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1.0 SUMMARY

This dooument describes the Level C rsquirsments for the Shuttls Orbiter termi-
nal srsa energy menagement (TAEM) guidence end flight control funstions to bs ine-
csorporeted into the Mission Control Center (MCC) entry profils planning
processor. The logic presented is the rsquired configuration for the first Shute-
tls orbital flight (STS-1). TAEM requirements for flights subssquant to STS-1
are pressnted in the optional TAEM targeting documsnt (IN 80-PM-29), This
processor will bs usad for presntry svaluation of the sntrythrough lending
mansuvers, and will inolude a simplified 3-degrse-of-fresdom modal of the body
rotational dynemics that is necessary to ascount for the effscts of sttitude re-
sponse on the trajectory dynamios. This simulation terminates at TAEM-autoiand
interlacs.

The TAEM guidance mode is initiat. besed upon Enr'~ selative veloaity. The
TAEM guldance controls the Orblter to altitude i« 1ynzmic pressu:'s profiles
that ars functions of range-to=go. Angle of attacc 19 v "¢ 1 fupt-9l the alti-
tuds, and speedbrake deflsction is usad to contrel dyre' : pregpir., Jxcess
energy or insufficient energy conditlons result in uwe - S:turns cr calayea
entry into the final approach phass, respsctiveiv. FK3i. angle (s vssd for lat-
eral trejsctory control and for ths S-~turns,

The body rotational dynamics simuletion is a simp.. .v* - 421 {.5 asssumes that
the commande.’ rotational rates can be achieved within . . .ntegration interval,
Thus, the rotational dynamios simulstion is easentially a s.-.uletion of the
gutopllot commendad rates and integration of these rates to detarmins the
Orbiter attituds.

It is assumed that certain data are svailable as Input to this processor. It is
assumed thet the state vector is avaeilable in runway coordinates and the Orbiter
heading is known with respect to the runway. Alsc, it is assumad that altitude
of the vehicle center of mass with respsct to the runway, altitude rste, horizon-
tel component of velocity, {lightpath angle, and body roll and piteh attitudes
are avallable as input data. Derivation of thess data is presented in appandix
A,

2.0 INTRODUCTION

This document defines the TAEM guldance and body rotational dynamics models
required for the MCC simulation of the TAEM mission phase. This simulation
begins at the end of the entry phase and terminaves at TAEM-sutoland interface.

The TAEM guidance i1s simulated in detail. The rotational dynamics simulation is
a simplified model that assumes that the commanded rotational rates can be
achieved in the integration interval. Thus, the rotational dynamics simulation
is essentlially a simulation of the autopilot commanded rates and integration of
these rates to determine Orbiter attltude. The rotational dynamics simulation
also includes a simulation of the speedbrake deflection. The body flap and
elevon deflections are computed in the Orbiter aerodynamic simulation.
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3.0 COCRDINATE SYSTEMS

The TAEM guidanos requires input data refsrenced to two primary aoordinate
systems. The first i{s the topodetic system whioch has its x-, y-, end z-axas
oriented in the noirth, sast, and down directions, respsoctively. The origin of
this system is the rshicle center of mass, and the downward dirsctiocn is normal
to the Barth sllipscid model. The second is the runway soordinate system. This
system is obtained hy construoting & topodetioc system with its origin at the cen-
ter of the runway ti.rsshold and psriorming s rotation about its z-axis through
the runwey azimuth ’rom true north. Both of these systems are Earth-{ixed
rotating syst-ms, with the topodstic being rsdefined at sach time of intersst,

Pitch und roil attitides are the angles of a yaw-pitch-roll Euler rotation ses-
quence fron wopodetic to body coordinates.,

4,0 TAEM GUIDANCE

The TAEM g dunce will nominally gulds the Orbiter to an altitude and dynamic

pressure versus rangs profile. It controls snergy by modulating drag through

spesdbrake deflection commands to null cut the dynamic pressure srrors and by

nulling out altitude errors through the normal load factor command., I excess
snergy sxists, the loglc executes an S-turn to dissipate additional ensrgy.

The previously aveilable capabllity for selsction of an alternats heading
glinsment cylinder nearer the runway (minimum entry point) has been deleted and
replaced by an option to force the selection of the left-hand heading alinement
oylinder. This option is implemented by adding MED input capability for the
existing minimum entry point flag (MEP) and by redafining its function as
follows:

MEP = 0, allow automatic sslection by guldance of the nearsst heading
alinsment cylinder (same sids of runway canterline as the Shut-
tle position).

MEP = 1, force guldance to target for the left-~hand heading alinement

cylinder independent of Shuttle position.

Note that this option does not provide selection of either heading alinement cyl-
inder. For trajectories approaching from the left of runway centerline, both op-
tions will result in a left-hand heading alinement turn. The left-hand HAC flag
(MEP)} will be initialized to zero in the mission constants table and changed by
MED input if required.

For all guldance phases (S-turn, acquisition, heading alinement, and prefinal),
(IPHASE = 0, 1, 2, 3, respectively) the guidance normal load factor command is
based on the altitude and altitude rate errors from the reference profile, and
the speedbrake command is based on the dynamic pressure error below mach 0.,9.
All guldance phases are internally determined.
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On the lateral axis, if the guidanos is in the S<turn phass, & oonsiant bank
angle is sent to the flight control system. In the scquisition phase, the guid-
ance oommands 3 bank angls which is proportional to ths Orbiter heading devia-
tion from the tangent point on ths nesrest heeding alinement oylinder. In the
hsading alinement phase, the guidancs commends a bank angles witich asaures that
the Orbiter follows the heading elinement oylinder. During the prefinal phase,
it ocommands a bank angle from a linear combinetions of Orbiter lateral dsviation
and deviation rate from the runway centerlins,

4.1 DETAILED REQUIREMENTS

The following subsections U.1.1 to 4.1.11 define the detailed softwars require-
ments for the functions and subfunctions that constitute the TAEM guidence pro-
gram (ref. 1). These subsections present the squations and the loglc performed
by function. The input and output veriables are summsrized in tebles I and II,
A summery of all constants is showm in tables III. The velues of the constants
in this table are for a typical OFT-1 trajsctory, and are sxpscted o change
from mission to mission.

The functions and subfunctions of TAEM guidance ars:

TAEM guidance (TGEXEC)

TAEM guidance initializetion (TGINIT)

XHAC function (TGXHAC)

Groundtrack predictor (GTP)

Rasolve to 180 degrees routine (RES180)
References and dynamic pressure function (TGCOMP)
Phase transition and MEP function (TGTRAN)

Normal acceleration command function (TGNZC)
Speedbrake command function (TGSBC)

Roll command function (TGPHIC)

Functions and routines used in more thean one other function or subfunction are:

MID VALUE (MIDVAL)

4,1.,1 TAEM Guidance (TGEXEC)

This function is the TAEM guldance executive routine, On the first pass, the
initialization flag, IRESET, is set to 1, the initialization function (TGINIT) is
executed first. Next the XHAC (TGXHAC) and the groundtrack predictor (GTP) func-
tions are called. The TAEM refersnce and dynamic pressure function {TICOMP) is
thern executed. The TAEM phase transition and MEP function (TGTRAN. i3 tnen
called. The guidance commands are then generated by cvailing the norqil acceluer: -
tion command (TGNZC), the speedbrake command (TGSBC), and the roll commana
(TGPHIC) functions. TAEM guidance ia then exited.
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4,1.2 TAEM Quidance Initialization (TGINIT

The TGINIT funotion initieslizes or computes seversl parameters used in TAEM guid-
ance., These operstions are:

IPESET = 0
ISR = RFTC/DTG
\':‘EZCF H 0.0

LoBL + 0.0

QBLL = MXQBWT WEIGHT
PHILIM = PHILM1

DNZUL = DNZUC1

DNZLL = DNZLC1

QBARF g QBAR

QBD = 0.0

IPHASE 1

TG_END 0

4,1,3 XHAC Function (TGXHAC)

This function calculates the X runway coordinate of the heading alinesment cylin-
der center, XHAC, and the prefinal initiation renge valus (SHPLYK) as a function
of surface wind conditions and welight.

The operations performed are:

XFTC

XA(IGI) + HFTC(IGS)/TGGS(IGS)

XALI

XA(IGI) + HALI(IGS)/TGGS(IGS)

where the subseript IGI is selected based on a MED input GI_change and the sub-
script IGS is automatically selected based on the input Orbiter mass. GI_change
is a funetion of surface wind conditions.

IGI 0

1 if GI_change

IGI = 2 if GI_change = 1
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GI_change is set to zero if the surface winds are less than 50 percent of the de-
ni;n surfaoce winds, and set to 1 for winds greater than 50 percent of the design
winds.

If the Orbiter mass is greater than WT_GSt, then IGS s 2. Otherwise, IGS s 1.
The value for WT_0S1 is selected such that the glide slope change occurs when
Orbiter payloads are greater than 32 thousand pounds.

Capability to select the minimum entry point (XALI) has been Jwisiud. 80 XHAC is
always sst equal to XFTC.

4.1.% Groundtrack Computation (GTP)

This section desoribes the equations used by the groundirack predictor
subprogram in mathematical symbols. The detailed formulation of the groundtrack
predictor subprogram is given at the end of this section.

An essential part of the TAEM gulidance concept is the prediction of groundtrack
range to runway thereshold. The method for computing groundirack range is
illustrated in figure 1., As shown, the Orbiter velocity vector is initially
pointing away f{rom tangency to the heading alinement cylinder. The acquisition
turn is defined as the turn that will aline the Orbiter heading tangent to the
heading alinement cylinder. The distance, dpc, along the acquisition turn is
computed from geometrical equations and an ostimate of the acquisition turn ra-
dius. The distance d4 is computed from geometrical equations relating the po-
sition of the Orbiter after the acquisition turn to the tangent point on the cyle
inder. The distance in the heading alinement turn is computed from the turn
angle in the heading alinement phase and the alinement cylinder radius., The
distance dp is a fixed distance from runway threahold of the alinsment cylin-
der.

The groundtirack predictor estimates range-to-go by computing the segments

dacs 41, dpac, and dp. These segments are added to give the total predicted
range. The terms that nc longer apply as the approach progresses are either set
to zero or dropped from the summations.

No additional range component is required for the S-turn phase because the
predicted groundtrack during this phase is computed as if the S-~turn were to
cease immediately.

During phase three (prefinal approach), the estimated range~to-go is based on a
straight line to the runway threshold, thus

RpRrep = %2 4 y2

The geometry for computing the segments dpc and d4 is given in figure 2.
The angle is the difference between the Orbiter heading, V¥, and the
heading, wp, to the heading alinement circle tangency point. The vector from
the Orbiter to the center of the heading alinement cylinder is computed as
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XcIr * Xgac - X
YoIR = YSON Ryypy - ¥

The distance to the center of the heading alinemsnt circle is

RcIr = V gzcm @ Yzcm

and the straight line distance to the tangency point is

Rran = VR2CIR - ReTURN
which is then limited so that Rpyy > 0.

