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COMPUTER SIMULATION
FLIGHT ACCELERATION FACILITY ENTRY MONITORING SYSTEM STUDY

INTRODUCTION

The Engineering and Development Directorate was ssked to support
the Flight Crew Operations Directorate in a closed loop Apolle entry
simulation using the Flight Acceleration Facility (centrifuge). The
objectlve of the simulation was to provide the flight crew a real time
simulation to use the entry monitor system for lunar return entry
conditions while subjecting the crew to reaslistic accelerations. At
the time of the request, the flight acceleration facility of the Crew
Systems Division did not heve the computing capacity for a simulation of
this size and the Guidance end Control Division was esked to eid in the
work. The result was a joint effort of the Crew Systems Division snd the
Guidance snd Control Division with the Crew Systems Division hsving overall
responsibility for the job es well as supplying the centrifuge and the
normal complement of supporting personnel and equipment. The Guidance
and Control Division supplied the c¢juations of motion, two snalog computess,
end programed and operated the analog computers. The size of the tesk
was such that the third computer had to be borrowed from the Computetion
and Anelysis Division. Within the Guidance and Control Division, the
Control Requirements Branch developed the vehicle equations of motion and
aided in the checkout of the simulstion. The Hybrid Computation and
Simulation Brench programed the equations, checked the simulstion, end
maintained the computers.

The purpose of this paper 1s to describe the analog simulation of
the EMS equations of motion snd how it Interfaced with the overall system.
The operation of the centrifuge and the programing of the centrifuge
control computers will not be discussed in eny detail.



SYMBOLS
- !
Ax’ Ay, Az Applied accelerstion along xb, Yb, and Zb' g's
2
o’ 8y 8y Applied sccelerstion elong X, Y, end 7, ft/sec
CA’ CN’ o] Aerodynamic axlal and normal force coefficients and
m pitching moment coefficient, respectively
CA R CN 3 Cm Slopes of aerodynamic CA’ CN’ and Cm versus cosine 7
N n n curve, respectively
D Spacecraft reference length, ft
g Acceleration due to gravity, ft/sec2
h, h Spacecraft altitude above sea level and altitude
rate, ft, and ft/sec., respectively
Ix’ Iy, Iz Moment of inertis about Xb, Yﬁ, and Zb axes
respectively, slug-ft
Kl Gravitetional gain factor
K2, K3, Kh Ordinate value of CA’ CN’ Cm versus cosine n curve,
respectively.
LJ’ Mj’ NJ RCS Jjet rolling, pitching, and yawing moments,
respectively, ft-1b.
m Spacecraft mass, slugs
P, QR Roll, pitch, and yaw rates and sccelerations abou
P, Q, R Xb, Yb’ and Zb’ respectively, deg/sec and deg/sec
q Dyns::ic pressure, 1b/ft

R Reference radius of thg/garth, ft



2
cg

taneX

tano(A

Cosine 7

©
AR
e CGL

[ » D

D

Spacecraft reference ares, ft2

Body components of inertisl velocity, ft/sec
Components of body acceleration, ft/sec”
Total velocity, ft/sec

Distance from spacecraft center line to c.g. along

% ,

Tangent of trim angle of attack (SCS)
Tangent of trim angle of attack (aero)
Cosine of total angle of attack

Fuler engles and Euler angle rates, respectively,
deg and deg/sec

Atmospheric density, slug/ft3

Aerodynamic resolution angle, deg

Spacecraft roll angle sbout the velocity vector, deg



DESCRIITION CF SIMULATION

General

The computers used for this simulation were three ADS8O analog
computers and two DDP24 digitsl computers. The three snalog computers
wvere used to simulate in real time the vehicle dynemics during the
entry phase of e lunar return trajectory. The snalog outputs, equation
solutions, were then fed vies A-D converters to the DDP24 digital control
computer and to the DDP24 digitel eerodynamic computer. The aserodynsmic
computer took the analog informetion snd calculated the required angular
velocity for the centrifuge arm and gondola attitude position. This
calculated data was then transmitted via the DDP24 control computer to
the centrifuge servo control electronics which drove the centrifuge srm
motor and gondols gimbal to properly simmlate the acceleration forces
acting on the command module. Also, the vehicle sttitude signals (from
the snalog) were fed to the cockpit instruments vis the DDP24 contro’.
computer, To close the loop, the pllot, using the attitude information
end EMS (entry monitor system) information in addition to other infc¢rme-
tion, sent commanded roll signals via the RHC (rotational hand cont:oller)
to the analog computer. Figure 1l is & flow diagram of the totsl system.

