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The Space Shuttle solid rocket boosters (SRBs) eakhve two nozzle actuators to provide
thrust vector control (TVC). Two hydraulic power units (HPUs) provide hydraulic pressure
to drive the actuators and are capable of driving bth gimbals simultaneously at 5°/s. One
HPU, however, is only designed to drive both gimbalsimultaneously at a combined rate of
6°/s. Reduced gimbal rate capability due to failx of an HPU can limit the gimbal’s ability
to keep up with commands and the development of lge command-position deltas could
cause loss of control of the actuator. Due to SRBrust authority during the Shuttle’s first
stage, loss of control of an SRB TVC could resulhiloss of the vehicle. To study the effect of
a failed HPU during nominal ascent profiles, an SRBactuator was modeled in SIMULINK
and the gimbal drive rate was limited to simulate he failure. The maximum resulting
command-position deltas were calculated to determan control limitations. The required
gimbal rate summation limit to cause loss of contdoof an SRB actuator in response to an
HPU failure during nominal ascent demands is alsostimated. Through this analysis, large
margins are demonstrated against this failure scem@. The availability and feasibility of an
operational response are discussed.

I. Introduction

HE majority of thrust for the Space Transportat®ystem’s (STS) first stage is provided by two sotidket

boosters (SRBs). Since the thrust provided bySihece Shuttle main engines (SSMES) is negligiblepared
to the SRBs, the SRBs also provide the majoritgasftrol authority with two nozzle actuators on e&B. Each
SRB has two hydraulic power units (HPUs) to provig@raulic pressure to move the SRB gimbals. Whies
HPU fails, a switching valve allows the other HRIHtive both actuators, but with decreased capgbili

An actuator driving with decreased capability nmay be able to keep up with the command resultinigss of
control of the actuator. Due to the control auitlyasf the SRBs in first stage, loss of controlaaf SRB actuator can
result in loss of the vehicle.

The nominal ascent SRB actuator profile was
modeled in SIMULINK and the gimbal movement was
limited to simulate the effects of a failed HPU. hel |
resulting control limitations were quantified tosass the |
likelihood of losing control of an SRB actuator dizean |
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Figure 1. SRB rock and tilt axis definition®
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is called a flight control system (FCS) channehu3, each shuttle actuator is driven by four FCShokls’.

Fig. 2 shows FCS channels 3 and 4 for an SRB agtudh the hydraulic schematic, channels 1 ande2 a
exactly the same as 3 and 4 and are representédeblyox behind the latter channels. Commands teetite
channel from the ATVCs cause the flapper valveotate, building up hydraulic pressure on one sidihe valve.
This pressure build up causes the servovalve ttlgHaft or right again causing a pressure buitdwhich then
commands the power valve to shuttle left or rightl four FCS channels command the power valveg@pecific
actuator allowing a single gimbal to be driven bg four channels. Movement of the power valve esaube
actuator to extend or retract. For the SRBs TV@iaors, this movement is mechanically fed backud the
rotation of the flapper valvé

1, ATV commands cause the flapper valve 2. Hydraulic pressure shuttles the servovalve
thighlighted) to rotate. (highlighted top) and power valve (highlighted bottom)

............... sk

3. Actuater movement (highlighted) mechanically 4. Sec dF monitors pressure compared to the other
nulls the flapper valve. channels. Monitor and bypass valve highlighted.

Figure 2. SRB actuator hydraulic schematit

The secondary delta pressure (sec dP) monitor mesathe hydraulic resistance of the power valvepamed to
the movement commanded by a single channel arfisrsin Fig 3. For example, if channel 4 is comdiag the
actuator to extend and the other three channels@renanding the actuator to retract, the powerevaluld
command the actuator to retract due to the majwdtg of the FCS channels where more hydraulic pasverying
to retract the actuator than extend. The forcehaihnel 4 fighting against the movement of the povaéve would
cause the sec dP for channel 4 to build up.

