/

[
Koz

; P Ll

-y

W bl - 10,213,
C1

£ EEEE Wi T RA " ,




- s VR

O T AT Pt o vk e

MSC INTERNAL NOTE NO, 65-FM-157

~ PROJECT APOLLO
APOLLO REENTRY GUIDANCE AND NAVIGATION

EQUATIONS AND FLOW LOGIC

Prepared by: Gerald L, Hunt
Mission Analysis Branch
g

Decomber 13, 1965

MISSION PLANNING AND ANALYSIS DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINIS TRATION
MANNEL SPACECRAFT CENTER

HOUSTON, TEXAS JURARY COPy

APR &4 1968
'NNED 8PACECRAFT CENTI

HOUBTON, TEXAM
"”"m

+« ¥, PIRNK, []
Mission Analysis Branch

”W“W
yor, LMe
Mission Planning and Amalysis Division




o e

PP M e e e me e . L L

SUMMARY

Thie report defines the Apollo reentry guldance and navigation
(G & N) equations and deseribes generally the G & N acheme. Program
loglie, flow charts, and derivations of important guidance equations end
range-prediction techniques are included in the figurec and appendices.
The guldance logic presented applies geaerally to all Apollo misaions;
however, minor changes may be necesgary to satisfy requirements for o
particular mission. The guidance system waa depigned with performance
and flexibility as the primary eriteria, and it is anticipated that
minor changes will not be diffisult to implement.

INTRODUCTION

This report hus been prevared to serve as a refersnce document
for programuing the Apollo entry guidance esquations to be used ir the
real time camputing aystem in tle Mission Control Center and Jther
Aoollo entry simulations. Its purpose is to provide a definition of
program rsquirements for IEM.

It vas prepared by the Misuion Anatysis Bransh from information
contained in references 1 and 2 and from information guined through
contacts with Massactusetts Institute of Technology (MIT) personnel.
The personal contacts provided interpretation of and revisions to the
information in thess two references which vas not available elsevhere.
Thas this dooument was prepared in order to provide a deseription of
the current version of the entry guidance equations which 49 not
contained in any other report.

. The Apollo reentry G & N system as described in refersnces 1 and 2
im an sutomatic, self-contained insrtisl syatem utilising an onboard
digital computer. The cbjectives are to maintain the Apollo vehicle
vithin a safe flight corridor and to provide guidance to a presslected
target location. These mission cbjectives must be achieved even with
imperfeat equipment perforaance and non=standard envirommental cond4-
tions. The system must cperate succeasfully under thess conditions
vith an inertisl measurement unit as 1ts only source of information.
These cbjectives impose requirements on the trenesarth phese in two
vays. The vacwum-periges altitude deviation must be small enough to
insure spacecraft reentry within tha acceptable resntry corridor, and
the unoertainties in the knowledge of the position and veloeity vectors
At the start of resntry must be small enough so that their contridution
to the final position error at the target is within an soceptable range,
Operation vithin an acceptable flight corridor means that the deceleration
during reentry must not exceed scme prescrided limit, such as 10 g,
and/or the vehicle should not be aliowed to skip back out of the ataos-
Phere at greater than orbital veloeity. The fuidwnce 4098, hovever,
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allow a limited ekip, which 1g necessary for range control, but this
skip must be performed at subscircular velooity to prevent axcepaive
flight time.

Since the reentry guldence is capsble of completely autoamatic
cperation, the flight crew responsibility ia to monitor the operation
and be prepared at all times to override it in case of malfunction.
If & malfunction does occur, the crew bscames a primary control link
and follows scme simple schems that ensures a safe-return trajectory. !

. It is Important to reallze the major differences between the reentry
phase ard the other phases of the lunar mission in so far as the guidance
problem is concerned. It is the only phase in which there i» no subse-
quent phase which can be used to compensate for errors and uncertaintiss
which result from previous mistakes. It is & phass in which important
maneuvers and cauputations cannot be monitored and checked on the

ground because of cammunication blackout and the rapid response required
to control the reentry flight, It is the only phase in which asrcdynsmia
forcas, which historically have been much less prediceble than rogkst
forces, are used to control the vehicle. The reentry 0 & N system must -
perform its function in such a way that these differences do not penslize
the overall mission cbjectives,

The program desoribed in this doowment is a generel G & N systm
tO be used for all Apollc missions, and does not apply to a specific
mission. References 1 and 2 and personal oontaot with MIT personnel were
used as informational sources. Missionsoriented gains, sonstants, and
revisions to satiafy some particular mission requirements will be
documented separately. The flow logic, equations, and desoriptions .
presented herein are restricted in the senss that they are interpretations
of the MIT resntry guidance equations by the Reentry Studies Section,
Miseion Analysis Branch, and, therefore, are subject to change on receipt
of additional information.

DIBCUSSTON

The reentry guidsnce prograa basically consista of five main controi
phases, wach of which utilize a scmevhat different appromch to ernrgy
management, The five phases are (1) atmospheric entry to guidan .
initialisation (initial roll), (2) constant dreg, (3) upsontrol, (i)
Kepler, and (5) the muborbital phase (Predict 3). Nach of the five )
main phasey and the pertinent subphases are discussed under their
respective subtitles and ars presented in the form of flov oharts vhich
describe the logic and equations that oontrol thw reentry trajectory.
Figure 1 presente the overall sequence of guidance operstions during
the reentry flight, BEach operation or phase shown in figure 1 is presented
in flov diagrems and discussed in the sequence in vhich the sctusl control '




logic flows. The term "drag" will be used throughout this document to
mean the total acceleration rather than the acceleration along the velocity
vector, which 1a 1ts explicit and recognized meaning. The symbola for
computer varlablea whdich are stored in the erasable memory are presented

in table I, and the guidance program gains are presented in table II.