All computers, snslog end digital, were in s first floor laboratory
end the centrifuge end centrifuge electronics in a separate room In the
Flight Acceleration Facility, Building 29. The two DDP24 digital computers
were progreamed and operated by System Test Branch personnel, Crew Systems
Division. Besides controlling the centrifuge and cockpit instrurentation,
the DDP24 computer had overall control of the total simulation wyde status,
that 1s, the enalog modes (initial condition, hold, and operate' were
controlled by signals from the DDP24 computer, This will be discussed
in more detail in "special circuits.”" For more detail on the r.peration
of the centrifuge and digital computers, see reference 1.

Description of Vehicle

Vehicle mass properties.- The commend module mass, Inertias, and
center of gravity were all held constant. The vehicle mass characteristics
wvere as follows:

Mass = 402.6 slugs

I, = 6250.1 slug-ft>
I, - = 5851.2 slug-ft°
I, = 5851.2 slug-ft-.2
xy? Lyzr Tox =00



The coordinetes of the vehicle center of gravity expressed in terms

of the stendard Apcllo coordinste system were Xcg = 1041.6 inches,

ch = 0.0 inches, &nd ch = 5.57 inches. This center of gravity gave
the vehicle 8 lift-to-dreg ratio of .28 which wes nominel for the Apollo
101 commend module,

Vehicle RCS thrust characteristics.- During entry from .05 g sltitude,
the only control thrust 2vsilsble 1is from the CM RCS Jjets. For this simu-
lation the rotetionsl moments resulting from CM RCS Jets were as follows:

+LJ = 473 ft-1bs -LJ = 452 ft-1bs
+MJ. = 513 ft-1lbs -Mj = ,-340 ft-1bs
+NJ = 478 ft-1bs Ny = =480 tk-1bs

Rotationeal moments due to Jet intersction were not concidered.

Vehicle control system.- The command module reaction control system
used to command the rotetionsl moments consisted only of rste-command
control mode with a rate desdbend of +2 degrees/sec and a hysteresis
of .2 deg/sec. Inputs into the control system were the pilot's commanded
rotational rates via the rotational hand controller. The commended rates
were proportional tc RHC deflection with a meximum commend of 20 deg/sec.
A block diagram of the control system 1s showm in figure 2.

Vehicle aerodynamic characteristics.- The commsnd module which
was simulated to have the aforementioned mass properties and an 10D
(1ift-to-drag ratio) of .280 was aerodynamically stable for earth entries
at a trim angle of attack of 18.7 degrees. Angle of attack (n) is defined
8s the acute angle between the total velocity vector and the (-X) body
axis, The equation defining angle of attack 1is -

-u
n = arc cosine (V;) vhere: Vp,

n = projection of VT on X body axis

= total velocity

Figure 3 1s & disgram showing the engle of attack, 1.

The axial and normal force coefficient slopes and pitching moment
coefficient slope were considered linear and s function of cosine n and
not as a8 function of Mach number. The equations used to define the
gerodynamic coefficients are the following:

CA = CA Cosn + K2
N

CN = CN Cos,rl + K3
n

Cm = Cm Cosﬂ + Kh

n



where: Ordinate value CA ve, (Cus n curve, K2 = 1,05
Ordinete value Cy vs. Cos n curve, K3 = T2k
Ordinate vslue Cvs, Cos n curve, K) = .3429

Axiel force coefficient slope, Cp = -2,548
1

Normal force coefficient slope, C = = -Th25

Pitching force coefficlent slope ¢, =--31
n

Equetions of Motion

The EMS simulation equations were written only for the purpose of
lunar return entry tresining for altitudes from 300,000 to 100,000 feet
and therefore could be simplified to allow them to be programed on the
three AD-80 snelog computere which were available for the job. Although
the two DDP2L digital computers were in use at the Flight Acceleration
Facllity, they were committed to control and monitoring funections and
could not be used in the simulation of the entry vehicle. Even though
some rather severe simplifications were made to the equations to fit them
to the availaeble computers, events proved that the equations were more
thaen adequate for the objectives of the program.

