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AS-20/ REENTRY GUIDANCE AND NAVIGATION
.EQUATIONS AND FLOW LOGIC

By Oliver Hill and Donald Beggs
SUMMARY AND INTRODUCTION

The basic guidance and navigation equations and flow logic appli-
cable to the AS-204 mission are presented in reference 1. In order to
reflect the current reentry guidance logic, constants, and gains for
mission AS-204, some portions of reference 1 require minor modifica-
tions, which are presented in this note.

A method of generating a reference matrix (REFSMAT), which
relates the platform alignment to an earth centered inertial (ECI) ref-
erence, is presented in detail. The real-time computer program is to
have the capability of accepting any REFSMAT which will be in the form
of a 3x3 matrix. Subroutine DELBTA which requires a REFSMAT input
compensates for the error in the 1lift vector attitude resulting from
a skewed platform.

REAL-TIME PROGRAM REQUIREMENTS

The current reentry guidance flow logic is presented in figures 1
through 8 of this document. The variable names and guidance gains and
constants are presented in tables I and II, respectively. The final
phase reference trajectory is presented in table III,

The navigation AV computation, figure 2, is included in order to
have a more complete document. The navigation for the real-time com-
puter program is to be obtained from the integration package. The
total aerodynamic acceleration, D, used in the targeting phase,
figure 4, is also to be obtained from the integration package.



Initialization Phase

The unit target vector URTO is defined by the longitude and geo-
detic latitude of the desired splash point. The time increment TN is
a constant added to the current flight time in order to obtain a nom-
inal time of flight.

In case of a RCS deorbit the command module will reenter with
1ift vector down. For a nominal reentry (SPS deorbit) the command
module will reenter with 1ift vector up. The selection of the initial
(entry) attitude of the lift vector for the real-time computer program
is a flight controller function.

Platform Alignment

The platform alignment for the reentry simulation must be the same
as the actual platform alignment and should be obtained from the real-
time routine that defines the actual alignment. The platform alignment
(REFSMAT) must be input into the real-time computer program as X, Y,
and Z components of the ECI reference frame. The REFSMAT will be in
the form of a 3 x 3 matrix.

Prior to launch the platform is aligned with the Z-platform axis
along the local vertical (down), the X-platform axis pointing down .
range at an azimuth of 71.9901°E of true north, and the Y-platform axis
completing the orthogonal set. The geodetic latitude of the launch pad
is 28.5307776° N. It should be noted that this latitude is not the
local vertical along which the Z-platform axis is aligned. However,
the geodetic latitude of the launch pad may be used for program devel-
opment purposes until the data on the local vertical becomes available.
The launch platform alignment will be used for all launch abort modes.

For SPS and RCS deorbits the platform will nominally be realigned
prior to deorbit with the_X8m (X’ - stable member)_ axis along the
negative ‘thrust vector (—AT), the Yém in the -Ap x RG direction, and the
7ém completing the orthogonal set. RG is the position vector of the
spacecraft at retrofire. The primed axes represent the stable members
with zero compensation in pitch and yaw engine gimbal angles. The
following transformation accounts for the effect of the engine gimbal
angles:

Xsm cos Pcos Y -cos Psin Y sin P Xsm
Ysm] = sin Y cos Y 0 Yém

Zsm -sin Pcos ¥ , sin P sin Y cos P Zém



Using the small-angle approximation, the transformation reduces to

Asm 1 -Y P} Xsm
Ysm| = Y 1 0 Yém
Zsm : -P 0 1 ZSm

Y and P are the yaw and pitch engine gimbal angles in radians.
The small-angle approximation is used by MIT and is to be used in the
real~time computer programs. '

A more detailed description of the nominal reentry platform align-
ment is given in appendix A.

Stabilization and Control System

The stabilization and control system presented in reference 2 for
the AS-202 mission must be modified slightly for the AS-204 mission.
The commanded roll .position (ROLLCD) computed in the lateral logic sec-
tion of the reentry guidance is treated as a bank angle by the AGC.

