reason for this is to loft
the vehicle to gain altitude. Since this is a fixed inertial
thrust angle, tae LVLH pitch attitude will increase with
time as shown in figure 3-29. Once the fuel dissipation
thrust angle is computed, the pitch command sugtask is
exited until PPA.



0 = LV/LH pitch attitude

At abort select,

the pitch command
subtask computes a
fixed inertial

thrust direction .
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Figure 3-29.- Fuel dissipation thrust attitude.
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At PPA, the fuel dissipation subtask sets the pitch This orients the mated vehicle to a heads-up attitude
command subtask discrete back on. Then the pitch pointing back to the launch site. Figure 3-30 illustrates
command subtask sets the initial flyback thrust angle to an this maneuver. After the flyback thrust angle is
I-loaded value so that PPA is begun, and the vehicle is commanded, this subtask is exited.

commanded in plane to a wings-level, tail-up attitude.

At PPA, the pitch command
subtask sets initial
flyback thrust angle
TD358A*015

Figure 3-30.- Powered pitcharound.
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Fuel Dissipation Subtask. The fuel dissipation subtask is
executed to burn off excess MPS propellant from the ET.
Excessive OMS propellant is dumped during this time-
frame as well. The OMS dump is performed for vehicle
center of gravity (c.g.) management and to reduce the
overall ve?\icle weight for landing. This subtask also lofts
the mated vehicle to a suitable altitude for PPA. Itis
actually this subtask which calls the pitch command
subtask at abort select to pitch the vehicle to the fuel
dissipation thrust angle, which is held constant.

TD358A
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Remember that other subtasks are being performed
in addition to these new subtasks for PRTLS guidance
(figure 3-25). With this in mind, the vehicle acceleration
is obtained by executing the thrust parameters subtask.
Using this acceleration, current vehicle position, and time
it takes for PPA, the PEG subtask is called to obtain the
magnitude of velocity to be gained by thrust to achieve
the targets. This velocity is summed with the estimated
velocity gained during PPA by thrust to ﬁredict the final
mass at the PEG target. Remembering that PEG is a cyclic
process that repeatedly performs these computations,
when the predicted final mass is less than the desired final
mass, PPA is begun. This final mass is biased to prevent a
late PPA. The desired final mass ensures that just enough
MPS propellant remains (=2 percent at MECO) to achieve
MECO. If an RTLS is selected near the negative return
boundary, this subtask is not performed and PPA will
occurimmediately after abort select. The crew can also
ﬁerform PPA manually with the use of the rotational

and controller (RHC). In any case, when PPA occurs, this
subtask is exited and the RTLS flyback subtask is entered.
The following secondary functions are performed by this
subtask as well:



® Enablesecond-stage roll angle after an I-loaded Vrel is Maneuver stop

attained (180°, heads down, pre-PPA) Z;é:fffﬁfust 73

angle

Maneuver
start

® Enable max throttle logic when requested pre-PPA

MM 601 ——
Pre-PPA—— Command SSMEs
SSME fail ° to 109 percent Time for PPA:

Max throttles

enabled on SPEC 51 750 75
Manual throttle —O! =——— = 7.5seconds

10°/sec

® Calculate time for PPA using ideal rates and accel-
erations expected for the total maneuver angle
(figure 3-31).

TD358A*006

Figure 3-31.- Time calculation for powered pitcharound.
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RTLS Flyback Subtask. This subtask is entered at the start
of PPA. Itis at this point that the PEG steering discrete is
set to on. This enables the vehicle to pitch around in plane
at =10 deg/sec to orient the mated vehicle to a heads-up
attitude pointing back to the launch site. Initially, PEG will
steer the vehicle to an I-loaded flyback thrust angle to
perform PPA as illustrated in figure 3-31. This angle is
calculated by the pitch command subtask. Once PEG has
converged in the turnaround, the calculated steering
parameters (reference thrust vector, thrust turning rate
vector, and reference time) are used for the flyback rather
than the I-loaded angle. Once PEG has converged and
steering is enabled, flyback guidance is closed-loop to the
PPD target conditions and is explicitly targeted to altitude
(radius), flightpath angle, and final mass. PEG will
continue its cyclic process just as it did under a nominal
ascent until the fine countdown discrete is set at PPD
minus 6 seconds (I-load). If manual guidance isin progress,
the fine countdown discrete is set at PPD minus 14 seconds
rather than 6 seconds. Manual guidance may not track the
trajectory accurately enough to ensure that Tgp is small
enough to set fine count if I-loaded at 6 seconds.

TD3I58A
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This subtask also performs fuel depletion SSME throttling.
This is necessary in order to waste fuel, if required, during
flyback to minimize the amount of MPS propellant at
MECO. The main engines are nominally commanded to

a lower throttle setting than the normal of 104 percent.

If during this phase, auidance commands 104 percent,
maximum throttles should be enabled as soon as possible
to enable a higher power level required to burn more effi-
ciently towards the target.

Flyback max throttle logic:

MM 601 ——

At or post-PPA——
Max throttles
enabled on SPEC 51
Manual throttle—C

Enable maximum
PEG command
(109 percent)

L—

If manual guidance and/or manual throttling is being per-
formed, fuel depletion throttling will be terminated and
never started again, even if guidance is returned to auto.
In this situation, the PEG throttle is set and maintained at
the current commanded engine throttle setting. Assoon
as the fine countdown discrete is set, this subtask is exited.



Powered Pitchdown Subtask. PPD occurs 20 seconds
before MECO. This subtask takes the vehicle from a
relatively hi%h angle of attack to the required separation
attitude with an angle of attack of minus 4° (I-load). This is
accomplished by calculating the rotation angle required to
achieve an alpha of -4° as shown in figure 3-32. Note in
figure 3-33, this attitude uses the dynamic pressure to help
separate from the ET.

If an SSME fails within =~7 seconds after PPD initiation, the
actual engine configuration may not match what guid-
ance had calculated at PPD. Left unchecked, the
subsequent dynamic pressure at ET separation would be
higher than normal.

Total
maneuver
angle

Figure 3-32.- Powered pitchdown maneuver.

TD358A 3-45

To correct this situation, the PPD subtask will stop the PPD
maneuver and calculate the length of time to delay. This
delay is a function of the number of operating SSMEs and
the time of engine failure after initiation of PPD. Once the
delay time has expired, PPD will continue as before.

The main engines are commanded to the minimum power
level in preparation for MECO by this subtask as well. The
minimum power level for two or three active SSMEs is
I-loaded to 65 percent. (Special case: For a three-engine
RTLS, the minimum power level may be 91 percentif one
SSME fails late in the trajectory). If ontr one main engine
is operating, the minimum power level is 104 percent. If
manual guidance and/or throttling is being performed,
the throttle level is set to the value that existed at manual
selection and is controlled by the SBTC.

Aerodynamic
loads

Figure 3-33.- RTLS external tank separation.



MPS Guidance Cutoff Subtask. The MPS guidance cutoff
subtask has already been covered and is performing the
same functions. The only difference is the calculation of
parameters required to determine the point at which
MECO should occur. These parameters are

e The position of the landing site

e Thedistance from the landing site

e The flightpath angle

e Vgoand Tgoto MECO

All these parameters affect the RTLS range/velocity MECO
target, which is Earth-relative. This subtask is performed
from the beginning of PPD until the MECO discrete is set.

In the case of manual throttling, this subtask will be exited
at main engine zero thrust.

