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Shuttle Vehicle Configuration Impact
on Ascent Guidance and Control

Willam T. Schleich*
Rockwell International, Downey, California

This paper discusses the factors leading to the design of the Space Shuttle ascent flight control system. Vehicle
constraints on performance, loads, heating, software, and engine gimballing formed the basis for control system
requirements and led to configuration and design decisions. Topics discussed include the selection of a thrust
vector control capability on the Shuttle solid rocket booster, the control requirements of the solid rocket booster
thrust mismatch and misalignment, the Orbiter flight and pad orientation, flight control sensor placement, the
ascent load relief system, the elevon load relief system and performance improvements by reduced engine bias
angles.

Nomenclature
APU = auxiliary power unit
Ex, Ey, Ez = altitude error roll, pitch, and yaw, deg
FPR = flight performance reserve
GN&C = guidance, navigation, and control
h = altitude, ft
IMU = inertial measurement unit
MDM = multiplexer/demultiplexer
MPS = main propulsion system
NY- = lateral acceleration, ft/s2

NZ - normal acceleration, ft/s2

p, q, r - vehicle angular acceleration, deg/s2

Pc = chamber pressure, psia
PRL ' = priority rate limiting
q = dynamic presure, psf
qa, q/3 = squatcheloid parameters, psf-deg
RM = redundancy management
SRM = solid rocket motor
t • =time, s
Tsep =time of solid rocket booster separation

command event
TMM = thrust mismatch
Vr = relative velocity, ft/s
WAZ = wind azimuth (direction from which the wind

is blowing)
a. = angle of attack, deg
|8 = angle of sideslip, deg
d€ = elevon deflection, deg
AP = pressure differential, psi
1? = squatcheloid clock angle, deg

Introduction

THE selection of a parallel burn concept for the Shuttle
ascent configuration has left its mark on the ascent

guidance and control (G&C) configuration. The solid rocket
booster (SRB) and its parallel mount configuration has been
proven a dominant feature in the design of the first-stage
flight control system (PCS). The decision to provide SRB
thrust vectdl* control (TVC) and the design of the system to
accommodate SRli thrust misalignment and mismatch
tolerances were significant. The heed to be able to boost the
winged Orbiter through ascent environmental conditions
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without seriously impacting the Orbiter design resulted in
implementation of a load relief system for ascent first stage.
Also, an elevon load relief system was required to avoid
subjecting the Orbiter elevens to hinge moments beyond entry
design limits. The purpose of this paper is to focus on detailed
features of the ascent G&C system that have been driven by
the Shuttle vehicle [Orbiter, SRB's, and external tank (ET)]
configuration.

SRB Thrust Vector Control
The early Shuttle configuration featured fixed SRB nozzles

(Fig. 1). Ascent control authority was derived from Orbiter
Space Shuttle main engine (SSME) TVC and Orbiter
aerosurfaces—elevens used as ailerons and rudders used for
roll control. The SRB nozzles were canted 11 deg in the yaw
plane to reduce control disturbances. The fixed SRB nozzles
minimized the complexity of the boosters but led to other
complications. The SRB's had thrust termination capability
and the Orbiter used auxiliary abort solid rocket motors
(ASRM's) for first-stage abort in case of an SSME failure.
With primary control power centralized in SSME TVC, an
SSME failure in the atmosphere presented a significant
control problem.

The ASRM's, thrust termination, and the SRB TVC were
the subject of a series of configuration trade studies that were
interrelated to a significant extent. The trade study evaluation
of SRB TVC resulted in the decision to implement TVC on the
SRB. The major considerations of this study are summarized
below.

The first-stage ascent trajectory requires a significant roll
maneuver following liftoff and a vertical rise to roll the
vehicle from the launch pad orientation to the flight azimuth.
Major disturbances during high dynamic pressure conditions
are the result of wind, wind shear, and gusts. The SRB is also
a major source of potential disturbance because of thrust
misalignment or mismatch between the left and right SRB.
Also, the Shuttle configuration has a significant roll/yaw
coupling. The center of gravity is slightly above the SRB and
ET center line and toward the Or bit en As the majority of the
mass is the SRB and ET, Orbiter yaw corrections and
aerodynamic side forces create a roll torque. Yaw distur-
bances from SRB mismatch and SRB misalignment also result
in roll disturbances. The 11 deg cant angle of the fixed nozzle
SRB is required to minimize the disturbance moments. By
canting the nozzle toward the center of gravity the disturbance
is reduced.

