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PREFACE

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

volumes identified

Volume I

Volume 11
Volume TII
Volume IV

Volume V

as follows:

Summary

SSFS Math Models - Ascent

Space Shuttle Vehicle SRB Actuator Failure Study
Sampled Data Stability Analysis Program (SADSAP)
Users Guide )

Space Shuttle Powered Explicit Guidance



ABSTRACT

This manual presents Boeing developed boost to orbit math models for the
NASA/JSC Space Shuttle Functional Simulator.

KEY WORDS

Space Shuttle Vehicle

Math Models

SSFS (Space Shuttle Functional Simulator)
Boost Dynamics '

Simulation Models

Flight Dynamics
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1.0 INTRODUCTION

This manual presents the engineering equations and math models developed by
the Boeing Aerospace Company for use in-the‘Space Shuttle Functional Simulator
(SSFS). These models were originally developed for NASA/JSC under Contract

' NAS9-12183, and continued under Contract NAS9-13568. This manual contains
extensive revisions aﬁd additions to earlier documentation and it supersedes

the previous math models document, Boeing Memorandum 5-2581-HOU-102 dated

4 October 1972.

Section 2 contains documentation of all Boeing developed math models including
several proposed models not yet incorporated into the SSFS. Included in
section 3 are definitions of coordinate systems used by the SSFS models and

coordinate transformations.

Documentation of the flexible body math models is provided in section 4.
These models have been incorporated in the SSFS and are in the checkout

stage.



2.0 SSFS MATH MODELS

This section contains environment math models for the SSFS computer program.
Several medel changes are contained within this documentation which have not
yet been incorporated into the program. Subroutine ATTUDE has been deleted
as a scheduled model and has been made a part of the flight control system
subroutine. The control system now provides the call for attitude commands .
Subroutine FLTSEQ (Flight Sequencing Program) has been included to simutate

flight control system logic necessary to initiate'staging signals.

Each model is discussed under the following format:
X.1 Program Description
X.2 Math Model
%.3 Nomenciature (that used in math model)

X.4 Input/Output Regquirements’



2.1 ACCEL (Acceleration)

2.1.1 Program Description

This routine calculates acceleration in body coordinates for the accelerometer
position APOS (X, Y, Z) on the vehicle. The component of acceleration returned
is determined by the value of IFLAG. If IFLAG = 1, the X component of accelera-
tion is returned. If IFLAG = 2, the Y component of aLce1eration is returned.

If IFLAG = 3, the Z component of acceleration is returned. Al] rotational

and translational effects are included in the acceleration calculations.

This routine is called by the control routine and is used to generate acceler-

ometer signals for use by the flight control system.



2.1.2 Math Model

“( ENTER )

calculate moment arms

Ly = APOSx - CGx
= APOS - CG
By Ty T
!.z = APOSZ - CGz
=1 go to IFLAG
ACCEL = wy!tz - wzzy + mxmyg'y
w2 w2 sww2
y X Z x xzz
+ xcg
Calculate X - i
acceleration m
ACCEL = ~mz£x - wxnz + mym.zzz Le
_mzﬂ _wzﬂ. + wwlk
Z'y Xy Xy X
+ ch
Calculate Y
acceleration ‘
ACCEL = wxly - wylx + wxwzgx
2 2
- mx Q’Z - my 22 + mywzy..4
+ ch
Calculate Z
acceleration



2.1.3 Nomenclature

APOSX, APOSy, APOS,,
CGx’ CGy, CGz

Accelerometer location (X, Y, Z)
Vehicle center of gravity (X, Y, Z)
Moment arms (X, Y, Z)

vehicle center of gravity accel (X, Y, Z)
Vehicle body angular rates (X; Y, Z)

Vehicle body angular accelerations (X, Y, Z)

Flag to specify component of acceleration
to be returned

IFLAG = 1 returns X component
IFLAG = 2 returns Y component
IFLAG = 3 returns Z component



2.1.4 Input/Output

This routine requires, as formal parameter input, accelerometer location and

a code identifying the desired component of acceleration to be returned. Body
angular rates, angular accelerations, translational accelerations, and C.G.

Jocations must be input via common. Acceleration of the position denoted is

cutput.



2.2 ACTVEH (6 DOF Equations of Motion)

ACTVEH defines the motions of the center of gravity of the vehicle. For con-
venience it is separated into five parts; 1) translation equations, 2) rotation
equations, 3) euler angles, 4} 1n1t§a1 position calculations, and 5) momentum

transfer at staging.

These first three equations should be solved at least once each second during
powered f]ight. In the vicinity of environmental discontinuities more fre-
quent solution is required; for instance, the ‘vehicle can fly completely
through a wind gust at maximum dynamic pressure within 0.1 second. Other
discontinuities include: staging, start of clesed Toop guidance, and engine
or actuator failures. As a rule of thumb, the integration rate during

transients can be 1/2 x rotational acceleration (in degrees/secz).
2.2.1 Translation Equations
2.2.1.1 Program Description

This model defines the linear accelerations of the rigid body.

2.2.1.2 Math Model

zF. ZF
\ xp XB
F _ zF i
tF EF
ZP i ZB_




9y gy |
Xp A1
gYP = [a] gYI
g g
Zp z,
t t
= 2 . 2
X g, + zF, /m X = Xdt + X Xy = Xdt + X
P Xp xp P ftl PO P Jtl F’0
t, . t ‘
Y, =gy, +iF, /m v, o= [.2 Vat +'¥ Y, =f2>‘cdt+v
P9y, Ty, p Jti Py p t) P,
: / ) t, . , t,
=g, +3F, /m 7 =j 7dt + i =f 2dt + 7
P 7L, Zp P ty Ps P t Py

2.2.1.3 Nomenclature

zFy » ZFy sum of forces in thélx, Y, Z body axis directions.

,ZF
B g L

B

.sum of forces in the X, Y, Z inertial p]um51ine axis

ZFX s EFY , ZFZ

P P P
directions.
[8] = transformation matrix from body to inertial plumbline.
F = aero forces + thrust forces + RCS forces + engine deflection
' forces + slosh forces.
9y » Gy » 97 © gravitational acceleration components in inertial polar-
I | equatorial axis directions.
9y > Gy s 97 gravitatioﬁa] acceleration components in inertia1
P P P plumbline axis directions.

[«] = transformation matrix from inertial polar - equatorial to
inertial plumbline.

XF, YP, ZP = accelerations in inertial plumbline axis directions

mo= total vehicle mass



2.2.1.4 Input/Qutput

The translation equations require as inputs:

Aerodynamic forces

‘Thrust forces

RCS forces

Engine deflection forces

Slosh forces

[«] and [é] matrices

Gravitational acceleration components
Vehicle mass ,
Initial conditions on ip, QP’ ip, Xﬁ, YP’ ZP

The outputs from the translation equations are:

$F, , *F, , IF, and the inertial plumbline position, velocity
> "Y' g

and acceleration components.

The translation equations require the presence of subroutines: RCS,
THRUST, AERQ,TVC, SLOSH AND GRAVITY.



2.2.2 Rotational Equations
2.2.2.1 Program Description

This model defines the angular accelerations of the rigid body assuming

n

that the center of mass lies approximately in the X-Z plane (IYZ = Iyy 0).

2.2.2.2 Math Model

) C = _1.. 2 2
q Tyy EMYB + pr (IZZ - IXX) + {r° - p°) Iz
p = (a I, + b IXZ)/C

r = (a IXZ + b IXX)/C

a = M, T " (Iyy = 177) + pa Iy,
B

2.2.2.3 Nomenclature

q = Angular acceleration about the Y body axis
p = Angular acceleration about the X body axis
r = Angular acceleration about the Z body axis
Lixs Tyys IZZ = Moment of inertia about X, Y, Z body axis respectively.

IXZ = X - Z Cross product moments of inertia

10



Ps q, r = Integral of p, §, i (Body rates)

ZMX . ZMY , ZMZ

; 5 : Sum of moments about X, Y, Z body axes

Aero moments + thrust moments + RCS moments
+ engine deflection moments + slosh moments

2.2.2.4 Input/Output
Inputs: From THRUST, AERO, RCS, TVC and SLOSH

Moments (about body axes) due to aerodynamics, main propulsion,

reaction control, engine accelerations and slosh.

Outputs: P, Q, R, P Q, R to IMU, Aero and Euler Angles

n



2.2.3 Euler Angles
2.2.3.1 Program Description
This model defines the rate of change of the euler angles describing the

attitude of the vehicle in inertial space.

2.2.3.2 Math Model

(q cos ¢ - r sin ¢)/cos

s
1"

L=
I

g sin ¢ + r cos ¢

tan y (q cos ¢ + r sing)

n
=]
i

2.2.3.3 Nomenclature

&, ¥» ¢ = Euler angle rates (lst, 2nd, and 3rd rotations, respectively)
Oy 9 ¢ =

Integral of8, {, ¢

2.2.3.4 Input/Output

Inputs p, q, r from rotation equations

Outputs 6, ¢,¢ to[B] and to IMU

12



2.2.4 Initial Position Math Model

2.2.4.1 Program Description

This program ca]cu1ate§ the difference betweén geodetic and geocentric
latitude and uses it to calculate the initial state vector. Thi§ calcula-

tion needs to be done once each time either the Taunch azimuth or latitude

is changed.

2.2.4.2 Math Model

¥ Arctan &}l-f)z tan ¢L]
Re (1-F)

R, = + ho
L ﬂ/l—f (2-f) cos2 ﬁi?