TD3S8A
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RTLS Contingency Abort Subtask. This subtask determines
if RTLS guidance should be scheduled in MM 602 and MM
603. Automatic glide RTLS (GRTLS) guidance is desired to
provide the capability to complete an intact RTLS for a
second SSME failure close to the RTLS MECO conditions
(approximately 45 seconds before MECO). This subtask
determines if the vehicle is heading back toward the
launch site and checks to see that the current navigated
velocity is ?]reater than an I-loaded velocity (V,e] =2500
ft/sec). If these conditions are met, the RTLS intact con-
tingency flag is set true to schedule guidance. When this
occurs, alpha recovery, load relief, and terminal area
energy management (TAEM) guidance will be scheduled
in MM 602 and MM 603. The RTLS contingency abort
subtask is performed once when a second SSME fails and
once when the MECO confirmed flag is set.

Contingency Abort Guidance

Beginning with software operational increment (Ol) 21,
guidance subtasks were added to perform automatic
maneuvers in contingency situations where only one SSME
remains in operation. These subtasks are covered in
greaterldetail in the Contingency Abort 2102 Training
Manual.



Questions

1. What type of guidance scheme is used for second-
stage flight?

A.
B.
C.
D.

Open loop

Closed loop

Variable open/closed loop design
I-loaded MECO target

2. What are the parameters that define the MECO
target?

A.

B
C.
D

Relative velocity, altitude, central angle, and orbit

plane

Inertial velocity, radius, orbit plane , and flight-
path angle

Central angle, time, horizontal velocity, and
position

Turning rate vector, reference time, reference
thrust vector, and Vgo

3. How is powered explicit guidance best described?

A.

TD3S8A

One-time steering parameter calculation utilizing
prediction and correction process to steer the
vehicle

Prediction process to maneuver midpoint then
correction process to MECO target

Iterative correction process of one-time steering
parameter prediction

Iterative steering parameter calculation utilizing
prediction and correction process to steer the
vehicle
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. What are the three steering parameters PEG

calculates?

A.

mo Nw

B.
C.
D

B
C.
D

Thrust attitude angle, current thrust vector, and
MECO thrust vector

RGo. TGo. and Vgo

Reference time, thrust turning rate vector, and
reference thrust vector

All of the above

None of the above

. What s linear tangent guidance?

A.

A method whereby the tangent of the pitch
attitude angle is varied for abort shaping

An open loop guidance scheme utilizing T-fail

A method using pseudo MECO targets to achieve
a fuel optimal trajectory

A method by which a fuel optimum trajectory is
achieved by varying the tangent of the thrust
attitude as a function of maneuver time

. Why are the subtasks within the PEG task necessary?
A.

They compute dependent information required
for the steering parameter calculations.

They compute independent information required
for guidance to determine its current position.
They compute dependent information required
to determine the current velocity vector.

They compute Vgo information to be used by
flight control software.



10.

What are external subtasks?

A. They are subroutines which operate external to
guidance software.

B. They are subroutines external to PEG which are
used to support the PEG calculations.

C. They are subroutines which operate external to
onboard vehicle software.

D. They are subroutines within PEG which are used
to support external calculations.

Is the PEG algorithm used for abort guidance?

A. Yes,itisused during ATO, TAL, and RTLS aborts.

B. No, the PEG algoritgm was not designed for this
purpose.

C. Yes, itisused for AOA aborts.

D. No, contingency aborts require manual guidance.

Compared to the nominal MECO target, which
statement(s) is (are) true with regard to the TAL MECO
target?

Higher velocity

Higher radius

Shallower flightpath angle

Variable orbit plane that is a function of powered
pitchdown time

All of the above

m ON®@>

What is the purpose of ATO guidance?

A. Togain pre-MECO AOA capability

B. Toincrease performance by wasting MPS
propellant

C. To maximize vehicle performance by decreasing
weight while thrusting in plane

D. None of the above

TD358A
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11.

12.

13.

14.

What is variable |Y steering?

A. Steering required to achieve an inclination of 28°

B. Steering performed to redirect thrust in-plane
when an SSME fails during an ATO abort

C. Steering required to achieve an inclination
greater than 28°

D. Steering used during TAL aborts to thrust out of
plane toward the landing site

The three flight phases of powered RTLS guidance are

A. T-fail, constant thrust, and constant acceleration
B. T-fail, G-limiting, and MPS guidance cutoff

C. Initialization, 1Y steering, and flyback

D. Fueldissipation, flyback, and PPD

During RTLS, how does PEG determine when the
flyback phase should be initiated?

A. Asafunction of vehicle mass

B. Asa function of mission elapsed time

C. Atanl-loaded inertial velocity

D. Atanl-loaded range from the launch site

During RTLS, what is the target that PEG aims for?

Range/altitude ratio
Pc.vered pitcharound
MECO

Powered pitchdown

op®mp>



15. What are maximum throttles?

A.

Onw

Any throttle setting higher than 104 percent up
to a maximum of 109 percent

109 percent

104 percent

Any throttle setting higher than 100 percent up
to a maximum of 109 percent

16. What s abort shaping?

A.

B.
C.
D.

Depressing the abort trajectory to prevent an
AOA

Lofting the abort trajectory to prevent an abort
gap

Lofting the nominal trajectory to prevent an
abortgap

Depressing the normal trajectory to prevent an
AOA

17. Whatis T-fail?

A.
B.

TD358A

An abort shaping technique whereby PEG
assumes an engine will fail at an I-loaded velocity
An abort shaping technique whereby PEG
assumes an engine will fail at an I-loaded mission
elapsed time

The latest mission elapsed time an RTLS abort can
be declared

An abort shaping technique whereby pseudo
MECO targets are replaced with nominal MECO

targets at an I-loaded mission elapsed time
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18. What are pseudo MECO targets?

19.

20.

A.

An abort shaping technique whereby PEG
assumes an engine will fail at an I-loaded mission
elapsed time

An abort shaping technique whereby "fake"
MECO targets are replaced with actual MECO
targets at an I-loaded velocity

Alternate targets used during TAL aborts when
the landing site crossrange exceeds vehicle
capability ‘

An abort shaping technique whereby "fake"
MECO targets are utilized until an I-loaded
mission elapsed time

Which of the followin?fsu btasks calculates cutoff time

based on desired cuto

A.
B.
C.
D.

velocity magnitude?

MPS guidance cutoff subtask
TGo subtask

T-fail subtask

MECO preparation subtask

Which of the following is NOT a guidance subtask?

ONnw>»

TVCretrim subtask

Tco subtask

T-fail subtask

Desired position subtask



Answers

1. B.

1D358A
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Guidance corrects its steering parameters each

cycle to account for current conditions (page 3-1).

These parameters define the target for powered
explicit guidance to steer to (page 3-3).

PEG cyclically computes steering parameters,
predicts vehicle state at MECO, and corrects its
prediction based on current conditions as a result
of steering (page 3-6).

These parameters provide the foundation
necessary to achieve the desired position and
velocity at MECO (page 3-6).

Linear tangent guidance is the method employed
to achieve a fuel optimum trajectory (page 3-6).

Each subtask constructs information necessary
before PEG can calculate its steering parameters
(page 3-8).

External subtasks are guidance software
subroutines that are not directly responsible for
calculating steering parameters; therefore, they
operate external to PEG to perform guidance
functions (page 3-22).

The PEG algorithm was designed to handle all
phases of exoatmospheric flight (page 3 25).

10.

11.

13.

14.

The TAL MECO target has a shallower flightpath
angle to prevent overstressing the vehicie on the
ensuing entry. The velocity magnitude and orbit
plane are dependent on landing site location
with respect to current position. The TAL radius is
identical to the normal MECO target (page 3-25).

ATO guidance maximizes vehicle performance
after a main engine has failed (page 3-30).

Variable 1Y steering is necessitated on high
inclination flights to maximize remaining
performance by placing all thrust back in plane
after an SSME has failed (page 3-31).

The three flight phases of powered RTLS
uidance are fuel dissipation, flyback, and PPD
?page 3-33).