When sec dP exceeds 2200 psi for 120 ms, an wolabmmand is issued on the channel for the specifi
actuator. This causes piston | of the bypass vah@wn in Fig. 3 to move right against the spritigvéing
hydraulic fluid to move into chamber “A”. The hydiic pressure pushes piston Il to the left eqiradizhe
return/feed line from “B” to “C”. This removes tlissenting channel’s ability to command moveméhe power



;/alve for the specific actuator, referred to apart”. Bypassing or isolating an actuator is aaltpopping” a port

The FCS channels are commanded by four switchethénShuttle cockpit center console between the
commander and pilot seats. These switches all@wetitire channel to be placed in OFF, AUTO and OVRD
(override). A channel turned off is bypassed axralé Shuttle and SRB actuators and does not comraay
actuator. A channel in AUTO or OVRD commands aititsaas described above but when the channelG8/iRD,
automatic bypasses are prohibited for all actuatorthe channél

Hydraulic power through the FCS
channels for the SRBs is provided by the —=¢
two HPUs with HPU “A” nominally :—L' _
driving the rock actuator and HPU “B” : J
driving tilt *. Similarly, the Shuttle SSMEs M s=voluanz
and aerosurface actuators are powered wit
three Shuttle Auxiliary Power Units
(APUs) which are independent of the [
HPUs ** When the hydraulic pressure
provided by an HPU drops below 2050+50
psia, a hydraulic switching valve provides
hydraulic pressure to the gimbal from the
other HPU".

Two HPUs can drive both SRB
actuators at 5°/s simultaneously. However \ ]
one HPU is designed to drive both \ \ :
actuators at a combined rate of 6°s. If the : x] X X
vehicle is commanding a pure pitch or yaw,
this design capability would be divided ﬁ_-—f
evenly and both actuators would drive at i FOWERVALVE ASSRNELY
3%/s’. At present, the exact rates at whichFigure 3. Bypass valve and secondary delta pressungonitor 2
both actuators could be driven with one
HPU is unknown. ATK is conducting a
hot-fire test in November 2007 which will intentadly fail an HPU to measure hydraulic capabflity

The shuttle flight control software also has logalled “equalization” for each actuator. Equali@atbiases
commands from the ATVCs for an actuator to helppkdee commands of all four channels in agreemdritis
logic helps limit the build up of high sec dPs atah keep the effects of many failures (such asedrbiases,
position feedback errors) from growing and resgliima port pop.

When an APU fails on Shuttle, software called ptyorate limiting (PRL) software notifies the fligttontrol
software of reduced drive rate capabilities for 8®ME and aerosurface actuators. This allows tflggimtrol to
generate actuator commands which account for néve date limits®. The SRBs, however, do not have PRL
software. Thus if an HPU fails, flight control doaot have knowledge that the SRB actuators aréndriwith
decreased capability.

The drive rate reduction limits the rock and titttwators’ ability to keep up with commands. Deesszh
capability increases the magnitude of developedncand-position deltas. If the gimbal rate capapitt limited
enough, large command-position deltas can pusipdleer valve into the hard stop increasing sec dRlbfour
channels. It is possible that a bypass of all fhwannels could occur simultaneously resulting iosa of control of
the actuator. Due to the control authority of 8®®Bs during first stage, loss of control of a SRBuator could
result in loss of control of the vehicle.

An SRB actuator is most vulnerable to a four-chabypass if it is commanded to a large deflectiogla at a
high rate. The large deflection produces a higingdoad while the higher rate results in a losapply pressure
drop reducing the actuator’s ability to counterthet load. The actuator then stalls and the cmdepas increases
causing high servovalve pressures which can leadféar-channel bypass. Historical analysis shothatl with no
hydraulic failures, gimbal rates of 4.9°/s withveleommands of 4.9° will cause a four-channel byplhksmds are
140% of the expected valle Analysis has also shown a four-channel bypa#isoadur if loads are 160% of their
expected value, an HPU failure occurs, and the gisare driving with a combined rate of over 6.8%dle being
commanded to a large andle

Table 1 shows the effect of increasing commandtjposideltas on the actuator. Equalization begtres sec dP
of 1175 psid which corresponds to a cmd-pos ddita.®13°. Equalization is maxed out at a driveasbof 9.3
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milliamps or a cmd-pos delta of 1.257°. At a cnod-delta of 1.95°, the sec dPs are high enougbtempally yield
a four channel bypass.

While this failure condition has never happenedight, the prospect of a four channel bypass duart HPU
failure is a serious scenario since it would repnés potential loss of vehicle case due to a sifglure. This
analysis examines the nominal shuttle ascent pradildetermine if SRB gimbal rate commands codtmiasuch a
condition to develop.