Navigation

Every pass through the reentry guidance equations (every 2 seconds)
is begun with a section called "navigation.” ‘he function of this section
is to transform the output From the pulse integratitg pendulum accelero-
metera (PIPAB) into position and veloceity vectore which can be used by
the guldance program to generate a control command., This section utilizes
an average g coaputation to provide the velocity change due to gravity,
and a trapazoidal integration technique to calculate the current position
vector. The PIPAS are read every 0.5 second and suwmmed over a 2-second
guldance integration step to produce the aV input to the navigation
equations. The flow loglc and equations for this function are presented
in figure 2.

Initielization

The initialization routine is entered only once, and this occurs
after the G & N entry mode is activated. The G & N entry moda is the
primary mods of control for entry into the earth's atmosphers. This mode
provides an sutcmatic attitude hold and meneuver capability prior to
and throughout the serodynamic entry. The preentry attitude control
phase can receive attitude error information from the G & N system in
all three channels. At .05 g, when the entry attitude control phase 1a
activitated by the .05 g switch, the pitoh and yav channels perform
rete stabilization only, and the camands are received by the roll channel.

The function of the initialitation phase is to compute and preset
certain control variables important to progrsm initinlization, These
functions are a» follows: (1) Set the mode selector switah to INITROLL
(initial roll phase) or KEPR, depending on the reentry velocity maghitwde.
The initisl roil phase, which is utilired for super-circular velocities,
is desoribed in detail later. The XEPZ phase, as distinguished frow the
Kepler phase, is nomally cslled from the Kepler phase vhere the only
cther function of the Kepler phase is %0 updats the mode selector. In
the oase vhere KEP2 1is entersd initially, the update is not necessary;
(2) Precampute the vector quantities UTR and UTE, and make an initisl
estimate of the range=to-go (THETA) based on & previous estimste of the
initial target vector (RTINIT). fThese variables are needed for the first
pass through the targeting phase} (3) Preset the varisble K2ROLL, whieh
1s uead by the lateral logic to determine the direction of the initial
roll command. To 4o this requires an initial osmloulation of the latersl




target angle (LATANG), a measure of the lateral range error, and is based

on the previcua estimate of the initial target vector (RTINIT). KPROLL

ie then set equal tc minus LATANG, and an initisl roll couwsmand of 15° .
toward the target results; (L) Determine if the initial roll angle, .
which depends upon initial velceity and fliiht-pnth angle at reentry,

should result in 1lift vector up or down; (5) Call the routine which
calculaten the desired attitude of the vehicle independent of the main
steering ccmmands. This routine is called the preentry attituds control
phase. This routine caloulates the camanded gimbal angles by computing
the desired orientation of the navigation base with respect to the relative
velocity vector. The flow logic and equations for this phase are presented
in figure 3.

Tergeting

Tergeting, as the name implies, 1s the process of detemining the
target coordinates on a rotating earth, and the location aad motion of
the vehiole with respect to these coordinates. This information is
mandatory to the cperation of the closed-loop guidance system and is
caloulated svery pess through the guidance logic. At a preselected
value of velooity (VMIN} the targeting vill switch ¢o relative coopdi-
nates. The parameters which are oalculated in this phase are (1) the
predicted target vector (URT), whioh aceounts for a predicted earth
rotation based on an estimated flight time, (2) the renge-to~go (THETA),
vgioh is simply the aro cosine of the dot product of the position vector
(R) of the vehicle and the predictud target vector (), and (3) the
lateral angle (LATANG), which represents the angle betvesn the target
veotor and a redius vector formed by the 1nuﬂtouohof the osculating
plane and & plane vhich contains the target veotor (AT) and 1 perpendi-
oular to the ceculating plane. This angle is uned in the latersl logie
to control the direction of the roll comand. The flov logic and
equations are presented in figure k.

Initial Roll Phase

Atmospheric entry is asmumed to cocur at . g, at which time the .
entry attitude control mode 1s activated. Thie is & mode whioh wili
acoept commands only in the roll ohannel and utilises the pitoh and yav
ahannels for dmmping undesirable rates. The funation of the initial -
roll phase 1 eimply to test a rollsup svitoh in order to initiate a
roll to a lift-vector=up attitule ut a premelected value of load factor,
and to initiate olosed-loop guidance control whan the altitude rate is
aqual t; & preset valus (VRCNTR). This flov logic is presented in
figure 5.
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Huntest

Maintenance of the vehicle within the safe flight corridor is the
prime constreint of the energy management system during super-orbital
flight; however, range control is considered mandatory because the mejor
part of the vehicle's ranging capabilities exist during this velocity
regime. In thls regime, range control is the primery control require-
ment, within acceptable limita. The acceptable limits are determined by

' the maximun load factor and the exit velocity when skip trajectories are
required., During super-orbital flight the energy mansagement system
satisfies the range reguirvments by the proper selection of the exit
velocity (VL) and the corresponding exit flight-path angle (GAMMAL).