The heading, Vg, to the center of the heading alinement circle is given by

Ve = tan=! (YcIr/XcIR)

The heading to the tangency point is then
VT = Wc - YSGN tan=! (RTURN/RTAN)
and the hsading error is
By =¥y - ¥

An acquisition turn radius is computed as a function of a predicted average bank
angle during the turn. The turn radius, Ry, and the error angle, Ay, are
used to compute the distance, dAC to be traveled during acquisition. The
distance, dq, to the tangency point from the end of acquisition is computed by
using Ay, Rpc, and Ry,

The radius of the acquisition turn, Rpc, is approximated by

RAC = VhV/(g tan d)avg)

where Vi = horizontal veloecity.
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®)vg = predicted average bank angle.

¥ = velocity magnituds
The acquisition turn arc is
dpc s Ryc |4V]
The distance, dy 1is derived from the geometiry of figure 2.

A = Rype (1. - cos (&y))

B = Rpan ~ Rac Isin (g

d1 z pkﬁ P B?
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GROUNDTRACK PREDICTOR SUBPROGRAM

If IPHASE = 3,
RPRED = SQRT (X2 & ¥2)

and then exit OTP. Otherwise, if IPHASE < 2, YSON = SIGH (Y) (YSGN = + 1), The
left hand HAC select flag is then teated, if MEP = 1, YSCON s -1,

Now sxecute equation set 1:

1.1 XCIR = XHAC =X
1.2 YCIR + YSGN RTURN - Y
1.3 RCIR = SQRT (XCIRZ + YCI12)

If IPHASE =z 2, execute equation set 2:

2.1 PSHA = ARCTAN2 (XCIR, YSGN YCIR) RTD

2.2 If PSHA < 0., PSHA = PSHA + 360

2.3 RPRED = RCIR PSHA DTR ~ XHAC
and then exit GTP. Otherwise (IPHASE = 0 or 1), compute the straight line dis-
tance to the HAC tangency point by

IF: RCIR > RTURN

THEN: RTAN = SQRT (RCIRZ - RTURNZ)

ELSE: RTAN = 0

The heading error (from a heading tangent to the HAC) is then computed by equa-
tion set 3:

3.1 PSC = ARCTAN2 (YCIR, XCIR)

3.2 PST = (PSC ~ YSGN ARCTAN2(RTURN, RTAN)) RTD
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3.3 PST s RES180 (PST)
3.4 DPSAC s RES180 (PST-PSD)

The soquisition turn radius and ars length ars then computed in equation set U:

4,1 PHAYC s PHAVQC - PHAVGS MACH

4,2 PHAVG = MIDVAL (PHAVG, PHAVOLL, PHAVQUL)

4,3 RTAC « VH V/(@ TAN (PHAVG DTR))

I,4 ARCAC = RTAC ABS (DPSAC) DTR
The renge rom the end of the soquisition turn to the HAC tangensy point, RC,
is next ocomputed by equation sst 5:

5.1 A = RTAC (1.-COS(DPSAC DTR))

5,2 B = RTAN -~ RTAC ABS (SIN(DPSAC DTR))

5.3 RC = SQRT (A2 + B2)
The turn angle around the HAC 1s then defined by
PSHA = ABS (PST)
If (XCIR < O and ABS(Y) < 2. RTURN) or

(YSGN SIGN(Y) < 0.) , PSHA = 360 - PSHA

The acquisition or S~turn predicted groundtrack is then computed by equation
set 6:

6.1 ARCHA = RTURN PSHA DTR

113

6.2 RPRED = ARCAC + RC + ARCHA - XHAC

L

GTP 1s then exited.
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¥,1.5 TAEM Refarence and Dynamis Pressurs Function (TGCOMP)

The TOGCOMP funotion computss enargy, eltituds, flightpath engle, and dynamic
pressurs refsrences as & functlon of the predicted rangs (RPRED). The enargy
refarence (EN) consisis of two linesr segments which are funoctions of DRPRED.
Energy slope and intercept for this linear function ers switched when DRPRED is
less then the renge awitch point (EOW_SPT). The eltituds reference (H raf) 1s
e oublic curve which is tengent to the sutoland stesp glide alops et RPRED «
<XALI,

If RPRED is less than -XALI, the altitude rafarsncs is dofined by tha eutoland
stesp glide slops. I DRPRED is greeter than PBRC, the altituds refersncs is e
linsar function of DRPRED.

The reference [lightpath sngle i1s the alops of the altituds versus predicted
rangs ocurve st the ourrent predicted rangs. The dynamic presaure reference is
e two segment linesr function of predicted range.
This funotion glso computes current energy, filtersd dynamle pressurs, [iltsred
dynemic pressure rate, dynamic pressurs srror, and the commendsd squivelent
girspeed.

TGCOMP SUBPROGRAM
Upon entering TGCOMP, the fnllowing computations ars made:

Ths current energy over welght is computed in equation set 1:

1.1 DRPRED = RPRED «+ XALI

1,2 EOW = H + V V/(2G)

The energy reference is computed in equations set 2. 1If DRPRED is less than EOW
(1G8), set IEL = 2. Otherwise, set IEL = 1.

2.1 EN = EN_C1(IGS, IEL) + (DRPRED - RN1(IGS))ENﬂC2(IGS, IEL)
If DPRED > PBRC(IGS), the altitude reference is computed with squation 4.1.
4,1 HREF = PBHC(IGS) + PBGC(IGS) (DRPRED - PBRC(IGS))

If DRPRED < PBRC(IGS), the altlitude reference 1s computed with equatlons
4.2 and 4.3.

10
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4,2 HREF = HALI(IOS) - TOGS(TGS) DRPRED
4,3 If (DRPRED > 0.) MREF = HREF +~ DRPRED DRPRED
(CUBIC_C3(IGs) + DRPRED
CUBIC_Cu(1G8))
The dynsmlc pressurs relsrence (QBREF), sltituds error, flightpath angle

refsrsncs, and rengs error from refsrencs sl.itude profile sre computsd in
squation sst 5:

5.1 If (DRPRED < PBRCQ(IGS)), QBREF = MIDVAL (QBRUL(IGS)
+ QBC2(IG8) DRPRED,

QBRLL(IGS), QBRUL(IGS))

L1}

5.2 If (DRPRED > PBRCQ(IGS)), QBREF = MIDVAL (QBRLL(IGS)

+ QBC1(IG3) (DRPRED

- PBRCQ(IGS)),
QBRLL(IGS), QBRML(IGS))
5.3 HERROR = HREF - H

5.4 If (DRPRED > PBRC(IGS)), DHDRRF

n

- PBGC(IGS)

n

5.5 If (DRPRED < PBRC(IGS)), DHDRRF = - MIDVAL (-TGGS(IGS)
+ DRPRED (2 CUBIC_
C3(1GS) + 3 CUBIC_
CU(IGS) DRPRED),
PBGC(IGS), -TGGS(IGS))
5.6 DELRNG = HERROR/DHDRRF

Filtered dynamlc pressure, filtersd dynamlc pressure rate, dynamic pressure
error, and the commanded equivalent airspeed are computed in equation set 6:

11
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6.1 QBARD = MIDVAL(CQG¥*(QBAR - QBARF), - QBARDL, QBARDL)
6.2 QBARF = QBARF + QBARDDTG
6.3 QBD = CDEQD*QBD + CQDG*QBARD
6.4 QBERR = QBREF - QBARF
6.5 EAS_CMD = 17.1865%SQRT(QBREF)

4,1.6 Phase Transition and MEP Function (TGTRAN)

This module determines all TAEM phase transition, and sets the flag TG_ END which
will terminate the MCC simulation. Also, this functlion checks for an S=turn
(IPHASE = 0) situation. The S-turn initiation and termination ls based on an
anergy error.

The TAEM program will be entered in the acquisition phase (IPHASE = 1). 1In the
normal situation, the Orbiter will remain in this phass until the heading
elinement phase is initiated, However, if the energy state is too high, the
Seturn phase will be initiated unless the predicted range is less than the
minimum range allowed for an S-turn (RMINST). The dirsction in which the S-turn
is made dspends on which side of the runway centerline the Orbiter is located
and on the Orbiter heading. The logic for selection of the turn direction is

YSGN < 0, 135 < p < O S = 1
YSGN < 0, =135 > por v >0 S = +1

YSGN > 0, 135 > y > O s

14

+1

YSGN > 0, 135 < por y <0 S = -1

wn»
"

-1 lelft bank

w
n

+1 right bank

Termination of the S-turn occurs when the current energy falls below the refer-
ence energy versus range line (EN).

Transition to the heading alinement phase from the acquisition phase is tested
whenever RCIR < P2TRNC1 RTURN where RCIR is the Orbiter's radial distance from
the HAC enter and RTURN is the HAC radius. If this test is passed, transition
to the heading alinement phase will occur if either of the following tests is
passed:

12
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e. RT < RTBIAS
b. RCIR < P2TRNC2 RTURN
whers

RT « (XDOT XCIR + YDOT YCIR)/V
Transition to the prefinal phass (IPHASE = 3) osccurs whenever the predicted
rengs is less than the prefinal initietion rangs vealue (SHMPLYK),
After phase 3 is initiated, the TAEM/sutocland transition logic is sxecuted to
determing when the transition to sutoland will teke placs end ths MCC simulstion
terminated,

TGTRAN SUBPROGRAM

If IPHASE = 3, a logical test is made for termination of TAEM guldance by the
statemant:
Iir (THERROR! < H_ERROR and (1Y} < Y_ERROR) and

(IGAMMA - GAMSGS(IGS)! < GAMMA ERROR) and

(1QBERR! < QB_ERROR1) and

(H > H_REF1)
or

(IHERROR! < (H DEL_H1 ~ DEL_H2) and

(1Y) < (H Y_RANGE1 ~ Y RANGE2) a.u

(IGAMMA - GAMSGS(IGS)! < (H GAMMA_COEF1 - GAMMA COEF2) and
(1QBERRI < QB_ERROR2) and

(H_REF1 > H)
or

(H < H_REF2)

13
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then the TAEM guidance termination flag is set to one; i.e., TQ_END s 1, and
then the TGTRAN funotion is exited.

Otherwiss, a test for transition to the prefinal phase (IPHASE s 3) is made on
the basis of whether the predicted range is less than the prefinel initiation
range value (RPRED < SHPLYK). If this test is true, then squation set 1 is
executed:

1.1 IPHASE = 3

1.2 PHIO s PHIC

1.3 PHILIM = PHILM3

1.4 DNZUL = DNZUC2

1.5 DNZLL = DNZLC2

If the RPRED < SHPLYK test is false, the appropriate logic bassd on the current
TAEM phase is executed as follows:

For IPHASE =z 0 (S=turn):

If the current energy (EOW) is greater than ths refesrance snergy (EN) exit
TGTRAN,

If the current energy is less than the reference energy, then sxecute aquation
sat 2!