Variability in SRB gimbal
rate demands for a Shuttl Cmd-Pos Belta Effect —
ascent can depend on many 0.313 Reaches the start of Equ_allzfatlon at 11ikbges dP.
factors. Occasionally, the left 0.824 Largest cmd-pos delta seen in flights analyzed
and right SRBs do not provide 1.257° Upper limit of equalization driver bias, ®a.
equivalent thrust levels causing 1.514° Reaches failure detection level of 2200.psid
one rocket to fire for a longer 1.95° Could result in a four channel bypass.
duration than the other. Th
asymmetric thrust can increase Table 1. Actuator effects for varying command-posion deltas.

SRB gimbal rates near the end

of first stage when the first SRB begins to “taff.’oHigh winds can also cause trajectory pertuitrad and
contribute to SRB gimbal rates. The day of a 3futiunch, the environmental conditions (winds,sptee,
temperature, etc.) at KSC are measured with assefieveather balloons and observations. The ascgattory is
tweaked to account for the day of launch (DOL) ébods and variables in the guidance routine swpitch and
yaw data, throttle bucket times, thrust settingsl guidance reference times are modified with a D@lad update
(DOLILU) 8. If the vehicle encounters environmental paransetet accounted for in the DOLILU, such as wind
gusts, the ascent trajectory can be perturbedmmabiggher gimbal rates as the vehicle steers baaoarse.

lll.  Model Development and Verification

In this investigation, an SRB actuator was modefe&IMULINK and then the gimbal rate movement was
limited to simulate the hydraulic capability of @pon with a single HPU. The resulting commandifion delta
was then calculated and compared to the 1.95° limit

SRB actuator commands from the seven Space SHighes with the historic highest gimbal rates weised as
input for the simulation. There are four timesidgrthe ascent profile where the SRB gimbals adeuhigh rates:
SRB ignition, roll program initiation and correatioand the separation null. At a mission elapsee (MET) of
seven seconds, and after the Shuttle has cleagelduhch tower, the vehicle begins a roll manetwesrient the
vehicle in a heads down attitude. This allows d@mge velocity to increase in order to achieve negiigine cutoff
(MECO) targets in second stage. The roll progrésn generates the required negative angle of attaeleviate
structural loading as well as improved communigat®&band look angles, performance gain and dealessert
maneuver complexity. At the end of first stage after ~124 seconds, glmbals are commanded to a safe null
position for SRB separation at “tail off".

Telemetry from the vehicle

is very noisy and must be STS# Event Experience Base (Retraction/Extension
fitered. Table 2 shows thel 87/41G Ignition -2.97/3.58

highest filtered rates| 41G/41| Roll Initiation -4.24/3.84

experienced during the Shuttle 49/5 | Roll Correction -3.38/4.00

program for each of the fourl g5/6 | Separation Null -4.97/4.40

SRB actuators at the four ascent

events of interest. These eight Table 2. Space Shuttle historic highest SRB gimbahtes *°.

data points bound the seven

high gimbal rate missions used as simulation inpuffie actual actuator command is sampled in tlenitry
downlist at 5 Hz and is too slow to be used astifigputhe simulation. Instead, the actuator drigeused which is
sampled from flight data at 25 Hz.

Fig. 4 shows the linear single FCS channel sim@&B actuator model which was built in SIMULINK and
used as the basis for the HPU failure model. T&bdéhows the nominal values for the model variaolestants.
This simplex, single-channel model is fifth orderdawas developed to conduct ascent flight conttabikty
assessments.
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Fig. 4 Linear single-channel simplex SRB actuator wdel ™.

Fig. 5 shows the profile
from the right SRB rock (RR)
actuator from STS-5. The
profile shows the actuator
driver command used as the
simulated input, the
simulation response, the real
actuator position from flight
data as well as the actual
actuator command. The first
-2° command is the initiation
of the roll program which is
concluded just before MET
20 seconds. Fig. 5 also
shows the roll program in
detail where the slow
telemetry sampling of the
actuator command is evident.