To calculate the exit veloecity, the assumption is made that dreg varies
paribolically with veloeity. A solution requires only two independent
varisbles if the exit drag (Q7) fa conatant. The tvo independent
varisbles are the initinl up-control veloeity (V1) and the initial up-
ecntrol drag (AD). The derivations of the necessary equations are
presented in appendix A. The Huntest phawe, in which the exit velocity
and flight-path angle are aalculated, is initiated at the same time that
¢losed=1loop guidance is initiated, i.s., vhen the altitude rate has
besn reduced to a preselscted valus (VONTR). If the vehicle has a
negative flight-path angle when Huntest 1s initiated, the initial
valuss of up-control velooity (V1) and drag (AO) are selectsd such that
they ocour at the point where the flight-path angle will become zerc
(pull=cut). 1If the flight-path angle is prsitive when Huntest is
initiated, V1 and AQ would be amsigned the actual values of the velocity
and drag of the vehicls. The exit veloolty (VL) is then computed with
equations which neglect the effeqt of gravity and centrifugal force.
If the exit velooity L nttsonl are violated, such that VL {s larger
than circular velocity (VSAT), the constant dreg phass is used to provide
a control camsand based on the selected value of A, until a nev VL can
be caloulated. This is done by perturbing the initial value of up-control
velooity (V1) and up-control drag (AO) and then computing a new VL. This
procedurs is repeated until an acceptable value of VL has besn determined.
A corresponding value of the exit flight-path angle (GAMMAL) is then
camputed by an equation which includes the effect of the acasleration due
to gravity and centrifugal foroe to determine if the predicted exit
conditions can physically ba ocbtained (ses appendix B for derivation of
Wrequations). If not, the apoges 1s assumed to oocur within the sensidle
Atmosphere, and nev values of VL and Q7 vhich are calcuisted represent
the velooity and drug at apoges. If VL is belov s preselscted miniawm
VIMIN), the guidance vill phase directly into the second entry phase
Predict 3). When all velocity and flightepath angle requirsments have
been satisfied, the guidence procesda to the range-prediction phase to
satiafy the range uirements. The flov logic and equations are
presented in figure 6.

S
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Range Prediction

Because of the different energy management schemes used, the
predicted range {s calculated for zach phase aud summed for the total
predicted range-to-go. Tha basic concept used for calculating predicted -
range for the pre-up phase and the up-phase ia simply the velocity ¢imes
the delta time. The derivations are presented in appendix D. The Kepler
range prediction is made by combining two equations which give the range '
t0 apogee from any point in orbit and multiplying by two for the totul
range. This derivation is pregented in appendix D, also. Singe the gub~
orbital phass guides to a stored reference trajectory which ham a fixed
range, the predicted range is based upon linear perturbations about the
stored reference trajectory. A correction must be made tc the sub-orbital
phase range prediction to account for a possible differsnce in initisl
flight-path angle batween the reference trajectory and the actual trajece
tory. This correction 1s calculated by muitiplying the delta flight-path
angle by a seneitivity coefficient of range with respect to flight-path
angle. The total predicted range is compsred with the mctusl mange=to-go,
and, if the predicted ratige 1s less than the sotusl by a value larger than
the accepted tolerance (25 n. mt.), the rangs prediction phase will perturb
the value of V1 and retumn to the Huntest prise to calculste & new YL amd
repeat the above sequence of caleulations. If the predicted range is
greater than the actual by a valus larger than the tulerance, the guidance
vill command « conatant drag trajectory, based on AQ, until the predicted
range becomes less than the actual, or the range requirement is satisfied.
The guidance will then proceed to the up-control phase and guide to the
value of exit velocity it ham chosen. The figw logic and equations are
pressnted in figure T.

Conltnnt Drng

The funotion of the constant drag phase is to provide guidance for
the vehicle betwssn tha {nitialization or the closed+locp guidance and
the start of range coitrol guidance. When the guidance control logic is
phasing in and cut of the Huntest or range prediction phase to satisfy
range and axit velocity requirements, the constant drag phase vill guide
%0 & drag value vhich 1s set in Huntest. This value of arag is the )
initial up-control dreg (AC), which is redesignated DO for this phase, '
ahd restrinted to remain less than a load factor of 10 and greater than
s pinizum designated by the input constant C19. The control provedure -
is to cammand an L/D which 1s based upon the Aiffsrence between a
reference drag and the altitude rate required to maintain a constant
load factor and the satual drag and altitude rate. Thig type of control
vill cause the mctual trajectory to oscillate about the reference drag
(DO). The rate of convergence is a function of the gains involved {n
the equation for L/D. The flov logic and equatione are pressnted in

figure 8.




Up Control

The function of the up-control phese is to provide guidance control
for that part of the reentry maneuver from the termination of Huntest to
the initialization of the sutorbital or Kepler phases. Range control
during this phase is a prime requisite of the overall energy management
system because the major part of the vehicle's ranging capability exists
within the velocity regime encompassed by this phase. The dependent
variables are the reference velocity (VREF) and the reference flight-
path angle (GAMMALREF). The derivation of the guidance equations (which
are based upon this assumption) are presented in appendices A and 5. The
L/D commended is computed fram the diffsrence between the vahicle velocity
and flight-path angle and tha reference velocity and flight-path angle.
The accaleration dus to gravity and centrifugal force is considered at
velocities less than circular orbital velocity. If the vehicle velocity
1s greater than the initial up«control velocity (V1) when the up-control
phase is initiated, a pre-up control compand will be based upon & maximm
1ift trajectory to pull-out, which was the basic assumption vhen Vi and
AO vere initially computed. The derivations of the equations to caloulate
the reference velues of altitude rate and drag are presented in appesndix C.
If, at any time, the vehicle drag becomes greater than AC, lift-vector-up
vill be camanded until the drag beccmes less than AD again., The flow
logie and equations are presented in figure 9.

Ye pler

The function of the Xepler phase 1a to provide s guidance lagie for
that part of the trajectory which exceeds the sensible atmosphers in
order to wsatisfy ranging requirementa. The guidance logic commands the
presntry attituds gontrol phase under these conditions, and the function
of the Kepler phase logia is to monitor the spacecraft resultant dreg
or losd factor to deterine when to reatart lift vector control. The
attitude hold mode allove attitude error aignals to be received in all’
three channels==pitch, yaw, and rolls-such that s given attitude can
be maintalned throughout the region in which there ars no serodynamic
forces. The flov logic and equations are presented in figure 10.