The roll attitude error (RAE) which drives the stabilization and con-
trol system is the error between a commanded roll gimbal angle and the
current roll gimbal angle. The roll gimbal angle corresponding to
ROLLCD (commanded bank angle) can be obtained by entering ROLLCD into
the transformation given in Appendix B at entry point "B" and exit at
point "C" with the commanded roll gimbal angle.

Subroutine DELBTA

The subroutine DELBTA which compensates for errors in the 1lift
vector attitude resulting from a skewed platform is presented in
appendix B. The subroutine is called from the reentry guidance lateral
logic prior to calculating the commanded roll position ROLLCD.



APPENDIX A

PLATFORM ALIGNMENT FOR SPS AND RCS DEORBIT

The AS-20/ command module platform (stable member) is to be

aligned such that

Xsm
Ysm

Esm

1 -Y
= Y 1
=P 0

o

=

-y
Xsm
-y
Ysm

-F
Zsm

The engine gimbal angle matrix is defined in the text of this

document.

the following figure.
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Position vector at retrofire

Velocity vector at retrofire

The components of the primed platform matrix are shown in

"sm™ Ve X Rg
Y —Dn vhn
X'sm = R * Yy
Su — N Evil
Z's=X"sm * Vs



The platform attitude relative to the local horizontal is indi-
‘cated by the double primed axes. The rotated attitude indicated by
the primed quantities is shown in the following figure.

where

—-— -/ /4 L 4
Xem = cos (yATT)Xsm + 0(Ysm) - sin(VATT)Zsm
- el "y -/

Yem = 0(Xsm) + 1(Ysm) + 0(Zsm)

-
Zsm

-t - g - f7
sin (7ATT)Xsm + 0(Ysm) + cos (YATT)Zsm_



~The angle y,.n is defined by this figure.

R
G
Yarr T ¢ % Yook
Y LOOK = 31.7 deg
¢ = % - Sin-"L %2
RF Reference earth radius = 20 909 869.11 ft

RG Spacecraft position vector magnitude



APPENDIX B

SUBROUTINE DELBTA

The function of Subroutine DELBTA is to calculate a bias term
which subsequently compensates for any roll attitude error resulting
from an out-of-plane platform alignment. This correction is made by
altering the roll command (ROLLCD) by the addition of a roll bias term
(RBIAS). The roll command equation is given as

_ -1{L/D T
ROLLCD = K2ROLL cos™ {14y ) + 2 KIROLL + RBIAS(7g5

The flow logic for the Subroutine DELBTA is as follows:

RG, R, VI, WIE, ROLLD, BETA

'

Compute the relative velocity vector

V = VI- WIE (UZ xUNIT (R))

'

A A
Compute unit H and N vectors

A\ - —_
H = Unit (R) x Unit (V)
A - A
N = Unit (V)xH

,
@



Assume a perfectly aligned piatfofm. YATT?
(Appendix A) must be redefined as 7ATT ,
Ypqp * cos” Y[unit (RG)-Unit (R)}. FG, the

CM position wvector at retrofire is to be
used in all computations of yprpe Align

the platform as specified in Appendix A
using the current velocity V_(VG = V) and
the current position_vector RLRG R) to
form the TRIAD Xsm, Ysm, and Zém. Compute
the unit platform axes Xsm, Ysm, and Zsm
as specified in Appendix A.

Compute the command module unit'stabiidty
axes and unit navigation base axss whlch
are defined respectively as

Xs, Ys, Zs
and

AN A
Xn, Yn, Zn




The following transformation matrices required to define the sta-
bility axes and the navigation %ase axes were developed for a right-
hand system. The unit vectors s H, and W are defined in figure 1 of
this Appendix. The subscripts s and n indicate the stability and

navigation base axes, respectively.