This determination is made in the fuel dissipation
subtask when the current vehicle mass is less than
that which is required to ensure approximately
2-percent MPS propellant remains at MECO.
When this occurs, powered pitcharound is begun
and the flyback phase is entered (page 3-42).

During RTLS, the target that PEG aims for is
powered pitchdown (page 3-36).



15.

16.

17.

18.

19.

20.

A.

TD358A

109 percent is not always true. The max throttle
logic depends on the situation. Itis possible for
PEG to command a power level higher than 104
percent but less than 109 percent {pages 3-44, 2-4,
3-25, and 3-43).

The nominal trajectory is lofted, which gains
potential energy to prevent an abort gap should
an SSME fail (page 3-9).

T-fail is an abort shaping technique whereby PEG
assumes an engine will fail at an I-loaded mission
elapsed time (page 3-9).

Pseudo MECO targets utilize an artificial MECO
target, whereas T-fail assumes a main engine
failure. Both are used to loft the nominal
trajectory and are mutually exclusive (page 3-11).

The MPS guidance cutoff subtask calculates the
cutoff time. The MECO preparation subtask
merely sets a discrete based on TgQo (page 3-24).

T-fail is not a guidance subtask. Itis a function
within the Tgo subtask (page 3-9).

3-51



Section 4: Flight Control Hardware

Objectives

After reading this section, the student should be able to
do the following:

e List the hardware that provides inputs to the DAP
e Explain the ways in which RGAs are used by the DAP

Alter guidance compultes the required vehicle commands,
these commands are sent o flight control. Ascent flight
control s handled by both hardware and software
(residing within the GPCs). The software is known as the
digital autopilot (DAP). Belore we getinto the software,
we will first discuss the hardware used for inputs to the
DAP and the hardware the DAP commands to effect a
vechicle maneuver for thght control. The following
hardware sensors provide inputs to the DAP:

e |MUs

e Orbiter body mounted accelerometer assemblies (AAs)
e Orbiter rate gyro assemblies (RGAs)

o SRB RGAs

TH S HA
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The following effectors utilize the DAP outputs for vehicle
flight control:

e Main engines

e SRBs

e Aerosurfaces

Figure 4-1 shows the physical location of this hardware
within the vehicle. A brief description of this hardware
and how it interfaces with flight control follows. For more

information on the hardware, each has an associated
training manual/workbook.



SRB

RGAS%

V'MUS

Orbiter
AAs

Orbiter
RGAs

Elevon
actuators

Main engine
and SRB
actuators

Figure 4-1.- Flight control hardware location.
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IMU

Since the vehicle is inserted into an inertial orbit during
ascent, IMUs are required to keep track of vehicle attitude,
velocity, and position changes. Vehicle attitude infor-
mation is provided via the gimbal angles within the IMU.
Inertial acceleration is measured by the accelerometers
within the IMU. Anintegrator murtiplies this value by
time to derive velocity in fect per second. By knowing the
starting point (launch) and the velocity, the current vehicle
position is determined by taking into account the elapsed
time.

Orbiter AA

The AAs are mounted directly onto the orbiter body
structure. They are oriented to measure normal
acceleration (N/), which is acceleration along the Z axis,
and lateral acceleration (Ny), which is acceleration alon
the Y axis. The AAs are used only during first stage loa
relief. They are used for feedback to the DAP on orbiter
body axis accelerations. As we discuss the DAP in further
detail, its use will become more apparent.

Orbiter and SRB RGAs

The RGAs are used by the DAP for feedback on the pitch,
roll, and yaw rates the vehide is experienang. Thists
necessary because the shuttle flies via a rate command
system; therefore, rate feedback is required The RGAs on
the SRBs serve the same purpose; however, there is no roll

gyro.



The Main Engines and SRBs

The main engines and SRB nozzles are gimbaled,
providing thrust vector flight control to steer the vehicle.

Orbiter Aerosurfaces

Only the elevons are active during ascent. They are driven
to relieve wing loading during the max q regime. The
rudder, speed%rake, and body flap are notdriven and are
placed in a position to reduce dra? for ascent. Remember,
the aerosurfaces are not used for flight control durin
ascent; only the main engines and SRBs are used for this
purpose.

1D358A
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Section 5: Flight Control Software

Objectives

After reading this section, the student should be able to
do the following:

e Explain the propersignal flow sequence through the
flight control system

o Define the purpose of G/C steer

¢ Describe why rate gyro assemblies are necessary for
flight control feedback

As stated earlier, the ascent DAP is the heart of the FCS.
The ascent DAP is activated at SRB ignition and
deactivated at SSME zero thrust, where the trans DAP
takes over. The DAP converts steering commands from
guidance and vehicle attitude, attitude rates, and
acceleration inputsinto control element (SSME and SRB
TVC) deflections.

We will discuss the process which the DAP uses to convert
this information to TVC deflections. The DAP can be
operated in two modes, automatic and manual. The
automatic system will be discussed first to explain the
entire system. Then we will take a look at the differences
associated with the manual mode, CSS.

The FCS can be broken out into three main software
modules. These modules are as follows:

e The attitude processor
e G/Csteerinterface

e The DAP

TD358A
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Figure 5-1 illustrates the relationship between these
modules.

Attitude G/C .
processor steer

CssS Auto
guidance  guidance
commands commands

DAP

——» To ADI

Figure 5-1.- Software interface.

The Attitude Processor

The function of the attitude processor is to provide current
vehicle attitude-related information to G/C steer and the
ADI. This attitude information is obtained from the
gimbal an?Ies within a selected IMU. These angles can be
thought of as the actual vehicle attitude in the Aries Mean
of 1950 (inertial) coordinate frame. Since flight control
steers the vehicle in response to body axis errors, the
inertial attitude is converted to the body frame. This s
accomplished via a quaternion, which transforms
information from one coordinate system to another.



IMU data is processed at a relatively slow rate; therefore,
this module propagates the IMU angles with RGA data,
which is supplied at a higher rate to prevent a loss of
control (LOC). Flight control requires vehicle attitude
information at this higher rate. Therefore, once every
other cycle, the IMU angles are propagated with RGA data
to derive the vehicle attitude (figure 5-2).

IMU data ) Attitude Actual bOdy‘ attitude > ToG/Csteer

RGA data —» Processor | Priver signals .

To ADI 8-ball

Figure 5-2.- Attitude processor.

Secondary functions within this module include a method
by which redundancy management (RM) can select a good
IMU. The attitude processor also provides body attitude
information in the form of ADI driver signals which drive
the 8-ball on the ADI. To recap, the attitude processor
performs five functions.

103584 5-2
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e Provides attitude information

e Propagates IMU data

e Derives body axis attitude information
e SelectsagoodIMU

e Sends ADl driver signals

Current vehicle attitude information is required so that
this attitude can be compared (in G/C steer) with the
commanded attitude from guidance. This comparison
would yield an attitude error for the DAP to fly out. An
error is a delta between actual and required vehicle
attitude. Thisdelta is necessary for the DAP to "know" in
what direction and how far the attitude must be corrected
to get back on course.



{

G/C Interface

G/Csteer utilizes the steering commands to develop an
attitude error and attitude rate command that the DAP
must steer out to get back on course. It also provides a
smoothing function for interfacing between the low
processing rate of guidance and the high processing rate
of flight control. G/C steer performs four specific
functions:

® Automatic steering - Provides the interface between
guidance and flight control.

® Manualsteering - Provides the interface between the
pilot and flight control.

® Attitude errors - Generates the attitude error between
the desired attitude and the actual vehicle attitude for
the DAP to fly out. It also sends the attitude error
signal to the ADI processor, which drives the attitude
error needles on the ADI.

® Sendsdesired vehicle body axis rates to the DAP.