Roll disturbances are controlled by the differential
deflection of the bottom two SSME's, yaw deflection of the
top SSME, differential (aileron) deflection of the Orbiter
inboard and outboard elevons, and Orbiter rudder deflection.
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Fig. 2 Effect of eleven hinge moment capability, baseline flight
control.

Figure 2 illustrates the roll control situation for the early
configuration. Large roll attitude errors under disturbance
conditions are indicative of lack of control authority. Ascent
control also placed a structural load on the elevons that ex-
ceeded entry strength requirements. A vehicle weight penalty
was required to meet ascent hinge moment and wing shear
load requirements.

In addition, roll control effectiveness is also reduced due to
aeroelastic effects at high dynamic pressure. The Shuttle
ascent trajectory maximum dynamic pressure exists over a
wide time range of the trajectory because SSME throttling
and SRB thrust shaping have been designed accordingly.
Thus, aeroelastic effects are significant for a large part of the
ascent first stage.

A significant payload performance improvement was
achieved by the incorporation of Shuttle SRB TVC. The
effective thrust of the motor is the nozzle thrust reduced by
the cosine of the cant angle. With incorporation of SRB TVC,
the cant angle was first reduced to 4 degs. With this 4 deg
cant, an axial thrust position could be obtained for
separation. The reduction of lateral thrust forces at
separation allowed reduction in booster separation motor
size. A later change was made to eliminate the 4 deg cant
angle; the result is today's configuration.

This cant angle reduction results in a lower gross liftoff
weight (GLOW) required to perform reference mission

payload requirements. The cost-per-flight savings of the size
reduction was an overriding factor in the decision to im-
plement SRB TVC. SRB TVC implementation costs were
estimated at only 85% of the sizing reduction. Additional
savings in GLOW and cost because of changes in abort modes
can also be attributed to SRB TVC capability.

With fixed SRB nozzles, an SSME failure in the first 30 s of
boost required the Orbiter to use auxiliary ASRM's in order
to separate from the ET/SRB stack (thrust termination on the
SRB's) and initiate a glide return to the launch site. Early
glide return capability was designed to cover critical hazard-
ous conditions and early SSME out conditions. Table 1
summarizes the ASRM requirements study that led to the
deletion of the ASRM's. The incorporation of SRB TVC gave
adequate control to continue ascent. The TVC capability,
along with other redundancy and design changes, allowed the
deletion of the ASRM's. Eventually, SRB thrust termination
was also deleted, resulting in a simpler, more reliable, and less
costly SRB. Thus, the cost tradeoff for SRB TVC (where
sizing reductions more than paid for the TVC system) was
regained several times over with the simplification of abort
modes and SRB design.

The SRB thrust is a major source of possible disturbances.
One common disturbance—SRB thrust misalignment—is due
to dynamic thrust vector deviation, geometric misalignment
of the nozzle, and SRB-to-ET alignment. For ascent control
to function without SRB TVC, verification that the SRB
misalignment is 0.5 deg or less was required. Experience with
smaller scale motors indicated that the 0.5 deg could be met,
but the Shuttle SRB is much larger than previous motors.
Sufficient experimental testing proved that the 0.5 deg
misalignment requirement was not feasible. A 1.0 deg
misalignment criterion was established, consistent with test
plans. Figure 3 shows the roll sensitivity to SRB thrust
misalignment and presents verification requirements to assure
thrust misalignment criteria.

Figure 4 shows the Shuttle configuration with SRB TVC at
the conclusion of the SRB TVC trade study. Subsequently,
several configuration changes were made to arrive at the
current configuration. The 4 deg SRB cant angle was
removed, since disturbances were not reduced significantly by
the cant angle. The SRB was moved to the ET center line,
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Table 1 Summary of ASRM requirements study
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Orbiter SSME roll angles and deflection angles were modified
slightly, and the SRB TVC actuators were moved from a 90 to
a 45 deg orientation to maximize pitch and yaw nozzle
deflection.