To further validate the
model in Fig. 5, the
simulation gimbal rate and
cmd-pos deltas were also
compared to flight data as
shown in Fig. 6 and Fig. 7
respectively. The gimbal rate
plot shows the model has
transients at the very
beginning and end of the
profile, but otherwise agrees

Variable | Description Values
KC Command Voltage Gain 0.886 V/DEG
KAV ATVC Current Gain 11 MAV
tA ATVC Time Constant 0.0187 SEC
HM Torque Motor Hysteresis 0.05 MA
KTM Torque Motor Gain 0.04 IN-LB/MA
HD MOD Piston Hysteresis 0.0006 IN-LB
KSEC Secondary Actuator Gain 0.208 IN/IN-LB
XPSL Power Spool Travel Limit 0.05IN
KQR Power Valve Flow Gain 9632 CIS/IN
AR Piston Area 32.32 IN
KT Total System Stiffness 171000 LB/IN
R Moment Arm 71.6 IN
IE Engine Inertia 185000 IN-LB-SEC
DELIM Engine Travel Limit 0.092 RADIAN
BE Engine Viscous Damping 580000 IN-LB-SEC
TS Rotational Stiction 20000 IN-LB
TF Rotational Friction 20000 IN-LB
Kb Gimbal Spring Rate 33200000 IN-LB/RAD
KL Structural Stiffness 193000 LB/IN
ARP DPF Piston Area Ratio 0.2
AT DPF Torque Gain 0.000776 IN-LB-PSI
tC DPF Time Constant 0.01647 SEC/PSI
KDPFL DPF Linearization Gain 0.1318
KFB Position Feedback Gain 0.312 IN-LB/IN

Table 3. Linear single-channel simplex SRB actuatomodel constants".

well with flight data. Even though Table 2 shoWws targest rates have occurred at tail off, thepmgram is more
important to this analysis since the SRBs have tdtugist and control authority at tail off.
The United Space Alliance conducted an andf§sisthe gimbal profilé for the planned ATK hot fire test in
November. The analysis modeled the test profildetermine if there would be any problems during tiast as
shown in Fig. 8. The middle of the dotted lineshis test portion with one HPU operation. Otheeyisutside of
these lines two HPUs are available. The analysisva is from operation of an SRB actuator withché SRB

firing.

The United Space Alliance test analysiowh that equalization was entered when the gimbas w

commanded to drive at 5°/s while under operatioth wne HPU. To further validate the SIMULINK actoi
model, the test profile was modeled as shown in&iglhe 5°/s slew is easily maintained when gimdi@s are not
limited (two HPU operation). USA predicts gimbaintrol will be compromised when the rate summatgoeeds
6.5%s. When a 6.5°s simultaneous rate liminf®reed within the SIMULINK simulation, the modéeh@ws the
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7. Right tilt cmd-pos delta fllght data and5|mulat|0n comparison for STS-5.

actuator cannot be controlled. At the beginninghefslew, the resulting command-position delthigh enough to
cause equalization to be entered and thus showssdahee observations as the United Space Alliance tes
Equalization is not modeled in the SIMULINK modeidathe presence of equalization would have helpedral

the actuator during the slew.
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Figure 9. Hot fire test profile as modeled with tle developed SINULINK simulation showing the entrance

The effects of nonlinearities were also evaluatelgsteresis due to piston drag, SRB travel limitd gotational

friction were added to the SIMULINK model.

as the gimbal drive rates and cmd

Fig®9,11 and 12 show the roll program profile from S5 &s well

position dekapectively for right tilt (RT) from STS-5 for thimear and non-

linear models. The figures demonstrate that iriolmdhese nonlinearities has negligible effect ba simulation

results. Since the non-

analysis.

linear model required suttistl runtime, the linear model was used for gm@ainder of the

In order to model an HPU failure
of 6%s. Since it is unknown how the actuator$ l¢have under single HPU operation, two methodsitaf limiting

were developed to help ensure the analysis woulthdbahe actual system behavior.

the gimbal ratethe SIMULINK simulation were limited to a comlad rate

Method | assuraeh e

actuator has priority for the available hydraulapability. Thus, if one actuator is driving lesgan 3°/s, it is

allowed to drive at its commanded rate. The réshe hydraulic capability,

other gimbal.

the rest of the 6°sprovided to the

For example, if rock is driving &stand tilt at 2.5, tilt will be allowed to drivat the commanded

If bothtaators are driving at a rate greater than 3°/&) gionbals are limited

2.5%'s while rock is limited to 3.5%s.

to3°/s.



Method Il assigns the 6°s in the same ratio as
actuator cmd-pos deltas as shown in the system
equation 1. An actuator with larger cmd-pos delt
will have more hydraulic pressure commanding t
actuator back towards the command. Thus, !
actuator with the larger cmd-pos delta should he
higher priority for hydraulic capability. Thus, thed
Il is a more realistic model of how the systemikelly
to behave.

