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PREFACE

Final report of Asymmetrical Booster Ascent Guidance and Control System Design
Studies performed under Contract NAS9-13568 are contained in five separate

volumes identified as follows:

Volume I - Summary

Volume II - SSFS Math Models - Ascent

Volume III - Space Shuttle Vehicle SRB Actuator Failure Study

Volume IV - Sampled Data Stability Analysis Program (SADSAP) -
Users Guide

Volume V - Space Shuttle Powered Explicit Guidance
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ABSTRACT

Volume Ii! documents investigation of single actuator failures on the Solid
Rocket Booster. Both square pattern ({3) and diamond pattern () actuator
configurations vere analyzed. It was determined that for failures occurring
near or prior to the region of maximum dynamic pressure, control gain adjust-
ments can be used to achieve virtually nominal mid-boost vehicle behavior.
However, near staging, a distinct worst case failure condition was established
that could significantly delay staging. It is recommended that the square
pattern be retained as a viable alternative to the baseline diamond pattern
because the staging transient is better controlled resulting in earlier

staging.
KEY WORDS

Booster Actuator Failure
Actuator Failure

Flight Dynamics

Shuttle Boost Dynamics
Space Shuttle Boost
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1.0 INTROGUCTION AND SUMMARY

Studies have been conducted investigating the performance of the Configuration IV
Space Shuttle vehicle with ore solid rocket motor TVC actuator failure. Primary
study objectives were to determine design cases (worst conditions) for the base-
line TVC actuator configuration (45° - 135° orientation) and the 0° - 90° TVC
(pitch-yaw) configuration.

Simulations were performed, individually failing each of the four solid rocket
booster (SRB) actuators. Several failure times were tested, from liftoff to

the region of maximum dynamic pressure (Qpax). Thrust unbalance between the

two SRM's was simulated and the effect of headwinds, tailwinds and crosswinds

was investigated. Staging criteria were implemented in the simulation. Nominal
staging for this configuration occurs at 123 seconds from liftoff. All simula-
tion runs that failed to meet the staging criteria were terminated at 140 seconds.

It was determined that the worst case design conditions for this vehicle
configuration are those summarized in Figure 1. For those mid-boost conditions
(1iftoff to beyond Max Q) the loads indicator, dynamic pressure times sideslip
angle (Qg) was significantly higher than for other simulation cases. Satisfactory
compensation was achieved for the mid-boost cases.

At thrust tailoff the thrust unbalance between the SRM's caused a yaw transient
thet significantly delayed the staging time. For the 45° - 135° TVC actuator
configuration, adverse rcll-yaw torque from the remaining thrusting actuator
precluded successful compensation; but for the 0° - 90° TVC configuration,
compensation permitted some reduction of the delay in staging.

It is recommended that the 0° - 90° TVC actuator configuration be retained as

a viable alternative to the baseline 45° - 135° TVC configuration and that
additional studies be performed on staging compensation. It is also recom-
mended that load relief studies be initiated to develop techniques for decreasing
the effect of actuator failures and winds on vehicle loads during boost.
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2,0 STUDY PARAMETERS

The Space Shuttle configuration studied was the VL72-000088B configuration IV
vehicle described in references 1 through 3. Simulations were performed,
separately failing each of the four solid rocket booster (SRB) actuators. An
actuator failure was simulated by commanding it to null at its rate limit
(3 degrees per second for this study). Failure times were selected at:

1) Tliftoff,

2) 8 seconds (beginning of roll maneuver),

3) 28 seconds (end of roll maneuver), and

4) 57 and 58 seconds (during the region of the wind gust).

In the initial study phase no changes were made to the control system gains cr
mixing logic in order to compensate for the actuator loss. Then, after de-
termining the effects of the failures, compensation techniques were investigated
to minimize deviaticns from nominal.

For all simulations thrust unbalance between the two SRM's was set at +0.98%
because this resulted in the specification limit of 450,000 1bs thrust
differential at tailoff. The thrust profile of each SRM and the thrust dif-
ferential resulting from a +0.98% mismatch is shown in Figure 2. The high
thrust motor burns faster, thus burning out sooner resulting in higher thrust
on the "low thrust" motor during the thrust tailoff region. No angular mis-
alignments were introduced in any of the Space Shuttle Main Engines (SSME)
actuators or SRB actuators.