Coordinste Bystems.- Two coordinate systems were used in the
reentry equations, The (1) inertial =oordinete system, snd (2) CsSM
or body coordinate system are defined in the following two paragraphs
and are diagramed in figures 4 snd 3 respectively.

The inertisl coordinate system 1s an orthogonal axes system whcese
origin is coincident with the surface of the earth. Thé inertial X, axis
is parallel to the earth's svrface and is positive poiating west. %he

YI axls is perpendicular to the XI axls, parallel to the earth's surface,

and is positive pointing north. The ZI axls is positive pointing toward
the earth's center end completes the right-hended tried.

The body coordinate system is sn orthogonal system which is fixed
to the vehicle and whose origin is on the command module longitudinal
axis. The axis is coincident with the vehicle longitudinel exis end
is positive pointing through the epex of the command module. The Yy, exis
is perpendiculsr to the X axis and is positive pointing through the pilot's
right arm. The 7, axis is positive pointing through the vehicle center of
gravity and completes the right-handed triad.



Mathemstical Model.- The meth model (reference 2) used for this
similation waa developed by Control Requirements Branch, Guidence and
Control Division., The equations which are presented in block diegrem
form in figure 5 sre written in six degrees of freedom and were simplified
becaus» of (1) the limitstion of snslog equipment, (2) limited time
available to mechanize the equations, and (3) limited objectives (mimula-
tion was to be used only for astronsut crew training). However, the
equations were sufficlently detailed to correctly calculate the vehicle
dynemics and accelerations necessary to simulaie lunar entries from .05 g
(300,000 £t eltitude) to 100,000 £t altitude. In eddition to the normsl
spacecra®t equations of motion, the EMS range-to-go equations (refevence 3)
wvere mechanized and solved on the computers.

The principel simplificetions and assumptlons made in writing the
equations were as follows:

a. The earth model is a non-rotating cylinder with a constant
gravitational force.

b. Spacecrait position calculations sre omitted except for altitude.
c. Cross-coupling inertia end preducts of inertis terms are omitted.
d. RCS Jet intersction terms have been omitted.

e. Center of gravity offset in the YB axis has been neglected.

f. Aerodynamics are functions of totel angle of attack only and
are considered linesr functiors of the cosine of the sngle of sttack.

g. Mass and inertila charscteristics are constant.

Special mention should be made of the first assumption. A centrifugal
force term is subtracted from the gravitstional force snd this difference
is multiplied by a gravity gain fector (K, in the equation). This

factor was adjusted experimentelly so that the duration of the runs end
the maximum acceleration were approximately the same as those obtained

in more sophisticated simulations.

Inputs to the equations of motion were the commended rotstional
rates from the pi}ot's three axes RHC (rotational hand controller in
the cockpit).

The analog outputs (solutions of the equetions) were recorded on
two eight-channel strip chart recorders. In addition, three of these,
the spacecraft attitude, EMS roll stability attitude, and the vehicle
applied accelerations, were sent to the Honeywell digital computer.