B =4 - ¥

Rx = RL cos B

RY -= RL sin g sin AZ

R, = -R sin B COS AZ

Vv, =0 _

W = w RL cos Az cos ¥

VZ = RL sin AZ cos wL

13



2.2.4.3 Nomenclature

rotation rate of earth

w =
o = 1aunch geodetic latitude

f = earth flattening constant

'Re = earth eguatorial radius

Ay = Taunch azimuth

hoT Taunch geocentric Tatitude

RL = magnitude of initial position vector

g = difference between geodetic & geocentfﬁc latitude
Rx\

RY »= initial position vector in platform coordinate
Ry /

Yy \

VYJI= initial velocity vector in platform coordinate

ho = altitude of vehicle CG above Fischer ellipse
2.2.4.4 Input/Output

The constants needed by this model are w, oL f, Re’ and AZ' The

output of the program is RX’ RY’ Rs» VX’ VY’ and VZ'

14



2.2.5
2.2.5.1

Staging Momentum Transfer

Program Description

This model accomplishes momentum transfer to the orbiter at the time

of staging.
2.2.5.2 Math Model
%o e R R
Yol = Vel * [ B J ACGy
20 ZLC ACGZ
L. - L -
X Xl PLcAC8, - 9 caCE,
YO = YLC + [ B ] PLCACGZ - Y‘LCACGX
2.2.5.3 Nomenclature
Xgs Yor Zg Orbiter inertial positions immediately after separation

X o Yier L

xos Yo: ZO

Ll .

Xer Ve e

Launch configuration inertial position immediately
before separation

Orbiter inertial 1inear velocity components immediately
after separation

Launch configuration linear velocity immediately before

separation
Body to inertial transformation matrix

Launch configuration angular rotation about X body axis
immediately before separation

taunch configuration angular rotation about Y body
axis immediate]y before separation

Launch configuration angular rotation about Z body axis
1mmed1ate1y before separation

15



Center-of-gravity location in body coordinates for
launch configuration immediately before separation

XCG s Yon s 2 Center-of-gravity locatien in body coordinates for
o CG CG X . X 4
0 0 orbiter inmediately after separation
A
C6 X - X Fian -
X pre-separation
, CGLC CGOI i
A .
G ]Y -Y pre-separation
Y CGLC CGOI
e IZCG - ZCGO[pre-separation

z LC

2.2.5.4 Input/Qutput
Inputs: Vehicle Pre-separation C.G. Locations
Vehicle Pre-separation Inertial Position
Vehicle Pre-separation Velocity Components
Vehicle Pre-separation Angular Rates
fromrMASPRO and ACTVEH (translational and rotational sections)

Outputs: Orbiter inertial position and velocity components

16



2.3 AERO (Aerodynamics)

2.3.1 Pﬁogram Description

This model calculates and sums aerodynamic forces and moments for the
vehicle. In addition this model calculates the Jatitude and longitude
of the vehicle, flight path angle, mach number, dynamic pressure, angle-
of-attack and sideslip angle, and the contribution to velocity due to

wind speed and direction.

2.3.2 Math Model

i i ]
X X
F . p
L [A] Yp
Z z
F p
| B L
1
Ay = sin (ZF/RV)
¢ = tan'l(Y_F) - wy (f+t) J
X e
F
VEARTH, = “WeYr
VEARTH, WeXp
v Ny ]
RXP Xp | TEARTHX
v
VRY Y i [A] EARTH,
p .
Vp Zp 0
Zp
1
v =f{v.? & v.?2 +y 2 Y\°
Rp Ry Ry Ry
P p P

17



v, | f'vR
Ay 1 Ryp
T T
¥ v
Yy [D] [A] Ryp
v, | v
Ly RZPJ
- sin”} (Vy Mg )
LY P
v, = table Tookup ~f(altitude)
AZ, = table lookup ~f{altitude}
- - . -
Hyp
v _ _ -V., sin AZ
wYP = [A ] [D] W W
-V, Cos AZ
W W W
Z° | i i
v v. o]
R R - W
g Xp Xp
= B ' v
R [ ] R, =~ 'W
v v
R R - W
XB ZP ZP
2 2 2 2
- (VRx + oV + VRZ )
B B B

w™
il



Obtain from ATMPS
1) »
2) a
3) P

f (altitude)
f (altitude)
f {altitude)

M= VB/a

q=1/2p Vp2

The fd]]owing aerddynamic coefficients are 100keﬂ up in tables for 1ift-

off, boost to SRB separation, or orbiter + ET to MECO.

i

= ¢, =f c =f (M) c, =f (M)
G = F 01 x, = T ng T,
c, = f (M, o) ¢y =f M C, =f M) ¢, =fm
o B P 6r
- c, = f (M) C, =T (M) ., =1 (M)
Oy = F (M) 1, 1 Iy,
Cy =f (M o) c, = f (M) cn6 = f (M)
o g a
C, =f (M)
%o

Criteria for the seiection of which group of tables to use should be
as follows: |
1) If M < 0.6, use 1iftoff aero data tables.
2) 'If M > 0.6 and prior to SRB separation, use orbiter + ET + SRB
aero data tables.
3) If time is past SRB separation time, use orbiter + ET aero

data tables.

19



Compute aerodynamic forces and moments

F, =gS(C, +C, a
_ ¢S b |
Fy =qSCy B+2Vy Cy P+QSCy 4r
Ay 8 Xg P sr

F, =qs(C, +C, «)+qSC, &
A, =9 ¢ Zy 1 Yz,

o

Ma, = - - - +qShb(C, 8 +
A, = F, (Z Z, ) - F, (Y Y, )+ q
X AY CG AR AZ CG AR 1B
. 2 | :
qsSb
61 © ga + cl sr) + ZVR (C1 P+ Cl R)
sa ér X P r

B

0 a

4.

tas E(?mse s+ b Qa/ZVRXB)

q

My =qSbC 8-Fy (Xeo-Xy)+Fp (Yoo -¥p)
A, "o n, Ay Tee T TRRT T TRy TCE A ,
q 5 b
+ 2V C P—qSh (Cn 63+Cn §r)
B
2.3.3 Nomenclature ‘
XF, YF’ ZF = vehicle position in inertial polar-equatorial coordinates
XP, YP, ZP = vehicle position in inertial plumbline coordinates
[A] = transformation matrix from inertial polar-equatorial to
plumbline coordinates
Ay = latitude of present position of vehicle
® = East longitude of present position of vehicle corrected
for earth's rotation
t = time of launch (from epoch)
C] = radians to degrees conversion constant -

20



angular rate of earth
elapsed time from liftoff

distance from the center of the earth to the vehicle

= components of earth's velocity in inertial polar-

H

i

Il

equatorial coordinates
components of vehicle relative velocity in plumbiine coordinates

components of vehicle velocity in plumbline coordinates

total vehicle relative velocity in plumbline coordinates

components of relative velocity in local vertical coordinates

transformation matrix from local vertical to inertial polar-
equatorial coordinates

vehicle flight path angle with respect to Jocal horizontal

horizontal wind speed in local vertical coordinates

wind azimuth (North = 0°)

components of wind velocity in plumbiine coordinates

vehicle velocity with respect to air in body coordinates

transformation matrix from body to plumbline coordinates

total vehicle velocity with respect to air in body coordinates

21



(g2}

vehicle angle of attack
vehicle sideslip angle
local air mass density
local speed of sound
local air pressure

Mach number

dynamic pressure

components of aerodynamic force in body coordinates

vehicle aerodynamic reference area
vehicle mean aerodynamic chord
vehicle reference span

aileron deflection

elevator deflection

rudder deflection
vehicle roll rate
vehicle pitch rate

vehicle yaw rate

= Aerodynamic moments about the X, Y, and Z body axes,

respectively

22



2.3.4 Input/Output

Input from routines:

Xps YP’ Zp vehicle position in inertial plumbline
coordinates from EOM

Xps Yps Zp vehicle velocity in inertial plumbline
coordinates from EOM

Vw wind velocity from tables

AZw wind azimuth from tables

Dy @5 P current air density, speed of sound and air
pressure from ATMOS

XCG’ YCG’ ZCG current location of vehicle center of gravity
from MASPRO

t elapsed time from liftoff from flight sequencer

RV distance from center of the earth to the vehicle
from E@M

653805 aerodynamic control surface def]ect1ons from
flight software commands

P, Q, R "~ vehicle roll, pitch and yaw rates from EgM

A11 aerodynamic coefficients are input from tables.

Input from cards for initialization:

t time of launch (from epoch)
C1 rad1ans to degrees conversion constant
we angular rate of earth
S vehicle aerodynamic reference area
C vehicle mean aerﬁdynamic chord
b . vehicle reference span
AR’ YAR’ ZAR aerodynamic reference location in body

coordinates

23



Qutput to routines:
p

Frn s Fo s F
AX AY Az

Mo, M, LM
A A TRy

Qutput to printer:

current air pressure to THRUST

components of aerodynamic forces to the EpM

moments due to aerodynamic forces to EQM

latitude of vehicle's position
10ngitude of vehicle's position

rate of climb

flight path angle

wind speed

wind azimuth

vehicle velocity with respect to air
angle of attack

angle of sideslip
Jocal air mass density
local speed of sound
local air pressure
Mach'number

dynamic pressure

aerodynamic control surface deflections

24



2.4 ATMOS (Atmosphere)
2.4.1 Program Description
This program calculates the speed of sound, pressure and air density

from an altitude input.

2.4.2 Math Model
Use the Cape Kennedy Reference Atmosphere (TM-X-53872, PARAGRAPH 14.7 -

MSFC "COMPUTER SUBROUTINE PRA-63") as specifiéd for SSV design studies.

2.4.3 Input/Output
The altitude above the mean earth surface must be supplied to the

mode] which returns the speed of sound, pressure, and atmospheric

density.

25



2.5 BLC (Baseline Control System)

2.5.1 Program Description

This mode] issues commands to the engine gimbals (to subroutine TVC via
CMDFIL) such that the actual vehicle attitude is made to follow the
attitude prescribed by the guidance model. This documentation represents
the implementation of the RI system as descriﬁed in the July 73 Space
Shuttle Guidance and Control Data Book, with the addition of roll rate
crossfeed into the Y accelerometer channel. With proper input of gain

tables, this routine may be used both for first and second stage control.