Figure 5-3is a functional representation of G/C steer.

rD358A
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Css
Auto
css
Auto
o} Attitude error
Manual o
steering 4 Desired body
! rates
e ~
A
Actual body attitude
Desired
rates
Automatic steering
1 ti
TVCto stsz;ge Cmd vAtgrlruodre
cmd body P atmuge 69
i —° 21 smoother
attitude :
2nd Attitude
stage errors

Figure 5-3.- G/C steer.




Automatic Steering a quaternion. Thisisshown in figure 5-4. The thrust
direction is converted to a body attitude so G/C steer can

Basically stated, automatic steering differences the derive an attitude error. Note in‘fi ure 5-3 that thereisa
commanded thrust direction from guidance with that of software switch that bypasses this function for first stage
the estimated thrust direction from IMU AV data to because the commanded body attitude comes directly
generate a thrust direction error. This error is then from the I-loaded table of vehicle attitudes and no
converted into a commanded body attitude in the form of conversion is necessary.
Commanded
Thrust body
tChomTanded direction Converito attitude o DAP
rus o
direction : error commanded (deg) ~ Smoother (deg) > and attitude
(from guidance) bOdy attitude errors
Estimated
thrust
direction
(from IMU AV) TD358A*018:5

Figure 5-4.- Derivation of commanded body attitude.
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From here, the commanded body attitude passes through
asmoother. With vehicle structural limits in mind, the
commanded attitude must be smoothed or metered out so
as not to exceed these limits during any maneuver. To
understand what the smoother/filter does, think of a 25°
attitude command going into the smoother and the curve
shown in figure 5-5'being the output of the smoother. It
actually took 15 seconds%efore the output command
settled to 25°, thus smoothing the commanded attitude.
This prevented overstressing the vehicle with one large
instantaneous command.

Step command

{

.

Now look at what G/C steer does to the commanded body
attitude in order to smooth it. Figure 5-6 shows the
commanded attitude coming in from guidance, passing
through the maneuver smoother, and coming outasa
smoothed desired command.

The smoother takes the commanded body attitude angle
and converts it into an angular acceleration via flight-
phase-dependent steering gains. Thisis necessary because
the limiter, which will limit the maximum maneuver rate,
Isusing vehicle acceleration to control the rate.

251 S~
Attitude
ESS;T:GZ;’ 1 Smoothed/filtered command

——

15 20

Time
(seconds)

TD358%*019:5

Figure 5-5.- Step vs. smoothed command.
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Itisthen converted back into a rate which is the attitude attitude. Itis then sent to attitude errors and also fed back

rate command sent to the DAP. Next, the rate is converted to generate the error between the commanded attitude
back to an attitude angle, which is the desired body and the smoothed attitude.

S-commanded body

thrust turnin . — Desired body
F rate (deg/sec Rate ;tﬁ‘esrmg rate command
rom 9 to DAP
guidance (1/sec) (deg/sec)
(deg/
sec?)
Commanded .
body attitude N Dtet§; rec? body
; attitude
(deg) + Attitude + Angular 1 Angular ! | command
Generated —— steering  f——> acceleration H — rate 915 >To
from guidance gains (1/sec?) (dezg/ (deg/| limiter* 5 |(deg/ |imitert (deg) attitude
vector input -4 sec?) -4 sec sec) errors
processing
Feedback rate
steering
(deg/sec?) gains (1/sec)
*Limits are function of flight phase per
following table:
. Acceleration Rate
Flight limit limit
phase (deg/sec?) (deg/sec)
15t stage 5.0 15
2nd stage 1.25 5
RTLS PPA 2.5 10
RTLS PPD 2.39 12.25 1D358*020.5
Figure 5-6.- Simplified maneuver smoother.
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Attitude Errors Processing

From the smoother, the desired body attitude is
differenced with the actual body attitude to generate the
attitude error for the DAP. Thisis illustrated in figure 5-7.

Note that the attitude error is sent to the ascent ADI
processor for crew display. During load relief the vehicle
actually flies away from the commanded attitude. For this
reason, the guidance error needles should not be used
during this regime because they will be indicating errors
that are required for load relief. There is logic to
compensate for this. However, due to software lag time,
this compensation is virtually useless.

We have now seen the two signals that G/C steer is
responsible for generating, filtered attitude error and
attitude rate commands for the roll, pitch, and yaw axes.

As can be seen in figure 5-3, G/C steer also contains logic
for manual thrust vector control. Essentially, all manual
steering does is bypass auto steering. More about this
later.
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From
smoother

From
attitude
processor

Desired body
attitude
(deg)

Actual body
attitude
(deg)

+

Attitude error
- (deg)

» To DAP

> To ADI

TD358A%021 S

Figure 5-7.- Attitude error generation.



The Digital AUtOpi'Ot e Ascent thrust vector control (ATVC)

The ascent DAP is responsible for converting the vehicle * MPS command processor

attitude errors, attitude rates, and acceleration inputs into
control element deflections. This is what is commonly
called flight control. The DAP is divided into seven
separate software modules.

o SRB command processor
e RCS command processor

e Reconfiguration logic e Aerosurface control logic
Figure 5-8 is a functional representation of the DAP.

e Linearinterpolations A discussion of each module follows.

Aerosurface
Aerosurface ——{  control  [——» Aerosurface
feedback data logic actuators
]
Navigation — @ i .
9 Linear
interpolations
Guidance — W ¢
MPS command
Y . processor ]

Sensors ——» [
| SRB command
ATVC processor __#____., Effectors

RCS command

—J processor

G/Csteer ——»

_ Ascent
Pushbutton reconfiguration > Command processors
indicators > logic ——>Aerosurface control logic
Reconfiguration — ] | Linear interpolations TD358A%022:5
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Figure 5-8.- DAP software module interface.
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Reconfiguration Logic |

When vehicle control modes change, the DAP and G/C
steer must be informed of these changes to prevent a loss
of control. This module can be thought of as the book-
keeper of flight control. Reconfiguration logic generates
the indicators that are needed in order for the DAP to
recognize a control mode change. Examples of control
mode changes are SRB SEP, SSME failures, MECO, etc.
Reconfiguration logic also receives indications from the
cockpit pushbutton indicators (PBI's) to determine manual
or auto flight control. Figure 5-9 illustrates the inputs to
this module.

MET
Slew commands

SRBignition

SRB separation

SSME retrim

SSME status indicators
SSME stow complete

Ascent
reconfiguration
logic

Auto/manual PBls

Downmode indicators

Hydraulic failure flags

Fast separation

YYYYYYYYYYY

TD358A%023:5

Figure 5-9.- Reconfiguration logic inputs.
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Linear Interpolations

This logic is responsible for generating acceleration
profiles, trims, elevon schedules, and scheduled gains as
functions of Earth relative velocity magnitude, MET, and
estimated vehicle mass. These trims, gains, and schedules
are utilized by flight control either to enhance or to limit
the output of a signal to obtain the flight control response
necessary for a particular flight regime; for example, using
a gain either to increase or to decrease an error signal.
Remember, in all future diagrams if a trim, gain, or
schedule is depicted, it comes from linear interpolations.

ATVC

Just as the DAP is the heart of the FCS, ATVC can be
thought of as the heart of the DAP software. It is within
this module that first- and second-stage control laws are
scheduled, implemented, and switched. For this reason,
first- and second-stage flight control and their differences
will be discussed witgin this module.

The function of TVC is to close the acceleration and rate
loops within the outer attitude loop to generate body axis
attitude rate errors. These errors are decreased by the
SSMEs and SRBs. Before we go any further, a short review
of a closed loop control system is required.