Synthetic directional design wind profiles were generated and applied to the
vehicle as headwind, tailwind, and right crosswinds. The tailwind and cross-
wind profiles were 95 percentile winds during the gust region and were modified
to 1o~ winds (34% above the 50 percentile profile) during the SRB tailoff
region. The headwind profile was used as a 95 percentile profile throughout
the flight. The gust attitude for these winds was selected at 10 KM, which
coincides with the time of maximum dynamic pressure. These three wind profiles
are shown in Figures 3-5.
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Staging criteria for the simulations were implemented such that staging was not
allowed to occur until all criteria were met. The staging criteria used in this

study were:

1) thrust on the highest thrust SRM must be less than 100,000 1bs,
2) sideslip must be less than 5 degrees,

3) body roll rate must be less than +10 degrees per second, and

4) body pitch and yaw rates must be less than +2 degrees per second.

A Timit on angle-of-attack was not imposed for these cases since minor
trajectory anomalies cause all cases to slightly exceed 5 degrees angle-of-
attack at staging. A1l runs were terminated at 140 seconds if staging criteria
were not met by that time.

(5
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3.0 45° - 135° TVC ACTUATOR CONFIGURATION STUDIES

3.1 Design Conditions

Worst case design conditions determined from this study are summarized in
Figure 1. During the mid-boost region of flight most severe conditions are
felt in the presence of a crosswind with the leeward SRM with high thrust and the
actuator failure on the windward SRM. For right crosswinds the more severe case
is with the left actuator failed. For ieft crosswinds it is with right actuator
failures on the windward motor.

During the tailoff portion of boost, design conditions were found to be with
crosswinds with high thrust on the windward SRM and with the actuator failure
occurring also on this motor. For right crosswinds the most severe condition
arises with a left actuator failure on the windward motor; for left crosswinds,
with a right actuator failure on this motor.

3.2 Discussion of Results

The design conditions described in section 3.1 were the result of approximately
80 simulation cases. Figure 6 is a run matrix of the simulations performed in
this study. More failure times were selected within the crosswind column for
it was felt that this wind was the most severe w.r.t. vehicle control during
boost. Two failure times were included within the headwind column, one

at liftoff and one at 28 seconds (during the end of the roll maneuvers). For
each of four actuator failures within a wind column each case was run with

both orientations of SRB thrust mismatch.

Complete detailed results of all simulations are contained within Appendix Al
and A2. Appendix Al is a collection of tables of results of maximum values
during boost. Tabulated in these tables are maximum dynamic pressure, qa, 98,
body attitude errors, and body rates. Appendix A2 is a summary of conditions
at staging. Included are dynamic pressure, angle-of-attack, sideslip angle,
Mach No., body attitude rates, and SRM duty cycles. Also tabulated are the
times at which staging criteria were achieved. Detailed discussions of these
results will be separated into mid-flight results and separation results.
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3.2.1 Mid-Boost Results

In general, the effect of an SRB actuator failure had minimal impact on vehicle
control during the mid-boost region of flight. The effects of wind azimuth
were most noticed in the load parameters, dynamic pressure (Q), Qa, and Q8.
Whereas, maximum dynamic pressure averaged approximately 650 psf for the no-
wind cases the headwind studies showed max Q's on the order of 750 psf, and
tailwinds ran approximately 600 psf. Crosswind cases averaged approximately
190u-2000 psf® for Qu. Maximum Q8 occurred with the crosswind simulations.
Peak Q8's of +4500 were observed for one of the actuator failure conditions.
Headwind simulations were the next most severe with respect to 0g. Values
of +2300 psf°® were observed for the headwind cases. Tailwind and no-wind
simulations were the least severe with values of 1000 to 1500 psf°® being

observed.

Body attitude errors and rates were affected by the wind azimuth in that

pitch errors were biased as a result of head or tailwinds. Crosswinds affected
attitude errors primarily during the tailoff region. This will be discussed

in the following section. Body rates during the mid-boost region of flight
were in no case excessive nor significantly dependent upon wind azimuth.