A B A0 A 7]
Xs 7 A o 0 Vg
al
s = 0 -cos B sin B H
A
75 0 sin B cos B N
L. - L. -~ L -
A 1 T A0 A ]
/}En cos ¢ 0 -sin 2 Xs
AN N\
Yn = 0 1 0 Is
~ A
| Zn | | sin 2 0 cos 2 | | Zs |
B = bank angle (roll attitude about the X-stability axis)
2=33°- a
a = angle of attack (positive acute angle)

The roll gimbal angle RGA (in radians) is obtained from the equa-
tion

VAN

- -1 | ZZn°Y
RGA = tan T—/ig
Yn*Yp

where /Y\p is the platform unit Y-axis. }




10

Compute the difference between bank angle
and roll gimbal angle (DBETA) for a
perfectly aligned platform

RGAD = RGA (180/#) deg

DBETA = BETA - RGAD deg

:

Compute roll bias (RBIAS) in degfees

. RBIAS = ROLLD - BETA + DBETA




|

Figure 1. - Orthogonal set referenced to the.osculating plane.
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BETA
BETA
DELV

D

G
K1ROLL
K2ROLL
LATANG
LEQ
L/D

PREDANGL -

Q7

R
RBIAS
RDOT

R

ROLLC
RTE
RTINT

RTOGO
SL

T

THETA
THETNM
UNI

URT
URTO

TABLE I. - VARIABLES FOR REENTRY GUIDANCE

Command module bank angle

Initial bank angle of CM at entry interface
Integrated acceleration vector

Total aerodynamic acceleration

Gravity vector '

Indicator for r011 switch

Indicator for roll switch

Lateral range error (fadians)

Excess centrifugal force over gravity

Desired lift-to-drag fétip in the osculating
plane

Predicted range for the final phase
Minimum drag for upcontroi
Position vector »

Roll command bias

Altitude rate

Position vector at platform alignment for
deorbit

Roll command (radians)
Vector east at initial target URTO

Target vector rotated through nominal flight
time

Range-to-go parameter in final phase

Sine of latitude

Time referenced to lift-off

Current great circle range-to-target (radians)
Theta (nautical miles)

Unit vector normal to trajectory plane
Current target vector

Initial target vector referenced to longitude
and geodetic latitude of the desired splash
point at 1lift-off



TABLE I. - VARIABLES FOR REENTRY GUIDANCE - Concluded

Normal to RTE and UZ
Unit earth rate vector north
Relative velocity vector

Velocity vector at platform alignment for
deorbit

-Inertial velocity vector

13



TABLE.II; - GUIDANCE GAINS AND CONSTANTS

G-limit

Normalization factor,
acceleration

Lateral switch gain

Factor in L/D computation
for final phase

Increment to Q7 to end
Kepler

Time of flight calcula-
tion gain

MAX L/D ,

Lateral switch bias term
LAD cos (150)

Final phase L/D

Minimum drag for
upcontrol

Time increment to obtain
nominal reentry flight
time

Minimum RDOT to initiate
active guidance

Velocity to switch to
relative coordinates

Velocity to stop steering

Angle in rad to n. mi.
Nominal G for scaling
Atmospheric scale height

Gravity harmoniec
coefficient

Equatorial earth rate

Earth gravitational
constant

Earth radius

. Symbol . .

GMAX ¢ °

GS
KLAT -

K13P
KDMIN

KTETA
LAD
LATBIAS
L/DCMINR
LOD

Q7F

N
VRCONTRL

VMIN
VQUIT
ATK
GS

HS

J
KWE

MUE

- Value

322,
32.2

" 0.0075
4‘

005

1000
0.3
.00012
0.2895
0.18

6.

500.
700

12 833
1000
3437.7468
32.2
28 500

.00162345
1546.70168

3.986032233 x 10%

21 202 900

fpss

sec
n.d.
rad

n.d.
n.d.

fpss

sec
fps

fps

fps
n.mi./rad
fpss

ft

n.d.

fps

m3/sec2
ft



TABLE II. - GUIDANCE GAINS AND CONSTANTS - Concluded

Symbol * Value Units
Satellite velocity at RE VSAT 25 766.1973 fps
Earth rate " WIE - . 7.29211505-x10’5 rad/sec
Targeting

Pacific target:

Atlantic target

‘(launch abort):

Switches

RELVELSW
EGSW
GONEPAST

Geodetic latitude
Longitude

Time increment to
obtain nominal

flight time 500
(‘\
Geodetic latitude 26.4° N
Longitude 20.6° W
Nominal flight time 1350  sec