«  Predict 3

The Predict 3, or suborbital phase, controls tha vehicle from the
termination of the Kepler phase, or the first apoges point 1if the Kepler
phase is not used, to drogue chute deployment. Unlike the other phasea,
Prediot 3 utilizes linear perturbation sbout s stored refersnoe trajectory
to oaloulate L/D oommands. The reference trajectory is based on & donstant
L/D and, therefors, a constant bank angle) thus, the suborbital guidance
system logic does not guide the vehicle back to & reference trajectory,
but on a path which vill convargs to the seme end point., The reference
trajectory is presented in table 3 in the form used by the guidance



equations. The Predict 3 flow diagram is shown in figure 11.

The other important tasks which are periormed by this phase are
to stop guldance control below a preset limiting velocity and to coumand
& lift~vector-dovn if the vehicle passes the target prior to drogue
deployment. A g-limiter logic im entered after each pass through
Predict 3. The function of the g-limiter is to monitor the current
load factur and to assume control to prevent exceasive loads if it
exceeds one half of the maximum allowable load factor. The flow logic
and equations are presented in figure 12,

iateral Control

‘ The vehicle 1e controlled by relling the lift vector about the
valocity vector such that the vertical component c¢ontrols the down=
range landing point by varying from liftevectorsup to liftevector-down.
This process of rolling the vehicle results not only in down-rangs
eontrol, but alse crosssrange control, bacauge of the eoupling betwesn
the vertical and side forces. It is the function of the lateral control
phase to monitor the predicted latersl landing error (LATANG) and command
& roll direction change when this paremeter exceeds a computed deadband
{Y), which is a function of the velocity nquared and, therefore, becomes
sualler as velroity decreases. Since this is the ilast phase in the
resntry guidance and navigation syatem flow logie, the roll ccmmand i
computed and control ls transferred to the stabilization and contrsl
aystem to implement the comand roll nngle. The fiov logic and eguations
are presented in figure 13.
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APPENDIX A
DERIVATION OF UP CONTROL REFERENCE VELOCITY

The equations of motion for 't:he reentry vehicle are;

Ha-2 v Cp.gomy (1)
M

g_gz(;_a_)cosﬂgpwf% (2)

g'_fg Vsin7=ﬁ (3)

If 5in¥ = O and ¢08Y = 1, the above equations mey he written aa:

dy
=D (%)
V%=(ﬁa-1)c+]_.=sin7 av + v cosy 4y (5)

and, therefore,

Bo-1e+1 (6)

If centrifugal and gravity accelerations are neglected, equation (6)
becones

(F-a=o (1)
end, by eliminating time between Equations (4) and (6),

2.

L
--2 (8)
which can be integrated starting at

V=Vl, and R = O for constent L/D

R=1/D (V1 -V) : (9)

1 Sy




i

1l

Now we can solve for altitude as a function of velocity by conbining
squations (3), (4), and (9) to eliminate time

a4, L (-v)
avy " " b D (10).
Now releate drag to velocity
N .
Dw 5 pv® EEQ (11)
M

and density to altitude by assuming exponentisl variation of density
with altitude

P = o7 (R - 1) (12}

Substitute Equations (11) and (12) into Equation (16) to éet

ay . . L/p(Vl-v)
av % P, ) (H-HJ._)'SCDVQ

. ‘ M .
Thia equation integrates directly to

() B3 ) nl) Foa o

The right hand side can be simplified by

(13)

-ln(¥_1)+vﬂ‘l=“lﬂ(1+l\)+/\ (15)

vhere
oH-y
A 7
The log functicti can be expanded in a series

In (1 +A) =t\'+gi o

80 that ‘ ‘
v |
-:h:J.(w')-l-E -1=-A+4% +....+A-A% . :

AR
.1 -y
2\ ©




Put this result back into Equation (14)
1 8¢ 1 1 Y. 1fvi-vy
7] —,;‘3('2 "*5",-)‘5( 'V)

Use Equation (11) to eliminate p & p
1

zwlﬁﬁ(-nnn%;):%(w-V)ﬂ

To solve for V in terms of D regroup Equation (16} into a quadratic

invy

Ve (%2 - L/D)+ 2 (L/p) Vi v - 2D -(g) Vi = 0
B \D

Rewrite this equation

¥ (1/D) (a- 1) + 2 (L/D) X - L/D(a%l- * 1) =0

where X = 31
and
B 2Dl
® = BV1z[L/D)

Use the quadratic formulas

X==

2{1/D c:.-l L2e -1)?

Noting that the negative sign on the square root ls appropriate, this

can be gimplified to

x=3_-l-:-a[ V(u,-l)up— +q]

ELD ‘/tha L/b(dnl*l)_

(16)

(17)

12

Finally summarize result by revriting in the form used in the guidance

= FACTL (1 «/FACTZ D + ALP)

where
_ 2D1
AP = V(D)

(18)




and 1if

A0 = D1
f = 1/ES

ALF = 2 0
lLﬁD;ﬁ'
and

.t
FACTL » gmrem

FACT2 = ALP (ALP - 1)

AD

(19)

(20)

(21)
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APFENDIX B

DEﬁNATIOﬁ OF FQUATIONS WITH GRAVITY AND CENTRIFUGAL FORCE EFFEGCT

The calculation for GAMMAL which allowe for the previously neglected -
gravity and centrifugal accelerstion is as follows!