Little difference between actuator failures was observed during the mid-boost
region indicating that per se neither a right nor left actuator failure was
more severe than the other. This is reasonable due to the 45° - 135° diagonal
SRE actuator orientation, which eliminates the dependence of a single actuator
axis on one axis of control. Likewise, only minor differences were seen
between the failure of an actuator on the right SRM or the left SRM.

The results of having high thrust on either the right or 1eft SRM was observed
to influence the load parameters. Those cases with high thrust on the left

SRM were found to have slightly higher (= 1%) maximum dynamic pressures. The
primary cause of this is the roll maneuver taking place during the pitch over
command, and more precisely the direction of the roll maneuver. As the

vehicle rolls clockwise and begins to pitch over the left SRM is to the outside
of the pitch trajectory. With high thrust on this motor, the trajectory is

n
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essentially biased toward a lower altitude, resulting in a higher Q flight.
In addition, for flights in the presence of crosswinds, if the windward SRM
has high thrust, this will aggravate any high sideslip condition already
present.

The time of actuator failure was found to have little effect on any of the per-
formance or control parameters. Duty cycle, however, was found to be affected
f. and will be covered in the following section.

As an outgrowth of the Eighth Flight Control Panel Meeting of 28 February 1974,

an action item was taken to supply Rockwell International (RI) with envelopes

of maximum SSME actuator deflections occurring during flights with an SRB

actuator failure. This data was prepared and forwarded to Rl via the NASA JSC
i technical monitor. This data is included in this report in Appendix Bl.

3.2.2 Thrust Tailoff Results

Greatest impact of loss of an SRB actuator was felt during the thrust tailoff
region of flight. The prime contributor to control problems during this time
is the SRB mismatch. During this time, as seen in Figure 2, the peak thrust
mismatch of 450,000 1b occurs, producing approximately 9x106 ft-1bs of yaw

: torque. This perturbation combined with specific actuator failure and wind
ff{ azimuths produce severe conditions at the nominal staging time.

e —— e e
-

The effect of wind azimuth was found, in general, to be more pronounced for

a crosswind azimuth. Due to the magnitude of the ETR tailwind its effects
were observed to influence body angular rates at staging, but in general were
[ not "design cases". Headwinds, being of such low velocity, were not important
at staging.

LT e
. 4

The time of actuator failure has no effect on staging conditions other than on
SRB actuator duty cycle. Failures at 1iftoff, as would be expected, had

larger duty cycles than failures at later times. As a separate study, individual
“ actuator duty cycles were collected for various wind and thrust mismatch com-

N & binations, for both no failure trajectories and design case failures. In addi-
tion, comparisons were made between systems with and without failure mode
compensation logic. This data has been previously informally transferred to

the NASA/JSC technical monitor and is included in this report under Appendix B2.
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The effect of which one of the four actuators failed and the effect of which
SRB has high thrust are interrelated. The motor that nas been burning "hot"
throughout the boost will burn out before the other motor. Thus, it is
obvious from a control standpoint that the worst failure would be a faiiure

of one of the actuators on the motor that still has thrust. This will leave
control on only one thrucsting actuator. In addition the choice of which of
the two actuators on the thrusting engine is failed is found to make consider-
able difference.

Referring to Figure 7, let us assume that we have had a "hot" burn of the
left SRM during boost. This creates a negative yaw perturbation during the
thrust tailoff region, anu is shown on the drawing as the "thrust mismatch
component". This negative yaw in turn creates a positive sideslip which aero-
dynamically introduces negative roll ("resulting aerodynamic component” on
drawing). The sum of these torques is the vector representing the "thrust
tailoff perturbation torque". Shown also on the drawing are representations
of the envelopes of control torque available from each actuator on the right
SRM. Due to the 45° - 135° diagonal orientation of the actuator, control via
the right actuator moves from "+yaw - roll1" to "-yaw + roll". Likewise, the
left actuator control moves from "+roll + yaw" to "-roll - yaw". Thus to
overcome the perturbation torque of a "hot" left SRM, the left actuator on
the right SRM is correctly oriented to perform this function. However, if
this actuator is failed, and the only remaining functioning actuator is the
right actuator of the right SRM, then the control torque vector from this
motor will aggravate the error conditions existing.