26



2.5.2 Math Model
' ( ENTER }
7 .
IF (tR2 >t > tR]) PRE-SEPARATION
then AOP (1-8) = RAMP MIXING
AoY (1-8) = RAMP TO LOGIC COEFS.
RP {1-7) = UPPER TO UPPER
- STAGE
RR (1-2) =
VALUES STAGE
RY (1-7) =
VALUES
Ocp © Interpolated from tables UNTIL GUIDANCE START -
AND FROM GUIDE THEREAFTER
¥c; = Interpolated from tables UNTIL GUIDANCE START - gg;ﬁﬁﬂg“
AND FROM GUIDE THEREAFTER
SIGNALS
be1 T Interpolated from tables UNTIL GUIDANCE START -
AND FROM GUIDE THEREAFTER
"}CI = Interpolated from tables
_ ~Kat -Kat
bep = © *gop ¥ (1-e ) + be1 (test pass)

27
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KAQ = KAQ (t) INTERPOLATE CONTROL

Kz = Kz (t) GAINS AND ENGINE
KT = KT (t) | TRIM COMMANDS AS A
kP = kp (t) " FUNCTION OF TIME

KY = KY (t) OR VEHICLE RELATIVE
KAR = KAR (t) VELOGITY

TRIM, = TRIM, (V)
TRIM5 = TRIMs (V)

be1 = %1 7 4cI
o s -0 CALCULATE INERTIAL
el I )
ATTITUDE ERRORS
Ye1 T Y1 T ¥l
/
6.0 = ¢ . +0 4 SIN Y
B Tel © Vel I TRANSFORM TO
o5 = 9.1 C0S ¢y COS vy + vy SIN 4y BODY ERRORS
apéB = “’eI Ccos ‘I’I - eEI SIN ‘I’I cos xpl
CALL FLTSEQ CALL FLIGHT SEQUENCING LOGIC
B

28



(?ETCH AXTS CONTROLLgy

Z(t) = 1.5 Zgy * 0.5 ZA - ZC

ig(t) = Kz [1 - e'ﬁtjz(t;at) + té—ﬂszFttJQt)

N

GK = egB * KAQ

SUM, SCALE AND
FILTER Z ACCEL
SIGNAL

SCALE PITCH
ERROR SIGNAL

Og = Oy = Zp = o1 * COS ¢p

SUM ATTITUDE,
ACCEL AND RATE

SIGNALS

Q = 0.5 [Q, * ;]

SUM AND SCALE SRB RATE
GYRO SIGNALS

PSRM = 1.1 * KT * [es + QK] + TRIMS

SUM AND SCALE
ATTITUDE AND RATE

29
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- SUM AND SCALE
PARB = 1.5 * KT * [es + QOJ + TRIM, ATTITUDE AND RATE
' : SIGNALS AND ADD

TRIM

(YAW AXIS CONTROLLER)

o : - SUM SCALE
Y= 1.5 Y, - 057, AND FILTER
; atas At Y ACCEL
Ve(t) = kY [1-e74* ] (t-at) + [e™ IV (t-at) SIGNAL

SCALE YAW
g = KAR ERROR SIGNAL

30



RA(t) = KY * (-7.06) * éB SCALE AND FILTER
ROLL RATE SIGNAL

RAF(t) = RA(t) - RA(t-At) + RAF(t-At)[e'At]

h4

L SUM AND SCALE

+ ¥ 4y * SIN o + RAL(t) YAW ATTITUDE,
RATE ACCEL AND

T ROLL RATE CROSS

FEED SIGNALS

¥g = ¥y

b4

YSRBL

1.4 * KT * [R4 + wS] SUM AND SCALE

ATTITUDE AND
RATE SIGNALS
FOR SRB

Ll

*
YSRBR = 1.4 * KT * [RS + ‘PS]

4
. SUM AND SCALE
¥ = * *

ORB = 2 * KT * R, ATTITUDE AND
RATE SIGNALS

FOR ORBITER

31



v
(ROLL AXIS CONTROLLER)

/

by = dep ¢ K

Timit to 10 deg

A

¢K + P0

N

RSRB = 0.707 * KT * ¢¢

RORB = ¢g * KT

"{RORBS = RORB (Limited to +5°)

O

32

SCALE AND LIMIT
ROLL ATTITUDE
SIGNALS

SuUM ATTITUDE
AND RATE SIGNALS

SCALE SIGNAL
FOR SRB

SCALE SIGHAL
FOR ORBITER

PRODUCE LIMITED
ORBITER SIGNAL



RIXING LOGIC

N

Sop1 = AOP(1) * PORB + RP(1) * RORBS + TRIM
Sop2 = AQP{2) * PORB ; RP(2) * RORB5 + TRIM,
5,p3 = AOP(3) * PORB + RP(3) * RORBS + TRIM
soy7 = AOY(1) * YORB + Rv(j) * RORB
§oyp = ROY(2) * YORB + RY(2) * RORB
5,y3 = AOY(3) * YORB + RY(3) * RORB

MIX SIGNALS TO GENERATE
INDIVIDUAL ORBITER
ENGINE COMMANDS

Y

©
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DELP4 = AOP{4) * PSRB + RP(4) * RSRM + TRIM¢

DELPS = AOP(5) * PSRB + RP(5) * RSRM + TRIM

DELY4 = AOY(4) { YSRM + RY(4) * RSRM

DELYS = AOY(5) { YSRM + RY(5) * RSRM
MIX SIGNALS TO GENERATE
INDIVIDUAL SRB ENGINE
COMMANDS ASSUMING ACTUATOR
ORIENTATION IS 0° - 90°

\ 4

6spy = DELP4 * COS 45° - DELY4 * SIN 45°

§cpg = DELP5 * C0S 45° - DELYS * SIN 45°

6cyg = DELP4 * SIN 45° + DELY4 * C0S 45°

Scyg = DELPS * SIN 45° + DELYS * COS 45°

®
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COMMANDS FOR 45° - 135"
ACTUATOR ORIENTATION



S0Ms,,, = AOP(6) * PORB + RP(6) * RORBS
56M5p2 = AOP(7) * PORB + RP(7) * RORBSI
Somsy, = AOY(6) * YORB + RY(6) * RORB
S0MS,, = AOY(7) * YORB + RY(7) * RORB

MIX SIGNALS TO
GENERATE OMS
ENGINE CMDS

N

RUDDER = RR(2) * RORB + AOY(8) * YORB

GENERATE RUDDER
COMMAND |
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2.5.3
AOP(1)

AOY (1)

Nomenclature

Mixing Logic Coefficients for Pitch Actuators Used for
Pitch Control, i = 1-8
Mixing Logic Coefficients for Yaw Actuators Used for Yaw
Control, 1 = 1-8 |
Ro11 Command Filter Constant
Pitch Attitude Error Gain
Yaw Attitude Gain
Rate Gain
Lateral Accelerometer Gain
Normal Accelerometer Gain
Roll Attitude Gain
Orbiter Roll Rate Gyro Signal
Pitch Signal to Orbiter Engines
Pitch Signal to SRB Engines
Summed SRB Pitch Rate Signal
brbiter Pitch Rate Gyro Signal
Left SRB Pitch Rate Gyro Signal
Right SRB Pitch Rate Gyro Signal
Orbiter Yaw Rate Gyro Signal
Left SRB Yaw Rate Gyro Signal
Right SRB Yaw Rate Gyro Signal

- Ro11 Rate Crossfeed Signal
Filtered Rol1 Rate Crossfeed Signal
Rol1 Signal fo'Orbiter Engines

Roll Signal to Orbiter Engines Limited to 5 degrees
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RP(1)
RR({1)
RSRB
RUDDER

RY(i)

TRIM,

PCIF

Mixing Logic Coefficients for Pitch Actuators Used for
Ro11 Control, i = 1-7

Mixing Logic Coefficients for Aero Actuators Used for
Rol1 Control, i = 1-2

Roll Signal to SRB Engines

Deflection Command to Rudder

Mixing Logic Coefficients for Yaw Actuators Used for
Ro1l Contro1,.1 = 1-7

Trim Signal to Orboter Pitch Signal

Trim Signal to SRB Pitch Signal

Summed Lateral Accelerometer Signal

Aft Lateral Accelerometer Signal

Filtered and Scaled Lateral Accelerometer Signal
Forward Lateral Accelerometer Signal

Yaw Signal to Orbiter Engines

Yaw Signal to Left SRB Engine

Yaw Signal to Right SRB Engine

Summed Normal Accelerometer

Aft Normal Accelerometer Signal

Normal Accelerometer Command

Filtered and Scaled Normal Accelerometer Signal
Forward Normal Accelerometer Signal

Inertial Flight Path Angle Rate Command

Inertial Roll Attitude Command

Filtered Inertial Roll Attitude Command
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Body Roll Error

Inertial Roll Error

Inertial Roll Attitude

Scaled Ro1l Attitude Signal

Summed Roll Attitude and Rate Signal

Ro11 Attitude Signal Rate of Change

Inertial Pitch Attitude Command

Body Pitch Attitude Error

Inertial Attitude Error

Inertial Pitch Attitude

Scated Pitch Attitude Signal

Summed Pitch Attitude and Rate Signal

Body Pitch Rate Command

Body Yaw Attitude Error

Inertial Yaw Attitude Error

Inertial Yaw Attitude

Body Yaw Rate Command

Scaled Yaw Attitude Signal

Summed Yaw Attitude and Rate Signal

Deflection
Deflection
Deflection
Deflection
Deflection
Deflection

Deflection

Command
Command
Command
Command
Command
Commaﬁd

Command

to Pitch Actuator of Orbiter Engine #1
to Pitch Actuator of Orbiter Engine #2
to Pitch Actuator of Orbiter Engine #3
to Right Actuator of Left SRB

to Right Actuator of Right SRB

to Yaw Actuator of Orbiter Engine #1

to Yaw Actuator of Orbiter Engine #2
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oY3

8515

SL6

8
oM,

§
| OMSp
§
OMSyq
6 .
OMSy»

At

Deflection Command to
Deflection Command to
Deflection Command to

Deflection Command to
Deflection Command to

Deflection Command to
Deflection Command to

Computation Frequency

Yaw Actuator of Orbiter Engine #3
Left Actuator of Left SRB
Left Actuator of Right SRB

Pitch Actuator of OMS'Engine #1
Pitch Actuator of OMS Engine #2

Yaw Actuator of OMS Engine #1
Yaw Actuator of OMS Engine #2

for Control Subroutine
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2.5.4 Input/Output

Inputs to this model are inertial attitude angles, body rotational rates,

Y and Z translational acceleration, prestﬁred engine trim deflection

commands, prestored acceleration commands, and attitude commands from guidance.