A closed loop control system is one in which the control
action isdependent on the output. Figure 5-10 illustrates
this point. The summing joint at left is used to generate
an error which goes into the FCS. The FCS in turn utilizes
the vehicle control laws and dynamics to generate an out-
put. This output is fed back and summed with the inputin
order to reduce the errors going into the FCS. Body axis
attitude errors and body axis rate commands from G/C
steer are the commanded inputs to each axis. The primary
feedbacks are rates via the RGAs and, in the case o?first-
stage flight, normal and lateral acceleration from AAs.
IMU attitude information is also fed back. The outputs are
body axis attitude rate errors for roll, pitch, and yaw.

From here the output signals are sent to their respective
MPS, SRB, or RCS command processors. Figure 5-11isan
overview of the ATVC control loop, which includes
attitude feedback, rate feedback, and acceleration
feedback.

10)358A 5-10

C

Input Error | Flight control Output
system

Feedback |-

TD358A*024 5

Figure 5-10.- Simplified closed loop control system.
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Figure 5-11.- ATVC control loop.
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First-Stage Flight Control

The inputs to TVC are attitude errors and rate commands.
We will now take a look at what happens to these inputs.
The approach taken will be to build the control loop in
pieces to facilitate comprehension. We will start out with
the pitch channel, then build the yaw channel, and finally
the roll channel.

During first stage, the primary feedback inputs are body
axis rates. Roll rate inputs come from the orbiter roll
RGAs. Pitch and yaw inputs come from the SRB pitch and
yaw RGAs. The SRBs do not have roll RGAs because they
would be located so far from the c.g. that they would be
indicating higher rates than actually exist. The reason the
pitch and yaw rate inputs come from the SRBs is that the
orbiter body flexes during first-stage flight. This flexing
comes from atmospheric effects such as wind shears.

Pitch

attitude 048 Gain
error 4+ 0\
(deg) . / (deg/sec)|  Limiter

deg/sec
~—+®— Filter }—— (deg )>

b T + 10 deg/sec

‘l T ; T
0 REEE T T R R DRIV 1)
Ftisec

An SRB is a far more rigid structure; therefore, its rates are
used to prevent feeding vehicle body flexing into flight
control. Normal and lateral acceleration from the orbiter
AAs are fed back in the pitch and yaw axes, res ectively.
Vehicle acceleration is a good indicator of loa ing;
therefore, the accelerometers are used for load relief.

The Pitch Channel

Recalling that one of the two inputs to TVC from G/C steer
is attitude error, this attitude error exists for each axis:

roll, pitch, and yaw. The attitude error provides a good
starting pointin that it can be thought of as the founda-
tion of the flight control loops. Figure 5-12 shows the
outer attitude loop, which is the attitude error. Thisis also
known as the forward loop.

To MPS
——> command
processor

ToSRB
—— command
processor

TD358A*026:5

Figure 5-12.- Forward loop.
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After the attitude error reaches TVC, the first thing to

occur is that it is multiplied by a gain which is variable with <
relative velocity. Remember that a signal that is "gained" 048 Gain
is just multiplied by that gain value. Figure 5-13 shows an
example of a gain. For example, if an attitude error of 5° degisec 00 T
comesinto TVC at a Ve < 547 ft/sec, this error is multi- “deg
plied by a value of 0.48, which equals 2.4°. Once a V¢ of ' .24
900 ft/sec is achieved, the equation becomes 5° X 0.24 = L
1.2°. Thisindicates that during load relief less attention is ' L A
being paid to the attitude error. Because Vye| is a good 547 900 1335 2628
indicator of dynamic pressure, one can easily see why fusec

these gains are functions of V| for load relief. The reason
for the values of the gains will become more obvious as we
complete the control loop. This gain also changes the
units of the signal from an attitude error angle of degrees Figure 5-13.- Pitch attitude gain.
to an attitude rate error of degrees per second. This is

necessary because the feedback loops utilize rate data

from the RGAs. The signal is next limited to 10 deg/sec to

prevent overstressing the vehicle by trying to command

large rates.

TD3585,7027°%

TD358A 5-13



Now that we have an attitude rate error signal generated,
we can take a look at the RGA feedback signals from the
SRBs. The rate feedbacks from each SRB are averaged
together to generate one rate feedback signal. This signal
is compared with the commanded vehicle rate that was
generated in G/C steer. This is accomplished by differ-
encing the two signals to generate a rate error. See figure
5-14. Note that the polarity is actual vehicle rate minus
the commanded rate. The rate error signal is then added
to the attitude rate error that was previously computed.

The next stop for this error signal is through a filter. A
detailed discussion of this filter is not necessary to
comprehend the FCS. A brief explanation of the types
of filters the FCS uses is presented.

Filters are used to prevent unwanted signals from getting
out to the flight control effectors and causing unwanted
vehicle perturbations.

Lead/lag filter - Acts as a smoother to prevent a large
step input to the FCS.

High pass filter - Prevents unwanted frequencies from
going out to the FCS. This filter filters out unwanted
low frequency "noise."

Low pass filter - Prevents unwanted high frequencies

from going out to the FCS. These frequencies can
develop as the result of vehicle vibration.

— To MPS

command
Pitch processor
attitude 048 1 Gain
error
04 T
(deg) | _(degiseq) [ Limiter * : (deg/sec)
e NPT o * 10 deg/sec Filter '
N N . -+ +
PR ST Sy A
Ftisec
To SRB
— command
processor
Pitch
rate
command
Rate error
- (deg/sec)
Filter (s)
+
A}verage | TD358A*028:5
pitch rate
' Figure 5-14.- Rate feedback loop.
1D358A 5-14
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® Body-bending filter - Prevents extraneous rates from and therefore measures Nz. This acceleration is differ-

reaching the FCS as a result of vehicle vibration and enced with a commanded acceleration which is I-loaded in
flexing. the form of a table that is a function of V,e|. The resultant
. _ _ signal is called the load factor error. Note in figure 5-15
We will now discuss the final means of feedback, the that the polarity is actual minus commanded. This error
accelerometer. The accelerometer we are concerned signal is then filtered.
aboutin the pitch channel is mounted on the body Z-axis
Pitch —> To MPS
attitude 0-48 7 Gain command
error 0a + processor
(deg) / (deg/sec) Limiter + Fil (deg/sec)
0T + 10 deg/sec Iiter '
0 54;/ 90:) 153;5 ijﬂ ? *
Ft/sec ToSRB
—> command
processor

Pitch
rate
command - Rate error
. (deg/sec)
Filter (s)
+
Average
pitch rate
Acceleration
command
(N, ref, I-load) Load factor
- error (Gs)
‘ Filter

+
N —j TD358A*029:5
z

Figure 5-15.-Load factor error.
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Ideally,
cg. T¥\i

the accelerometers should be placed at the vehicle
sisimpossible since the c.g. constantly moves

throughout the entire flight due to the expulsion of
propellant mass and separation of SRBs and ET. Basically,
the c.g. lies below the orbiter at lift-off and gradually rises
toward the orbiter as propellants are consumed. There-
fore, the AAs must be compensated since they are not

located at the c.g. Thisis required because normal, not
rotational, acceleration must be measured. Figure 5-16
illustrates how the AAs are compensated. Looking at this
figure, notice that the pitch RGA signal is brought in and
used to sum out the rotational acceleration.

Pit;h gy — To MIPS

att'tude 048 Gain Command

error 0T processor

(deg) | 1 / (deg/sec) Limiter + Filter (deg/sec) ’

v + 10 deg/sec >
+——t t t i+
0 Sl H000 138S 2608
Ft/sec To SRB
—> To

command
processor

Pitch

rate

command - Rate error

. deg/sec
Filter (s) (deg/sec)
+
Average I
pitch rate
G * Thissymbol indicates
—_— a multiplier which

Acceleration - (deg/sec) gains and converts

command Gs signal output to

(N, ref, I-load) appropriate unitsto

Filter

- Load factor
error (Gs)

be used at summing
joint.

‘J*
N,

+ ¥

THD3SBA*030.S

Figure 5-16.- Feedback to eliminate rotational acceleration.