As was mentioned earlier, if a crosswind is present at thrust tailoff, its
relationship to the "hot" SRM is important. For the worst case actuator
failure conditions, if the crosswind was such that it effectively increased
the sideslip angle that was being produced by the thrust yaw disturbance,
then staging conditions became worse. On Figure 7 this has the effect of
increasing the "resulting aerodynamic component" vector. Roll errors at
staging with a favorable crosswind were -35 degrees, whereas with an un-
favorable crosswind roll errors of -67 degrees were observed,

13
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Plots of sideslip angle, Q-8, body roll and yaw rates, and body rol1l and yaw
errors are shown in Figures 8 through 13. These plots are of a simulation

with the failure of the left actuator on the right SRM with a "hot" left SRM
and a right crosswind. Illustrated here are the dramatic tailoff transients.

3.2.3 Compensation Logic

Compensation logic for the baseline actuator system was successful for the
mid-boost region of flight. This logic is shown in Figure 14. After an SRB
actuator failure is detected, the SRB mixing logic is altered as shown. Roll
commands to the SRM's are shifted to the same actuators (i.e., right actuator
on left motor, right actuator on right motor, or vice versa) on each motor,
avoiding the failed actuator. Pitch commands are routed to opposite actuators
on each motor (left actuator on left motor, right actuator on right motor

or vice versa). Yaw commands are placed only in the SRM without an actuator
failure. In all cases the SRB gains are increased. SSME logic was left
unchanged.

Attempts at SRM actuator failure compensation logic during the tailoff region
to date have been unsuccessful. As described in the previous section worst
case conditions occur during tailoff when the actuator failure has occurred
on the SRM with remaining thrust. Under these circumstances only one SRB
actuator remains with control authority and its control orientation is such
that it will only aggravate conditions. It is clear that to avoid this worst
case, at the time thrust is lost or significantly decreased on the unfailed
SRM (actuator) that all control must be removed from the SRM's, and SSME

TVC be utilized to maintain control through staging. Numerous methods of
altering nominal first stage SSME logic while nulling the SRM's were tried.
None were successful. At best yaw could be "traded" for roll. Control

from the SSME's is not adequate to handle the effects of the yaw perturbation

from thrust mismatch at tailoff, and excessive sideslip angles prevented staging.

Data from three sets of runs is included for reference in Appendix 43. Both
mid-boost data and conditions at staging are presented.

15
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4.0 0° - 90° TVC ACTUATOR CONFIGURATION STUDIES

4.1 Design Conditions

Worst case design conditions for this configuration were also summarized in
Figqure 1. The most severe conditions were encountered in a crosswind, both
during mid-boost and in the thrust tailoff region.

During boost, especially before and during the roll maneuver, a pitch actuator
failure produced the worst conditions, while a yaw actuator failure resulted
in virtually zero deviations from nominal. Specifically, failure of the

pitch actuator on what becomes the windward side following the roll maneuver
was the worst case, with high thrust on the opposite SRM causing slightly
higher Q8.

At thrust tailoff, the worst case was failure of the yaw actuator on the
windward side combined with high thrust on the same side at tailoff (mean-

ing it was the low thrust motor at 7iftoff and so it has propellant remaining
after the other motor has burned out).

The design conditions described above were obtained from simulations described
in the run matrix shown in Figure 15. Simulations were performed with failure
times of 0 and 57 seconds with both orientations of thrust mismatch and for
headwind, crosswind, tailwind, and no wind environments. Results of the
simulaticns are contained in Appendix A4 and AS5. Appendix A4 contains mid-
boost data for the 0° - 90° actuator system and Appendix A5 contains tailoff
data. These results will be discussed in more detail in the following sections.

4.2 Discussion of Results

4.2.1 Mid-Boost Results

Yaw actuator failures did not cause significant deviations from nominal flight.
Failure of the pitch actuator on the left SRM produced relatively minor effects,
most notable of which was an increased roll lag during the roll maneuver.