‘Relative velocity switch
Final phase switch
Indicates overshoot of target

sec

Initial Value

o O O

15



16

"80ST | 0'€%9 9€ €~ 9%0€ * 7°9 oeg- | 000SE | ¢t
"80ST | 0°€79 g€ €- 9%0€E* 79 0e8- | 00SEZ | 4
“o8eT 8705 T20°2- GLIZ” 1°82 L26- 060£2 | ¢1
G086 € e €879° - GEET” Y56 T8L- 6280 | 21
L°289 8°992 9%67° - 28660° Y02t 996~ LSE8T | 11
G Gq9% £°0T2 GooL”* - £89L0° [ARTA! 9TV~ TG6ST oI
v 62€ 6°0LT GOEE" - 6€T90° L°8TT 49 % YIovT | ¢
z-ese 6°66 (A XA T6£E0" £°20T o1~ 10101 8
r'7°L8T VAT 8LET® - 6L720° G°86 €67 €S8 L
04°96 €9Y oTvT: - | 97vot | 6°€6 609- | 629 | o
ge ey T°22 Y€060° = | 6€£0L00" G°18 769~ 4453 4
Z8°Te 6°8 TGGG0° - | 285€00° 0°'09 61L- €012 R
88°21 Lz 629€0° = | T65200° 92Y £69- 080T €
T 0°0 G6920° - 0°0 vt 1ee- LEE 2
‘T 0°0 $6920° - 0°0 7€ TEE- 0 T
s sdy/ Tuu sdy/ctu'u d
' *TUu ¢ ¢ ssd sdJ sd
wpa | o ||| o | |
vd Iqud

THOLOI VYL HONHMUHAINY dSVHd TYNId - "IIT T'IEVL




NAVIGATION

INITIALIZE REENTRY

r

TARGETING

!

MODE
SELECTOR

t

|

|

BA;#ASSEIC FINAL PHASE
PREDICT 3)
(KEPL) (PREDIC
1G-LIMITER"
4 LATERAL LOGIC |
e (310) -
OUT WITH

ROLL COMMAND

!

SCS

Figure 1.- Reentry steefing.
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READ AND CLEAR PIPAS
SAVE VEL INCREMENT

 AS DELV -
TEM = Vi + AT %;%g
R =R+AT TEM
R = ABVAL (R

SL=uUNIT(R "0z

!

G-
2

'MUE RE ' " : o
o+ (~)2(1-5 SL2)UNIT (R + 2 SLJ (R—E)z* U2
) R UNITR) 3 R

- = DELV
Vi=TEM+ + AT —

NASA - MSC . FOD
MISSION PLANNING & ANALYSIS DIVISION
MISSION ANALYSIS BRANCH

Piot No. 1%.678 .
Date - 3=18a66 G Hunt/0. Hjill

FIGURE 2,- NAVIGATION AV COMPUTATION,



( INITIALIZATION )

RTE = 0z x ORTO
UTR=RTE x U2
WT = WIE (T + TN)

RTINT = ORTO + UTR (COS WT)— 1)+ RTE SIN (WT)
THETA = COS L UNIT (®) - UNIT (RTINT)

K2ROLL=1.0
K1ROLL=0.0

Q7 =Q7F

L/D = LAD COS (BETA)

R

SELECTOR = KEPL

1

TARGETING

Figure 3.- Initialization,
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Gs RELVELSW ZERO'D
YES ' NO

[Vow] |[V=Vi-

KWE UZ *UNIT (R)

= AQVAL (V)2
vsa V©/ VSAT
LEQ = (VSQ-1) GS
RDOT =V - UNIT (R

TN = UNIT [V« uNIT (0]
D = ABVAL (DELV)/DT

@R

ELVELSW ZERO?}-——NO .

( IS EGSW ZERO?

WT=WIET

YES

[y

NO YES
WT =WIE (KTETA THETA + T)
@ V-VMIN POS?
NO YES
RELVELSW=1

v

WT = WIE (RE THETA

D

\

URT = URTO + UTR ( COS wr 1)+RTE SIN wr
LATANG = UNIT,CURT ) N

THETA = COS ~L[UNIT (URT )- UNIT (R)]

1

GO TO MODE SELECTOR

FIGURE 4.- TARGETING

NASA - MSC - FOD

MISSION PLANNING & ANALYSIS DIVISION
MISSION ANALYSIS BRANCH

Plot No. — 19,679

Oate -—3=1B=66 -  G. Hunt/0, Hi)l




<

L/D = LAD SGN(L/D)

YES

IS D-(Q7 + KDMIN) POS ?