Analog Mechanization

The equetions of motion mechenized on the enslog computers are ;
shown in e deteailed block diagrem iu figure 5. A mejority of the ’
mechenization wae of stendurd configurstion eand no sttempt will te made
to explein the entire program. However, some explanstion will be gilven
on three of the circults:

8. Generation of sing_, cos @_, Voo #nd cos n.- The technique

used to compute the trigonometric functions of the aserodynsmic angles

and the totsl velocity wes based on a paper by Robert M. Turner (reference L).
It is an implicit or bootstrap method which solves en equation cf the

type R = Xcos® + Ysin® where R = {%2 + Y2 end o = tan-! Y/X rather then

y

the more straightforward computetions R = v;(. +§ , 8In0 = = E.w..y-«-i. 2nd

CORO = giz-ﬁLmzu. The implicit technique eliminstes the squar% root

o
circuits and pleces the inverse trigonometric functions inside e c¢losed
loop. Experience has shown thet this technique 1s more accurste and
more steble than the more conventional technique when the total angle
of sttack approaches zero. When this hsppens, both X end Y epprosch
zero and the conventional circuilts run into trouble by attempting to
divide one smell quentity by snother small quantity. Circuailt diagrams
are shown in figure 6. |

b. Generation of dynamic pressure, .- The atmospheric densi‘by,? ,
varies by a factor of nearly 10" for the altitude range encountered
during en entry. If @ were generatcd directly then et an altitude above,
say 200,000 feet, the signal-to-noise ratio would he so0 low that sccurate
generation of dynauic pressure would be impossible. This difficulty was .
avoided by generating ?n¢, squaring it, multiplying this variable by
velocity, and finally squering ? V to obtain dynamic pressure. To use
the full range of the function generator, the function (29% - Pméx)

versus (h - 200,000) was programed. Details of mechanization are given
in figure 7.

¢. Mode control of the anaslog ilntegrators.- For checkout and opers-
tional purposes, the three analog computers were slaved together with
one computer acting as the master. Under these conditions the opsrational
modes, initisl conditions (IC), hold (H) and operate (OP), of the slave
computers are synchronized to those of the master computer. For e¢ase and
convenience of checkout and operaticn, the mode control signals were
generated at two different sources, the master snalog computer and the
DDP24 digital control computer with the control signals being gated to the
analog computers by a switch on the master analog console logic board. The
operational philosophy employed was to use the master analog control signsls
during open loop testing (unit checkout) snd to use the digital control




signals during the analog-digitsl-centrifuge closed loop runs., The logic
circuitry required for the optionsa] control of the snalog integretors is
shown in figure 8.

Run Terminetion.~ The eforementioned mode control signals were also
ured tc terminete the deta runs, thet is, put the integretors into hold
mode. There were two, normsl and sbnormal, types of terminate criteris
to stop & close loop run. The normel run terminstion took place when
the vehicle altitude resched 100,000 feet. Abnormel terminstion occurred
when en snelog emplifier overlosd lasted longer then one second, or »
hardware failure other than the analog computers occurred, such ss digitel
hardwere failure, centrifuge overspeed, major power failure, or if the
medical officer or pllot determined the run ought to be stopped.

The eltitude and anslog emplifier overlosd terminate signals were
generated on the enalog end sent to the diyitel control computer where
they were combined with the other terminete signels, and the digital
control computer in turn sent a hold signsl back 1o the anelog integretors.
At the same time, the dlgital control computer also sent control signels
to the centrifuge to decrement the centrifuge arm speed to s level of
1G at a rate of 1/16 G per second. The circuits used to generate these
terminatior signels are shown in figure 8.

RESULTS AWD DISCUSSION

The EMS simulation was used to train the Apollo 8 prime crew
(Borman, Lovell, Anders) end backup crew (Armstrong, Aldrin, Haise)
for two days - 1 day in shirt sleeves end 1 day in vented suits, the
Apollo 10 command pilot (John Young) for one day; end one edditional day
using two pilots (R. Lindsay end M, Leke) from Flight Crew Support Division
was used to determine if entries could be made using a limited smount of
visual cues (thet is, no EMS instrumentation). It wee demonstrated thet
safe lunar return entries could be made ueging only u G meter and s roll
attitude indicstor as visual cues, i