However, failure early in flight of the pitch actuator on the right SRM resulted

in significant perturbations. The adverse coupling of roll and pitch commands

to the remaining pitch actuator caused a large roll error during the roll maneuver.

23
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For the headwind case, the consequent trajectory deviation resulted in a maximum
dynamic pressure 10% higher than the no failure case, and Qg increased nearly
100% but remained comfortably below the values obtained with crosswinds. The
crosswind cases naturally produced the highest values of Qg but this particular
failure caused a Q8 of 11% higher than failures of other actuators. The primary
reason a crosswind was selected as the design case was the high value of Q8

it produced.

The effects of thrust unbalance were slight in the mid-boost range (1iftoff to
about 110 seconds). Differences in the key variables typically ranged from one
to three percent between high thrust on the SRM with the failed actuator and
: low thrust on it. But the direction of change varied from case to case, some-
. times increasing and sometimes decreasing. So both directions of thrust un-
balance should be checked if any significant variable s near a limiting value.

Failure time is an important consideration. The only times looked at in this
set of cases were liftoff and 57 seconds, but other studies as well as this one
demonstrated that, failures occurring after the start of the roll maneuver
consistently produce smaller deviations in all variables (rates, errors and
load indicators) than do failures during the first eight seconds of flight.
Therefore, 1iftoff was selected as the design case failure time.

L 4.2.2 Thrust Tailoff Results

\ Pitch actuator failures did not seriously affect staging conditions for any
combination of failure time, wind, or thrust unbalance studied. This was
L because 1ittle pitch engine deflection was required in this flight region.

Thrust unbalance produced a yaw torque during thrust tailoff lasting several
seconds. If the yaw actuator failed on the SRM with thrust remaining the
resulting yaw-roll disturbance became significant with respect to the staging
criteria. Nominal staging time for this configuration is 123 seconds, but
under these off-nominal circumstances with a crosswind, the vehicle had

o 17 degrees sideslip, 7.5 degrees yaw error, and -14 degrees roll error, as
shown in Figures 16 through 18. As the thrust continued to decay the vehicle
recovered from the unbalanced condition resulting in relatively high rates
(as shown in Figures 19 and 20) of 4.8 degrees per second in roll and
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2.3 degrees per second in yaw. However, the sideslip angle never decreased to
5 degrees and the rates were not damped out by 140 seconds.

4,2.3 Compensation Logic Discussion

Mid-boost - To compensate for a pitch actuator failure, all SRM pitch commands
were transferred to the main engines (scaled up by 2.5 to account for the dif-
ference in torque between the SRM's and the SSME's). In addition, since the
roll torque from the remaining SRM was unbalanced it caused a spurious pitch
torque; a counteracting pitch command was issued to the main engines (scaled
2t 1.25). This logic is illustrated in Fiqure 21.

This compensation produced good results. It decreased the Qg deviation from
the original 11 percent down to 3 percent for the design case. The deviation
was not reduced to zero because the SRM's are nominally biased slightly off
zero pitch deflection which modifies the recultant thrust direction and
trajectory.

Thrust Tailoff - Compensation at tailoff consisted primarily of reducing the
roll and yaw attitude gains. From 123 to 125 seconds the roll gain was damped
to zero and the yaw gain was reduced to 0.1. This decreased the attitude rates
to small values similar to those an attitude hold would produce. This compensa-
tion alone created stable staging conditions, but with a crosswind the sideslip
angle remained up around 12 degrees. To reduce the sideslip, the Y accelercmetcr
§ was turned on (with mid-buost gain) at 124 seconds. This reduced the sideslip
‘ to 5 degrees within 6 seconds without introducing excessive rates as shown

in Figures 22 through 24. Data from these studies are contained in Appendix A6.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

During the early part of the flight, an actuator failure interfered with smooth
performance of the roll maneuver. For the positive roll after liftoff used

in this study, failure of the left actuator (45° - 135° configuration) or pitch
actuator (0° - 90° configuration) on the right SRM resulted in significantly
higher Qg than any other failure cases. This appears to be a function of the
magnitude and direction of the roll maneuver. If the roll were negative instead
of positive mirror image failures would be more severe. Satisfactoryv compensa-
tion was developed for both configurations.