Outputs from this model are engine gimbal and aero surface deflection conmands

output via the CMDFIL routine.
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2.6 CGAINS {Control Gains Equations)

2.6.1 Program Description

The CGAINS program is uséd to calculate the cﬁntro1 gains necessary for a
desired type of control during the Shuttle boost. There are sgvera] options
for the control gains that are calculated: load minimum, drift minimum, or
attitude control for the pitch and yaw gains; and thrust vector control or
aero control for the roll gains. The following model presents the equations

necessary to calculate these gains.

2.6.2 Math Model
The following quantities must be calculated each time the control gains

are needed. The symbols used in these eguations are defined in Table 1.

llp = c(c /C, )+ xcg - Xg
1]y = (b CnB/CyB) +'XCg - XR
N p =qS CZa

1 - . C
Ny =950y
Yap = *aceL ™ *eg
1ay = -]ap

-

K-Ip = [15 in]/m
sz = N p/m
[} =X . -X

X1 cy e;
by, © ch B Yei

4



Zi

'Klp

-N'y/m

7
([ xF

i=]

_.ﬂ"t

P

7

X5

* M
N'p / Iy

* AOP.T + (4SC,

§

e

AOPB) } /m

(L3 Fy * APy + oy 1+ (ascc,,

.i

([ x Fy *AOY, * 2, 1+ ashC,

7
i=1 ™

1

j
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Pitch and Yaw Control Gains for Load Minimum Option

aOp = 0,
2
9, = o = Gp
P fol (K, +1_C
bp * oy (Kgp + 155 Cop)
2. w ‘
= _L._l - + .
p °7C 1 92p (K3p 1ap cZp)
2p
29y = 0-
2
g, = e, - Cyy
i t 0l (Ko +1..C,)
by +uy” (K3y + Tgy Coy
2% v 1 (K, +1.. C,.)
Yy T TG, " 82y N3y T Tay "2y
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 Pitch and Yaw Control Gains for Drift Minimum Option

sz )

o+ K c
2p Kip * 8p * 9y ( Yap C2p

95 Klp + clp Klp/Ap

N 2 4 -
a1p Cgp [1 g2p (K3p * ]ap CZp-)]

2
T wp” = {1+ Cpp Ky /a0) €y
2y K. +8 + ol (K
CZy 1y T Ay T Y ( 3y ]ay CZy)
oy 7 92y Kiy * Cay Kay/ty

| 2t w
S A 4 .
21y C [} Iy (K3y * lay cZy)]
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Thrust Vector Control

6
C, =-[z% (F, *RP, *g +F, *RV.+ Y171
2r 521 X i Y3 X iz, X
" 2
agp = Cx
2r
a, = 2 % Y%
r c
2r
Aero Control
Cop = -qSh [Cﬂa RRy -1 cLG RR2] /1y
-a r
m2
Sor ~ tgﬁ—
2r
Ay = 2 Ty vy
r C
2r
TVC and Aero Control
[6( * )]
C, =-1[z (F, *RP, *2 +F, *RY, *2
2r =1 X; i Y3 X i Z;

+ gSb [cg RRy + C, RR2] ¥/ Iy

% %

d a .
aOr and ay,. same as above
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2.6.3 Nomenclature

Variable

AOPi

AOYi

Definition

Mixing Logic Coefficients for Pitch Actuators Used
for Pitch Control, i = 1-8

Mixing Logic Coefficients for Yaw Actuators Used
for Yaw Control, i = 1-8

Pitch Attitude Gain

Yaw Attitude Gain

Pitch Attitude Rate Gain

Yaw Attitude Rate Gain

Wing Span

Coefficients for Calculation of Gain

Mean Aerodynamic Chord

Aero Ro]15ng Moment Coefficient Due to Aileron

Deflection

_Aero Rolling Moment Coefficient Due to Rudder

Deflection

Aerc Pitching Moment Coefficient Due to Angle-of-Attack

Aero Pitching Moment Coefficient Due to Elevator

Deflection
Aero Yawing Moment Coefficient Due to Sideslip-Angle

Aero Yawing Moment Coefficient Due to Rudder Deflection
Aero Side Force Coefficient Due to Sideslip-Angle

Aero Side Force Coefficient Due to Rudder Deflection
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Variable Pefinition

Cz Aero Normal Force Coefficient Due to Angle-of-Attack
24
Cz Aero Normal Force Coefficient Due to Elevator Deflection
S
FX. Thrust in X dirvection from engine i
i
92 Pitch Acceleration Gain
92y Yaw Acceleration Gain
I Moments of Inertia
K Coefficients for Calculation of Gains
1 Moment Arms
m ~ Mass
N Partial of Normal Force
q Dynamic Pressure
RP Mixing Logic Coefficients for Pitch Actuators Used
for Roll Control, i = 1-7
RRi Mixing Logic Coefficients for Rero Actuators Used
for Roll Control, i = 1-2
RYi Mixing Logic Coefficients for Yaw Actuators Used
for Roll Control, i = 1-7
S Aero Reference Area
XACCEL X Accelerometer Location
XCG’ YCG’ ZCG Location of Center of Gravity
Xps YR’ ZR Location of Aero Reference Point
Xéi, Yei, Zei Engine lLocations, i = 1-6
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Variable " Definition

Ap’ Ay Temporary Variable
4 Damping Ratio

w Natural Frequency

2.6.4 Input/Output

The control gains routine calculates the attitude gains, attitude rate gains
and accelerometer gains for each of the desired conditions which have been
previously mentioned. - These gains are also calculated for a range of natural

frequencies {w). These results are output on a scratch tape or FASTRAND

file for processing by a plotting program.
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2.7
2.7.1

FLTSEQ (Flight Sequencing)

Program Description

Although not currently active, this program is called by the Flight Control

System (BLC) and is used to initiate staging and provide flight sequencing

logic as required.

The switching points between stages were defined by the following events:

1) SRB separation and guidance initiation; 2) main engines shutdown and RCS

activation; 3) external tank jettiﬁon; 4) OMS burn initiation and RCS de-

activation; and 5) OMS shutdown and RCS actuation at orbit insertion.

2.7.2 Math Model

BOOST TO ORBIT
FLIGHT CONTROL LOGIC

&

WHICH

STAGE IS

15T
STAGE

THIS?

2ND
STAGE

OMS
BURN

ORBIT
COAST

COAST COAST
BEFORE AFTER
ET ET
JETT JETT

D

- - 50




1ST STAGE BOOST

IS

IT TIME VES
FOR STAGING
TESTS /,//”’
?
NO

{ INTERNAL AND
FROM THRUST)

ARE
STAGING
TESTS

MET
? .

SET
?

YES

IS
IT TIME

YES TO STAGE
?
SET STAGING
TIMER
(SIMULATE |
TIMING COMMAND SRB (10
BETWEEN
COMMAND START TIMER _W_J GUIDE)
AND SEP)
4
v SET GUIDANCE (10
e START TIMER GUIDE)
Ye SWITCH TO
| "IND STAGE"

O
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IS

IT TIME
TO SHUTDOWN

ENGINES
?

ENGINE
SHUTDOWN

A

COMMAND :

ACTIVATE RCS

k 4

SWITCH TO "COAST
STAGE BEFORE
ET JETTISON"

SET SEPARATION
TIMER

®
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2ND STAGE BOOST

(FROM
GUIDANCE)

(TO ENVIRON)



COAST BEFORE ET .JETTISON

COMMAND ET ;
l SEPARATION -

(TG ENVIRON}

7

| SET OMS .
' START TIMER

i

SWITCH TO
"COAST STAGE AFTER
ET JETTISON

©
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IS
IT TIME
TO START
0§S

YES

COMMAND
OMS START

N

DISABLE
RCS

\

SWITCH T0
"OMS STAGE"

©
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COAST AFTER ET JETTISON

(TO ENVIRON
AND GUIDANCE)



(:Ei:) OMS BURN

-

-~

-

-~

NO

IS
IT TIME
TO SHUTDOWN
ENGINES

?

YES

COMMAND
ENGINE
SHUTDOWN

L

ACTIVATE RCS

SWITCH TO
"ORBIT COAST"
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2.8 GUIDE (Guidance Model)

Due to recent revisions and updates to the guidance equations, these models

are not shown here but are presented in Volume V of this report.
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2.9 MASPRO (Ma§s Properties)
2.9.1 Program Description
This model provides the mass properties, which consist of center of gravity

travel, moments of inertia as a function of weight and total mass calculation.

2.9.2 Math Model
W=W-H
At Staging W=W-W (I
CG- = table lookup F(W)

X
CGy = table lookup F(W)
€, = table lookup F{W)
Iy = table lookup F(W)
Iyy = table lookup F(W)
I,, = table lookup F(W)
I, = table Tookup F(W)

2.9.3 Nomenclature
W = total vehicle weight
W(1) = solid rocket booster weight
W(2) = externq] tank weight
W = weight flow rate input from THRUST

X center of gravity location from vehicle reference

.Cze
Cﬁy = Y center of gravity location from vehicle reference
CGZ = Z center of gravity location from vehicle reference
I, = Mass moment of inertia about X axis
Iyy = Mass moment of inertia about Y axis
IZZ = X - Z cross product of inertia
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2.9.4 Input/Qutput

Input:
Output:

W from THRUST
W, CG's and I's.
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2.10 MAXMIN {Max and Min Parameter Dump)

2.10.1 Program Description

This program is used to collect the extreme values of certain flight parameters.
At the stop time scheduled for MAXMIN the collected values are printed. This

routine may be scheduled as often as desired, as long as the calls do not

overlap.