The initial conditions for the various entry profiles that were flown
to teke data are given in table 1 with all runs beginning at approximstely
300,000 feet with the 1ift vector up. During each run the commsnd module
stayed in free flight from 300,000 feet o .05 g's (==290,000 ft) at which
‘time the pilot took over the controls snd flew to a precslculated EMS
target at 100,000 feet altitude. Twotechniques (1) EMS ranging and
(2) constant g profiles were used to fly to the precalculated target. The
success of the run waus determined by how close to zero the RTG counter
reed at the end of the run, i.e., when sltitude = 100,000 feet. An
example of the analog recorded results from a constent 3 g profile run is
shown in figure 9.
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During the actual dsta runs, the simulation flew wi‘ no anaslog
or digital computer failures. Troubles that did ocecur during the data
runs occurred in the cockpit instrumentation, (1) EMS RIG counter,

(2) the G-meter, and (3) roll stebility indicetor (BRSI) meter. These
instrument troubles were minor and did not hemper the operstion of the
similation in teking dats. The troubles were intermittent and were of
the type where the instrument needle or indilcastor did not fcllow the
analog~-digital signsl thec wes sent to them.

Digital Verificetion of the EMS Math Model

To validate the EMS equations of mation, a digital simulation using
a fourth order Runge-Kutte integration routine with e .15 sec. step size
was run end the results compsred with & supercirculsr entry run from the
CSM Guidsnce and Control Verification Simulation (C3M G&CVS). The EMS
equations of motion were considered verified when the plots of altitude,
total velocity, and dynsmic pressure versus time followed the same general
pattern of those from the CSM G&CVS.

Following this, additionel digitsl runs were made to obtain the proper
gravity coefficient gailn factor, K; (required in the EMS equations to
compensate for the non-rotating earth). The gein factor was determined
by the sgreement of the EMS plots of sltitude, dynamic pressure, and
veloclty versus time with similar plots from the CSM G%CVS simulation.

A K3 = 1.06 was required and the compsred plots sre shown in Tigure 10.

A further check on the equations of motion was performed when the
digital program was used to generate range-to-go RTG) numbers for a
constant G range-to-go chart. To obtain the RTG numbers, additional
guidance eqguitions (reference 3) were added to the digital program to
meke the vehicle automatically fly constant G entry profiles. These
additional equations shown in figure 11 were used to obtain range-to-go
numbers for constant 2, 3, 4, and 5 G's for the four cases used to take
close loop deta. These RTG numbers were charted for the various constant G
runs and then used to initislize the EMS RTG counter prior to each data
run. The EMS range-to-go results compared with MPAD's constsnt G entry
RTG numbers within 0-100 n.m. for 800-1600 n.m. runs. Comparison of the
two sets of RTG numbers were tabulated and are shown in table 2.

Dynamic Check of the Analog Mechanization
Three types of runs using lunar return entry initial conditions
were used fto dynamically verify the analog mechanization of the EMS
equations. The success criteria for the analog mechanization was to
compare the asnalog solutions of the three runs with digital solutions
of the identical runs. The three types of runs were:

1. No serodynamics (zero dynamic pressure).

o
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2. Constent benk angle (f = -90°) with serodynemics.
3. Continuodus 20°/s rolling entry with serodynasmics.

The comparison of the cigital and analog dynamic solutions of these runs
are shown in figures 12, 13, and 1bh.

Initislly during the checkout period a considerasble smount of trouble
was encountered in obtsining satisfactory anslog solutiona for these runs,
thet is, to metch the digital solutions. The trouble was discovered to be
an offsel in 6, rate of chonge of the Euler pitch sngle which resulted in
a drift in the vertical wvelocity. The offset wss constent for a particulsr
dsy but would change from day to day. Initially (when it was first discoverrd),
the & offset was 0.75 milliradian/sec but this was dne to a bad multiplier in
the circuit forming ©. This was replaced end the offszet dropped to
0.10 - 0.30 millirsdisns/sec depending on the day. To compensate for this
offset, & bias voltage was '-dded to the © circuitry which tewmporarily
eliminated the drift. However, long term chenges in the multiplier offset,
which were within normal drift tolerances, required thet a careful and
almost continued check be made on the sensitive circuit.. This problem
is discussed in more detsil in reference 5 and in the appendix of this

PapEY .