2,1 IPHASE = 1

2.2 PHILIM = PHILM1

For IPHASE = 1 (acquisition)

First the energy over weight value to initiate an S~turn is calculated as shown
in equation 3.1:

3.1 ES = ES1(IGS) + (DRPRED - RMINST(IGS)) EDRS(IGS)

Next, the test for transition to the S-turn phase is made on the basis of pass-
ing the following criteria:
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EOW > ES end DRPRED > RMINST (I0S)

If this test is pesssd, equation sst 3.2 is sxecuted:

3.2.1 IPHASE = 0

3.2.2 PHILIM s PHILMO

3.2,3 S = YSQN

3.2.4 SPSI = S PSD

3.2.,5 If SPSI < 0 or SPSI » 135, then S = =8
3.2,6 If MEP = 1, then 8 « 1,

Next, the energy over weight valus used in ths MEP test is caloulated as shown
in squation 3.3:

3.3 EMEP = EMEP_C1(IGS, IEL) + (DRPRED - RN1(IGS))EMEP_C2(IGS, IEL)

The test for transition to the heading alinement phese is mades. If
RCIR < P2TRNC1 RTURN, the parameter RT is calculated as shown in equation 3.4:

3.4 RT = (XDOT XCIR + YDOT YCIR)/V

and a test is made for passing either of the following conditions:

3.4A RT < RTBIAS
3.4B RCIR < P2TRNC2 RTURN

If either 3.42 or 3.4B is satisfied, equation set 3.5 is executed.

3.5.1 IPHASE = 2

H

3.5.2 PHILIM = PHILM2

For IPHASE = 2 (heading alinement):

No ecalculations are presently required.
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4,1.7 Normal Acceleration Command Funotion (TGNZC

The function TGNZIC computes the incrementsl normal accelsration command, NZC, to
ths FCS for all TAEM phases. Ths command is gensratsd from a computed altitude
rate error term (HDERR), which is formulated from the altituds error input from
TGCOMP, a computed desired altitude rate term (HDREF), and the current, ssnssd
eltituds rate input from navigation. The upper and lower limits on the command
are bassd on dynmamic pressure and TAEM phase considerations. During an S-turn,
e correction term, GCONT, to the basic turn coordination term computad in the
FCS is added to NZC. A filter limiting the rate of changes of the unlimited com-
nend (DNZC) is implementsd to smooth the command for all TAEM phases except
prefinal,

Upon entering TGNZIC, the unlimited normal acceleration command (DNZC) and tha
upper and lower dynamic pressure limits QBMXNZ, QBMNMZ are computed using squa-
tion sst 1.

1.1 GDH = MIDVAL (GDHC - GDHS H, GDHLL, GDHUL;

1.2 HDREF sz VH DHDRRF

1,3 HDERR =z HDREF - HDOT

1.4 DNZIC = DNZCG GDH (HMDERR + HDREQG GDH HERROR)

1.5 QBMNNZ

QBLL/AMAX1 (COSPHI, CPMIN)

1.6 QBMXNZ = QBMX1
1.7 1IF MACH > QBM1 then
QBMXNZ = MIDVAL (QBMX2
+ QBMXS(MACH - QBM2), QBMX2, QBMX3)

Next, the upper and lower limits based on the minimum and maximum dynamic pres-
sure (QBNZUL, QBNZLL) are computed using equation set 2:

2.1 QBNZUL = -(QBG1 (QBMNNZ -~ QBARF) - QBD) QBG2

2.2 QBNZLL = - (QBG1 (QBMXNZ - QBARF) ~ QBD) QBG2

If IPHASE = 3, then NZC = MIDVAL (DNZC, QBNZLL, QBNZUL) and then exit TGNZC.
Otherwise, the flltered and limited normal acceleration command (NZC) is
computed using equation set 3:
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3.1 BMAX s EN o I'DBLNZ(IGS) MIDVAL ((DRPRED

- RN1 (I0GS))/DEL_R_BMAX(IOGS), EDELC1, EDELC2)
3.2 EMIN s EN - BDELNZ(IGS)
3.3 BEOWNZUL = (OEUL CDH(EMAX - BOW) + HDERR)GEHDUL GDH
3.4 EOWNZLL = (CELL ODH(EMIN - EOW) + HDERR)COEHDLL ODH
3.5 DNZCD = (DNZIC - DNZCF) CQG
3.6 DNZCF = MIDVAL (DMZCPF + DNZICD DTG, EOWNZLL, BOWNZUL)
3.7 NZC = MIDVAL (DNZICP, QBNZLL, QBNZUL)

If IPHASE # 3, a test for the S-turn phass is mads (IPHASE s Q); and if true,
the turn coordination correction term (GCONT) is computsd and sdded to NZC using
equation set U:

4,1 GCONT = (1. - QBARF/QBMXNZ) TAS/((TAS + VCO) SECTH COSPHI)
4,2 NZIC = NZIC - GCONT

Finelly, for all phases, NZC is limited between the upper and lower phase depen-
dent limits (DNZLL, DNZUL) by NZC = MIDVAL (NZC, DNZLL, DNZUL).

4.1.8 Spesdbrake Command Function (TGSBC)

This module performs the calculations required to generate the spesdbrake com-
pand to the FCS for all TAEM phasaes. The upper limit on the spsaedbrake command
(DSBLIM) is Msch-dependent and is set to 65 degrees for supersonic rlight and to
08.6 degreses for subsonic flight. During the S-turn phase (IPHASE = 0), the
spesdbrake command is simply DSBLIM. For all other phasss, the command is based
on & nominal speadbrake command (DSBNOM), plus proportional and integral terms
besed on the dynamic pressure error (QBERR) input from TGCOMP. The integral com-
ponant of the command (DSBI) is held at last computed value whenever the previ-
ous computed speedbrake command equals or exceeds either the upper or lower
speadbrake command limit,

If MACH is greater than DSBCM, the speedbrake command 1s set to a constant value
of DSB3UP and TGSBC 1s exited., Otherwlse, the TAEM phase is tested and if
IPHASE = 0, equatlion set 1 i1s executed.

1.1 DSBC = DSBLIM

17
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Otherwise (IPHASE # 0), equation set 2 is executed.

2.1 DSBE = GSBE QBERR
2.7 1f DSBC < DSBLIM and DSBC > 0.0, then

DSBI « MIDVAL (DSBI - GSBI QBERR DTG,-DSBIL, DSBIL)
2.3 DSBC s DSBNOM - DSBZ - DSBI

Finslly, the speedbrake command issusd to the FCS, DSBC_AT, is ocelcoulated using
equation set 3:

3.1 DSBC_AT = MIDVAL (DSBC, SBMIN, DSBLIM)

4.1.9 Roll Command Function {TGPHIC)

The funotion TGPHIC computes the roll commend, PHIC_AT, for the latersl axis com-
mand to the FCS for all TAEM phases. 1If the guidance is in the S-turn phase
(IPHASE = 0), & constant roll command equal to S PHILIMIT is issusd to the FCS
where S is the sign of the roll command calculated in TGTRAN, and PHILIMIT is
the maximum roll command allowed. During the acquisition phass (IPHASE = 1), =
roll command is given which is proportional to the Orbiter's heading deviation
from tangency to the HAC. In the heading elinement phass (IPHASE = 2), the roll
command is gesnerated to assure that thes Orbiter performs & turn which follaws
the heading alinement cylinder. 1In the prefinal phass (IPHASE = 3), the roll
comuand is generated from a linear combination of the Orbiter's lateral devia-
tior and deviation rate from the runway centsrline., The roll command limit,
PHILIMIT, is fixed for supersonic flight and is equal to ths phase dapendent
roll command limit, PHILIM, for subsonlic flight.

Upon entering TCPHIC, a test on MACH is mede for setting the roll command limit,
PHILIMIT. For MACH > PHIM, PHILIMIT = PHILMSUP, and for MACH < PHIM,
PHILIMIT = PHILIM. Next, the unlimited roll command, PHIC, is generated
on the basis of the current TAEM phase as follows:
1. IPHASE = 0 (S~turn):
1.1 PHIC = S PHILIMIT
2. IPHASE = 1 (acquisition):
2.1 PHIC = GPHI DPSAC
3. IPHASE = 2 (heading alinement):

3.1 RDOT = (XCIR XDOT + YCIR YDOT)/RCIR
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3.2 RERRC s MIDVAL (OR(RCIR - RTURN), -RERRLM, RERRLM)
3.3 PHIC s YSON (PHIP2C + RERRC +» QGRDOT RDOT)
¥, IPHASE s 3 (prefinal):

4,1 YBRRC = MIDYAL (=0Y ¥, -YBRRLM, YERRRLM)
4,2 PHIC s YERRC - QYDOT YDOT
4,3 If ISR > 0 then

4,3.1 DPHI = (PHIC - PHID)/ISR

4,3,2 ISR = ISR - 1

4,3,3 PHIC = PHIO + DPHI

4,3.4 PHIO = PHIC

Pinally, after the phase dependent unlimited roll command is oeloulated, the
roll ooumend to the FCS, PHIC_AT, is celouleted using squation sst 5:

5.1 PHIC_AT s MIDVAL (PHIC, -PHILIMIT, PHILINMIT)

4,1,10 Mid Velus (MIDVAL)

The MIDVAL function applies upper and lower limits to a variable.

. Detsiled requirements.- The cell to function MIDVAL by the steatement CALL
MIDVAL (X, XLL, XUL) commands the limiting operations:

IF (X > XUL), THEN X = XUL
IF (X < XLL), THEN X = XLL

4,1.11 Resolve to 180 Degrees (RES180)

The function of RES180 is to resolve the input angle to lie within the range
+ 180 degress.
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Calling RES180 with the statement

ANG = RES180 (ANG)
causes the funotion RES180 to executs the logic shown in figure 3.

4,2 SEQUENCING REQUIREMENTS

TAEM guidance is to be exeouted at a rate of 1.04 HZ (.96 sec). The guidance
detailed flow is shown in figurs 4.

4,3 INTERFACE REQUIREMENTS

TAEM guidance input ani output parameters are listed in table I and table 1I, re-
spectively.

It is assumed that service routines in the Mission Control Center will computs
all of the required inputs to the TAEM guidance and [flight control system
simulations. The state vector in runway coordinates and the Orbiter heading

with respect to the runway centerline are required input data., Also, required
input data are the dynamic pressure, true airspeed, altitude rate, gecdstic alti-
tude above the runway, horizontal component of ground relative velocity, body
roll, and pitch angles. The dynamic pressure and true airspesd data require-
ments will be satisfied by using the true airspeed and air density from the envi-
ronment to compute dynamic pressure, Derivation of these data is pressnted in
appendix A. -

It is also assumed that the output parameters consisting of predicted range,
TAEM phase counter, equivalent airspeed command, altitude error from reference
glide slope, filtered dynamic pressure, and the energy deficlency alert flag
will be sent to the display processcor.