2.10.2 Math Model

T _{MAX(3i)=V{i)
TMAX{i) = TIME

MIN{i)=V (i

TMIN(

-
I P
1l »—
—

—

IME

| ABS(3) = Jv(i)]
TABS(i)= TIME
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2.10.3 Nomenclature

V(i)
MAX (1)
MIN(i)
ABS{i)
TMAX (i)
TMIN(4)
TABS()

Parameter value to be tested for magnitude
Maximum value of parameter i collected

Minimum value of parameter i collected

Absolute maximum value of parameter i collected
Time of occurrence of maximum

Time of occurrence of minimum

Time of occurrence of absolute maximum
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2. N ORBIT1 (Orbit Parameters)
2.11.1 Program Description

This math model calculates the parameters of the trajectory achieved
at insertion from know]edje of the state vector in polar equatorial
coordinates at the time of orbiter engine shutdown. The program
calculates node, inclination angle, orbit phase angle, eccentricity,

orbit parameter, true anomaly, apogee altitude, and perigee aititude.

2.11.2 Math Hodel

) “Yype Rzpe * Vzpe Rype
XPE “ZPE ZPE "XPE
y . .
_ _ ZPE
¢ = Arctan :
('VXPE sinnp + VYPE cosn)

v = Arctan cos c(-V sinn + V cosn) + V sin
XPE YPE ZPE ¢

- 2 2 2
k= *\/ Repe * Repe * Rope

_ 2 2 2
V= ‘\/ Vepe * Vype * Vope
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RxV
P = K
K
SMA = 2K 2
R v
_ P
E = 1 - SVA
RV

P = o
AfRAZ - Ry |

TA = Arctan P)_EP)

Rp = SMA (1-E) - RE

Ry =2 - SMA - Ry - 2R,

2.11.3 NomencTature

VXPE’ VYPE’ VZPE = Velocity in polar-inertial coordinates

RXPE’ RYPE’ RZPE = Ppsition in polar-inertial coordinates

Longitude of the ascending node

n

r = Inclination angle
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Eccentricity

o
n

2

K = Gravitational constant = 1.407654 x 10%% £t3/sec
v = Orbit phase angle (angle between equator and perigee)
P = Semi-latus rectum

SMA = Semi-major axis

FP = Tangent of flight path angle

TA = Trﬁe anomaly

RP =-A1ii£ud; ét perigeei _ ‘ _
Ra = Altitude at apogee

Ry = Mean radius of the earth

2.11.4 Input/Output

The ORBITI math model requires the vehicle state vector in platform
equatorial coordinates as input. As output the model prints out
ascending node, inclination angle, orbit phase angle, eccentricity,

orbit parameter, true anomaly, apogee altitude, and perigee altitude.
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2.12 ORBITR (3D EQUATIONS OF MOTION)
2.12.1 Program Description

This Math Model calculates vehicle acceleration from active guidance
commands and integrates to get veTocity and position in platform
coordinates. Polar-Equatorial and Local Vertical coordinates

systems are erected to calculate latitude, longitude, and flight path
angle. Logic is included for acceleration limiting, integration

cycle time rectification, and velocity cutoff.

2.12.2 Math Model

M

N T, (I}
g L
=1 v

Qpy =
PT I

YES NO
1A71=0p7 [Arl= AL
P o1 p. = ALIM

T T et
- Qpr

vy = My
-
> A
Q =
AP AT
+ - -+
Apr’ = Qpp Pr Qap + Agray
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-+ -+ >

vp' = APT dt + VP
R+, j > >
P = ft VP dt + RP
> _ T +I

RF = {a] RP

et
n

, ) RF(3)
v Arcsin Tﬁ;T—

RF(Z) w
Arctan QETT) - e (tL+t)

¢ =
E 3 b
v = Arcsin ;%!E%i)
LV

Integration Cycle Time Rec¢tification

Acceleration Timiting will most Tikely occur between integration time
points. Therefore the integration for this interval must be done in
two parts.

Velocity Cutoff

The program will be terminated either when |VP| exceeds Z or when v
is less than M4, whichever occurs first.
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2.12.3

]
+ T 4
—

=4

+yT 4w 4o
=
=

bt

-2

= 0
© o

+

=l
-

Nomenclature

Thrust acceleration at full throttle
Number of engines

Maximum vacuum thrust of main engine
Current vehicle mass

Maximum allowed vehicle acceleration

Magnitude of acceleration due to thrust

- Throttle setting

Total mass flow rate for all engines at full throttle
Acceleration command from guidance in platform coordinates
Unit vector acceleration comhand

Current total vehicle acceleration in platform coordinates
Acceleration due to gravity in platform coordinates
Velocity of vehicle in platform coordinates on last pass
Current vehicle velocity

Position of vehicle in platform coordinates on last pass
Current vehicle position

Position of vehicle in polar equatorial coordinates
Geodetic latitude of launch site

Longitude of launch site
Rotation rate of earth
Time of launch |
Elasped time since launch

Mass of vehicle on last pass
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A = Launch azimuth

Ay = Present vehicle latitude

¢ = Temporary variable

[a] = Transformation from polar egquatorial to platform coordinates

[s] = Transformation from local vertical to polar equatorial
coordinates

¢ =7Presen3 vehig]e longitude i

Y = Flight path angle

- .

VLV = Velocity in local vertical coordinates

Z = Target velocity in guidance coordinates

MVO = Mass of empty orbiter

2.12.4 Input/Output

The targeting program provides Z. The Active Guidance program
-
provides KP' The gravity program provides AGRAV' The resulting quan-
>
tities calculated by this model are Ays &> Yo Vp, RP’ APT’ MV’ and VLV'
.+
Flight software commands accepted by this model are AP. The Active

Guidance, Targeting, and Gravity programs must be present to provide

inputs to the model.
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~2.13.2 | Math Model

2.13 ORBTAR (Boost Orbit Insertion Targeting Model)
2.13.1 Program Description

The Targeting program is used in the fiight software to describe the

orbit plane with respect to the launch pad. Position, velocity, and a
unit vector horma] to the orbit plane at perigee are calculated from a
knowledge of perigee and apogee altitudes, location of the launch pad,

orbit inclination, and an orbit parameter.

Rp =-Re-+ hp

Ry = Re * My
A= Rpt Ry

2

R = RP

Y=20

Z = unconstrained
R =0

Y <0
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2.13.3

=
-

> - =
>J>'U>

= 3

C = sin (A;) cos(i)
\ _ 2
CG =\f1 -_‘SG
C = L
P —_—
Cg
@ = cosf(x)/CGm____ R —
A = Arcsiﬁ (CP) - Arcsin {«)
UQ (1) = -sin (B) sin (A)
UQ (2) = cos (&)

UQ (3) = cos (B) sin (a)

Nomenclature

distance from earthcenterof mass to periapsis
distance from earth center of mass to apoapsis
altitude at periapsis

altitude at apoapsis

semi-major axis

eccentricity

radius of earth

radial distance at insertion

cross-range distance at insertion

downrange distance at insertion

radial rate at insertion
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-
n

lateral velocity at insertion

z

downrange velocity at insertion

Sar s C

R Cp, a, A = temporary variables

G)
A = latitude of 1aﬁnch pad

W = universal gravitational constant

B—=—orbit parameter
A, = launch azimuth

Y = orbit inclination angle

ﬁq = unit vector normal to desired orbit plane in platform
coordinates (see Section 1V)

2.13.4 Input/Output
This model requires R, hp, ha,l » B, A;, and Y as input and calculates
R, Y, Z, R, Y, Z, and ﬁq. The model needs to be called only once per

simuiation.
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2.14 " RCS (Reaction Control System)

2.14.1 Program Description

This program calculates the moments and linear accelerations applied

to the vehicle due to RCS thrust commands from the f]ight software.

2.14.2 Math Model

Thrust commands are conditioned according to the following 1imitatiohs:
(1). A jet cannot be commanded to ignite unless the duration of
~ ignition is some minimum value R
(2) No jet can be ignited continucusly longer than TB seconds
(3) A jet cannot be commanded to ignite unless TAlseconds has

elapsed since the previous ignition has ceased.

The following shows a Togic diagram which can be used to implement these

limitations.
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| START |

IS (t - T) 2 Ty

YES

[

INi(j) =1

Ti(j) =0

]

IS TC.(3) < Ty

[YEs [ NO
| ) =0 IS IN.(J) =1 _
; N0 e
M {3) =0 | I1.¢5) = 0] | 1S M, (5) = 0
2 | YES NO
IM-(j)=0 -
- Tie = ¢
IS (t-Tye) 2 T3
| YES | NO
IN;(3) = O [IS TC.(3) 2 Tyay
¥
T3 =0 YES  ]NO
M (3) = 1 IIM.(J’) = 0
| P !
Toy = ¢ - i
. lTi(J) - Tiay |T1(j) . Tci(jq
0 ' J l P
RETURN

RCS LOGIC DIAGRAM
FIGURE 2-1
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2.14.3 Nomenclature

n

i = engine index
j=1, 2, or 3 for x, y, or z respectively

= thrust achieved with continuous ignition

Thax
Typn = average thrust for a computation cycle for minimum thrust duration
TCi(j) = commanded thrust
T%(j) = realized thrust
IMi(j) = indicator for continuous thrust for the-previous pass
(set equal to zero for restart)
INi(j) = thrust ehab]e flag 7 3 - REY
(set equal to zero for restart)
Ten = check time for T,

THC'—'éheCk time for'TB

t = current time at entry to RCS program
— - .
M= Py X Ty (1)
Pi(l) = ELXi = XCG
P1(3) = ELZi = Z(G
= . - th . ..
Pi = engine position vector for the i™ jet; ELXi, ELYi, ELZi -

X, Y, and Z locations, respectively, of the ith

RCS jet cluster:
. XCG, YCG, ZCG = X, Y, and Z Tocations, respectively of the vehicle

center of mass

engine index

ZL —

moment vector due to thrust from the ith jet
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thrust vector for the 1th jet

> Tl
"

1

jndicates vector cross product

N )
-—
D Y
M=% M (3)
—
MR = total effective moment from all RCS jets

number of RCS jets

N )
‘,?=1,Z=1‘f:, (4)
F = tota{-effective 11ne;;“f§r;é_-

3 N |
‘L‘=R.i‘é11‘2;1'71'(5”| :
A = reduction in mass of vehicle due to RCS fuel usage
R = RCS jet efficiency constant

2.14.4  Input/Output
The model requires ELX, ELY, ELZ, XCG, YCG, ZCG, ?:, t, and M as input.
The flight software command accepted is ?;. The cross product, mass
properties, and EOM subroutines must be present. The model provides ﬁﬁ,

A, and F as output.
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2.15 THRCMD {Throttle Command)

2.15.1 Pkogram Description

This model senses vehicle longitudinal acceleration and issues throttle com-
mands to the SSME's if the "3g" acceleration limit is exceeded. The throttle

command is calculated such that the 1imit is maintained.