At thrust tailoff for the 45° - 135° configuration, failure of the left actuator
on the right SRM or the right actuator on the left SRM, with thrust remaining
on the same SRM, resulted in adverse roll-yaw torques and high body rates at
staging. These adverse conditions could not be compensated for, although it
was possible to do a limited amount of tradeoff between roll rates and yaw rates.

Yaw actuator failures produced similar results for the 0° - 90° cases, except
that the effects were not as severe and satisfactory compensation was achieved.

Because of the inability to compensate the 45° - 135° configuration and because
the actuator duty cycle for the 0° - 90° configuration is only about 75 percent
of the 45° - 135° duty cycle {as tabulated in the appendices), it is recom-
mended that the 0° - 90° actuator configuration be retained as a viabie
alternative. It is also recommended that additicnal comparisons be performed
to determine:

a) Effects of magnitude of roll maneuver,

b) Effects of direction of roll, and

c) Weight to orbit penalty for delaying separation until body

rates are nulled.

The loads indicator QB was excessive for several of the cases studied. It is
recommended that load relief studies be initiated.
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APPENDIX Al

45° -~ 135° TVC BASELINE SYSTEM - UNCOMPENSATED MID-BOOST DATA
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APPENDIX A2

45° - 135° TV. BASELINE SYSTEM - UNCOMPENSATED STAGING CONDITION DATA
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APPENDIX A3

45° - 135° TVC BASELINE SYSTEM - COMPENSATED MID-BOOST DATA AND
STAGING CONDITION DATA

A9




Fotsmsctis « g

ey & R
S ——————. : , e
7€ axTioNd
‘ 757 QINOA
23| 350 | | L@ |09® | 2/19)| 255 | 32 & &m&_ .
\.W 2 M.\Ul S 2ss | 95 |00b< | fppar 459 8 \_ /! . \.
2@ /@ | ST LTIJ| LTrg)| 2//&)] 35 mu@.l\wh@:t\m V. Y.
16| 8 €-| 28| ber-| s pi-| 55 |sa08 | 288 1) 004 , A
3r@ 259 VI [1@) (0L @)| 2@\ FS @ |22 @ | 45 ?| 4 .
o0-b| 8/ |E 1= H1-|0€r| LS | japslosor| 54907 | 7| V| 1V
22| Es@ | SHR|Z P | Z P| TNO| 253)| ¢L® 250 . .
06| 8| L-|z1=| 42/ g5 thsotloaor] 0oz 4] VAL V| 11| I
373 35| 5110| Lz | o2 @| 27@| 250 | A | 5D P .
06| L4 |Ly-\pr-|oer| 85 |zass|tporlgeol B | V7| 1| |/
D 25| 1@ 5103 UD|2/®| Is® mn@. 453 : /
)bl L zy-lst-|AEr| 85 (7004 |stbr | ooy, ¢ /! < /!
22| VR s | 79D | T 219|359 | e | 25D , | :
ool bE|2-| oW |0t | b5 |zL48 |0SOY| g4 9 A e AV
2P| 35 | @ | LT@ | 9| 21/1@| 85@ | L2 | 25D 2 |
/16 | L1 |£1-|Z1r| L2r| 85 |hson |ccoz |00t ad “ |/
(250|035 O/} (D | Co) | Co) [Rye)@re-®i@a/ml ol g | w f a1 |
Amavwod | P h S| | %% |golre!| o [o9
=S L2t - 9) o] oo RETVI ety
ASOOE ONEHNA SINTIWA WNWILXYIN ;w%r ..wn__,wm nmm..wuu, &@m c\,,\,wnw