With SRB TVC capability in place, the ascent FCS design
was assured of adequate control authority. The performance
of the roll maneuver is smooth and precise (as demonstrated
in flight), attesting to the roll control capability of the Shuttle.
Abort capability was improved as SRB separation no longer
had a lateral thrust force to overcome, and the control burden
was relieved from the Orbiter aerosurfaces. The SRB design
incorporated a gimbaled nozzle design, but thrust termination
and a large fixed cant angle were eliminated. There were cost
savings over the Shuttle program's life.

SRB Thrust Mismatch and Misalignment
SRB thrust mismatch and misalignment disturbances were a

major factor in dictating SRB TVC. The thrust misalignment

is defined as having a single motor magnitude of 1 deg that
includes allowance for nozzle geometric alignment, actuator
installation, and nozzle flow variations. The SRB-to-ET
alignment is within 0.25 deg, giving a root sum square (rss)
net motor alignment to within 1.03 deg. For a two-SRB
operation, the misalignment of each motor is assumed to be in
the same direction (pitch, yaw, roll, etc.), with a value of 0.75
deg (approximately 1.03 x V2/2.

The thrust mismatch is defined as the difference in thrust
between the left and right SRB. Three time periods are
specified: liftoff, steady state, and tailoff. Figure 5 defines
differential thrust vs time for liftoff and steady state, and Fig.
6 defines the thrust differentials for tailoff. These thrust
differential values were derived from the data base of Titan
HI C and D flights scaled for Shuttle conditions. Early tailoff
mismatch values consisted of 450,000 Ib, with revised criteria
indicating a maximum of 710,000 Ib; however, the same
4.5 x 106 Ib-s total impulse during tailoff was retained.
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Misalignment and mismatch are the primary disturbances
that affect liftoff clearances. Also, early misalignment results
in attitude errors from commanded steering. Pitch and yaw
trim integrators (Fig. 7) were added to the ascent PCS to
compensate for these early misalignment errors. Roll, pitch,
and yaw trim integrators are used in second stage to adjust the
center of gravity trim. The first-stage pitch and yaw trim is
initiated at 2.5 s and continues until a relative velocity of 547
ft/s; this is also the start of load relief.

The trim integrator establishes a value to compensate for
steady-state thrust misalignment prior to the buildup of
aerodynamic effects and then holds that value until fading out
during SRB tailoff. The integrator remains fixed during the
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Fig. 7 Trim integrator configuration.

load relief period of the trajectory because load alleviation
requires a buildup of attitude error in the presence of wind
and gust disturbances. By balancing the misalignment effects
prior to maximum dynamic conditions, the integrator reduces
possible air load deviations. Table 2 shows a dispersion
analysis of dynamic pressure times angle of attack (qct) and
dynamic pressure times angle of sideslip (qj3). A spectrum of
thrust, sensor, aerodynamic, and vehicle tolerances are
examined individually for four wind azimuths (roughly
headwinds, tail winds, and cross winds). These indicated
dispersions are then combined statistically to derive an overall
system dispersion. Table 2 shows dispersion determined with
and without a trim integrator function. The trim integrator
shows a reduction in the dispersion in the most significant
azimuths.

Thrust mismatch during tailoff saturates the control
authority of the system. Figure 8 (left) illustrates the thrust
decay difference between motors and the resulting design
thrust mismatch. The right-hand side of Fig. 8 depicts the
SRB and Orbiter SSME actuator deflections required to trim
the mismatch moment. The SRB TVC has the capability of
trimming the mismatch up to approximately 122 s. The
Orbiter SSME TVC capability becomes effective at ap-
proximately 120 s. These curves assume full control capability
and instantaneous gimbaling. The challenge is to obtain
response from the system to nearly utilize that capability.
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________Table 2 Dispersion analysis for ascent load flight conditions trim integrator effect, Mach 1.25______