. 1D358A

(

5-16



The resultant signal, a compensated acceleration error, is
filtered and then gained by the Nz load relief gain. It is
then added to the rate error signal that was generated in
the outer attitude error loop as shown in figure 5-17.

TD358A

Pitch

attitude

0487 Gain
error s 4
(deg) /

— e 024 T

(deg/sec)

Limiter

t t t t
507900 1335 2628
Ft/sec
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rate
command

Average

7

* 10 deg/sec

Rate error

Filter (s)

(deg/sec)

pitch rate

Acceleration
command
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__J+
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Filter

error (Gs)

Filter
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1 /_\
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4
T 1 T
4/ 900 133. 2648
Ftisec
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-

Figure 5-17.- Acceleration feedback loop.
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Figure 5-18 shows the Nz load relief gain; note the
direction of this gain. The Nz feedback gain is a sensitivity
gain comparable to the gain which multiplies the pitch
attitude error in the attitude error loop. These two gains
play together; and, by looking at figure 5-19, one can see
that, as the pitch attitude error gain decreases, beginning
at Vre) of 547 ft/sec, the Nz load relief gain increases. Note
thatit actually increases from zero, which means the
acceleration error was never heard until V,e| = 547 ft/sec
(beginning of load relief). Load relief increases sensitivity
to acceleration error and decreases sensitivity to attitude
error. This means the vehicle flies out acceleration error as
opposed to attitude errors to relieve loads. The net result
is that the vehicle will actually steer off course in order to
reduce the acceleration error to reduce loads in the high §
region. Winds and wind shear are the prime culprits that
cause off-nominal loading.

TD358A

(
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0 T } } 1
547 900 1335 2628
Ft/sec

103987050 %

Figure 5-18.—- Nz load relief gain.
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Figure 5-19.- Pitch control loop.
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The Nz feedback next is added to the pitch attitude rate
error to come up with the total pitch loop error. The Nz
load relief gain converts the acceleration back into rate
units of degrees per second. This is necessary so that
"apples and oranges" will not be added togetherin the
outer attitude error loop. From here the total pitch loop
error is filtered and takes two paths, one to the MPS
command processor and the other to the SRB command
processor, after passing through the forward loop gain.
This gain is a function of time; it is required to have an
accurate way of tracking the greatly changing inertia of
the vehicle.

Autotrim is necessary to trim out attitude errors that

are not a result of main engine and/or SRB nozzle
deflections. These attitude errors are caused by many
factors such as a bent airframe, c.qg. offset, thrust mis-
match, etc. Effectively, autotrim adds a bias to correct for
these types of problem:s.

Autotrim acts on the attitude error in the forward

loop. Figure 5-20 illustrates autotrim in greater detail.
Figure 5-21 illustrates where autotrim comes into the
control loop. Autotrim is just a limited integrator which
performs two functions.

® Limits the maximum trim value to the command
processors at *1.41° for first stage and * 7° for second
stage.

® Maintains the trim value to the command processors
such that when an attitude error is nulled, the trim
value will not go to zero. This conceptis analogous to
a pilot's "trimming out" a "heavy" stick to light control
stick feel. Just because they fee?,no pressure does not
mean they want to take the trim back out.

TD358A

Looking at figure 5-20 again, an example would be in
order. On the first pass t rough the integrator, let us say,
a 0.5 input is present. Because this integrator is a ramp
function, the ou'&put will be something less than 0.5°, say
0.4°. This gets fed back to be summed with the input. On
the next pass through, the error will have decreased some
due to the previous trim integrator output to say, 0.4°.
This gets summed to 0.8° and sent to the integrator, and
the outputis 0.7°. It gets fed back and summed with 0.1°
and will maintain a 0.8° trim even when the input is zero
because 0 + 0.8° = 0.8°. Thus, the trim value is
maintained. In first stage, if an input is greater than 1.41°,
the output will always be 1.41°; hence, the name limited
integrator.

Limiter
+
Degrees ! ®_ Degrees
+
* 1410

Maintain
previous
trim value

TD358A*035:5

Figure 5-20.- Autotrim integrator.
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Figure 5-21.- Autotrim logic.
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Note that the integrated error is summed downstream of
the pitch attitude gain in order not to lose the maximum
trim value in the gain multiplications. Note also, thereis a
software switch and a functional module called fader.
These two elements play together. The switch terminates
autotrim when V,¢) = 547 ft/sec, which is the beginning of
load relief. Itisreenabled shortly after SRB separation,
depending on engine failures. The output of the inte-
grator is held constant through load relief to help reduce
loads by not trimming, which would cause additional
maneuvering and more loading. The fader then kicks in to
ramp this frozen signal to zero prior to SRB separation.

TD358A 5-22

This comﬁletes the pitch control loop for first stage TVC.
Two pitch error siﬁnals have been generated: one gained
for the MPS and the other gained for the SRBs. Each signal
next goes to its respective command processor to be
converted to main engine bell and SRB nozzle deflection
commands.

The Yaw Channel

The yaw control loop is very similar in design to the pitch
Ioor:; therefore, there is no need to build it as meticulously
as the pitch loop, and only the deltas will be discussed.
Figure 5-22 presents the yaw loop in the same format as
the pitch loop.
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Figure 5-22.- Yaw control loop.
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The first major change is in the compensation for the AA
offset from the c.g. Both roll and yaw rates are needed to
correct for this. In a perfect situation, with a pure vehicle
yaw maneuver, there would not be any roll crosscoupling.
However, the shuttle is not a perfect situation, and when a
yaw maneuver is commanded, the vehicle will roll as
shown in figure 5-23 since the SSMEs are located above
thec.g.

Rolling moment

Net
SSME

Figure 5-23.- Vehicle response to a right yaw command.
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Thrust

The second change is the addition of a software switch
within the load factor error block. This switch controls
two filters; its position will determine which filter is being
used in the feedback loops to the command processors. In
addition to load relief, the yaw accelerometers are used to
aid in controlling the vehicie in yaw as it goes through SRB
tailoff and prepares for separation. Beginning at an
I-loaded time (= 1:47 MET), this switch will move from the
nominal filter to the SRB separation filter. This isjustalag
filter which increases the capability to control the yaw of
the vehicle as the result of uneven SRB thrust tailoff. This
signal, called Ny feedback, is then ramped toward zero at
an |-loaded time (=2:04 MET) as controlled by the Ny
feedback gain or when SRB chamber pressure (Pc)
becomes less than 110 psi.

The last change is the addition of a yaw bias which is
incorporated if SSME 2, the left engine, fails between lift-
off and a MET of 2.5 second:s. This%ias prevents vehicle
recontact with the tower provided the GPCs know the

SSME has failed.

As in the pitch loop, the yaw loop generates the total yaw
loop error, which is then'sent to the MPS and SRB
command processors for conversion to bell and nozzle
deflection commands.
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The Roll Channel

Note in figure 5-24, the roll channel is different from
the pitch and yaw channels in two respects. The first
difference is that there is no autotrim for roll. The reason
for this will become more apparent as we goon. The
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0776
0oy
95
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1 1 1 |

0

S47 900 1335 2628
Ft sec

Yaw
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95

second difference is that accelerations are not used for

load relief. Roll has a uni

relief. The goal of load re
maintain the thrust vector in
while the yaw channel tries t
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T
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Ftisec

Roll rate

command
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* Limiter
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Figure 5-24.- Roll control loop.
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Figure 5-25 illustrates that the thrust vector is not parallel
to the vehicle X-axis; it is actually canted down through
the vehicle as the result of the SSME thrust vector.
Remember, the yaw channel becomes more sensitive to
the yaw acceleration error caused by sideslip from winds
and less sensitive to yaw attitude errors during the load
relief region. By flying out the yaw acceleration, the

sideslip is being reduced. So, by reducing sideslip, we are
flying into the winds that are causing the loads problem.
When the vehicle flies into the winds, it starts to fly out of
the planned trajectory plane because of the SSME cant
and the yaw into the winds. This costs the vehicle valuable
performance capability.