Start again with basic equationa, this time including gravity and v
centrifugal acceleration.

av =-BH
Te-kg ey (1)

g{i=wpoe'an'ﬂ+c(%~1) (2)

. |
at = ® (3)

where for Equation (2)

R=Vainy
aR _ . dv
a Yeosrydy+ sin)’dt

at _
and, if sin¥= 0 and coa¥ = 1,

® _vay
= a

Divide (2) by (1)
ak k2 G [

1
EV--k_l+kle' v - (4)

<[
o)

Note that k2/kl = /D

Equations (3) and (%) are e non-linear set and, thus, approximations ave -
in order. . The approximation is to assutie a straight line variation of
ePH vith velocity.

eBH=1+a(VS-V) (5)




The constant "a" is yet to be dsterminad. This approximation yields
tor Equation (L)

%__%+E_ll:(1+a(\'rs-v))(%s-%§,)] (6)

This is readily integrated atarting at VS to V

s - ‘ 1.1 y
R-ﬁoi-% (vs-v)+%{(1+avs) ['V"?E]"J'“VE

+L+a¥8 (VS «~V)+al® -8 :
VeP v 2} (M

Az before, we can expand the log function thua

ny o ¥v-v8 _1 (v-yvsy
8 V8 2 \ v

This substitution yields, after some algebra,
Ru |k +L/D(VS-V)] + G |- (VS -V} -a (v8 -v)| (8)
° DoV

Note that |
ﬁo+%(vs-v)-mwn(v1-v)=nwm (9)

and
‘ .
VL
Now retum to determine the constant a. The drag 1s assumed to vary
parabolically with velocity, no gravity correction. This ylelds an
exit veloeity (VL) for the exit drag (Q7). A straight line is then

drewn between the corresponding densities at Vs and VL. The desired
glope is then '

a = {DHOOK - QT) / (V8 - v1) (10)
QT

where DHOOK 1s cbtained by solving Equation (18A) for D.

When the solution of Equation (8) becomes negative or zero, this signifies
& peak altitude for the exit portion, and the exit acceleration (G7) can
not be reached because the acceleration due to gravity and centrifugal
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force is too great. This efrecf. is implementad as followa.

If R is negative on the particular computation cycle,ths derivative of
Equation (8) with respect to velocity (dR/4V) is evaluated at VL by

%n(-saav-egv) G+ LEWD (1)

DoVL *
vhare
& = (Vs - VL)

V2, the velocity at which R becomes zero, s calculated by using this

derivative} tms,

V2 = VI + RL (12)
dﬁ?d‘f

This V2 is set equal to the exit velocity (VL) and a new exit accelerstion
is caleulated by the usual parabolic reletion

Q7 = (1 -V )z - AILP| /FACT2 (13)
FACTY, |

This QT is used for reference calculations on future computational
cycles. Finally the exit altitude rate B is set equal to zero.
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APPENDTX C
DERIVATIONS OF BQUATIONS FOR PRE-UP PHASE

Velocity and drag conditions at the time of entry to the pre~up phase
are projected to V1 and A0 (velocity and drag at the start of up-control)
at zerc vertical veloeity by assuming Plight at masimm L/D. The eame
reasoning &8 for the up-control phase is used, that is, RDOT -aries
linearly with velocity} so from Equation (9A):

V=V + RD‘I'R/(L/D)m

or ‘

BDTR = « (V - V1) (L/D} (1)
where

RDTR = R

The increase in acceleration 1s calculated by

AO = DR + &D (2)
where

DR = Reference Dreg
Assume constent velocity to calculate §D where

1

M
and, if
o= p, e "W (3)
then
sp = - 208

B




8T = ﬁ,/(L/D)mD
Etmariiing

40 = DR + gﬂﬁ——
max

(&)
(5)

(6)

(1)

18
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APPENDIX D
DERIVATIONS OF RANGE PREDICTION EQUATIONS
Pre-Up Fhase
The range 1’61' this phase is calculated by

' Range = Yit
- Ry (1)
where

RE = Earth Redius

"

1 This time by aasuming velocity constant Equation (6A) yields:
b L]

&t = R (8)
(E?D)mAD
3 and
Bange = RV/(L/D)__ A0 Ry (3)

Up-Control Fhage

Again, ageume that

et 2

Range = VISt . (%)
where

st = 4E (5)
Now relate drag to velocity and density %o altitude by

1
b =5 pve50D (6)
7]
and
-H/uS .
p=opy & W (7)
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By diffeventiating Equation (§)

--1 L
4D apwgls%‘FapVSD-e{iv
M M
and solving for dH
b _ 2DV N l
dH -[— <* _V_] H8 {8)
By substituting into Equation (5)
B[ a e
5 %[ D * v] (9)

and Equation (&) _
Range -E vL[-ﬂ—Q{-@.!]

REE D v

Finally by integrating across the up-control phase

1 358 A0 V2
Range = & 3. 3 L
¢"R tarx [Q-T-ﬁ?] ‘ (10)

Kepler Fhase

From Reference 3 ‘ )
2] RV2 /klainy cos
tan (2)- RV=/k}ecoa®y = 1 (11)
and

coa(g) = R - (BV cogy)? 7 (12)

&
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k=R g

therefore,

" °°'(g)‘ 1- gg condy
Now

oy 9/2
t‘"(z) " qom

20, by subetitution,
sin (3) - E.m.lmz

and, fhorotore,

Fangs = 2 |1n'1[i:13e25912]

(13)
(14)
(15)

(18)

(17)

2}



TABLE I
VARTABLES FOR REENTRY CONTROL

INITTAL TARGET VECTOR

UM NORTH

VEIOCITY VECTOR

FOSITION VECTOR

VECTOR EAST AT INITIAL TAROET
'HORMAL T0 BTE AND U2

EARTH RATE VECTOR

TARGET VECTOR

UNIT NORMAL TO TRAJECTORY PLANE
INTEGRATED ACCELERATION VECTOR
GRAVITY VECTOR

INITIAL DRAG FOR UPCONTRL
TERM IN GAMMAL COMPUTATION

- CONST FOR UPCONTRL

KEPLER AANGE
FINAL FEASE RANGE
UPRANOE

GAMMA CORRICTROR
MANGE DOWN TO FULL-UP

PREDICTID RANGR = ASKEP+ASPL+ASPUP+ASP S+ASFDNN

QOAINE {GAAL)