Design
tolerance WAZ = 35 deg WAZ = 125 deg WAZ = 215 deg WAZ = 305 deg

Source of source, deg A<?« A(?/3 A#a A#/3 A#a Aq(3 Aqa. A<7/3
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misalignment
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The ascent PCS uses SRB chamber pressure measurements
to anticipate tailoff and adjust gains and times for mismatch
control. Vehicle constraints for tailoff transients exist for
both heating and separation. The trajectory prior to SRB
separation is a critical region for heating conditions on the
ET. The transient response due to tailoff can result in a
maximum 11 deg sideslip condition. The ascent PCS
mechanization during tailoff is defined in Fig. 9 which shows
the events used to schedule the gain, mechanization, and trim
changes. As SRB thrust decays, the SRB gains can be in-
creased and still keep stability margins. The pitch trim that is
programmed into the SRB gimbal for the majority of the
trajectory is phased over to the SSME. The roll mixing logic
for second stage is initiated and if SSME out conditions
occur, the changes to the roll mixing logic are enabled (not
required in first stage). Figure 10 shows the transient im-
provement for an earlier initiation of gain scheduling
(Pc=450 in place of Pc = 400). The requirement to reduce
possible transients at tailoff comes from a sensitivity of ET
heating from shock interference patterns between the forward
ET attach strut and the Orbiter. The Mach number region
prior to SRB separation produces these shock patterns.
Dispersions in angle of attack and angle of sideslip increase
heating rates and also spread the high heating area over a
large tank acreage. There was a significant penalty in ET
insulation weight, requiring a more durable super light
ablator (SLA) insulation over a larger area.

The experience in early development flights showed that
SRB mismatch is well below specification values. Figure 11
compares the flight-experienced tailoff mismatch to the
specification limits.

Orbiter Flight and Pad Orientation
Orbiter orientation on the launch pad determines the extent

of the roll-to-azimuth maneuver required of the PCS. Early
launch pad configuration trades between tail north, tail west,
and tail east showed no significant performance impact for
the roll maneuver. The pad orientation, originally tail north
and, finally, tail south, was decided based on launch facility
design and constraint issues. The overriding advantage of this
is to make maximum use of the Saturn V crawler and Launch
Pad 39.

The Orbiter heads-down orientation during flight was
selected primarily for performance and abort maneuver
advantages. The performance gain was approximately 960 Ib.
The abort advantage consists of either a glide return to launch
site (no longer an abort mode) or a powered return to launch
site maneuver. For the turnaround maneuver, a single pitch
action is sufficient. Other advantages of heads-down attitude
are improved S-band antenna-look angles and crew view of
the horizon.
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Flight Control Sensor Placement
Flight control sensors consist of three redundant inertial

measurement units, four body-mounted normal and lateral
accelerometers, four Orbiter rate gyros (pitch, yaw, and roll),
three left and right SRB rate gyros (pitch and yaw), three left
and right SRB chamber pressure transducers, and four left
and right inboard and outboard eleven delta pressure trans-
ducers. The placement of these sensors and the rationale for
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Fig. 11 Flight tailoff thrust mismatch compared to specification
limits.

placement are summarized in Fig. 12. The accelerometer and
rate gyro sensors are placed to minimize structural bending
impact on stability. The flight control sensors are located at
the tail of the vehicle in the.proximity of the primary control
effectors. Originally two sets of accelerometers (forward and
aft) were blended, the aft accelerometers were deleted for
environmental reasons. The forward acceleromefer is now
mixed with a differentiated rate gyro signal. The SRB rate
gyros originally were located in the aft skirt but were moved
to the forward compartment for environmental reasons. The
Orbiter rate gyros were moved from a side-mounted position
on the aft bulkhead to a common centerlirfe lower positipn.
This was due to the fact that in the side-mounted position,
pitch eleven motion caused yaw rate pickup due to structural
coupling.

Load Relief
Normal FCS functions (to provide stabilization, control,

and response to guidance commands) are not sufficient for
the Shuttle during first-stage boost through the atmosphere*
During this first-stage boost, the requirement is to keep design
flight conditions within vehicle capability in the presence 6f a
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Fig. 13 Effect of load relief on performance.

design specification of natural environment. The impact on
the G&C system shows up in the following forms:

1) Wind biasing. Steering software to bias the nominal
trajectory to the mean wind.

2)Ascent load relief. Flight control corrections to the
prelaunch steering based on sensed acceleration.

3) Eleven load relief. Programmed elevon with hinge
moment override.

4) Sensor tolerances. Hardware and redundancy
management.

5) Failure transient constraints. Actuator failure constraints
and engine-out software adjustments.