RT Position {in)

|RockCmd- PosDeltd _ |6 - Tilt GimbalRat¢

| Tilt Cmd- PosDeltd | Tilt GimbalRatg Sim Command (driver) |-
(1) Linear Sim Pos
R N i Monlinear Sim Pos
6 = Tilt GimbalRate+ RockGimbalRate sl b A . I — Real Posiion |

i L. i MET (sec)
The gimbal rate limiting was enforced with an

embedded MATLAB function inside the SIMLINK model Figure 10. STS-5 RT roll program profile modeled
as shown in Fig. 13. Fig. 13 shows the HPU fail with the linear and non-linear simulations.
model for the left SRB only but the right SRB hhse t R R — R —
same format. As evident, the model of Fig. 4 is th ’ ’ ’ ’ ’ E‘iiz';fear ’
basis for the HPU fail model. When the rate is :
calculated in the feedback loop it is broken outl an 2
sent to the rate limiting logic. When the combinec
drive rates of rock and tilt exceeds 6°/s, thesrate
limited in the embedded function and then fed back
the feedback loop.

RT Rate (deg/sec)

IV. HPU Fail Simulation Results

The actuator driver commands from the sever ..o, S U S S
analyzed flights were run through the developed HP! E E E E E E
fail model using both rate limiting assumptions.n A 5 20 i & & i o0 7
example of simulation output is shown in Fig. 18, 1 MET (sec)
and 16 for the right SRB from STS-5. STS-5 had theFigure 11. STS-5 RT gimbal rates from the linear ad
highest gimbal rate summation of all the flights at non-linear simulations.
6.75°/s during roll correction. . . . . . .

Fig. 14 shows the gimbal rate summation from ol . ......i......_.. e S Monlinear |
flight data along with the corrected gimbal rate : ’ ’ ’
summation with the enforced rate limit to simulate
HPU failure. The HPU fail rate limit is enforced
during the roll program correction when the flight &
gimbal rate summation reaches 6.76°/s.

Fig. 15 and 16 show the absolute value of the cmc
pos delta from flight data as well as the simulafior
the equal rate limiting and cmd-pos delta limiting
assumptions respectively.

Linear

=
.
T

RT Abs(Cmd-Pos) (d
[ ]
o

=
[N

0.1

MET (sec)
Figure 12. STS-5 RT cmd-pos delta from the linear
and non-linear simulations.
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The RT plots show a spike in the simulation cmd-gelta above what was seen during flight duringrisie
program correction. The rate limit prevents thtuator from keeping up with the command and causagased
cmd-pos deltas. However, the magnitude of the Inaiiéed cmd-pos delta is only about 0.3° whiclwisll below
the 1.95° required for a four-channel bypass.

Fig. 17 shows the maximum cmd-pos delta eviderftight data as well as the two rate limiting methddr
each flight analyzed. Rate limiting does not adg significant cmd-pos delta over what is witnesdadng flight.
The highest cmd-pos delta seen for the flight areadyis just over 0.8° which is still far from thequired 1.95°.
STS-65 rate limiting cmd-pos delta is the samdigbtfsince the gimbal rate summation never excééffsand thus
no rate limiting occurs. Many flights shown in Fity7 have cmd-pos deltas slightly higher than whkas$ seen
during the HPU failure simulation. This shows thare actuator characteristics not modeled inithalation that



0.35

0.25

RR Abs(Cmd-Pos)

RFE Abs(Cmd-Pos)

are more significant than rate limiting. Howevéngse differences are not significant within théinestion
capability of the simulation and the analysis shdlere is plenty of system control margin to acd¢dion any
simulation estimation.