TOTAL ACCRLERATION
CONTROLLID CONOT DRAQ

TERN IN GAMMAL COMPUTATION
TENS-ASP  (MANOS DIFPIRINCE)
PREVIOUS YALUS OF DIFP
RIFEEKCE DRAG TOR DOVIOONINGL
RIFRENCE DAAQ

1 -7

22
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F3
FACT1
PACT2
FACTOR

23

TABLE I (cont'd)

BECCENTRICITY

DRANGE/D DRAQ (FIRAL PHASE)
DRANGE/DRDOT {FINAL PHASE)
DRANGE/D(L/D) (TINAL PHASE)

OCONST FOR UPCONTRL
CONST FOR UPCORTRL

USED 1IN UPCONTRL

FLIGHT PATH ANGLE AT VL

SIMPLE FORM OF GAMMAL

ACCELERATION LEVEL TO ROLL LIFT UP
INDICATOR POR ROLL SWITCH

INDICATOR FOR ROLL SWITCH

LATERAL RANGE

IXCESS C.F. OVIR GRAV = (V8Q-1) 08
DESIRED LIF? T0 DRAG RATIO {VERTICAL PLANK)
FREDICTED RANOE (FImAL PrASE)
MINIMUM DRAG FOR UPCONTROL

AUTITUDR RATE

REFERENCE ADOT FOR UPCONTRL

RETIRENCE RDOT FOR DOWICONTRL

ROLL COMMAXD

RANGE 10 (0O (FINAL MAsE)
SIN OF LATITUDE

TIMR

DESIRID RANGR (RADZANS)

DESINED RANGE (M)

YILOGITY MAGNITUDS

INITIAL YELOOITY JOR UPOONTRL

PREVIOUS VALUR OF V)
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RELVELSW

HUNTIND
HIND
LATSW
GONEPAST

ol

TABLE I (cont'd)
VELOCITY CORRECTION FOR UPCONTRL
EXIT VELOCITY FOR UPCONIRL
VSAT OR V1, WHICHEVER IS SMALLER )
V2 /vear®
NORMALIZED VELOCITY SQUARED = V*/VSAT®
EARTH RATE X TIME
INTERMFDIATE VARIABLE USED IN 0 LIMITER
TATERAL MISS LIMIT

INITIAL STATE

RELATIVE VELOCITY SWITCH BRARCH (1)
FINAL PHASE SWITCM NON-ERANCH (0)
INITIAL PASS THRU HUNTEST NON-BRARCH  (0)
INDICATES INTERATION IN HUNTEST NON-BRANCH {0O)
NO LATERAL CONTROL WHEN ON NON-BRANCH (0)
INDICATES OVERSHOOT OF TARGET MON-BRANCH (0)



SYMBOL
c1
c10
c12
026
017
c18
€19
020
CHOOK
CH1
GMAX
KATIX
Xb3
KB4
xC1
Kc2
| ()]

K13p
KOMIN
KTETA

LATBIAS
L/DONINR
LBWD

100
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TABLE 2
GUIDANCE GAINS AND CONSTANTS

Factor in ALP computation
Initial roll angle

Facter in ASPUP computation
Constant drag gain (on drag)
Constant drag gain (on RDOT) .
Lead velocity for upcontrol atart
Minimum constant drag

Minimm D for 1ift up

Factor in AHOOK cotnputaf;ioﬁ
Factor in JAMMAL computation
G=1imit

Miniwum drag for 1ift-up if down
Up control gain, optimised

Up oonirbl gain, optimised
Factor in V1 computation

Factor in AD computation

Factor in ASPIMD computation
Lateral switoh gain

Faoter in L/D computatien for final phase
Inorement to Q7 to end Kepler
time of flight oaloulation gain
Max L/D

Lateral svitoh bias tern

LAD 008 (15°)

Up control L/D

Final phase LD ‘
Acoeptable tolersnce to #top range heration
Pinal phase range (-23500 Q3)
Pinal phase 4n/ay

Final phase initial velooity
Final phase dﬂ/ﬂ RDOT



Q6

Q7

Q2
VCORLIM
VRCONTRL
WMIN
VLMIN
YQIT
DOMAX
DMIN
LYD
HDOTIND

TABLE 2 (econt'd)

Final phaass initial RDOT
Minimum drag for up sontrol
KTETA

Limit value of VCORR

Minimum RDOT to close loop
Velocity to switch to relative velocity
Minimum VL

Veloolty to stop steering

Max drag for constant drag phase
drag value for initialige Kepler
L/D for computing total accel,
RDOT correction switch
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E K

e
Z8NS

Lol L BV S T B+ - Y.