The output parameters consisting of the normel lcad factor command, roll angle
command, and speedbrake angle command are sent to the TAEM digital autopilot.

5.0 TAEM DIGITAL AUTOPILOT (TDAP)

5.1 REQUIREMENTS OVERVIEW

The TAEM digital autopilot (TDAP) is the first crder simulation of the Shuttle
Orbiter flight control system which performs the functions of controlling the
body attitude and speedbrake responses during the TAEM guidance phase of the
entry trajectory. Formulation requirements for this function are presented in
figures 5 through 8, and are discussed in detail in the subsequent sections.
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5.2 PUNCTION MODULES
The module TDAP oconsisis of the following principal subdfunction modules.

a. The roll channel caloulates body roll rate using the roll attitude and TAEM
guidanos roll angle command.

b. The pitch channel caloulates dody pitch rate as a funotion of noramal load
faotor, attitudes, trus airspaed, and guidenos normal load factor command.

c. The yaw channel ocaloculates ths dody yaw rate required to produce ocoordinated
turns and null latersl load factors.

d. The attitude integrator oconverts body rates to a rotation matrix and updates
the bdody to inertial stititude matrix.

s. The spesdbrake channel caloulates speedbrake sctuator rates using the guid-
ance deflection command and hinge moment constraints, and updates the
speedbrake deflection.

The following utility subroutines are used by TDAP:

a. PFILTER . . . . . . generalized firet order filter

b, SHOOTH . . . . . . guldance command szmcother

e, EICEN ... . . . eigen vector rotation of an orthogenal matrix

d, MIDVAL . . . . . . applies upper and lower limits

e, MAMP ., . . . . . . multiplies two matrices

f. CROSS ., .. . . . vector cross product

g, Unit . . . . . . . unit vector calculations

h. AMIN1 ., . . . . . select most negative argument
1. AMAX1 ., . . . . . select most postive argument
J. SIN . .., . . . . trigonometric sine

k., COS ... .. . . trigonometric cosine

1, MOD . .. . . . . modular counter conversion

Formulation is supplied in this document for the functions of TDAP end the first
thress utllity subroutines in the above list.
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5.3 INTERFACE REQUIREMENTS

Inputs required by TDAP are listed in tadble IV. Outputs are listed in tabdble V.
Constants required are shown in table VI,

5.4 SEQUENCING REQUIREMENTS

TDAP is to be executed at a rate of 2,08 HZ (.48 sec) during the TAEM guidance
phase after guidance execution.

>.. INITIAI TZATION REQUIREMENTS

The internal variable LOOP in TDAP must have the value zero on the first pass ex-
ecution. The speedbrake deflection, body to inertial attitude matrix, body roll
rate, and yaw rate must be available at the initial execution pass as the last
pass values from the entry guidance phase so they may be subsequently updated by
TDAP,

5.6 METHOD

The MCC enti'y profile planning processor is a 3-degree-of-fresdom simulation in
the sense that it includes complete second order equations of motion for three
dimensional translational components only. The rotational equations of motion
are first order and assume that commanded body attitude rates are achieved
instantaneously. This assumption eliminates the requirement to calculate
rotational moments and accelerations for the purpose of integrating rates and at-
titudes as would be done in a 6-degrese-of-freedom simulation. The formulation
for attitude control consists of calculating desired body rates using the guid-
ance roll and load factor commands. This formulation is derived from the level
C flight software requirements for the entry flight control system (reference)
and provides virtually the same trajectory and maneuvering characteristics as a
6-degree-of-freedom simulation,

The first calculations upon entering TDAP are to obtain the trigonometric fune-
tions of pitch, roll, and angle-of-attack attitude angles which are used

subsequently.

The roll channel calculations are performed next by first caleculating the
scheduled roll rate gain and roll rate limit. The slow rate TAEM roll command

is then smoothed by linear extrapolation to the faster TDAP rate. The roll atti-
tude error is calculated and converted to a roll which is then limited.

The piteh channel begins with calculation of the open loop coordinated turn

pitch rate and smoothing it through a first order lag filter. The TAEM NZ com~-
mand is linearly smoothed, and the load factor bilas for equilibrium turn compen-
sation is calculated. The smoothed NZ command is converted to a C¥ command

which will produce the pitch rate required to maintain a constant load factor at
the desired level. The C¥ command and turn compensation terms are summed to pro-
duce the total desired load factor, and load factor error is calculated,.
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The loel factor error is oconveried to a negative pitoh rate command, smoothead
through & first order lag filter, summed with the coordinated turn pitcoh rate,
end filtered ageir. tc obtain the unlimited nagative pitoh rats. Angle-of-attack
limits are obtained from their scheduled profiles, and ths maximum allowable
pitcoh raten ars detsrmined by the proximity from ths sangle-of-attack limits and
load factor ilimits. The moat resirictive of thess limits ars then applied to ob-
tein the final pitoh rate,

The yaw channel begins with osloulation of the laterel locad factor yew rate
gein., The yaw rate requirsd to maintain a coordinsted turn mensuver about the
f-steblility ax’!., .8 determined from body roll rete and angle of atteck. The
sensed body lateral load factor is smoothed through a first ordsr filter,
converted to & yaw rate, and summed with the soordination term to obtain the
final yaw rate.

To integrate the vshiocle attituds, body retes are assumasd constant over the com-
putetion interval and, therefore, lorm the eigen veotor in body coordinates
gbout which the body to inertisl attitude matrix is to be rotated. This matrix
rotation is performed in the subfunctions EIQEN by oonstrueting the transform~-
tion maetrix which, when premultiplied by the preasent attitude matrix, will pro-
duce the direction cosine matrix that represents ths attitude resulting from an
elgsn rotation through the total angle determined by the desirsd rete times the
time intsrval, The columns of this matrix, which represent the updatsd body
axes in the inertial frame, are then normalized to presarve orthogonality.

The final function of TDAP is the first order simulation of speedbrake actuator
response to the guidance commanded deflection. The principal considerations in
determining the actuator rate include the flight softwares priority rate limiting
and sctuator abllity to overcoms the serodynamic hinge moment., Since the
Orbiter speedbrake actuator system gain is sufficient to produce time constants
less than the TDAP cycle intervel, & gain of 1/DT2 is used to prevent an
oscillatory characteristic. The maximum opening rate is determined as a squars
root function of hinge moment. Maximum closing rate is constant at a value
sslected by the deflection in relation to the software soft stop position. The
daflaction error is converted to & rate and limited. This reate is integrated
rectangularly toe obtain the spesedbrake deflection which is then limited to the
position constraints.

The first order filter subfuncti.a utillzes the nodal implemantation of the
gensralized S-transform (C4S + C3)/(S + a). Conversion to the equivalent Z-
tranaform is performed on the initlal pass to obtain the required coefficients
for the recursive difference equation.

Detailed formulation for the function modules TDAP, FILTER, SMOOTH, and EIGEN is
shown in figures 5 through 8.
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TABLE I.- TAEM GUIDANCE INPUTS

80FM25

Internal
Desoription Type Sourocs Unit name
Geodatic altituds of vehicle F acompe re ;|
ocanter ol mass above RYW
Negetive 2z oqomponasnt of veloalty F GCOMP fps HDOT
in topodetic coordinatas
x-oomponent of position in runway F GCOMP e X
coordinates
y-componant of position in runweay F GCOMP ft ¥
coordinates
Magnitude of Earth relative F GCOMP ps v
veloclity vector
Topodatio horizontal component F GCOMP fps VH
of Earth relative velocity
x-gomponasnt of veloeliy in runway F GCOMP fps xDor
coordinates
Courss WRT RW centerline F GCOMP deg PSD
MACH number F GCOMP ~— MACH
Dynamle prasaure F GCOMP psf QBAR
Cosine of body roll Euler angle F GCOMP —— COSPHI
Secant of body piteh Euler angls F GCOMP - SECTH
Orbiter mass F AERO ibm WEIGHT
True alrspeed F GCOMP fps TAS
y-component of velocity in F GCOMP fps IDOT

runway coordinates

&Guidance and flight control input parameter calculations (appendix).
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TABLE 1.- Conoluded

Internal
Desoription Type Source Unit name
Topodetioc Earth relative {light- F GCOMP deg GAMMA
path angles
Flag indiceting glide slope I MEDD - GI_CHANGE
daaired
Left-hend HAC selesct fleg I MEDS - MEP

DMED input based on surface wind conditions (initialized in mission constants
table to zero).

OMED input equal to 1 to force sslection of the left-hand heading alinsment
oylinder (initialized in mission constents table to zaro).
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TABLE II.~ TAEM GUIDANCE OUTPUTS
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Internel
Desoription Type Unit nams Destination

Commended body normal load feotor id g's NzC TDAPE
inorement from squilibrium

Roll mngle command F dog PHIC_AT TDAP

Renge error from refsrsnce 3 £t DELRNG DSPP
eltitude profile

Haading srror to HAC tangency F deg DPSAC D3P

Spsadbraks angle command F deg DSBC_AT TDAP
(hings line)

E/W abt which the MEP i1s selsotad F 't EMEP D8P

Energy per unit weight F Tt EQW D8P

E/W at which an S-turn 1s F 't ES D8P
initiated

Pradlicted range Lo runwey F 't RPRED D8P
threshold

TAEM phass counter I ~— IPHASE DSP

TAEM guidance termination flag I _— TG_END Dspe

Equivalent airspead command F knots EAS_CMD D3P

Altlitude error from reference F 't HERROR DSy
profile

Filtered dynamic pressure F psf QBARF D3P

8TAEM digital autopilot.
Ppisplays.