The maximum cmd-pos delta in flight and in the dation runs shown in Fig. 17 always occurs on tie R

actuator during roll program. The vehicle alwaydlsr to the right during the roll program, howevét,
simultaneously pitches as well. The concurrentantl pitch commands place more demand on the Riaiac
which causes it to slew further from null then thst of the actuators. This also means that dy E&U failure on
the right SRB would be more critical than on thi le
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Figure 14. STS-5 right SRB absolute value gimbahkte summation from
flight data and the HPU failure simulation.
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The gimbal rate summation

limit of 6°s is the design
requirement for the HPUSs.
However, the true hydraulic

capability of a single HPU is
unknown and could
theoretically be lower. The
gimbal rate summation limit
required for a four-channel
bypass was estimated with the
developed HPU failure model.
Since the flight data shows
the RT actuator is the most
demanded SRB actuator, the R
SRB was used as a worse case
scenario for the estimation of
the required gimbal rate
summation limit. For each
flight analyzed, the gimbal rate
summation limit was gradually
lowered and the resulting cmd-
pos delta was calculated. The
rate limit was varied from 6.5°s
(the limit determined by the
average of all the cmd-pos
deltas was taken at each rate

Max Abs(Cmd-Pos)
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B Equal Rates

0O Cmd-Pos Delt
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=
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Figure 17. Maximum cmd-pos delta from flight as wk as HPU failure

simulation for the seven analyzed flights.
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limits for all analyzed flights with both rate limiting methods.
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limit and a second-order polynomial was fitted e averages. The trendline was then solved fordtee limit
which produces a cmd-pos delta of 1.95°.

Fig. 18 shows the cmd-pos delta for the varying eatmmation limits for both right SRB actuators aoth rate
limiting assumptions. The flights are color coded the cmd-pos delta rate limiting assumption ramesshown
with dotted lines to contrast the equal rate assiompuns. Fig. 18 shows the STS-5 RT actuatosdus follow
the same trend and thus it was treated as an ogittyse.

Fig. 19 shows the same data with the average trendlerlaid for all cases with one sigma errorsbai he
calculated trendline equation, RSS value and cporeding value of “X” (rate limit required) to yiela 1.95° cmd-

pos delta are shown.

Average
1.95 deg

— =Paoly. (Average)

Y= 0.0976: - 1.1164% + 3.4322
R = 09844
=¥ =1033
w
@
o -
’g“ \ A
& 15 4%
=
E o T e
(&) L * A T
S 3
o 4 ¥ - _
< \ - | N
1 r, ) 1\ i e
) :
T
0.5 T8
0 T T T T T T T T
1.5 2 2.9 3 3.9 4 4.9 o] 2.5 4] 6.5

Gimbal Rate Summation Enforced Limit {(deg/sec)

Figure 19. Average cmd-pos deltas for each gimbedte summation limit with trendlines.
(Error bars on the average curve represent 1 sigmdeviation.)

Comparison of the resulting required gimbal ratmsation limit reveals the different rate limitingethods

produce a required limit different from the other ©.174° after STS-5 RT is removed. While theresasne

;(ar."'?‘b"'ty' the gffe(_:t of the rate Runs Incorporated All Flights/Gimbals Without STS-5RT
imiting assumption is small which AlLRUNS 1533 1298
shows the method of estimating : :

how the gimbals will be limited CP Runs Only 1.924 1.424
due to an HPU failure is not ER Runs Only 1.403 1.250
significant and  the  exact RT Runs Only 2.186 2.076
mechanism need not be known RR Runs Only 0.718 -

Fig. 19 shows that no flights

violate the 1.95 deg limit for a rate Table 4. Gimbal rate summation limit (deg/sec) regired for a four-
limit larger than ~3 deg/sec again channel bypass as calculated with varying data subts.
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indicating a large margin against a four-channglasg possible with STS-5 RT providing the uppemidouThus,
there is adequate system robustness to accoupbfential errors due to the rate limiting methodussptions. The
variability between the RT and RR actuators is almeight times larger with a required limit diffece of 1.358°
(again removing STS-5 RT). Since RT is more likelydevelop a large cmd-pos delta, it is more Jikel have
hydraulic pressure priority over RR and this prefee would help keep RT on command during singlé&J HP
operations. Thus, the actual gimbal rate summadiioih required for a four-channel bypass on RT nheylower
than the 2.076° stated above.

The data in Table 4 is not meant to imply the Sploattle could safely complete its mission with #@wn
combined gimbal rate limits. This is a best estaraf the combined gimbal rate limit required toguce a four-
channel bypass during nominal ascent profile coymait With these low gimbal rates, the vehiclaas going to be
able to maintain the design trajectory, even ifdbtuators have not lost control. The gimbal latés calculated
in Table 4 suggest structural load and trajectanmystraints would likely be broken well before anuator loses
control due to a four-channel simultaneous bypass.