1080

0
1b0ad
15951

23090
23500

bhyagbue

28.1
6.4
6.4

-2.021
~7.560
-7.5:9

2.7
3.9
22.1
46.3
5.4
9.9
176.9
20.3
266.8
3443
504.8
543.0
543.0

DR/DE./D
¥3
™

1
1
6.4 x 2
10.91 x 2
R1.64 x 2
48.35 x 2
93.72'x 2
141.1 x 2
329.4
465.5
682.7
980.5
1385
1508
1508

Lz
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NAVIGATION
INITIALIZE REENTRY
TARGETING
MODE
SELECTOR
INITIAL BALLISTIC. FINAL
ROLL HUNTEST UPCONTROL PHASE PHASE
CONSTANT
DRAG "G LIMITER"
 e—{  LATERAL LOGIC _’___,
OUT WITH ]
ROLL COMMAND
NADA < MO0 . 10D
MONON PLANIING & ANALYDID BIVIBION
14 § ANOBION ANALYDNS DRANGM
Mot e, LR,

FIGURE 1,- REENTRY STEERING
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READ AND CLEAR PIPAS
SAVE VEL INCREMENT
. As BELY

Teu=§+51%:+§.§'=!
R =R+ AT TEM

R = ABVAL (R}
: SLe ynIT M * 02
|

g —

§-- .;':'—: 0 u({s)'u-s suZnowt b+ 20 (F) n! ]

v =1n +2-‘-:-=!- + 4t i

]
WARA . MO0 .
MOton Pk & SNALTIRG DIV
FIGURE 2.~ NAVIOA TION &V COMMUTATION, :ﬂ: ALY I

JTYiV -
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INITIALI-
. ZATION

OTE = TZx AT
UTR = RTEx(?

THETA = 0S-1 ymIT () UNiT(RTD}

K2ROLL = - UNIT (KTINT)+ UNIT VXUNIT (R}

MAKE CHOICE OF INITIAL
LIFT YECTOR UP OR DOWN

| CALL ATTITUDE CONTROL PHASE I

[ 18 v-verant neo |

SELECTOR = KEPS

90 70 SELECTOR

FIGURE 3, » INITIALIZA TION
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1$ REL!

VELSW ZERO?

ROOT =

vV =ARVAL ),
V50 = V<, VSAT
LEQ = (v$Q-1) G$

UKl = uNIT (V2 uNIT
b =aBvaL (TELWVD

NIt (R

(3 reuvensw zERoD Rl wrawr |

YES

Ss ECSw ZERD? ,)

[wr = wikrera rhera+ )

YMIN POS?
D)

RELYELSW = |

whaw (BLUIA )

it -“:fo OTR (CO8 =11+ A5 smwer
LATANG = '-i%
THETA = COS

+ umt i)

[ 0 to Moo stLtcron |

FIGURE 4. TAROEtIMNG
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( IS D-

056G POS? )

YES

YES

IS D-KA POD G0 70 310
NO

L/0 = LAD

GO TO 310

IS RDOT + VRCONTRL NEGD

'WU

G0 TO 310

SELECTOR = HUNTEST

FIGURE 5..

!

G0 TO MODE
SELECTOR

INITIAL ROLL

32




D st

¥1= ¥+ KCl NOQT/LAD
AC =D+ KC2 ROOT™/ (2HE LADI

HUNTHD = §
OIFFOLD =0
V10L0 = V1+(1la

Q7= Q7F 2

ALP = 2A0 HS / (LEWD V1)

FALT 1w VLA -ALPY

FACT 3 = ALF (ALP -1} /AD

VL= FAGTY [1-5QRT (FACT2 Q7 +ALRIY

SELECTOR = PREDICT 3
EGSw=1

SELECTOR = SO%STD

|

BVL = VS1-¥L 2

DHODK = [(1-¥S1/FACTL)® ALP] /FACTZ
AHOOK = CHOOK (BHOOK/QT-11/D4
GAMMALL = LEWD v1-¥YLIAL

2 .
GAMMAL = GAMMAL] -SH1 GS BVL® . r#HNR bvu

. Yes
[vsronn] I vs1 =vsat |
{

MODE SELECTOR

YES [
VL= VL4, GAMMAL VL : ,E,?u'&
LEWD -(3AHO0K DYL *+20vL.) [CHLGS/(DHOOK V1Y
Q7= [u-w./ncn?r-np] /FACT2 FREDICTION
GAMMAL = MABA-MEC.POD
GO 70 RANGE PREDICTION ol nm:n A ANALYEN DIVHION

FIGURE &.- HUNTEST bl ol

. wrsemdr




VEARS = vu';vwz
CO$E w 1-GAMMAL 2 .
£ = 387 1)+ VBARS - D CO8Q VEAR
1
ASKEF = 2ATK sm"mm C05G GAMMAL/E) , BALLISTIC RANGE
ASPL =Q2+Q3 FINAL PHASE RANGE
AsrPup '5{51 N!/'.'\AMIIAI.I.) 106 taovL? 407 v121 uPPHASE RANGE
ASPY = USi0h-CAMMAL) X 23,500 + GAMMA CORREVTION
ASPDWN « -ADOT ¥ ATKAAD LAD RE) RANGE 0 PULLOUT
ASP ™ u ASKED - ASPL + ASPLP ¥ ASP3 + ASHDWN, TOTAL RANGE
DIFF = THETNM -ASP
IS ABS (DIFF) <25 NEG
vES
15 HIND = ZERD 7
NG
SELECTOR = UPCONTROL 15 BIFF NEGT
N YES
Q YCORR = v1-y101.0 |JOIFFOLD = DiF
|Gn TO SEQUENCE | = Vi-vioio][BiFFOLE =D
53 10 CONSTD
AR YCORR DIFF [
VCORR = (P FGLD -OIFF:
15 VCORR -1000 POS?
YES
15 VSAT.YL -VCORR NEGY
@
A"

V1 =V1 + VCORR
HIND = |
DIFFOLD = DIFF

. -
i GO TO HUNTEST 1
t

HASA - MOC - FOO : .
MIZSION Pwmue a Mu.m Devigacn

FIGURE 7.- RANGE PREDICTION '::".:" Pyt
Owty . J2/13EH g fung




T )

L/0 = -LEQ/DO + C16 (D-DO) - C17 (RDOT + 2HS DON)