2.15.2 Math Model

ACCEL = Fx/M

RETURN

YES

M*3* go

ssME(THRoT)/ THROT (t-8t)

F SSME(UNTHROT)

THROT(t) = (FLIMIT - FSRB)
FSSME (UNTHROT)
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2.15.3 Nomenclature

ACCEL Vehicle acceleration along X body axis

Fx Total thrust forces along X body axis

M Vehicle mass

go Accel. of gravity

Fl T Allowable thrust to maintain 3g acceleration
FSSME Sum of SSME X axis thrusts

FrB Sum of SRB X Axis thrusts

THROT Throttle command to SSME's

2.15.4 Input/Output
This model requires as input X axis thrusts for the SRB and SSME's. In
addition the present throttle setting must be supplied. Outputs consist

of jdentical throttle commands to the Space Shuttle main engines.
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2.16 THRUST

2.16.1 Program Description

This model calculates forces and moments in body coordinates due to thrust
forces from all engines given engine gimbal angles, throttle settings,

and atmospheric pressure.

2.16.2 Math Model

Table lockup for SRM vacuum thrust, SRM mass flow rate, and power-on base
drag.

POBD = f (h) ;

timecpy = time * {1 + UNBAL)

T = f (timecpy) * (1 + UNBAL)
Yi (i = 4.5) SRH -

Calculate engine forces

* (Ty - EA; * Pp)

Titi =1 T T

* (tan 8p. oy * (tan 5Y.))

o
2
1 1

By = * (tan GYi -y * (tan spi))

if i = 1-3, 6-7 ay = 0 and ¢y = 1
i=4,5 oy = 1 and ap = .7071068
(for i = 4,5; oy and a, are unique for diag. and SRB actuators)
‘ -1/2
= pa 2
TBX1.-T1='=(1+9P +9Y)
TBYi = TB)(_i * BY
TBZi = TB)(_i * fp
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Sum Forces

FB, = & _ TBX; * POBD
i=1,7
FB, = I  TBY,
Yo,y
FB,= © TBI,
Z 21,7 0

Calculate moments

MTXB = TBZi (ELYi - YCG) - TBYi (Ein - 2CG)
MTYBi = TBX; (Ein - 2C6) - TBZ, (Ein - XCG)
MTZB, = TBY, (Ein - XCG) - TBX; (ELYi - YCG)

Sum moments

MTBX = zMTXBi
MTB, = IMTYB.

Y i
MTBZ = zMTZBi

2.16.3 Nomenclature

i = engine index; 1,2,3 = orbiter engines,
4,5 = splid engines

6,7 = OMS engines
POBD == Power-on base drag
h == Altitude

UNBAL = Individual SRM thrust unbalance

TV = Vacuum thrust

i
Hi = Mass flow rate
T. = Altitude thrust
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P = Throttle setting

T

EJL\.i = Engine exit area

PA = Atmospheric pressure

Gpi = Engine pitch gimbal angle

6Yi = Engine yaw gimbal angle

TBXi = Engine force in X body coordinate

TBY., = Engine force in Y body coqrdinate

TBZi = Engine force in Z body coordinate

FBX = Total thrust force in X body coordinate
FBY = Total thrust force in Z Lody coordinate

MTXB. MTYB., MTZBi = X, Y, and Z components, respectively, of moments
due to engine number 1.

ELXi, ELYi, ELZi = X, Y, and Z components, respectively, of engine locations
in body coordinates.

XCG, YCG, ZCG = X,.Y, and Z components of location of center of mass of
the vehicle.

MTB*, MTBy, and MTB, = X, Y, and Z components, respectively of total

moments due to engine thrust

2.16.4 Input/Output
The parameters which must be supplied to the model as input are EAi’ ELXi;
ELY., ELZ., Prys Tyi» Pas 6Pi, évi, XCG, YCG, and ZCG. The resulting
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quantities calculated by the model are FTB and MTB. The flight software

command accepted by the model is PT . The outputs of this model are accepted

i
by the equations of motion.
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2.17 TSHAPE (Trajectory Shaping)'

2.17.1 Program Description

The trajectory and control parameters which must be calculated to accom-
plish trajectory shaping are aD,.desﬁred angle-of-attack; Brs desired
pitch attitude angle; GD’ desired engine deflection angle; and iDCG’
desired body sensed acceleration. The values of Bcs Spp and EDCG are
dependent on aﬁ. The boost flight is divided into three phases: vertical
rise, tilt maneuver, and alpha policy. For each of these flight phases,

aj is calculated differently.

2.17.2 Math Model

2.17.3 General Calculations

NO =q3S CZO
N'P =q5 Czar
o " c (Cmo/czo) * Xeg - Xp

]IP =C (Cma/CZa) + XCG - XR
‘DZ - Fax ZCG
x1g = Xeg = %o
414 = Leg - 4 5
L - (x. 2+17. 9
0 19 1g
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SeoB
$¢60

Angle-of-Attack

Vertical Rise

Sp

%p

1l

172
2 2
[(XB " Xeg)” * (2 - Zeg) ]

' [zce - I }
-tan 3(-—'—'_'_—)(—
CG B |

_2]
tan Y
1g

Calculations

{88 - Scap |

LpF

= Scao0 " “8'B I /

0°0

tan'l Fog cos 85 = Fg cos §p
-FO sin & - FB sin GB

D

%p

Ti1t Maneuver (Parking Lot Tilt)

The maneuver modeled here is a modification of the tilt maneuver pre-
sented in the preQious memo. Here, o is used as the value of angle-
of-attack at a time half-way between the time to begin and end the tilt
maneuver, TT and TD. Therefore, this procedure can fit any part of a
parabola to the three points, depending on the value of 4o and its rela-

tion to oy and of. This is illustrated in Figure 2-2,
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Tr Tr+To To
z

FIGURE 2-2
where @rqs %oos and @,3 are three examples of values for d% which
cause a different shape curve to be fitted. The calculation for ap

- - during this maneuver is as follows:

Yoz
% = tan VE; , calcultated only at t = TT
T+ + T, -
T =T D
oP ———
o = QA
. .D 0
A =3
\ g o) (g - o)
2 2
T - TOP
Z =
(T - T
o = +AZ+AZ
b m 1 2
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K, = P
m
F
K = 'p
3 m
5 _ 1o Ny - Fax (Zog - Zp)
o - I
yy
ZO = NO/m
By Cop Scao * @ = Cop
By - Zo - K38
. _BiKg - By Cop
D Cip K3~ Cop Ky
Aerodynamic Mbment Control
o - Rt Dy
D Tip N'p

Remaining Shaping and Control Parameters

The following parameters are calculated after a value for ab has been

determined by some specified alpha policy.
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fc =% - BR
% = 1Ny = Fax (ZCG B ZR)
I
yy
Cip =-1p Np
Iyy
% = (0, - Cip o) I+ Sgo = LgFp(Sp - Segp)
LoFo LoFo
o ) 1 A T .8 .8
ZDCG I = = [No + N‘P D F0 sin D FB sin BJ
2.17.3 Nomenclature
Variable Definition
Al, A2 Temp. variables
Bl’ 82 Temp. variables
ClP’ C2P’ CZB Temp. variables
c Mean aerodynanic cord
cmo’ Cm Aero. moment coeff1cients
Ca0e CZa Aero. normal force coefficients (pitch)
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Variable

Kp» K3s Kyp

Los Lp
m
No

N'p

q
5
T
o

Top

Ty

v v

BX* "BZ

Yoo Vrz

X Y z

cG*
s L

ca’

X]g
X

g

o? Zo

Xps Ip

_Definition

Drag moment due to CG offset

Total force acting on vehicle

Aeoo. axial force

Moments of inertia

Temp. variables A

Moment arms from CG to orbiter and booster engineé
Mass

Normal force at zero angle-of-attack

“Partial of normal

Dynamic pressure

Aerodynamic reference area

ﬁresent time

Time to end tilt maneuver (begin alpha policy)

Mid point between TD and TT

Time to begin tilt maneuver (end vertical rise)
Velocity components in body coordinates
Inertial components of velocity relative to air
Location of center of gravity

Moment arm from CG to brbiter engines

Average orbiter engine location

Location of aerodynamic reference

“ Location of body fixed accelerometer

Temp. variable

Desired body sensed acceleration
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Variable

2.17.4

Definition

Input/Output

Desired angle-of-attack
Value of angle-of-attack at TOP
Angle-of-attack at TT

Deflection for thrust through center of gravity
at booster and orbiter engines

Desired orbiter engine deflection angle

- Commanded -piteh-angle-

Acceleration at zero angle-of-attack

The inputs necessary for TSHAPE are the aerodynamic constants, configuration

constants, I, m, CG's, T, TD’ TT’ VB’ VR’ and o The outputs of this

program are ap, 8py 8ps Zpas Sppps and Sc6o*
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2.18  TVC (Thrust Vector Control)
2.18.1 Program Description
This model describes the motions of massless engines with Timits on

deflection, deflection rate, and acceleration.