CThis flag will terminate the MCC simulation.
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TABLE III.- TAEM GUIDANCE CONSTANTS
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Symbol Desoription
CDEQD Gein in celouletlion of QBD
CPMIN Minimum velus CosPHI
caDG Gein used in oceloulation of
QBD
CQG Cain used in calouletion of

CUBIC_C3(1)®
CUBIC_C3(2)
CUBIC_Cu(1)
CUBIC_Ch(2)

DEL_H1
DEL_H2

DEL_R_EMAX(1)
DEL_R_EMAX(2)

DNZCG

DNZLCH

DNZLC2

DNZUC1

DNZCD and QBARD

Quadratic term coslficlent
in HREF CURVE FIT

Quadratic term coefficient
in HREF CURVE FIT

Cuble term cosfficlient in
HREF CURVE FIT

Cubic term cosfficient in
HREF CURVE FIT

Altitude arror coafficlent
Altitude error cosfficisnt

Conatant used in computing
E max

Conatant used in computing
E max

Gain used to compute DNZIC

Phases 0, 1, and 2 NZIC
lower limit

Phase 3, NZC lowsr limit

Phase 0, 1, and 2 NZIC
upper limit

Yelus Unit
68113130 -
707 -
.31886860 -
.5583958 —
~,3641168E-6 ro/eee
-, 36U1168E-b £/t
-, 9481026E-13 re/eeld
-.9U81026E-13 fe/ee3
0019 e
900. £
54000, ft
54000, £t
0.01 g/s
-0.5 g
—'Oe75 S
0.5 g

8Array dimension 2.
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TABLE Ill.- Continusd
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Symbol Description Valus Unit
DHZUC2 Phase 3 NZC upper limit 1.9 g
DSBCM Mech at which spsadbrake modulation 0.3 ow
begins

DSBLIM Maximum value of DSBC §8.6 deg

DSBSUP Supersonic fixed spsedbrake 65. deg
deflection

DSBIL Limit on DSBI 20, deg

DSBNOM Nominal speedbrake command 6%. dey

DSHPLY Delta rangs value in SHPLYK 4000, fe

DTG TAEM guidance cycle intarval 0.96 see

DTR Degrees-to-radian conversion factor 0.017u4853% rad/deg

EDELCH Constant used in determination of 1. HD
EMAX

EDELC2 Constant used in determination of 1. HD
EMAX

EDELNZ (1) Energy delta from the nominal energy 4000, ft
line slope for the S-turn

EDELNZ(2) Energy delta from the nominal energy  U4000. ft
line slope for the S-turn

EDRS(1) Slope for S-turn energy line 6089492 fel/fe

EDRS(2) Slope for S-turn energy line LE083492 felyet

EMEP_C1(1,1)b Y-intercept of MEP energy line -371.3797 £

EMEP_C1(2,1) Y~intercept of MEP energy line -371.3797 ft

EMEP_C1(1,2) Y-intercept of MEP energy line 1u404,87 fe

b2 x 2 array given column wise.
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TABLE III.- Continued

80rM2s

Symbol

EHER-CT(Z,Z).
EMEP_C2(1,1)
EMEP_C2(2,1)
EWEP_C2(1,2)
EMEP_C2(2,2)
BN _C1(1,1)
BN_C1(2,1)
EN_C1(1,2)
EN_C1(2,2)
BN C2(1,1)
EN_C2(2,1)
EN_C2(1,2)
EN_C2(2,2)
ES1(1)
ES1(2)

EOW_SPT(1)
BOW_SPT(2)
G

GAMMA_COEF 1
GAMMA_COEF2

Desoription Valus
Y-intercept of MEP snergy lins 14604 ,87
Slops of MEP enargy line 168274
Slope of MEP ensrgy line 4168274
Slops of MEP snargy line 2821187
Y-intercept of nominal snergy lins .2821187
Y-intercept of nominsl energy line ~254,2395
Y-intercept of nominal ensrgy lins -254.2395
Y-intercspt of nominal snergy lins 17645, 34
Yeintercept of nominal snergy line 17645, 34
Slope of nominal snargy lins .5500275
Slope of nominal energy line 5500275
Slope of nominal energy line . 3890240
Slope of nominal energy line 3890240
Y-intercapt of S~turn energy line 90000,
Y-intercept of S-turn energy line 90000,
Range at which to change slope and 117718,

intercept on the MEP and nominal
energy line
Range at which to change slope and 117718,
intercept on the MEP and nominal
energy line
Earth gravitational constant 32.174
Flightpath error coafficlent 0.0007
Flightpath error coefficient 3.0

Unit

£t

ru2/0t
rel/re
re2/ee
re2/fe
re2/ee
re2/et
re2/rt
re2/re
re2/1t
re2/1t
ree/re
re2/re
rt

£t

ft

rt/s
deg/ft

deg
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TABLE III.- Continusd

80FM25

Syuwbol Desoripiion Velue Unit
GAMMA_ERROR Flightpath error band 4.0 deg
GAMSGS(1) A/L steep glideslops engls =20. deg
GAMSGS(2) A/L steesp glideslope angls =20, deg
GDHC Constant for computing GDH 2.0 ——
GDHLL GDH lower limit 0.3 o
GDHS Slope for computing GDH 7,0E~5 re-1
GDHUL GDH upper limit 1.0 ——
GEHDLL Gain used in computing EQWNZLL 0.01 g/Ips
GEHDUL Gain used in computing EOWNZUL 0.01 g/ fps
GELL Gain used in computing EOWNZLL 0.1 sec”
GEUL Gain used in computing EOWNZUL 0.1 sec-!
GPHI Heading error gain for computing 2.5 -
PHIC

GR Gain on RCIR In computing HA roll 0.02 deg/ft
angle command

GRDOT Gain on dRCIR/dt in computing HA 0.2 deg/Ips
roll angle commsnd

GSBE Speadbrake proportional gein on 1.5 dag/pafl
QBERR

GSBI Gain on QBERR Ilntegral in computing 0.1 deg/psf-a
speedbrake command

GY Gain on Y in computing PFL roll 0.05 deg/ft
angle command

GYDOT Gain on YDOT in computing PFL roll 0.6 deg/fps
angle command

H_ERROR Altitude error bound 1000. 't
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TABLE Il1I.- Continued

80rM25

Syabol

H_REF1
H_REF2
HALI(Y)

HALI(2)

HDREQC
HETC(1)

HFTC(2)

MACHAD®
MXQBWT

PBGC(1)

PBGC(2)

PRHC(1)
PBHC(2)

PBRC(1)
PBRC(2)

PBRCQ(1)

PBRCQ(2)

Descoription Velus Unit

Altitude referencs 2000, ft

Altitude reference 2000, e

Altitude at A/L stesp glideslops at 10018, ¢4
MEP

Altitude at A/L steep glideslops at 10018, ft
MEP

Gein used to compute HDREQ 0.1 —

Altituds of A/L steep glideslops at 12018, ft
nominal sntry point

Altituds of A/L stasep glideslope at 12018, e
nominal sntry point

Meach no. to use air dete 2.5 -

Max L/D dynemic pressurs for nominal 0.7368U21B-3 psf/1lb
waight

Linsar coefficient of range for HREPF , 11256953 e
and lower limit for DHDRRF

Linear coefflcient of range for HREF . 1125953 e
and lower limit for DHDRRF

Altitude reference for DRPRED = PBRC  8u4821.29 rt

Altitude reference for DRPRED = PBRC  84821.29 e

Maximum range for cubic altitude 308109.5 e
rafarences

Maxiw. . range for cubic altitude 308109.5 ft
rafsrence

Range breakpoint for QBREF 122000, e

Range breakpoint for QBREF 122000. 't

80mad to GCOMP calculations (appendix).
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TABLE 1Il.- Continued

sorMes

Symbol Desoription Yelus Unit
PHAYQC Constant for computing PHAVG 63.33 deg
PHAVQLL Lowsr limit for PHAVQ 30. deg
PHAVCS Slope for computing PHAVG 13.33 deg
PHAVQUL Upper limit for PHAVG 50, deg
PHILMO Roll command limit S-~turn 50. deg
PHILHY Roll command limlt ecquisition 50. deg

phass
PHILM2 Roll command limit heeding 60. deg
alinement phass
PHILM3 Roll commend limit prefinal phass 30. deg
PHILMSUP Supersonic roll angle command limit 30. deg
PHIM Mach at which supersonic roll 1. -
command limit is removed
PHIP2C Constant for computing phase 2 roll 30, deg
command
P2TRNC1 Constant used in Phase 2 trensition 1.1 -
logic
P2TRNC2 Constant used in Phase 2 tranaition 1.01 ——
logic
QB_ERROR1 Dynamlc preassure error bound -1, psf
QB_ERROR2 Dynamic pressure error bound 24, paf
QBARDL Limit on QBARD 20. psf/s
QBC1(1) Slope of QBREF for DRPRED > PBRCQ .5869565E~3 paf/ft
QBC1(2) Slope of QBREF for DRPRED > PBRCQ .5869565E~3 psf/ft
QBC2(1) Slope of QBREF for DRPRED < PBRCQ ~.1031695E-2 psf/ft
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TABLE 11I.- Continued

80rM25

QBMX3
QBMX1
QBMX2
QBMX3
QBM1

QBM2

QBRLL(1)
QBRLL(2)
QBRML (1)
QBRML (2)
QBRUL(1)
QBRUL(2)
RERRLM
RFTC

RMINST(1)

RMINST(2)

Desoription Value Unit
Slope of QBREF for DRPRED < PBRCQ -, 1031695E-2 psf/ft
Gain used to compute QBNZUL and 0.1 s-!
QBNZLL
Gain used to compute QBNZUL and 0.12% s-g/psf
QBNZLL
Slops of QBMXNZ with MACH > QBM2 20, psf
Constant for computing QBMXNZ 340, psf
Constant [or computing QBMXNZ 220, psf
Constant for computing QBMXNZ 250, psf
Mach breakpoint for computing 1.0 o
QBMXNZ
Mach breakpoint for computing 1.0 .
QBMXNZ
QBREF lower limit 153, psf
QBREF lower limit 153. psfl
QBREF middle limit 180. nsf
QBREF middle limit 180. psfl
QBREF upper limit 265.43 pafl
QBREF upper limit 265,43 psf
Limit of RERRC 50. deg
Roll fader time constant 5. S
Minimum range allowed to initiate 122204.,6 Tt
S-turn phase
Minimum reange allowed to initiate 122204.6 rt

S-turn phase
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TABLE IIl.=- Conaoludad

8orK25

Symbol Description Yelue Unit

RM1(1) fange at whioh the gein on EDELNZ §542,886 ft
goss to IERO

RH1(2) Renge at which the gein on EDELNZ 65u2,886 L
gosa to ZERC

RTBIAS Meximum velus for RT for HA 3000. g
initistion

RTD Redisns-to-degrses conversion fector 57.29578 deg/red

RTURN HAC radius 20000, g7

SBMIN Minimum spsedbreks commend 5. dog

TGAS(1) Ten of stesp glideslops for sutolend -,363978 ——

TOGS(2) Ten or stesp glideslope for sutoland ~, 363978 -

veo Constant used in turmm compsnsetion 1.0E20 fpa

WT_Q81 Meximum Shuttle Orbiter wsight 250000, ib

A1) Steap glideslops intercapt -B500, e

XA(2) Steap glidaeslops intarcept ~5500, L

YERRLM Limit on YERRC 120, deg

Y_ERROR Crossrangs error bound 1000. 't

Y_RANGE1 Crossrangs cosfficient 0,18 -

Y RANGE2 Crossrange coeffiolant 800, e
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TABLE IV.- TDAP INPUTS