CONCLUDING REMARKS

A simplified set of equations was used in a closed loop entry
simulation to train the Apolle 8 prime and backup crews. The equations
of motion were solved on analog computers, the outputs of which were
used as drive signals for the Flight Acceleration Facility centrifuge.
The digital solutions of the simplified equations snd the actual piloted
data runs verified .the equations to be adequate for the purpose of training
rilots for lunar entries. The digital verification results of the EMS
equations agreed with results obtained from the CSM G&CVS simulation and
from an MPAD digital entry simuletion. In addition to training the
Apollo 8 crews, the simulation was used to demcnstrate thet safe entries
could be made from lunar return velocities using only 2 meter for an
indication o roll angle and an accelerometer as instruments.

During the sctusl data runs the simulation operated with no failures
or major problems with the analog or digital computers. However, during
the checkout phase a_sensitivity problem was encountered in solving the
equations of motion. This resulted in a drift in vertical velocity which
was eliminated only by a careful and almost continued check on the sensitive
circuit. The equations have been modified in sn attempt to reduce or
eliminate the sensitivity and it is recommended that the modified equations
be programed to determine if the sensitivity has, indeed, been eliminated.
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APPENDIX

Modifications to Equetions of Motion for Entry Simulation

The equations of motion used in the entry simuletions seemed to be
unusually sensitive to small errors in the computetion of &, the derivative
of the pitch Euler angle. The reason for this can be seen by the following
analysis.

Starting with the equations as given in figure 5 end sssuming that the
ysw angle, yaw rate, lateral velocity, rolling velocity, and roll angle
and dynamic pressure are all zero, the .equations of motion can be written
as: :

U = -g,51nd

w = gecosG

é=¢€

h=usiné -wcos 0

_ 2
ge"g"vrlu/R

where u and w are the x- and y-body components of the velocity, 6 is the
pitch angle, h is the altitude, € is an assumed error in the computation
of 6, Vq, is the total velocity, g the gravitational acceleration and R
the radius of the earth.

Taking the derivative of h with respect tc time,
h=1wsine - W% cos ©
+ 6(u cos 6 + w sin ©)
which simpiffies to
h = g, * 6(u cos © + w sin 9).

But u cos © + w sin © is approximately equal to the total velocity, VT
and thus

h=-ge+€VT'.

In the entry simulation, the static offset in © was sbout 0.75 milli-
radians/second and the velocity was about 36,000 feet/second. The
resulting error in vertical acceleration was 27 ft/sece, the same order
of magnitude es the gravitational acceleration.




If the equations sre written so that the trenslationel acceleration-to-
velocity integrstions eare done in 2 non-rotsting cnordinate system, this
problem would be eliminated. A suitsble set of equations follows without
derivation. The asrumptions inherent in these modified equations are
basically the semz as for the originsl equations. 1In eddition, simplified
equstions were used to ccupute the angles of attack and sideslip snd it was
assumped that the lateral acceleration was negligible. This was done to
reduce the number of coordinate transformstions. No changes were made in
the equations for the Entry Monitor System or the control system.

I. Aerodynsmic-force equations

A"b = -C,q S/w

A =0
v

Azb = -C\d S/m

II. Angular accelerations

. _ Zgg gsh {’_‘1
P=C v 1 1 -
Y x X i
Z M
: - Zeg FED , )
1= % * v O] T '7
y v
=G qsyI, + N,/I

III. Euler rates - pitch, yaw, roll.sequence

) d> =qsinfP +r cos §
0= (Q cos § - r sin P)/cos¥

d=p-06siny




IV. Aerodynsmic sccelecations, inertial axes (essume Ayh = 0)

A =A_ cosWecos ©+A (cosf sin® + sin @ siny cos Q)
x % %

A, =A_ siny - A sin g cosy
1% % '

A, =-A sin @ cosy + A, (cos P cos & - sin @ siny sin Q)

24 % b

V. Totel inertisl sccelerations

v, = A
x Xy

]
(.._-g £,

VI. Miscellsneous velocities and angles -

v, = (an + vyz)%

H

_ (v 2.y 2y
V'r‘(vn +vz)

h = -V,

¥ = flight path angle
= ta.n'l v—-
i H

~ h/VH




VII.