2.18.2 Math Model
Initialization (time = 0)

8 =6
P o

) =6Y

Y
OLD; (3=1,7)  NEW
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Process and Limit Commands

if (5 = PNULL,) > PLIMIT,
COMMAND
= PLIMIT, + PNULL,
d&°cc1r»1rvuu\r~u)i ! !
if (6, - YNULL,) > YLIMIT,
COMMAND, ! !
Sy
COMMAND, = YLIMIT + YNULL,
GP o (1,9'10*’-‘“"‘9) x5 - (e-lo*Atime), * §
NEW, Peomeanp, | PoL,
- * . - . -.- ) .
By = (1-e 10 At1me) * g + (e 10*At1me) * 6y
NEW, COMMAND, OLD;
1 ’ 1 1

Calculate and Limit Rates

= {5 - )/ atime
Pugu,  PNEN, Pow,
1 1 1
linit to &
LIMIT,
1
:SY = (é;Y - & )/ fime
NEW;  YNEW, OLD,
aals ] i i

1imit to Y '
LII"‘|IT_i

89



Calculate and Limit Accelerations

& = (. _ )/ Atime
6P'i GPNEN,i GPOLDi :

Timit to GP

LIMITi
EY = (& - éY Y/atime
i INEW, oLD,
- j
Timit to EY
LIMITi

Define new rate using limited acceleration

8 = § + (E ) * (Atime)
Pyew.  Povo. Puew. -

1 1 3
8 =& + (E ) * (Atime)
Ynew, YOLDi , YNEHi

Define new position using limited rate

+ (sp

) * (Atime) + BIASP,
NEW, \

' 3
P i
NEW,i OLD_i

+ (3Y ) * (Atime)} + BIASY,
A NEW i
1 1

On
-
[{]
o
-
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Reset 01d Values

5 =5 - BIASP.
PoLo.  Pnew. i
1 1
5 -5 - BIASY.
Y Y
oLp;  OLD, !
3 I
Potp. = TNEM
1 1
H =8
Youo.  Yhew.

Calculate Duty-éyéfe m

DCYCLE; = DCYCLE; + (atime) * (18, [+ [§ 1)

NEN1 NENi

2.18.3 Nomenclature

Sp = present pitch deflection
NEW

Sy = present yaw deflection
NEW

BP _ = past pitch deflection
oLD

Sy = past yaw deflection
QLD

&P = present pitch deflection rate
NEW

3Y = present yaw deflection rate
NEW
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&P ' = past pitch deflection rate

OLD
éY = past yaw deflection rate
OLD
6p = pitch deflection acceleration
6 .
Y = yaw deflection acceleration
BIASP = engine pitch bias due to misalignments
BIASY = engine yaw bias due to mi%a]ignments
PLIMIT = pitch deflection limit
YLIMIT = yaw deflection limit
PNULL = pitch null position
YNULL = yaw null position
Sp = pitch deflection command from flight computer.
COMMAND :
GYCOMMAND = yaw deflection command from flight computer
3P = pitch rate limit
LIMIT :
&Y ‘ = yaw rate limit
LIMIT
EP = pitch acceleration limit
LIMIT
EY = yaw acceleration limit
LIMIT
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2.18.4

Inputs:

Qutputs:

i = engine index; 1, 2, 3 = orbiter engines

4, 5

solid engines

6, 7

OMS engines
Input/Output

Pitch and yaw deflection commands from the flight control
| system (for each engine); deflection, rate, and acceleration

limits; pitch and yaw null positions; and canned yaw bias.

Engine deflections, deflection rates, deflection accelerations,

and duty cycle requirements.
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3.0 COORDINATE SYSTEMS

Inertial Polar-Equatorial - A right-handed orthogonal system with its origin

at the center of the earth - X axis in the equatorial plane and positive
through a reference meridian at the time of 1iftoff; the reference meri-
dian is defined by the time of liftoff and the coordinate system used

for gravity calculations. The Z axis is positive through the North

Pole.

Inertial Plumbline - An orthogonal system with its origin at the

center of the earth, X axis parallel to the launch site gravity vector
and positive in the direction opposite to gravitational acceleration.

The Z axis lies in the launch plane and points downrange and the Y

axis completes a right-handed7triad.

ocal Vertical - An orthogonal system with its origin at the center

of the earth, the X axis points from the earth center to the vehicle,
the Z axis is in the plane containing the earth's rotation axis and
the XLV axis. The Z axis is perpendicular to the X axis and points

towards the North Pole, The Y axis completes a right-handed triad.

Body - An orthogonal system with its origin at the engine gjmba]
pivot plane - X axis positive towards -the nose of the vehicle glong
the main propellant tank centerline, Z axis positive "down", and
the Y axis completes the right-handed system and is positive in the

direction of the right wing.
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Transformation matrix from polar-eguatorial to plumbline coordinates:

[“]= 851 B2 33

k2 *
_ * *
= cos-A; sin (¢[A+ wetL) B - L -
*

33 = sin AL

. . * . *
= sin A sin a cos (metL+¢L) - cos A sin (wetL+¢L)

*
L
. . ke, +* A *
= sin A sin a sin (”eFL_¢L) - cos A cos (metL+¢L)
*
apg = -sin AL cos A
) % * . *
= -cos A sin  cos (wetL+¢L) - sin AL sin (metL+¢L)
-*. * » *
= -cos A sin 3 sin (metL+¢L) + sin A cos (wetL+¢L)

*
agy = €OS AL cos AL

Where:

A: = geodetic latitude of launch siter
¢t = longitude of launch site

wy = angular rate of earth

TL = time of launch (from epoch)

A =

L launch azimuth
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Transformation matrix from body to inertial plumbline coordinates:

T
byy P12 - Py3
[B]'-' bpy  bpp b3
b3y b3z D33
b11 = C0S & CO5 ¢
: b12-= sin 0 sin ¢ -—cos & sin ¢ cOS ¢
b13 = sin 8 cos ¢ + cos 8 sin y sin ¢
b21 = sin ¢

b22 = €c0S ¢ COS ¢
b23 = -cos ¢ sin ¢
b31 = -sin 6 cos ¢
b32 = ¢cos 6 sin ¢ + sin & sin ¢ cos ¢

b33 = ¢cos 6 cos ¢ - sin 8 sin ¢ sin ¢

where the Euler angles 6, v and ¢ are calculated in EPM.
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Transformation matrix from local vertical to polar-egquatorial coordinates:

-
BT dy3
[*5] = |91 Y2 93
d3; d3p 33
d11 = €0S Ay COS ¢'
d12 = -sin ¢'
Qié = -sin Ay cos p'
d21 = €05 Ay sin ¢'
d22 = cos ¢'
d23 = ~-51in Ay sin ¢'
d31 = sin Ay
dyp = 0 ’
d33 = C0S Ay
Where:
sinAAV = ZF/R
oS Ay ﬁll - sin2 My
sin ¢' = YF/R €os Ay
cos ¢' = XF/R €OS Ay
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4.0  FLEXIBLE BODY MATH MODELS
Mathematical models were developed for use in the SSFS. These models
were programmed for a parallel burn solid rocket motor configuration.

The flexible body version of SSFS is cﬁrrently being checked out.

4.1 Flexible Body Progfam Deédription

This program contains the bending and slosh models for the launch
configuration during firétlstage boost. It uses a generalized modal
approach to bending which represents the elastic response by stan-
dard normal modal equations with viscous damping. Included are models
for aerodynémic forces and moment and thrust forces and moments to
account for bending effects as well as the tail wags dog contribu-
tion to bending. The rigid body and elastic response equations
provided here are uncoupled and are considered separately since the
magnitude of the coupling is insignificant. The number of equations
is very sensitive to the vehicle configuration and to the complete-
ness of the bending analysis. Therefore, when data becomes available
it is l1ikely that only a small percentage of the general set provided
here will actually be requfred for SSV analysis.

The model sums all the forces acting on each of the equivalent mass
points and for a given mode numerically integrates the sum with a
second order linear differential equation in modal displacement.

Thé number-df mass points at which aero forces and modal displacements
are calculated will be less than 50. The number of modes at these
points will be less than 10 each. The number of slosh masses will

 be less than 5 and the number of modes per slosh mass will be less
than 5. The EOM, guidance atmosphere and control subroutine must be

present to provide inputs for this model.
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4.2

Vibration Equations

L (g 9xig * Fays dyig ¥ Fazs 4213)

+ F + F

S ty yi3 2i3)

tx3j tz]

...+ F

sXj "xiJ syl ¢

..+ s .
R (F yiJ szj ‘zij

+ M $l..)

=z M. ¢les +M ¢ ey

1
axj "xij ayj 'yij azj

] ]
I Mg dais * Meys Oyig * Mezg

+ K2 | 1 : I
z ﬁMsxj,?xij ¥ Msyi ¢¥idl+,”szi ¢%§é

)
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Where:

= X2 X m =m =m ™M M m

- N1

N2
M1

M2

K1
K2

azj

txj

tz)i

sxj

1
S

$zj

ayj

azj

tyg-~

number
number
number
number
number

number

of
of
of
of
of
of

aero stations for aero forces
aero stations for aero moments
engines producing forces |
engines producing moments

slosh stations for slosh forces

slosh stations for slosh moments

modal displacement due to bending mode i

damping coefficient for mode i

frequency of mode i

normalized mass for mode i

aero forces in X direction at station j

aero forces in Y direction at station j

aero forces in Z direction at station J

thrust forces in X direction for engine j

thrust forces in Y direction for engingrj o

thrust forces in Z direction for engine j

slosh forces in X direction at station J

slosh forces in Y direction at station j

slosh forces in Z direction at station j

axj -aero-moments about X -axis at station j- - - -

aero moments about y axis at station j

aero moments about z axis at station jJ
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= thrust moments about X axis due to engine j

Mtxj

Mtyj = thrust moments about Y axis due to engine j

Mtzj = thrust moments about Z axis due to engine j

Msxj = slosh moments about X axis at station j

Msyj = glosh moments about Y axis gt station j

Mszj = glosh moments about 7 axis at station j

byij = mode shapertranslation'in X direction %or mode i at loéation Jj
¢yij = mode shape translation in Y direction for mode i at location j
545 = mode shape translation in Z direction for mode i at location j
¢£1j = mode slope about X axis for mode i at location j

¢§ij = mode slope abou? Y axis for mode i at location j

¢£ij =-mode slope aBout Z-axis for mode i at location J

4.3 Aerodynamic Forces

] ’wapa L o I N
Voypi = [a] [s] -ijsin Azwj
hvwzpj‘ | i —ijco§ Azwi
[ éxbj- o ] -VRXI; | "Vw-xp.l" ]
2ybj N VRXP - wypj
v v o .
| AZb‘i. L Rx'i i ) ]
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v

v

v

v

H
axbj
n
aybj
azbj

L]

akbj
n

aybj
m

azbi

axbj

v _

aybj

IV _

azbj

Iv.