8orMas

Name Description Source Unit
THETA Topodetic to body pitch angle GCOMPD deg
PHI Topodetio to body roll angle QCoMP deg
NZC Commanded body normal load fastor TAEM 8

increment {rom squilibrium

TAS True airspeed GCOMP fps
NZ Body normal load factor oCcoMP g
MACH .dach number GCOMP -
ALPHA Angle of attack GCOMP deg
NY Body lateral load factor GCOMP g
PHIC Roll angle command TAEM deg
DSBC Speedbrake command (hinge line) TAEM deg
DELBR Speedbrake deflsction AERO deg
HMSB Speedbrake hinge moment AERO in-1b
cB12 Body to inertial attitude matrix EDAPC —
pa Body roll rate EDAP deg/sec
Ra Body yaw rate EDAP deg/sec

8Required only for initialization,
BGuidance and flight control input parameter calculations.
CEntry guidance phase autopilot.
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80FM25

Hame Desoription Destination Unit
P Body roll rats MONE deg/sec
Q Body pitoh rats MON deg/ssc
R Body yaw rats MON dsg/ssc
CBl Body to inertisl atiituds metrix GCOMP -
DELB Spsedbraks deflection (hinge lins) ABRO deg

DDOTRC Spessdbraks rats MON deg/sec

ot presently used except for possible chackout monitoring.
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TABLE VI.- TDAP CONSTANTS

8OFM25

Name

AMNI
AMNLL
AMNS
AMNUL
AMXLL
AMXML

AMXM1

AMXM2

AMYS1
AMXS2
AMXUL
CPMIN
DSBLIM
DT2
DTG
DTR
GBDOT
GF 11
GF12
GF13

GF21

Desaoription Valus Unit
Y-intercept of minimum alpha profile =16, deg
Minimum slphe lower limit =100, deg
Slope of minimum alpha profile 20, deg.’
Minimum alpha upper limit ~100. de,
Maximum alpha lower llmit 100. dey
Maximum alpha middle limit 100, deg
Maximum alpha profile first 0.6 mach
breakpoint
Maximum alpha profile sscond 0. mach
breakpolnt

Lower slope of maximum alpha profils -25. deg/mach
Upper slope of maximum alpha profile 10. deg/mach
Maximum alpha upper limit 100, deg
Lower limit on cosine PHI 0.5 -
Maximum speedbrake deflection 98.6 deg
TDAP time interval 0.48 sec
TAEM guidance interval 0.96 sec
Degrees to radlians conversion 0.0174533 rad/deg
Gain to scale compensated yaw rate 1. -
Filter 1 first coefficlent 0. -
Filter 1 second coefficient 1. -
Filter 1 third coefficlent 1. -
Filter 2 first coefficient 0.2 -
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TABLE V1.~ Continusd

80FM25

Hame

GF22
GF23
GF31
Gr32
GF33
GFu1
GF42
GRU3
GPI
GPLL
GPS
GPUL
GQA
GQN
GQNL
GRPHI
GYI
GYLL
GYS
GYUL
HMS

NZMAX

Description YValue Unit
Filter 2 second cosfficient 2. wo
Filter 2 third cosfficient 2. ==
Filter 3 first cosfficient 2. o=
Filter 3 sscond coefficient 2. -
Filter 3 third coefficient 2. -
Filter 4 first coefficient 0. -
Filter 4 second coesfficient 5. -
Filter 4 third coefficient 5. -
Y-intercept of GPBANK proiile b,y (deg/s)/deg
GPBANK lower limit 0.5 (deg/s)/deg
Slope of GPBANK profile ~3.25 (deg/s)/(deg-mach)
GPBANK upper limit 1.8 (deg/s)/deg
Alpha limit pitch rate galn 1. (deg/s)/deg
Piteh rate gain 3.36 (deg/s)/g
Load factor limit pitch gain b, (deg/s)/g
Cross-over veloclfiy galn ~1845,06 (deg/ft)/i-sec?
Y~intercept of GRAY profile 23.0 (deg/s)/g
GRAY lower limit 3.2 (deg/s)/g
Slope of GRAY profile -6.8 (deg/s)/(g~-mach)
GRAY upper limit 10, (deg/s)/g
Speedbrake stall hinge moment 2.40E6 in-1lb
Maximum normal load factor 100. g
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TABLE VI.- Conoluded

80FM25

Neme

NZMIN
PCl
PCLL
BCS
PCUL
SBMIN
SBRL.C
SBRLO

SBRS

SBSOFT
TPLIM

veo

Deacription Valus Unit

Minimum normal load factor =100, g
Y-intercept of FCLIM profils 30, deg/nac
PCLIM lower limit 5, dag/ssc
Slops of PCLIM profile -16,667 deg/ (sec-macn)
PCLIM upper limit 20, dag/soc
Minimum spesdbrake deflsction 5. dag
Speedbrake maximum cloaing rate 10.86 deg/sec
Speedbrake maximum opening rate 6.1 deg/sac
Speedbrake maximum closing rate 1, deg/sec

below sof't stop
Speedbrake soft stop 12. deg
Upper limlt on tangent PHI 1. ——
Cross-over velocity 549.125 fps
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Runway
threshold

dy —~{Runwa
Heading
alignment
cylinder
Orbiter
position R

PRED = dac * 4y * dypc * dy
(Computed groundtrack range)

Figure 1.- TAEM guidance groundtrack predictor geometry.
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Figure 2.- GTP geometry for acquisition phase.



ENTER
RES180
i
i
l
i \ i i
| DO WHILE \ | ANG = ANG - 360, !
| ANG > 180, /T | :
L /
'
]
|
i
i
\ ! |
DO WHILE \ | ANG = AMG + 360, !
ANG < - 180 / | :
/
]
!
|
1
1
EXIT

Figure 3.- Resolve to 180 degrees (RES180).
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TGIKIT
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-

k4

0.0
0
= PHILM1

RFTC / DTG
MXQBT WEIGHT

ASE
DHZWL = DMZUCT;

PH
Ise
DMZCF
BLL
DSBI
PHILIM

Figure 4.~ Continued.
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=

IF GI_CHANGE = 1 THEN IGI
1
'
i
:
SHPLYK = ~XHAC + DSHPLY

]

)
IF WEIGHT > WT_GS1 |-

i
ELSE IGI
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DRPRED < EOW SPT

IF

1GS, IEL*®

N_C2

1GS, 1EL + (DRPRED - RN1pgs) E

= EN_C1

EN

- e

Figuwe 4.~ Continued.

47



[}
]
IF DRPRED > PBRCygg |

HREF = PBHCygg + PBGCygs (DRPRED - Pﬁmlw)

- o m—-

ELSE

HREF = HALIygg - TGGS yosDRPRED

- m— . . m- N m. m. mw ®N we wme

H
H \ THEN | HREF = HREF + DRPRED DRPRED (wac...c3IGS E
! IF DRPRED > 0. >-————} DRPRED CUBIC_Chiygg); ;
1 / : H
H H
\ THEN | QBREF = MIDVAL (QBRLLyGs + QBC1ygs (DRPRED - PBRCQpgg). !
IF DRPRED > PBRCQigs >——1 QBRLLygs, BRMLygs) H
/ 1 ) :
: v '
H y ELSE |
H —~—————} OBREF = MIDVAL (QBRULI® + WCZIGS DR PRED, mRLLxm, leﬂ.ms)
1 L[]
1 : ]
HERROR = HREF - H |
H
i
H
\ THEN

IF DRPRED > PBRCygg >

DHDRRF = PBGC 155

ELSE

DELRNG = HERROR/DHDRRF

DHDRRF = MIDVAL (-TGGSpgg + DRPRED (2

CUBIC C3yqs + 3 CUBIC Clipgs DRPRED),PBGCygs. -

TGS 165 )

CBARD = MIDVAL (CQG (QBAR - QEARF), -

QBARDL, (BARDL);

QBARF = QBARF + QBARD DIG;
QBD = CDEQD QBD + CQDG CBARD;
QBERR = QBREF - CBARF;

EAS_CMD = 17.1865 SQRT (QBREF);

Figure 4, - Continued.
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TGTRAM

IF IPHASE = 3

THEN

B . P - e m. PE T - m" S P —o " E® B an m.

IF (ABS(HERROR) < H_ERROR AND ABS(Y) <
Y_ERROR AWD ABS(GAMMA - GAMSGS 1og) <
GAMMA_ERROR AND ABS(QBERR) < QB_ERROR1

AND H > H_REF1) OR (ABS(HERROR) < (H

DEL_H1 - DEL_H2) AND ABS(Y) < (H Y_RAWGE! -
Y_RANGE2) AND ABS(GAMMA - GAMSGS 1gg) < (

H GANMA_COEF1 - GAMMA_COEF2) AND ABS(
QBERR) < QB_ERROR2 AND H < H_REF1) OR

H < H_REF2

Figure 4.~ Continued.
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PH
= PHILM3;

A
0
PHILIH

e om om e e - e

:

IF RPRED < SHPLYK

—— - ——

- eman

DZUC2
DMZLC2

DMZ UL
DNZLL

|

S-TURN
H

(%
< =

W 5] |

L ad 2— 3—

—- " pm

—w————1 DO CASE IPHASE + 1;

ELSE

- o - .. e mr e BE Cwee w- -

Figure 4.- Continued.
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8G-M25

-
*

X3

PHILIM = PHIIM1

IPHASE =

- ve oo o

THEN

- -

o -

IF EOW < EN

Figure U.- Continued.
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ES

-

:

o an w=

=

IF EO4 > ES AND DRPRED > RMINSTygg

1
1
]
1)
]
1]

= PHILMO;
= TSGH
= S PSD;

IF SPSI < 0 OR SPSI > 135

PHILIN

SPsI

vii e

[}
)
)
|

iy MW e W e WY M e e e e W Wi

- B

- - - oo o=

-
¥

IGs, IEL

EMEP = EMEP Clygs jpp + (DRPRED - RNiygg)

EMEP C2

Figure U4.- Continued.
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»
]

(XDOT XCIR + YDOT YCIR) /7 ¥

IF RCIR < PZTRHC1 RTURM

v wos o

IF (RCIR < P2TRMCZ RTURM OR RT < RTBIAS)

&

Figure 4.~ Continued.