The trajectory steering is established for the mean (monthly
mean wind for the launch location), the mean wind steering
providing reference acceleration, attitude commands, and
SRB pitch trim. The load alleviation function of the ascent
FCS produces error signals for differences between measured
acceleration (normal and lateral) and reference acceleration.
The actuator commands from load relief require attitude
errors resulting in modifications to vehicle flight path, which
reduce the aerodynamic loads experienced.

The wind criteria for ascent design consist of synthetic
vector wind profiles. A statistical model allows construction
of wind, wind shear, and gust on a monthly basis. The mean
wind is used for nominal steering. To define the ascent loads
constraints, a 95% profile with 99% shear and 9 m/s discrete
gust must be constructed for selected wind azimuths, with the
peak shear and gust occurrence placed at a selected Mach
number for several discrete Mach numbers.

Early system trade studies evaluated fixed attitude control,
100% load alleviation, and a blended attitude and load
alleviation control. A blended system was selected based on a

balance between structural weight saving and trajectory
performance penalty. Figure 13 shows the selection of level-
of-load relief gain. The definition of load relief capability for
vehicle loads and design required development of a unique
analysis technique. The original definition of flight conditions
was a single qa span of ± 4000 psf-deg and q$ span of ±5100
psf-deg. A revised specification of - 3000 < qa <4000 psf-deg
and <?/3 span ±3600 psf-deg was established later to reduce
Orbiter structural loads. As loads analysis matured, it was
determined that simple spans did not provide adequate
definition. Combinations of qa. and qj3 presented critical
loads; a simple headwind, tail wind, crosswind, or quartering
wind was not sufficient. A system to define a continuous map
of flight conditions was established. The qa. vs q& map has
been termed "squatcheloid," a coined name based on the
shape of the plot. A complete squatcheloid definition of flight
conditions consists of the qa vs q$ map; angular accelerations
p, q, and r\ dynamic pressure q; inboard and outboard elevon
deflection; altitude; and time (Fig. 14).

The squatcheloid approach is implemented by a flight
control analysis of system response at a series of discrete
Mach numbers, M= 0.6 to 3.0. For each Mach number, a
series of trajectory runs define response at eight wind
azimuths around the squatcheloid. The qa and q& points and
corresponding data are used to define q vs qa,p and r vs q/3,
6e, h, t, and q curves. The latter variables are plotted vs an
angle r) which is the clock angle around the qa vs qft curves (0
degat 12 o'clock).

The loads analysis utilizes the squatcheloid information to
survey vehicle loads at 30-40 points around the qa and q$
envelope. The critical loading conditions are not only the
Orbiter wing elevon, but the Orbiter ET forward and aft
attach fittings and the ET-to-SRB forward and aft attach
fittings as well.

The sensitivity of ascent loads to ascent flight conditions
makes the relationship between ascent FCS and vehicle loads
constraints quite strong. The FCS response must be con-
sidered from two aspects. First, the dynamic response of the
system will modify and change the flight conditions, i.e., qa,
q@, p, q, r. This dynamic response is affected primarily by
load relief, attitude and rate gains, and vehicle stability. The
FCS mixing logic will also change the distribution of the
control forces and moments between the Orbiter and SRB.
The mixing logic will primarily affect the Orbiter, ET, and
SRB attachment loads.

An example of the constraints on control system design
because of loads impact consists of a proposed change that
removed the load relief signal from the Orbiter TVC. The
change was proposed on the basis of a bending stability
requirement. The accelerometer feedback is a strong source of
structural bending coupling with control effects. In this in-.
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Fig. 14 Squatcheloid for Mach 1.05.
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Fig. 15 Flight condition comparison of FCS mechanization changes.
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Fig. 16 Eleven load relief control logic boundaries.

stance, the destabilizing coupling of the Orbiter-mounted
accelerometers from the SRB TVC was less than that from the
SSMETVC.