0O Tw United Stateso

®0.

+X SRB thrust vector / /l/

. 1 1

_/

SSME
thrust vector

Resultant
thrust vector

*The c.g. shown more forward than actual for clarity.

TD358A*058

Figure 5-25.- Direction of resultant thrust vector.
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Looking at figure 5-26 we can see that if the vehicle first
yaws toward the wind, the sideslip is reduced, but the
thrust vector has been rotated out of the desired plane.
Therefore, the vehicle will roll to get the thrust vector
back into the desired plane. This is the reason for the yaw
attitude error crossfeed loop in the roll channel shown in
figure 5-24. Note thatin the load relief region (between
Vrel 547 and 2600 ft/sec), the yaw attitude error is gained
higher than the roll attitude error. This is necessaiy so that
the vehicle will roll the thrust vector back into the desired
plane proportional to how much it had yawed it out of
plane.

TD358A
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Now back to autotrim. Since the vehicle rolls to help
relieve loads, it would be senseless to try trimming to a
load relief attitude that is bound to change continuously
throughout first stage because of winds. This would only
lead to excessive maneuvering and, consequently, vehicle
loading.

One other minor change in the roll channel is the use of
orbiter RGAs for roll rate feedback.

As is the case with the other channels, the rol| channel
generates a total roll loop error which gets sent to the
appropriate command processors.
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Figure 5-26.- Load relief operations.
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Second-Stage Flight Control

Essentially, flight control is simplified in second stage.
As shown on figures 5-27 and 5-28, there is a software
switch in the Nz and Ny feedback loops labeled SRB nuill

command. This switch opens just prior to SRB separation

and takes the accelerometer feedback out of these control
loops. Also at this time, the orbiter RGAs are used for rate
feedback data.
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Figure 5-27.- Second-stage pitch control loop.
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Once second-stage flight is entered, there are very few
changes to the flight control software. The ascent
reconfiguration module has informed the TVC software
that the SRBs have been separated, and now the vehicle is
controllable only by means of the SSME bell deflections.

Figure 5-29 illustrates the roll channel for second-stage
flight control, the only difference, since first stage is the
addition of autotrim. Autotrim functions the same way it

é (deg/sec?) Trim Limiter
integrator x4

did for first stage in the pitch and yaw channels. Autotrim
is very useful in'second-stage roll control because the left
main engine is mounted on a weaker orbiter structure.
Therefore, there is a greater possibility for thrust
misalignment problems which would require autotrim.
Note that there is still a yaw crossfeed. This s required for
gaw and roll stability purposes because the vehicle c.g.is
elow the SSMEs.
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Figure 5-29.- Second-stage roll control loop.
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There is one other minor difference in that the gains that
were referenced to Vel and MET in first stage are now
referenced to mass. Thisisrequired in order to track the
rapidly changing inertia. Also, the rate autotrim limit has
been raised. Asin first stage, the error signals in each axis
go to the command processors.
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MPS Command Processor

The major function of the MPS rate command processor is
to convert the body axis attitude error (loop error) signals
that are generated in TVC into pitch and yaw engine bell
deflection commands. Figure 5-30 illustrates a top, rear,
and side view of the main engines and the location of
their actuators.
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Figure 5-30.- SSME configuration.
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Figure 5-31 shows a functional view of the MPS command
processor. The TVC loop error si
second, come in from t
through a rate gain th
and mass in second-st

necessary in

gnals, in degrees per
he ATVC module, where th
atis a function of MET in fir
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Figure 5-31.- MPS command processor.
TD3I58A 5-33

Y

See figure 5-33 for definition
of rolf mixing gains.

greatly changing inertia of the vehicle.
e the units of the signal to

yaw signals next go to their

nts where they are added to the
from the pitch and yaw trim

rim was added within the TVC roll

Actuator
position
commands
(deg)

to MPS TVC
command
sop

TD358A*041:5



channel. There is no real reason why the roll channel was
designed in this fashion.

From here, the body axis errors in roll, pitch, and yaw pass
through position limiting. The position limiting is neces-
sary to prevent engine bell saturation in one axis as a
result of a maneuver in another axis. For example, if
guidance requested a full right roll and a pitch up, the
right engine bell will not be commanded all the way up
for the roll. Instead, it would be limited to have some
pitch control authority left over for the pitch up as well.
The same limiting applies to the other axes.

Notice that the roll body axis error passes through roll
mixing and gaining. The mixing is required since, to gen-
erate a vehicle roll, the engines must be deflected in some
combination of engine bell pitch and yaw deflections as
shown in figure 5-32. Therefore, this logic converts the
body roll error into the appropriate combination of
engine bell pitch and yaw errors. This combination is
dependent on the number of SSMEs that are operating.
When all three are operating, the roll body error is
converted to a left and right main engine Ritch errorand a
center engine yaw error. This is accomplished by
multiplying various gains.

Itis very important that the reconfiguration logic
recognize the actual number of operating SSMEs and
hydraulic systems. Otherwise, the mixing/gains will be
inconsistent with the vehicle configuration, and a loss of
control may result.
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Figure 5-32.- Roll maneuver.



These gains are changed as the result of a mission

phase change (such as first to second stage), an engine
failure, or dual hydraulic system failures preventing SSME
movement. Asshown in table 5-1, the gains are lower

in first stage than second stage since the SRBs have most
of the control authority. In second stage, the gains are
increased since the main engines are the only effectors
providing vehicle control.

Table 5-1.- Roll-mixing gains.

Roll- Nominal first Nominal second- fSinglg SSME Dual SSME
mixing stage gains stage gains ail gains (SR8 fail/SERC gains (SRB
gains | (/O to 2 minutes MET) 5RB PC 380 or tailoff to tailoff to
2 minutes MET to zero thrust) zero thrust)
zero thrust)
Failed SSME/TVC*
Center Left Right
A 0 0 0 25 25 0
B 0.75 0.75 0.75 2.0 2.0 0.35
C 1 25 2.5 2.5 25 0.35
D 0 0 0 20 2.0 -0.35

*Should one hydraulic system failure clear, these gains will switch back to the appropriate non-failure state.

1D358A 5-35




If an SSME fails prior to SRB tailoff (= 1:47 MET), no
special mixing is required for roll control because of SRB
control authority due to thrust (=2.5 million pounds
each). Figure 5-33 shows an SRB thrust curve. If an SSME
fails after tailoff, the gains are increased to provide the
control authority necessary. If two SSMEs fail or the crew
selects single-engine roll control ((SERC), via CRT display)
after SRB tailoff, the gains are decreased in order to allow
for roll control from the RCS jets.

A
4 -
3 -

Thrust x 106 |bf

2 —
1 H

I

1 1 1 ! 1 I ! I I 1
0 10 20 30 40 50 60 70 80 90 100
Time, seconds
TD358A*042:5
Figure 5-33.- Typical SRB thrust curve.
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Mixing Logic

The mixing logic converts SSME bell pitch and yaw errors
into commands for roll, pitch, and yaw maneuvers. Refer
to figure 5-34; a matrix within this logic performs this task.
The matrix relates the pitch and yaw errors to the main
engine bell deflection commands necessary to accomplish
a given maneuver. The matrix sign notations are
established such that when the matrix is used, deflection

commands are generated to achieve engine bell

movements as shown in figure 5-35.