NO

EGSW=1
SELECTOR = PREDICT 3

MAINTAIN ATTITUDE CONTROL

VAL UE)

GO 70
MODE SELECTOR

(ZERO SIDESLIP AND ANGLE
OF ATTACK NEAR ITS TRIM

|

GO TO
310

Figure 5.~ Kepler.
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IS V-VQUIT POS?

CIS GONEPAST ZERO? GO TO SCS

YES NO
CIS (URT«T) - UNI p@
YES . NO
GONEPAST = 1
L/} = -LAD
GO TO GLIMITER

DON=1,2,3, «veeees M

IF VREF (N) -V POS
YES no

. PREDANG 3 =.F2 (RDOT -RDTRF)

GRAD = (V-VREF (M-1)) / (VREF (M) - VREF(M-1))
F1 = FA(M-1) + GRAD (FA(M) - FA(M-1))

F2 = FRDT(M-1) + GRAD(FRDT (M) -FRDT(M-1))
RDTRF = RDTR(M-1) + GRAD(RDTR(M) - RDTR(M-1))
DREFR = AREF(M-1) + GRAD (AREF(M) - AREF(M-1))

PREDANGL = RTOGO(M-1) + GRAD (RTOGO(M) - RTOGO(M-1))

P = PP(M-1) + GRAD (PP(M) -PP(M-1))
PREDANG 2 = F1 (D-DREF R)

PREDANGL = PREDANG 1 + PREDANG2 + PREDANG 3

—e-liF [K13 P OO[- 1.0 POS)
YYES j
L/D = LAD scmxﬂ

X = (THETA ATK -PREDANGL) /P

NO [_}—f'c'um ] S

L/D = LOD + K13P(XY

2
( FIL/o}-1.0P0s )
NO

YES

G LIMIT |asfL/D =  LAD

Figure 6.~ Predict 3,

" NASA - MSC - FOD
N3 ION PLAKNING & ANALYSIS DIVISION
LIS IICH ANALYSIS BRANGH
Plot No, — 12,683

Date —3=18-66 G Hunt/0 Hill




Cssmz_& - po@

YES \

’NO

GO TO 310 (IS GMAX-D POS?)

NO

1

L/D = LAD
GO 70310

YES.

X = SQRT R2HS (GMAX-D) (LEQ/GMAX + LAD) + (2HS GMAX/V)2]

( IS RDOT +
YES

” pos?)
NO

GO TO 310

L/D =LAD

‘GO T0 3101

Figure 7 .~ G-Limiter

NAGA - MSC - FOD

MITTION PLANNING & ANALYSIS DIVISION

MISLIGN ANALYSIS BRANCH
Plot No, —— 12,684

Date _5=1.B-66__ - G Hunt /0. Hill
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( IS GONE PAST ZERO ?

YES |

Y = KLAT VS Q + LATBIAS

!

(" 15 ABS 0L/D) - L/DC MINR NEG ?)

NO
Y=Y/2
( IS K2ROLL LATANG POS 7

No Y YES
L/D = L/DCMINR SGN (L/D)

.

YES

NO

(15 K2ROLL LATANG - ¥ POS

YESY

K2ROLL = -K2ROLL

!

LIGHT SWITCHLIGHT

]

CIST/HON

EG? .

»YES'

NO

{ K1ROLL = K1ROLL - K2ROLL |

NOY

YES

(L/D)/LAD = SGN (L/D)

( IS ABS (L/D)/LAD -1 POS?

]

CALL SUBROUTINE DELBTA

.

iy [
)

\
1

ROLL CD = K2ROLL COS~

(L/D)/LAD + 2TWKI1ROLL + RBIAS

OUT TO SCS WITH ROLL COMMAND

Figure 8 .~ Lateral control,
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