i s et B NGRS a1 s DY W
—— - -

- —




[rom «-ﬂ&mﬂm o

L3
i
i
g

¥ s &
) SP7 CITLOW
G- QINOA
@) | $25) [@1) | ) [ (@0) [(M2Y) ?.r& G [(bLS) ‘o P
Vb |8 1] el-[au-jzel |9 |12be [ohoz | bbT 4 7 . /!
) [y [Er) el [ )| (v ) [E'W) |(bTS
: ol 1l 2|2
\'b | Be-|z2-|2%2-|Shi-| 'S [S100 |2p01 | 1OL ! Va
CR) o) ) [ OV |G| s | G [ ) ‘o .
Vo | 'l |\ =[S li-[0'St | LS |WOkS {2hoZ| bbD | - / 4 S
ﬁa.PNV QQMV CELD) Ao..hv @.qu @N.Q 'LS) Am.F: Aw.ﬁwuvn . .
; l'o A Va e
I'b |87 [L'Y=lgiz]|s'zt |8 |bvIoh |2bbi | 10U . = /
QD) [ (gss) |)]|(oez) [ &) [Gran)[Cees) [GLL) [GLS) o '
I'b [ L'l L= |S'n=]o'¢r | brs {0b% |L20T | b9, 17 7 -
(1ez) & (1) (oor2) T A €D mﬂ.ﬁv (L) j(b'S)
. 'b | L'y [2n-|gn-{he |8s [280h 8801 {ooL /!
(L) [aa2)) [@W)]|@Ga) (@) [(R2)]ELs) [GLy) [(Ls) o} :
I'b b2 |22-]0oh |ohi | 'S |obe [hoz b [ e A
) | s [(v1) | Ge) [(o?) [(vay) Q.rm.v_ G (o)
' ' ' i \"Q \ \u Y A AN
b | LU gi-[gn-| L'2t | S |990h]Zbbl | 1 oL
(35, ) |035/.) (G2 | (oD | Cod | Co) [(3/0-9)|@¥o-%) {(at/%) e |
QAMWOD ﬂ \m S|% | % (%= |golww| v @mvoz ER
=S L2y —-9) Hse] srsom avs | Rote
1 Soo BNENA SANTWWA WNWIXYIN | 20 | 3A0wW jaQ3uwva| /M /M
. j mth_.r M=l ADOW WS WS

A2




e e v o T . e

R

VL M a R
~1Z Qrlond
. D27 Q3INON
TD (270979720172 8| 2//7)| 450 |5 70 |45 /s _
24| Lr+|oeloar|gss| £ |bselbsl2|cos)t” /! /’ V1 |/
879|£78) 479 /LD 123 |2/79| 259 |0Ld|358) /5| | |
E11-\6°E-| &2 (g22- |plz-| b5 2817|9904 wab_ /! av ;k\,
(79|35 |1779[ 72|29 | 270 185@ |{LD | 7150 | o .
J b b |s/~loor-losr| L5381 s | SO0 OOA_Tn /! / % /!
Ltzel|bs@|sro|sr@|°?@ | 2/19| 250 /L@ |25 -1
16141 |L1-par|9¢.} bee |ysis|9ssr| rol 45 / / 4 \.
LT Leg|517@ [2z@ |7 @ |7/70 | 359 | L 2D |2s@ . .
bl 2 |LY/-|oor- ‘gsr| bes HLES@er|oo/ £ . aR% & \_ n
129|850 | 170|570 | 070|270 |59 |i29 |450 o 8
/b A/ |oor-| $E7| bS |04 (gSsrl oL A% 4 /! .
Lzp|c2g| 1o |st@ | [e@| 200 %m.ww lip| 25@ /sl . !
25| ok |2e-| 20 | §or| 'S |Lpse |40z | 90| T V' |/ o
I7p| 850 | 770|Sco |99@ |2/75) | 555 428 | £50) /o N 3 -~
RAEAGZ 45 |ocop lgser |zoe || P | 7] |7
25 ) [Q35/.) (G250 [ (oD | Co) | Co ) [@¥/o-9)[0¥e-9) (/%)) .
s nMu A o5 |5 | AQG A A __@mvoz_ne,zm RS N ASY
GRS L2y - 9) . Ao Swoom | aFvs | worn .
ASoos ONEHNAQ SINTYA WOWIXVYIN |30 [ 3A0W jadwva | /m | /A
: ; | AN MhWwWwa OV was wes

S2v—-0 \ q\o_o‘wu 2AC WS AVDALLILY MNYA

-
1 . .
. .