Mixing logic

e f] [1 00 00

A rx
0 .10 0 0
0 0 -1 0 1
0 0 0 1t o0
T 0 1 0 1
0 1 0 1 0

SSME 1 pitch

SSME 1 yaw

SSME 2 pitch

SSME 2 yaw

SSME 3 pitch

]

SSME 3 yaw

a
SSME 1 pitch A
1
Roll SSME 1 yaw
command | soaig 2 and 3 pitch
SSME 2 and 3 yaw
\
Pitch command
Yaw command
13584

Figure 5-34.- Mixing logic.
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} Indicates direction engine bell moves.

First engine failure, engine is commanded to a failed stow
position.

Second engine failure, engine receives same gimbal
commands to prevent engine bell collision. Operational
engine still gimbals for SE roll control; otherwise, RCS
would not have enough muscle.

If an SSME fails before SRB tailoff, no special mixing
performed.

If C SSME fails, no special mixing performed. First stage
control is the same as second stage only with lower gains.
Single engine roll control has lower gains.

Pitch and yaw for SE roll control is handled the same way as
normal, except RCS will be required to control roll.
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Figure 5-35.- Engine bell dynamics resulting from mixing logic.
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Before we leave this logic, a discussion of the MPS TVC
command subsystem operating program (MPS TVC CMD
SOP) is required. The MPS TVC CMD SOP is downstream of
the MPS command processor. This is a software module
that compensates the commands to the SSME pitch and
yaw actuators. Compensation is necessary because of the
physical orientation of the pitch actuators. Figure 5-36

Yaw
actuators

illustrates this. Notice the left SSME pitch actuator is
located 180° opposite the others, thus causing a sign
convention problem. The MPS TVC CMD SOP multiplies
the center and right (that's right, the center and right)
SSME pitch actuator deflection commands by negative
scale factors to change their sign convention to achieve
the required maneuver.

|
s
Pitch < j
actuators
—+

+P
+Y
+Y

+P

Plus actuator extend signals
move engine bellsin
direction of arrows

Figure 5-36.- SSME actuator orientation.
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Bias/Limiting Module

This module provides bias additions and rate limiting
of each of the six main engine deflection commands.
Figure 5-37 shows the pitch command channel for the
center SSME; the other channels are handled in the
same manner.

Actuator command
to PRL software

(deg)
@ Biases g >

PRL

scale

factor
Deflection Actuator
command command

Y+
(deg) L/0 + Position + Rate limit ¥, (deg)
-0 '(X)_—Ou | limiter —‘*®“‘—’r XH (deg/cycle) A e
A A
revo 6 (D) ® ®

- SSME Previous
f.au‘l value
position

Slew
@ command

10358A*044.5

Figure 5-37.- Command biasing and limiting.
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Switch © is a software switch, as are all the other switches.
This switch is closed at lift-off, which allows the SSME bell
deflection commands to getinto this module. Pre-lift-off,
this switch is left open to prevent "spurious" commands
from reaching the engine bells before lift-off. Item @ is
the biases that are added pre- and post-lift-off. The biases
that are added pre-lift-off are as follows:

° Gravitr\ position bias is used to "command" the SSMEs
in pitch and yaw to the position the main engine bells
hang to due to gravity before the auxiliary power
unit (APUs) are brought on line and hydraulic system
pressure is available. This prevents force fights within
the ATVC servovalves when the APUs are brought on
line.

* MM 101 initialization bias is used to carry over the bell
position values from GNC OPS 9 for initialization in
OPS 1.

e Start position bias adds a bias to drive the SSMEs to the
pre-lift-off start position.

The post-lift-off biases are used in second stage to parallel
or unparallel the null axes in pitch and yaw, provided
there have been no engine failures. Note in figure 5-30
that the yaw null positions for the left and right SSMEs are
offset from aline parallel to the body X-axis by +3.5°. To
aid in thrust performance, a bias of 3.5° is added from the
time the main engines are put in launch position until the
MECO command. If, however, the left or right SSME fails
orone APU fails, the bias is not added in second stage so
that total control authority is available. Thisregime is
really between SRB Pc less than 380 psi (I-load) and MECO.
The bias is removed at the MECO command.

TD358A

The pitch axes are not parallel to the body X-axis; they are
canted up as shown in figure 5-30. Canting is necessary
to fit the engines within the orbiter aft structure and
provides a statically stable vehicle by pointing the thrust
vector through the c.g. Asa result, a small amount of
thrust performance is lost due to this angle. For this
reason, pitch paralleling is performed between SRB SEP +
12 seconds and an I-loaded vehicle mass close to MECO to
regain some of this lost performance. Pitch paralleling
adds a + 3°bias for the center SSME and a -3° bias for the
left and right SSMEs to parallel their net thrust. Once
again, if an SSME or APU fails, pitch paralleling is not
performed, in order for total control authority to be
available. These biases are removed prior to MECO (when
the TVC retrim guidance subtask sends the retrim discrete)
to prevent engine bell contact near MECO when engine
bell dynamics are greatest. For control authority reasons,
if two SSMEs fail or the crew selects SERC, all biases will be
zeroed. However, if SERC is selected, all biases will be
latched at zero, regardless of subsequent deselection of
SERC.

Item @ is a slew command which is used prior to lift-off
to test the ATVC actuators. This test is performed at
T-3:25 for the SSME actuators.

Software switch @ is "thrown" when an SSME fails. This
sends a nozzle position command to the failed engine,
preventin? engine bell collision with the other operating
engines. It asecond engine fails, it is not locked into a
nozzle fail position; instead, it will receive the same
commands as the remaining engine. If two SSMEs fail
simultaneously, the lowest numbered engine is placed in
the failed position. Nozzle fail positions are (-3, 0) for the
center SSME, (3, 3) for the left SSME and (3, -3) for the
right SSME.

From here, the main engine deflection commands pass
through an engine bell software position limiter. These
software limits really are not necessary since the



commands do not exceed the maximum size which can be
used by the multiplexer/demultiplexers (MDMs). The
software limits are * 11°in pitch and +9°in yaw; the
hardware limits are +10.5%in pitch and +8.5°in yaw.

From here, the main engine deflection commands pass
into item ® logic. Thislogic limits the rate of change of
the command. An example is necessary for the discussion
of this logic. Assume the previous command was +6°. A
second later, the command is -4° (for simplicity, 1 Hz cycle
time is assumed; however, the software is actually cycled
at 25 Hz). Asshown in figure 5-37, at the first summing
joint we have -4 -6 = -10°. Next, it passes through a
multiplier for a scale factor for priority rate limiting (PRL).
There is no PRLin first stage; therefore, this scale factor is
set to avalue of 1. Then t?*.e rate limit is applied. The
limits depend on the number of main engines and
hydraulic systems failed. Nominally, the limitis 7 deg/sec.
Since the -10° exceeds the rate limit, only a -7° is passed
through the limiter. Finally, the signal is summed with the
past value to generate the new command. The new signal
is -1° deflection, not the total -4° command since it would
exceed limits. The slack in the command would be picked
up in the next second. As was mentioned earlier, the rate
limits depend on failures. The limits for first stage are

e 7deg/sec No failures.

e 5deg/sec Single hydraulic system failure.

e 4deg/sec Two hydraulic systems failed.

e 2deg/sec If an SSME is failed, only on the failed
engine. Asecond failed engine is not
limited.

In second-stage flight, the rate change limit is fixed at
10 deg/sec and further limiting is accomplished by PRL.
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PRL

As soon as second stage begins, at the SRB SEP command,
PRL is available. PRL is rate limiting placed on engine bell
deflection commands to scale them down proportionally
to give priority to a larger command. This is necessary
when an engine bell rate command exceeds a hydraulic
system engine bell rate capability, which can happen
anytime high rates are requested or any hydraulic system
fails. There are three hydraulic systems. All the demands
(commands) on a given hydraulic system are summed. If
this sum exceeds an I-loaded rate capability, a scale factor
is formed and multiplies all the demands on that hydraulic
system<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>