1t

it
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ch)
ch)
xcg)

M3 [
azbj ;*_ | Pyij %
M3

P
axbJ §7s 1 4745 %4
m
aybj I, ¥xij ¥



- H
Vasbi = Vaxbj * Vaxbi * Vaxpj TV
] 1t L
Vagbi = Vaybj * Vaybs ¥ Vaybs ¥V
" [] .ll (1] .
Vazbj - Vazbj * Vazbj +7Vazbj v

The previous 6 equations must be solved simultaneously for V

and Vazbj‘ The solution is as follows:
let
ayy = -1
M3 .
a., = I d_:: G
12 .5, "z M
M3 .
8y = -L ¢ :2 Qs
13 j=1 YW
M3 .
a = =} $:s Qs
21 i=1 Zij i
a22 = -1
M3 ,
Aoz = 21 %xig 9
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IV
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IV
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v

aybj’



then:

i=1
M3
8q, == I ¢!.. Q.
32 3 1 xij ™
3_33 -1
- -
[A] = 237 15 23
451 422 as3
431 832 %33
i T ‘ [ I " ‘m-
Vaxbj “Vaxbj ~ Vaxbj = Vaxbj
. -1 _ |
—_ - [ ] - n - nr
Vapi| = [A] Vaybi = Vaybj = Vaybj
- [} - H - [1T]
Vazb,j Vazb:j Vazbj Vazbj
- - b -l

= 2 2 2
Vaj - Vvaxb;j * Vaybj * Vazb‘j
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axbj
Yaj
a

2
lﬁ [ Vaj
qJ. S (Cxoj + CXaj aj)
% S Cypj &3
9 S (Ca05 * Caag o)

magnitude of relative wind at Station j

azimuth angle of relative wind at Station j

relative wind velocity at mass point j in platform
coordinates

transformation described in "coordinate systems"

transformation described in "coordinate systems"

transformation described in "coordinate systems"
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components of air Velocity in body coordinates
at mass point j

angular velocity about X, Y, and Z axes respectively

location of mass point j in body coordinates

. Jocation of center of gravity in body coordinates

component of velocity at mass point j due to
rotation of mass point about c.g.

components of velocity of vibrating mass with
respect to rigid body

components of velocity due to perpendicular forces
being rotated with respect to rigid body due to bending

number of bending modes

= velocity of vehicle relative to the earth in platform

coordinate

components of velocity of mass point j with respect
to air
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angle of attack of mass point j
mach number of mass point j
velocity of mass point j with respect to air

speed of sound

dynamic pressure at mass point j

mass density of air

aero reference area

aero coefficients for mass point j

sideslip angle for mass point j
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4.4 Engine Forces

M3
yi 'yl i=1

[+
1]
o]
-+
H
=
N -
po— |
[ )
3
—

- . . +
23 I R | yi3

T, . = . 6 . COS g ,
bxj ETJ cos pi vi
, = . §in 6 .
TbyJ ETJ $in vi
.= -FT. sin6_. o .
szJ ETJ sin Dj cos v
Limit s_ . and 8, _. to position limit

_ pcj yej | -
8 . =lg - -8 (8" . -8 .) + Kes 6. :
05 ~[9a 0pcy ~ ps) * Kpj(8'p5 ~ 8pg) * Ky eps} 71Ky 5)

»e

6 - =[w ;(B - 9 ) + KZJ(e'yJ = eyj) + K]j G'yj] /(.H-Klj)

y3 yei
L1m1t 6 to rate 1imit
If e + edt exceed position limit, 11m1t e to (position limit -g)/dt

’
~ -

, = .+.
epJ ! apJ dt BpJO

<D >

. . dt +6 .
yj vi 9t Byso |

It
—
e
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M3 -

. " - . 2
', .. qs: * !+ .
“pg T Yyig ai 2%n Yep  %pi* Yep Opj
mz 5 - E.gy._ (X . - X )
ep pj Lyye  €c9] ej
- . M3 . 2
'Lt + ' .. Qs t . . ', o=
Syt I i T i ey i T ey
Wt 5..+Eii (X . ~X_.)
ey yi I, ecgl "ej
-l L o= "I . + .l ] -
p5 7 1% p; dt + o pjo
o= fh L dt+ e
®pi = 78 p; dt'+ @ pio
' ' dt
e = f0 . +8' .
i~ 7%y yjo -
. -1 d -
8' . = fo . dt + 6_.
yJ 78 y5 9 Py
F o =-ET + TANZ a0 2,"
£X; j\ll TAN Bp+TANey
| - . 1
Feys Eyy TAN 6 y
‘. _ 1

M3

' L] -. M3 ”
. = =M. - - _— + I . .
Foys = Mes {Ay * Ohgg = Meg) R~ gy = Tgg) P T 0y, q1}
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. M3 “
Fezj = TMej {Az - {Kg5 = Xgg) §+ (Yoj = Yeg) P ]§=1 424 qi}

= 1
tx] thj + Fexj

-
|

., =F! . 4+m_. . - X X .
Frys = Fiys * Mej (ej = Xecg! 'y * Feys
= Fl . 4m. - X_.) e .
FtZJ FtZJ meJ (xecg XEJ) P + FezJ
Where:
e' . = yaw engine gimbal angle with respect to the mounting
¥J surface for engine j :
. = yaw engine gimbal angle with respect to rigid body
¥J coordinates for engine j
8' . = pitch engine gimbal angle with respect to the mounting
pJ surface for engine j
.= pitch engine gimbal angle with respect to rigid body
PJ coordinates for engine j
. fej’
Yej’ = 16cation of engine j pivot point
eJ
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D > @)
o
[

yye

2ze

= Jocation of engine j center of mass

= thrust forces acting on vehicle

= pitch engine actuator angle

= 'yaw engine actuator angle

= pitch engine actuator. rate

- moment of jnertia of engine bell about Y axis at engine
gimbal point

= moment of inertia of engine bell about Z axis at engine
bimbal point

= yaw engine actuator rate

= pitch gimbal angle command

= yaw gimbal angle command

= damping factor for pitch engine dynamics
= damping factor for yaw engine dynamics.
= frequency for engine dynamics

= frequency for actuator dynamics

= present engine rate for pitch
= present engine rate for yaw
= pitch engine angular acceleration -

= yaw engine angular acceleration

m



mass of engine j

Me; =
A Ay .
Y = 1inear acceleration of vehicle in body coordinates
A, :
X o
-cq
ch, = yehicle center of gravity
Z

The characteristicsfrequencies associated with the engine dynamiés are
much higher than the vehicle characteristic frequencies. It is

- pecommended that the engine dynamics be integrated separately with an
integration cycle of 50 milliseconds.

4.5 Slosh Forces

Kxj * 205 ugg ixj +"’zs;i i * ng 1 bxig 9 " A - é (Zg; - icg)
+R (Y5 - Yey)

iyj.+‘2csj “sj iyj * ”ZSJ A g3= *yij ai - Ay - : (X5 - icg)
+p (zg5 - Ecg)
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Z)

K-+2l§sjm

sJ

. + - .
Z) 5) 4]

+Q (XSJ '.iEg)
Féxj = Mei A
Frd = Ms3 Ayg
Fezj = Msj J(zj
.xj ) fxxj
Yyi T fzyj
.zj ) fxzj
b = g
hgi = iy
Ay = fizj
Hhere:
e displacements of slosh mass J
.XJ’ iyj’ .23 = velocities of sjosh mass Jj
ij’ Kyj’ Aza = acceleration of slosh mass J
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tej = damping factor for s]qsh mode ?
Wgj = characteristic frequencjlof slosh mode j
ij,
sj> ~ position of slosh mass j
Zsj
msj' = mass of sloshing fluid af.mode J

Aerodynamic Moments

Maxj - Fayj (ch - Zarj) '.FaZj (ch B Yarj)
Mayj = Fazj (xcg " Xarj) = Faxj (ch Bl ZarJ)
"Mazj ="Fax;} (ch B Yarj) - Fayj'(xcg - xar‘,])
Maxj =955 B (Crgy 85)
Mayg =q.S ¢ (C . +C .a.)

J moJ meJ 3
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4.7

M

]
axj  axj + Mm%

axj

=
1

=
|

]
ayj = Mayj + M

ayl

+M n

Mizs ¥ M azj

i
azj azj
Where:

c]sa’ Cmsa’ C]Bj’

6. = aileron deflection

a

Engine Moments

M

It

1
txj

M

1
tyd

(v

tz3 = -Typs Wej

-

" Tybs Zes = Zeg) * Tabg (ej = Veg!

'szj (xej - Xcg) * Txbj (zej cg

cg

= aero coefficients for station j

cg

- E )

)+ Tybj (Xej - Xcg)
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'Mtxj

1
Meys

n
Mtzj
ex)
eyJ
ezj
Mtx.j

M

Mizj

Wher

I

tyi

e:

ej

i)

M3 , M3
“Tybj % b25 99 * Tabg T byij 9
M3 M3
“Tobi 2 bxij 9 * Txbj ¢ Y215 9
‘ i=1 i=1"
M3 ‘
=T $. .. q: + T M3
xbj Z.:_ ny " ybj ¢X‘ij q
i=1 =
i=1
[ Fezymes¥ejXecg!®ps 1 (Yej Yog! Lhay™esXey™
Fexj(zejﬁzecgj)_[Fez:J EJ(XEJ ecgJ)EapJ](
-X_)- Y
[Feys™es¥es- ecga)eya](x Xcg) Fexj(Yes cg)
] n
MtXJ * Mtxj * Mexj
o N+ .
Mt.YJ Mt.YJ MeyJ
M
tZJ + MtZJ 1 Mezj
= moment of inertia of engine j
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4.8 Slosh

[}
Msxj

]
Msy3

1
Mszj

111
Msxj

M
syJ

[[]
Mszj

syd

s2j

fl

SXJ ;

H

Moments

= . . - A A
Ay Mss 223 = Bz Mg Ay

= Az M3 JExj - Ax Mej Azi

= Foys (Zeg = Zs3) = Fszg
- Fszj (Xcg - xsj) - stj
= Foxg Ueg = Ysi) ™ Fsys
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