TGNZC

GDH = MIDVAL(GDHC - GDHS H, GDHLL, GDHUL):

HDREF = VH DHDRRF;

HDERR = HDREF - HDOT;

DNZC = DNZCG GDH (HDERR + HDREQG GDH

HERROR);
QBMNNZ = QBLL / AMAX1(COSPHI, CPMIN);
:
i
:
QBMXNZ = QBMX1; |
'
1

IF MACH > QBM1

THEX

- -

QBMXNZ = MIDVAL (QBMX2 + QBMXS (MACH -

QEM2), QBMX2, CBMX3):

QBNZUL
QBG2;
QBNZLL

QBGZ2;

-(QBG1 (QBMNNZ - QBARF) - QBD)

-(QBG1 (QBMXNZ - QBARF) - QBD)

—. e e me v - - —— -

Figure 4.- Continued.
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HIDVAL(DNZIC, (BWZLL, (BNZW.);

HiC

)

-
L]

e B BB BP D EE e O em Ge B PO O R e B e PP cw ee we Se B8

(1. — QBARF / QBNXNZ) TAS / ((

NZIC - GCONT

TAS + WCO) SECTH COSPHI);

£ K )
(4] [&] R "
5 £ B 3 PR
w ® & -~ 8 =
N g £ ® JU B A
fal &+ ¢ m
E . o = S B
- =] ﬁ
g5 8§ B B B | F
um I i ...w -
g5 = = && 4
= 8.8 5 -+ 8
By B> - B o
IMZI ES HC F..
558 8 Bgoos
EsEd 3 43 BT
+D_mw mu\ ﬂm M ]
' a -
I - ]
. B. 323 dgs E
= = 3 5 8 & 8§ F B 8 n
oW m O U A A W = jee--] M

ELSE
— 1 EMAX

e e P E - . -, e e S S e BT M W em W M B WS ER pm SIS mm AR AE SR e ee = e~ S e e= -

DNZLL, DNZUL)

MIDVAL(NZC,

NZC

Figure 4.- Continued.
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- e -

TGSBC:

-t o

IF MACH > DSBCM

o s o

THEN

- -

- e

DSBC_AT = DSBSUP;

Figure 4.~ Continued.
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2

o]
5

- -

DSBLIN;
GSBE QBERR

i

- - forow =

IF DSBC > 0 and DSBC < DSBLIM

DSBC

DSBE

i

t DSBC = DSBNCM - DSBE - DSBI
L

] .

EN
ELSE

otm o coen e

e

=0

IF IPHASE

e b e e e W W s W e e e o G e mer fed

-
ki

DSPR* M)

WIDVAL (DSBC, SBMIN,

DSBC_AT

———— -

Figure U4.- Continued.
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- — -

-

- -

-
¥

MIDVAL(DSBI + GSBI OBERR DTG, -

DSBIL, DSBIL)

DSBI

- s s o

Figure 4.~ Continued.
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e e A ow w-

-
*
-
T

-
¥

"

e ™ -

-
k]

YSGN (PHIPZX + RERRC s+ GRDOT RDOT)

MIDVAL(-GY Y, -YERRLM, YERRLM)

S PHILIMIT;
GPHI DPSAC

= YERRC - GYDOT YDOT

PHILMSUP
i

PHILIM; |
13
¢

M

=

RERRLM);

PHIC

RDOT = —(XCIR XDOT + YCIR YDOT) / RCIR
RERRC = MIDVAL(GR (RCIR - RTURMN), -RERRLN,

i YERRC
PHIC

- - o P T e - - w- o= aw -

L ~N * m

)
k)

PHILIMIT

PHILIMIT
PHIC
PHIC

%
N

1
1
3
H
1
1
1
)
3
|
3
?

-, e Wee M s MO M N e W G T e W e

THEN
ELSE

- - s

- o

o e

IF MACH > PHIM
DO CASE IPHASE + 1;

. e s mo - (e e i e rei e e e Bese TR uee T Gieh M e R W B e e M e e e me -

- b - —— -
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Figure 4. - Continued.
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IF ISk > O

e S -
- . -

—— v - . e . tm e e et o

PHIC AT = MIDVAL(PHIC, -PHILIMIT, RHILIHIT):

P

¢
THEM Emﬁz(ﬁlm—mm>/m
§m=Im-1;
Emm=m10+nm;
EPHIO.:FHIC;
H

Figwe 4.- Continued.



m'l ——

- - -

-
k]

RPRED = S(RT(X X + Y Y)

STGH(Y);

SGH

L3
]
T
‘

THENR

- - -

13
[
+
1
1
t
1
]
1
1
13
H

THEN

-

- - -

YSGH = -1.

- G . v - om -

-
b

YSGH RTURM - Y;
SQRT(XCIR XCIR + YCIR YCIR)

IR

XCIR = XHAC - X3

(¥
RCIR

e tra tew e o e

o

.
L4

ARCTAN2(XCIR, YISGN YCIR) RID

PSHA

- " - " am e . . - e =
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IF PSHA < 0.

Figure U4.- Continued.
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- m -

. e we . Re e e® e mr BE mE me *T mS E® = Ee e M e A e e N mT me e — e

RPRED = RCIR PSHA DTR - JXHAC;

IF RCIR > RTURN

- o

- - - -

PSC

1

ARCTAN2(YCIR, XCIR);

PST = (PSC -~ YSGH ARCTAM2(RTURN,
RTD;

PST = RES180(PST);

DPSAC = RES180(PST - PSD);

PHAVG = MIDVAL(PHAVGC - PHAVGS MACH,

PHAVGLL, F{AVGUL);

RTAC = V VH /7 (G TAN(PHAVG DTR));

ARCAC = RTAC ABS(DPSAC) DTR;

A

un

RTAC (1. - COS(DPSAC));

B = RTAN - RTAC ABS(SIN(DPSAC));

RC = SQRT(A A + B B);

PSHA = ABS(PST);

THEA | :
i a3
L3 [}
LI, |
ELSE | ‘
! RTAN = O.; }
i i
RTAN))

\

IF XCIR < 0. AND ABS(Y) < 2. RTURN \ THEN

OR (YSGN SIGN (Y) < 0.)

b
/
/

Figure 4.~ Continued.
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- - - -

ARCHA

RPRED

1

RTIRN PSHA DTR:

ARCAC + RC + ARCHA — XHAC;

- o mo e ww

Figure 4.- Continued.
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-

SQRT(RCIR RCIR — RTURM RT ™>N)

AN

-
1

R

Figure 4,- Continued.
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360. — PSHA
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Figure 4,- Concluded.
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ENTER
q

¢

PRIR = PHIZDIR

SINPHI = SIN(PHIR)
COSPHI = COS (PHIR)
TANPHI = SINPHI/COSPHI
COSTH = COS (THETA#DTR)
ALFR = ALPHA*DTR
SINALF = SIN(ALFR)
COSALF = COS(ALFR)
1104 = MOD(LOOP,?)

13

- et e - - o - ———

ECLL CHANNEL

GPBANK = MIDVAL (GPS®I'ACH + GPI,GPLL,GPUL
PCLIM = MIDVAL(PCS#MACH + PCI,PCLL,PCUL)
CALL SMOOTH(1,1104,LONP, DTG, NT2, PHIC,BAHKSM)
EANKER = BANKSM-PHI

PC = MIDVAL(BANKFR*GPLCANK,-PCLIM, PCLIM)
BRATE(1) = PC*DTR

PITCH CHANNEL

—— e e

XIN = RFMIDVAL(TANPHI,~TPLIM, TPLIM)
CALL FILTER(1,LOOP,GF11,GF12,GF13,DT2, XIN, RTANP)
CALL SMOOTH(2, I104,LCOP, DTG, DT2, NZC, NZCSH)
DNZCMP = ~CCSTH/MIDVAL(COSPHI,CPMIN,1,)

NZERR = NZ~(1, + VCO/TAS)*NZCSM + DNZCMP

=X ,

1
1

L
XIN = NZERR¥*GOQN i
CALL FILTER(2,LOOP,GF21,GF22,GF23,DT2,XIN,CC) i
XIN = QC-RTANP i
i
1
|

CALL FILTER(3,LOOP,GF21,GF32,GF33,DT2,XIN,PCSL)
ALPMIN = MIDVAL (AMNS*MACH + AMNI,AMNLL,AMNUL)
e . :

|

|

IF \ | ALPMAX
MACH < AMXM2/ :

1

1]

MIDVAL(AMXS 1#(MACH - AMXM 1)
+ AMXLL, AMMML, AMXLL)

i
1
]

\
IF \ '"ALPMAX = MIDVAL(AMXS2%(MACH - AMX12)
MACH > AMXM2 / ! + AMXML, AMXML, AMYUL)

/

H

1
[
i

A

Figure 5.~ TDAP detailed formulation.

€6



80OF125

DAQLO = AMAX1(DQLOA, DOLON)

| DECSE s SOKTUACPRR K IBRAYY )
DOHIA = GQA®(ALPHA-ALPMIN) |
DQLON = GONL¥(NZ-NIMAX) |
s GQNL¥(NZ-NZHIN) |
I
DQHI = AMIN1(DQHIA,DQHIN) |

i
I
{ DQH TH
l

{ YAW CHANNEL

GRAY = MIDVAL(GYS*¥MACH + GYI,GYLL,GYUL)

DRPRM = COSTH*SINPHI *GRPHI/TAS

RSTAB = DRPRM*COSALF -P#SINALF

DPC = GRDOT*RSTAB

CALL FILTER(Y,LOOP,GFU1,GF 42, GF 43, DT 2, NY, NYF)
DRRC = NYF*GRAY + DPC

BRATE(3) = -DRRCE¥DTR

T

ATTITUDE INTEGRATOR

ALL EIGEN(BRATE, DT2, CBI, CBI) !
= PC !
= -BCSL !
= ~DRRC !

SPEEDBRAKE CHANNEL

______;:U.O'Un_____
it

HR = MIDVAL (RMSB/HMS, 0., 1.)