( IFL/D - LAD POS )
NO] ' YES
L/D = LAD

(IS L/D NEG, AND D-C20 POS?
YES IEG

LATSW =1
L/D=0

GO TO 310

FIGURE 8,- CONSTANT DRAG

NASA - M3G - #OD

MISSION PLANNING & ANALYSIS DivISION
MISSION ANALYSIS BRANGH

Plot No, 13675

Dlh-laﬂ-ﬂﬁﬁ_..._ﬂ._mm___
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%
UPCONTRL
IS V-V1 POST .
YES NO
RDTR = (LAD/KCE) (V1 -V .
OR = AQ - KC2 RDTRZA2HS LAD) -YL-C18 NEGD ‘
L/D = LAD + C16 (D-DR) ™ YES

=C17 (POOT - ROTR
SELECTOR = PREDICT 3
IS 0-Q7 POS? EGiw=1
GO TO PREDICT 3

I GO TO 310 , SELECTOR .
= KEPL

IS AD-D NEG?

I NO YES
L/D= LAD |
60 TO MODE ;
SELECTOR |60 10310

ll“" = FACT1[1-SURT (FACT2 D + ALPJ]I

!
( 1svrer vsarpos7 )

ves § ' NO

| RDOTREF = LEWD m-vnm] ROOTREF = LEWD V1-VREF)
~CH1 GS NSl-VREF)z[

AHOOK rVSl-VREF)]
DHOOK VREF

LI-'ACTOR = (0-Q7}/ mo-uﬂ

!

I_L/Ij = LEWD - KE2 FACTOR [KB1 FACTOR (RDOT-RDOTREF} + V-VREF]

!

IF L/D -LAD POS )
NO YES ~

-
GO TO NEGTEST

HASA - MSC . POD
MISSION PLANKING & ANALYSIS D\VISION
MIGSICN ANALYSIS BRANCH
FIGURE 9.- UPCONTROL Pist Mo, 15,856
Oty 2D . G But




C I5 D-{Q7 + KDMIN) POS? )

] YES NO

] EGSW = 1 MAINTAIN ATTITUDE GONTROL
| SELECTOR = PREDICT 3 | | 5ep0 |DESLIP AND ANGLE OF
ATTACK NEAR ITS TRIM VALUE)

.y

\
i GO TO SEQUENCER

| OUT TO CDU WITH
ROLL, PITCH, AND
o YAW COMMANDS

o FIGURE 10.- XEPLER

NASA - MSC . FOD
MISSION PLANNING & ANALYSIS Div|
MISSION ANALYSIS BRANCH s

Piot No, 15,6357
Daty .. 12/13/65 3. Hunt




i i =

IS V-VQUIT POS?

(ls GONEPAST zzno?) 60 T0 310

vES ) NO
- 15 (URT-T -Uki POS?

YES NO
GONEPAST = 1

L/D = -LAD
GO TO GLIMITER

BONZL, 2,3, corrrsil ]

- 1
IF VREF () -v POS
YES ' NO

GRAD = (V-VREF (M3)/ (VREF (M) - VREF(M-1)}

F1 = FAIM-1) + GRAD {FA(M) - FAIM-1))

F2 = FRDTIM-1} + GRAD FRDT{M} ~FROT(M-1)}
RDTRF = RDTR(M-1) + GRAD(RDTR(M) - RDTR{M-1))
DREFR = AREF{M-1) + GRAD (AREE(M! - AREF{M-1))

PREDANGI = RTOGO(M-1) + GRAD (RTOGD(M) - RTOGOM-1))

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

PREDANG 3 = F2 (RDOT -RDTRF) + Q8 F2 (RDOT -RDTRF}2
PREDANGL = PREDANG 1 + PREDANG2 + PREDANG 3

X = (THETA ATK -PREDANGL) /P

]

LL/D = LOD + K13P00 |

IF L/D ~LAD POS

NO YES

G LIMIT fomped L/D=LAD

FIGURE 11.- PREDICT 3

NASA - MBG - FOD

MISBION PLANNING & ANALYINE DIVISION
MISMION ANALYSIS BRANCH

Mot Mo 15,538

Dete wa23/&0 . g Hugt

. L e —



it % i s

(rs% -0 POS?)
t 2

l YES ' J o
H- G0 TO 310 ( 15 GMAX-D pos?)
’ NO YES
L‘I L/0 = LAD

GO T0 310

| X = SQRT [2HS (GMAX-D) (LEQ/GMAX + LAD) + (2HS GMAXMZJI

i
( 1sRooT +x Pos? )

i YES NO

| L/D = 0.2(-X- RDOT)/D ~ LEQ,D |

I iF L/D - LAD POS ]
NO

L/D=LAD

GOTO310

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

Plot No, - 13,639
FIGURE 12,- G LIMITER Date 12/15/65 & Hunt




o ore alegpigdh e
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(15 conepast zero? )
| v:s[ NO
| v KLAT vsQ + LATBIAS |

(15 ABS (L/D)-L/DCMINR NEG? )
NO ] YES

{15 K2ROLL LATANG POS? )
KO YES

[Lo=1oemmesanne | [FoV73)

IS K2ROLL LATANG - ¥ POS,
AND LATSW ZERO?
NO

YES {

| K2ROLL = ~K2ROLL '

| uour switncuLiant |

I5 L/D NEG?

K1ROLL = K1ROLL
-K2ROLL

| roLLe = k2roLL cos-Li/p/LAD: + 2 mK1ROLL |—

(AT

380

[ our 70 cou wit roLL couuaub—l

naka . msc - rop

MISSION FLANNING & ANALYSIS DIVISION
MIBSION ANALYS!S BRANGH

Mot Na, 3.8

FIGURE 13.- LATERAL CONTROL Date ._12/175/¢5 G
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