V. Operational Response

Even though the system has adequate margin, aatapel response could be taken to prevent a fbancel
bypass in the event of a HPU failure. Simply tgkone channel, any channel, to OVRD would prevemtspon
that channel from bypassing assuming no additifmlaires. When the secondary delta pressures bpildhe three
channels in AUTO would bypass but the single chekm®VRD would not allowing control of the actuatm be
maintained.

The ascent SRB gimbal profiles show there are éwents of high gimbal rate: ignition, roll progranitiation,
roll program correction and separation null. Tablshows the latter three events have higher gimdiak than
ignition, and since these events occur after SRRiap, they are the limiting events. If an HPUISaand ignition is
successfully controlled, the other three eventstrstils be controlled as well. However, during thvement to
null positions at SRB tail-off, the SRBs have resllichrust authority as the propellant is largelyned away.
Thus, the SSME engines have more control authatityhis time and can provide control in the everBRB
actuator loses control. Thus, roll program isriwst critical ascent event for SRB gimbal rate &djig

The roll program occurs from MET 7.2 seconds tdXEconds. Space Shuttle launch commit criter@Q)L
state the shuttle will not launch with a failed HRUThus, there is a 20 second vulnerability windehere an HPU
failure could reasonably be a concern during nohshattle ascent. Even though the operationalaesp of taking
a single channel to OVRD involves a single switiclotv, it is unlikely it could be performed in time make a
difference.

The above analysis showed the ascent event witgreegest risk to a four-channel bypass due toRU Fhilure
is roll program. Thus, an operational responseafbtPU failure after roll program is not necessany.the failure
occurs right at liftoff, there is seven secondsdspond before roll program. If the failure occright after roll
program initiation, there is ~10 seconds to respoefbre roll program correction will occur. Thufthe failure
occurs at the optimum time for the maximum operatioesponse window (right after roll program itida) there
is no more than 10 seconds of response time alaildthe onboard crew has limited insight into 8R®Bs and it is
likely Mission Control Center (MCC) would have tecognize the HPU failure and call the failure ughe crew.
Given the telemetry lag time, time to recognize faidure, time to call for a response in MCC, tintecall the
response up to the crew and the time for the coeflipt the switch, the 10 second response windomoisadequate
for such a response to be feasible.

The first stage of space shuttle ascent is verygyuand it is difficult for the crew to flip switckeor make
keyboard item entries. Therefore, only requiretioas are usually taken during first stage. Dueh® system
margin available, | would not recommend a chanmetdken to OVRD in response to a HPU failure. $Wwéch
throw is not required and the crew could accidéntép a different switch. The large system margiso makes it
unnecessary to launch with a channel in OVRD. iRtpa FCS switch in OVRD will prevent all ShuttlecaSRB
actuators on that channel from bypassing autonigtifta any detected failure. Given the system gmarplacing a
switch in OVRD before launch preemptively to preverfour-channel bypass is more likely to not all@ywroblem
on that channel to be isolated than to preventdbss actuator control due to an HPU failure.
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VI. Conclusions

Simulation of a failed HPU during nominal shuttlecant has shown there is large SRB hydraulic cépabi
margin against a four FCS channel bypass of aratmtu Analysis showed that failure of an HPU does cause
significant cmd-pos deltas above what is nominakyen during flight and that no analyzed flightschea four
channel bypass condition with a rate limit greatean 3 deg/sec. While failure of an HPU limits reudic
capability, the shuttle ascent SRB gimbal profitesl not command fast slews of long enough durdtioa large
cmd-pos delta to build.

The above analysis is a limited, but conservatiuelys Equalization logic was not modeled. Aldoe HPU
failure model simulated one SRB hydraulic channkeémfour concurrently command the power valve. Ehav,
the presence of equalization and additional hydraifiannels would only help keep the actuator aomroand and
help reduce sec dP to prevent port bypasses.

The USA SRB analysis predicts SRB actuator comroblems will occur at simultaneous gimbal rate$.6f/s
during one HPU operatidh This analysis used a simultaneous gimbal rati bf 6°/s adding to the conservatism.
Even with the conservative nature of the analysigquate hydraulic margin was shown.

Data from the November HPU failure SRB hot firet tesn be used to further validate and refine thislysis
once the system capability is understood with nppeeision. Similar analysis should also be corelli¢or future
programs utilizing SRBs and HPUs since the gimbafile and demands would change for a differentcleh
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