] 1
t 1
| RMAX = SBRLC*SQRT(1.-HR) |
| RMAX = AMIN1(SBRLO,RMAX) |
| RMIN = -SBRLC !
l ,
1
| \
| IF \ THEN _ |"RMIN = —SBRS |
| DELB < SBSOFT /
} /

!
{DDOTRC = (DSBC-DELB)/DT2
{DDOTRC = MIDVAL(DDOTRC, RMIN, RMAX)
{DELB = DELB + DDOTRC*DT2

|

B

Figure 5.~ Continued.
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B

i

i

\

IF \ |
, / :
i

L )

DELB = MIDVAL(DELR,SBMIN, DSBLIM)
LCOP = LOOP « 1

r
1
i
END

Figure 5.~ Concluded.
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ENTER

|
INPUT:  NF,LOOP,C1,C2,A,DT2,XIN
OUTPUT: XOUT

]

1

!

o \ ! :
| IF \ __ THEN | GX1(NF) = C1 '
| LOCP s 0 / | GX2(NF) «+ (1,-EXP(-A¥DT2))%¥C2/AL1 '
I " GX3(NF) = -EXP(-A¥DT2)

i

| XI(NF) = XIN

i XKO(NF) = (GX1(NF) + GX2(NF))/(1. + GX3(NF))¥XIN
i ,

1

1

| XOUT = GX1(NF)¥XIN + GX2(NF)*¥XI(NF)=GX3(NF)#X0(NF)
| XI(NF) = XIN

| XO(NF) = XOUT

1
i

|
RETURN

Figure 6.~ FILTER detailed formulation.
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t
INPUT: NS, IS,LOOP, THAJOR, TMINOR, XIN
OUTPUT: XOUT

]

] \ ! '
i IF \ THEN | XINP(NS) = XIN !
} LOOP = 0 / i '
H /
2
{77' ot
i \ i )
i IF \ THEN i XOUT = YINM !
118 =20 / ] i XINCR(HS) = (XIN=XINP(NS))®] INOR/TAJOR |
L / ! ! XINP(NS) = XIN !
g | !
i
]
]
i ELSE

'
]

....... — | XOUT = XCUT + XINCR(NS)
i

RETURN

Figure 7.~ SMOOTH detailed formulation.
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ENTER
!
INPUT:  WE,DT2,CBII
OUTPUT: CBI2
{
|
! !
| MAGH = VMAG(WE) |
! i
0
A
! \ | '
| IF L s THEN | K1 = (1,-COS(MAWEDT2))/MAGWE*2 |
| MAGH > 0,002 / ' ) | ! K2 = SIN(MAGW¥DI2)/MAGW |
i / i ' :
H i
i i
! '} ELSE |} :
! E——— ! K1 = DT2%DT2/2, !
! 1 K2 = DT2 1
| | R
-
1 |
! DE(1,1) = 1,-(K1*¥(WE(3)#%2))-(K1¥(WE(2)#%%2)) |
| DE(1,2) = (K1¥WE(2)*WE(1))-(K2¥WE(3)) |
| DE(1,3) = (K1#WE(3)*¥WE(1)) + (K2*WE(2)) |
! DE(2,1) = (K1*WE(1)¥WE(2)) + (K2*WE(3)) |
| DE(2,2) = 1.~ (K1¥(WE(3)¥%2))~(K1*¥(WE(1)¥%2)) |
i DE(2,3) = (K1*¥WE(3)¥WE(2))-(K2*WE(1)) :
! DE(3,1) = (K1*¥WE (1)*WE(3))- (K2*¥WE(2)) i
{ DE(3,2) = (K1¥WE(2)*WE(3)) + (K2*WE(1)) !
! DE(3,3) = 1.~ (K1¥(WE(2)¥¥2))~(K1¥(WE(1)#%2)) |
1 [}
—

i
|
i

CALL MAMP(CBI1,DE,CBI2)
CALL CROSS(CBI2(1,2),CBI2(1,3),CBI2(1,1))
CALL CROSs(CBI2(1,3),CBI2(1,1),CBI2(1,2))

1
1
{
]

\ [
CALL UNIT(CBI2(1,I),CBI2(1,1)

L)
(@)
=3
—
"

—
(VN )
v

i
RETURN

Figure 8.~ EIGEN detailed formulaiion.
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APPENDIX
Guidence and Flight Control Input Parsmeter Caloulations

This eppendix is inoludsd to oclarifly implementetion requirements and contains
supplasmenteary information which desoribss the derivation of the TAEM guidance
end flight oontrol input peremsters which ars listed as GCOMP source inputs. In
the flight soltwers opersting environment, these parameters are supplied by the
sttitude procassor, eir dete, and navigation subsystems, Since these subsystems
are not included in the MCC simuletion, their function must be approximated by
selouletion of the necessary peramsters from the srror-free vshicle state. Defi-
nitions of thess parsmsters, which are derived in the following section, are
oconteined in the input tables of this document.

&. States vector parametsers -~ Sincs the Earth relative coordinates of the land-
ing runway are constant, the rotation matrix from Greenwich to runway co-
ordinetes, and the position vector of the runway threshold may be calcu-
lated only on the initial pass and saved for use throughout the trajectory.
This matrix is a Z, ¥, Z Euler rotation sequence through the angles Apy,
~($py + 90), and Vpy, respectively.

{-—swkcw - SACY ~-SOSACY + CACY cwccb]

CER = | SbCASY - sAcw SOSASY + CACY -CHSY
~CHCA ~CHSA S
RRE e h CHCA
= e M + Rw
* \VeoZ + (1 - e)2s62
RRE F Fea h CHSA
= e + Bpy
Y JCo2 + (1 - e)259?
REQ (1 - e)2
RREy = . : —— + hRw | S¢
MVC¢2 + (1 = e)ds¢2
where
S = sin dgpy SA = sin XRW S¥ = sin Vpy
Cd = cos dpy Ch = cos Agy CV = cos Ypy

The position and velocity vectors in Earth relative Greenwich coordinates are
calculated using the time dependent inertial to Greenwich transformation matrix.

ASLEBING PAGS Bot T NOT FILMED
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Il the inertial ccordinate system used is based on the true date of vernal
equinox and Earth polar axis, this matrix is simply a Z-ax'!s rotation through
the Creenwich hour angls, and the Earth angular rate vector is coincident with
the Z-axis.

RE = [cm BRI
‘VE = [}IE (VI - we x RI)

The position and velocity vectors in runway coordinates ars:

[caﬁ] (RE - RRE)
[caa] VE

To construet the topodetic coordinate system, ths longitud: and geodetic
latitude of the vehicle must be obtained. This is done by first determi: -
the quantity A by iterating three times the equation

v}
=)
"

R

-3
=
n

R

1 -(1-e)2

A= + REQ e e e e e
\RXY2/82 4 (1 - e)?RE,?

where
RXY = VRE( + RE,2

The starting value used for A is 1/(1 - e)2 1,0067, which is its true value
for h = 0. Three iterations will guarantee about 7 to 8 digit accuracy.

The geodetic latitude and altitude are given by

= ATAN |~
b0 (RXY/A)

1= A1 -~ e)2 —
Hp = VRXY2/A2 + RE,2
1- (1 -~e)2
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Longitude is sasily obtained from

A s ATAN2(REy, REy)

The Greenwich to topodetic tranaformation matrix is a 2, Y, Euler rotation
saqusnocs through the angles X, and -(dp + 90), respectively.

~sin $p cos A -sin ¢p sin A cos ¢p |
CET = |[-8in A cos A 0
008 $p co8 A ~co8 ¢p sin A -sin $p

The topodétio velocity related parameters can now be obtained,

V7T = [CET] VE

HDOT = avfz

VH =\[VT,2 + VT2

Vo= [VTI

GAMMA = ASIN(HDOT/V)'RTD
H = hp - hpy
X + RRWy

Y = RRWy
XDOT = VRW,

¥YDOT

n

PSD = ATAN2(VRWy, VRWy ) "RTD

b. Attitude parameters - The pitch and roll angles are obtained from the body
te topodetic transformation matrix.

[cer] [c1e] [ca1]

~ASIN(CBT(3 1)) RID

\

CBT .

11

THETA

1
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PHI = ATAN2(CBT(3 7), CBT(3,3)) RTD
COSPHI = COS(PH1/RTD)
SECTH = 1,/COS(THETA/RTD)

The Shuttles fliight control sensors includs dody axis accelerometers and rate
gyros which provids translational acceleration and rotational rate measurements
to the digital autopilot. For this simulation, these will be assumed to be per-
fect aystems providing trus quantities. Since body rates are calculated in
TDAP, they will be available as measursd values for the following pass. The
body &xis accsleromster measurements ars cbtainad from the true aerodynamic
forces.

NY = FABy/WEIGHT

NZ = ~FAB,/WEIGHT

¢. Air data parameters - The Shuttle avionics includes an air data subaystem
which derives air relative free stream parameters (mach number, true
airspeed, dynamic pressure, and anglec of attack) from the pilot-static probe
prassure measurements. Because of thermal constraints, the air data probes
cannot be deployed until approximately mach 3.5. Air data parameters will
be supplied to the TAEM guidance and flight control below a predetermined
mach number (MACHAD) which will be mission dependent. This mach number will
be 2.5 for the STS-1 mission. The parameters supplied by the air data sys-
tenm are required continuously by the TAEM guidance and fight control and,
therefore, must be obtained elsewhere when acceptance of air data is undesir-
able. In the flight software, this is done by deriving the required
quantities from the navigated state vector and attitude data, assuming calm
wind conditions and standard atmosphere. The inaccuracies which result in
the presence of winds and nonstandard atmosphere have an eff'ect on guidance
performance and will be included in the MCC TAEM simulation by assuming per-
fect navigation and air data systems, with the changeover occurring at the
proper time., This changeover should be irreversible so that air data will
be used continuously after its first acceptance.

For the regilon prior to acceptance of air data (MACH > MACHAD), the velocity
of sound is assumed constant (1000 fps) and standard air density is
approximated by

(~hp/20600.)
Pg = .00U13579 e (hp > 35000.)

(~hp/30550.)
.00237659 e (hp < 35000.)

O
7]
"
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To oaloulats angle of attack in this region, the Earth relative velocity
vector must be obtained in body cocordinates.

VEE « [oB1)T T
The required quantities for the no air data region can now be defined.

8 = |VBE|

ALPHA = ATAN (VBE,/VBEy)'RTD

MACH = TAS/1000,
QBAR = 0.5p, TAS?

After the acceptance of air data (MACH < MACHAD), the corresponding true

air relative quantities are to be sent to the TAEM guidance and flight control.
VEW = [cm]'l‘ (VT - W)

TAS = Wa'ﬁ{

ALPHA = ATAN (VBW,/VBW,):RTD

MACH = TAS/VS

QBAR

0.5ps TAS2

A-T
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CBT
CER
CET
CIE
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SYMBOLS

body to inertial coordinate transformation matrix
body to topodetic coordinate transformation matrix
Creenwich to runway coordinate transformation matrix
Greenwich to topodetic coordinate transformation matrix
inertial to Greenwich coordinate transformation matrix
ellipticity (flattening) of Earth ellipsoid model
total aerodynamic force vector (body coordinate)
geodetic altitude of vehicle center of mass
geodetic altitude of runway threshold
trus mach number to initiate acceptance of air data
position vector of vehicle center of mass (Greenwich coordinate)
equatorial radius of Earth ellopsoid model
position vectcr of vehicle center of mass (inertial coordinate)
position vector of runway threshold (Greenwich coordinate)
position vector of vehicle center of mass (runway coordinate)
radians to degrees conversion constant
vehicle Earth relative velocity vector (body coordinate)
vehicle air relative velocity vector (body coordinate)
velocity vector of vehicle center of mass (Greenwich coordinate)
velocity vector of vehilcle center of mass (inertial coordinate)
velocity vector of vehicle center of mass (runway coordinate)
true atmospheric velocity of sound
velocity vector of vehicle center of mass (topodetic coordinate)
Earth relative velocity vector of air mass (topodetic coordinate)

longitude of vehicle center of mass
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ARw longitude of runway threshold

Pa true atmospheric air density

Ps stendard air density estimate

bp geodetic latitude of vehicle center of mass
by geodetic latitude of runway threshold

L runway azimuth with respect to true north

Ty Earth angular rate vector (inertial coordinate)

A-9
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