S o

R . i F57 QITwm
N e N (O ~ T
# Cor)< st |sals o \.d-a\v)\ #8145 581 8LE VL aln] | a
. , ’ N . ’ . ﬁ%@ e ’ DR

(7ss)|Sh| 16| Lo |Lo- \\\dwm. AR R VIRV I P y

A R A S E NG A I R A

- - T .. s

(erny<| ehlpom| Lo o | T\ P[5 (99 [ 221 8] La| 4] ],
; , — |[@o)|,, = -
| CrD\et oyl o|lross |/ 5|45 |EE|ST 8| |2 || | Al
E . . )8/ . . : : and
|02 | %] 50-[50- solor|se-les e[ Ao a L] 1ol P
L or0e|$4 ol o le alaa S| 5 69 | 5181 0], 2P
S lenDe |4 | T (2., 1 .

o @ya|eyw fesa| O [ Ofeda [ T okl w -t
e | W PP F] w[O [ ley e
. . . (oa<s o'LT\) “ o P, T e
i SNOLLIANOD ONIDVYLIS -ww atow |azva| oM | s
m_ . . - N My ADOV Wl s wWuels
A .




— PUSEEE WY S T e i
| i g9/ QILONd |
- “ b7 QINAN
{. . L r=|es|se-| LS | 2e | 2L |\
hh|+ |2 - g-| LS. |Te | ZL rof | 4 VAV, ’
b | 9 b | L= e | vae| s e [ Dol {4 [ 4], )
. . ‘ ) .‘l ... -.l é o . -
wh | Ll b | 2 .«\w ee-|1LS | % _m. 10 / y, A
Sh | 8= U=levifs-les {2 [ 1€ ol | ol Al [A] | A
.._ Th|E=|S" | I'=-|hS |28-|LS || ¢ 29 :._.o VAV / /
! - - . —
M.. h'h L'~ e I MR L'L- mm (e 199 (1o BV N , <
“ gh|€1-|81-1e'~|09-19b~| 15 (99 |1 € 1o |, |4 Ay
.. ! R : _ i
hhlE=12 = I'={L|9L-]18S |87 |22 |io R vl .
I Jewalas jeso O TO D | 01 on ksl u :
QMo | W ﬂ .Qu S = o |\ e [ ON [SIA 1 N [ 7Y [ ¥ 1 [\
! . , . 4 . . W
| (sas 2'Leyv) | S10m | a33va o
INOLLIANOD SONIDVLIS 20 | 3aowvs [@zwva| ym | s
| . o S vz | AV | wes | was
f ., o L -



<, L KAALW \d
o Z/ QINOA

H
.
cona s sam v e ow -

Q%N. . . %.Q. .\ Q- : 00 .. . % -~
SR A LA IRE (] RGN 2 @%.v A LT
’ 2y 5 \l Q\\.M& Q. ’ SR
ASQA s4 | 177 15¢C /0~ e 08—t 09 | 49 mm\__m % VA% y
(6720 | #4\@9) (20 [€0@9 @39 @) | @D |Gzl |a| 4] |4ln].
N R e A s v P R L P PR P I A I DY B
| ®92) |4 Lo | [0-|(&'$)|© 8 L3 Q.N.V _Tw v % .\. - AN
z" . - . ;
P | @<l pr|sorlzr | oo @3 g 09 [ pn [ 87 __% Aalal n ¥
i | mm,\«m,\\. w
RERZANEING
M
QAnavwod | W ﬂ L\v S < Yo “@._..wJ.ur.UD. vaoz SR E A
. (=as o'ty aw| eon| ¢ |asavs | onr| -
SNO A \ANOD ..muZ,U/QP.w -mo 2A0W |Q3Wvd | /M /N
3Nl MW WOV wes WS

M.N. -2\ /ZOMU. AR LﬂDLrC.Lu( SN




APPENDIX A4
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APPENDIX A5

0° - 90° TVC SYSTEM - UNCOMPENSATED STAGING CONDITION DATA
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APPENDIX A6

0° - 90° TVC SYSTEM - COMPENSATED MID-BOOST DATA AND
STAGING CONDITION DATA
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APPENDIX B2

INDIVIDUAL ACTUATOR DUTY CYCLE DATA
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