The loads assessment of the three options showed an in-
crease in loads between Orbiter and ET attachments and a
decrease in SRB and ET attachments for the "no SSME TVC
load relief" option. The comparison of flight conditions for
these three options is shown in Fig. 15. The baseline system is
shown in the center of the figure with load relief signals to
both Orbiter and SRB TVC. The yaw gimbaling pattern is the
same for all wind conditions, as shown in the diagram below
the qa and qj3 conditions. The alternate "no Orbiter load
relief" option, shown in the left-hand side of Fig. 15, caused a
slight increase in flight conditions and, for some wind
azimuths, an opposing pattern between Orbiter and SRB yaw
control is experienced. Another alternate option, shown on
the right, consists of no attitude error control to the Orbiter
TVC and yaw and roll commands to the top engine. This
option caused an opposing control pattern but negligible
change in fitting loads. The loads assessment of the system
without load relief in the Orbiter TVC showed a significant
redistribution of loads and corresponding impact on attach
structure loads. The final control system logic option consists
of load relief to both SRB and SSME, with bending com-
pensation obtained by filters.

Eleven Load Relief
The use of Orbiter elevens for active vehicle control was

deleted with the addition of SRB TVC. The elevons were fixed
at zero until loads study showed that excessive eleven hinge
moments would be experienced during ascent. A fixed
position other than zero would keep hinge moments ac-
ceptable, but wing shear load and root bending moments then
would be excessive. A programmed elevon deflection was
designed which kept both the wing and elevon within ac-
ceptable loads. The analysis indicated that load margin
existed for nominal aerodynamics, but that uncertainties in
aerodynamic hinge moment coefficients could result in ex-
cessive elevon loads. A closed-loop elevon load relief system
solved the aerodynamic sensitivity issue. The elevon secon-
dary AP transducers measure the load experienced by the
elevon and, therefore, these measurements are proportional
to hinge moment. The system feeds back elevon AP
measurements and moves the elevon away from its
programmed position in a direction to reduce elevon loads.
The inboard and outboard elevons have different load limits
and operate independently. The left and right panels, both
inboard and outboard, are slaved together. If either side
exceeds the hinge moment limit, both are moved to relieve the
overload conditions.
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Fig. 17 Outboard elevon deflection vs squatcheloid angle for design
hinge moment.
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Fig. 18 Outboard elevon deflection possible to relieve hinge
moment.

The elevon load relief system operates in overload cases
onlyl Normally, the elevon deflection follows the program. If
a AP ̂ measurement exceeds a plus or minus threshold, an
incremental command to move the, elevon (rate limited to
conserve hydraulic power) is executed. Once the load falls
below< the relief limit, the incremental deflection is held
constant. When the load falls below a return level, commands
are given to drive back to the nominal program. This logic is
illustrated in Fig. 16., The left and right butboarcj elevon
deflection angles required to keep the plus minus design hinge
moment values fqr the qa. ami qft conditions around the
squatcheloid are shown for Mach= 1.25 in Fig. 17. The
program value is, 4 deg, and the acceptable region for nominal
aerodynamics is 3-4.5 deg. With aerodynamic tolerances the
acceptable region disappears. Figure 18 shows the deflection
angles over which the load relief system could move the
elevens to maintain both left and right outboard elevens
within hinge moments of 400 to - 270 K in.-lb. The possible
elevon angles established required wind tunnel test conditions.

Engines Parallel
The SSME orientation in the pitch plane is necessary to fit

the engines within the Orbiter aft structure and to orient the
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Fig. 19 SSME gimbal positions, pitch parallel and yaw unparallel.

null thrust vector an average of 12 deg toward the ET. The
positive and negative 10.5 deg of SSME gimbal authority in
pitch balance the conditions between SRB separation
(requiring negative deflection) and main engine cutoff
(MECO) (requiring positive deflection). In the yaw plane, the
bottom engines are canted 3.5 deg. The performance effect of
the engines not being parallel is significant. The PCS puts a
yaw bias in these two bottom engines after thrust buildup.
This yaw parallel is taken out if either of the lower engines has
failed. After SRB separation, in the case of a lower engine
failure, the upper engine and remaining lower engine are
biased 3 deg toward each other to parallel the thrust vector in
pitch/The thrust parallel performance gain for an abort
critical mission is 600 Ib. Figure 19 shows the pitch and yaw
gimbal transient when the flight control reconfiguration is
performed.

Conclusion
As the shuttle system design matured, the FCS was called

on to accommodate vehicle constraints in order to avoid
hardware or structural changes. The adaptability of the ascent
G&C system succeeded in providing the Shuttle vehicle with
stability, control, guidance, and navigation and, in addition,
achieved total system solutions to configuration design.
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