Wh = heading sngle

. tan°1(-vy/-Vx)

. sin'l(-vy/VH)
A = engle of attack

= tan" (v/lu])

o~ -[(0 + ])cos¢ + (¢ - Vh) sin ¢]
£ = engle of aidesfﬁp

= sin-l(v/VT)

< -[(O + ’)ein - (y- Vh)cos¢]

u 11 12 13 Vx
\' = m1 m2 m3 ¢ Vy
v nl n2 n3 Vz

Aerodynamic coefficients snd dynsmic pressure

axial force coefficient .

2
cAo + clo(

Ca

C,, = normal force coefficient

c, +C, o
No N

lateral force coefficient
"CYpp

C_ = pitching moment coefficient

Q
n

c‘“o + cmda(

bt 1o




V]

IX. Constants

m, Ix’ Iy’ Iz' ch, S, D, g, R

C c,, C C y C

' y C
A ip My’ My

’ ! C ’
o 1 NO NN

Cng) L.J’ MJ) NJ’ dt
Function of sltitude

/P = mass density of air .

The modified equations have been programed and checked out for the

three AD8O analog computers used in the original simuletions and a
digital check simulation has been obtained. The results of these
simulations have been compared with results obtained from more elaborate
similations such as the Command Module G&C Verification Simulation and
generally good agreement has been obtailned. Figurel5 is a comparison

of results for a rolling entry obtained from the simplified anslog
simulation and results obtained from the Command Module G&C Verification
Simulation study. As an inspection of the figure shows, there is good
agreement between the two simulations. The differences in the dynamic
pressure probably arise from differences in the roll rate or other minor
differences in the control system. Although not shown on the figure, the
short period dynamic characteristics are also in good agreement. The
same control system was used in the modified equations as in the original
equation and hence the control characteristics which were reported to

be good in the original simulation should be equally good with the
revised equations.

The modification to the equations have removed the undue sensitivity
encountered in the original equations and no new undesirable characteristics
have been experienced. These facts coupled with the good agreement with
the hybrid entry simulation make it advantageous to use the modified equa-
tions in future entry simulations where there are severe restrictions on
the amount of computing equipment.

-
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C. = yawing moment coefficient
“Cog A

dynsmic pressure

. -} pv?

VIII. Direction cosines

0ol
]

1, = cos @ cosy
1, = sin

1. = -5indcos

m = 86in @ sin § - cos © sin ¢ cos %

m, = cosy cos |
m, = cog @ sin @ + 8ln 6 siny cos ¢

‘ n. = sin ©-cos ¥ + cos © sin ¢ sin ¢
n, = ~cos ¢ sin ¢

n, =cos © cos § - sin @ sin¢ sin @

-

!.GO’I’E: Only six of the nine direction cosines are needed. The

direction cosines my, Wy, and m3 are not required.
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KANGE TO GO FROM ,05G'S,
FLIGHT PATH A (GLE :;2?8gggOrEEETAkI;I$Sg%
AT 400000 FEET CONSTANT G
(OEG) Pn?gtggs (NAUTICAL MILES)
EMS MPAD AxTG
X‘ -5.75 e 1043 1648 S
3 1297 1312 15
4 1067 1V6Y e
S YUY
Y -6.00 ¢ 1523 1513 10
3 1217 119¢ 18
o 1013 1016 3
5 878
X‘ 6.4 2 1391 1463 12
3 1125 1173 48
R 543 968 =)
) ‘ees
Yo -1.1 ¢ 1136 1223 y3
3 J41 1038 97
o 807 860 53
5 78
TABLE 2, EMS DIGITAL RTG VALUES COMPARED WITH THOSE

FROM AN MPAD (MISSION PLANNING AND ANALYSIS DIVISION)
DIGITAL ENTRY SIMULATION FOR ENTRIES FROM ,05G'S TO

100000 FEET ALTITUDE,
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FIGURE 4 DIAGRAM SHOWING ORIENTATION OF INERTIAL COORDINATE SYSTEM
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1. CONSTANT-G GUIDANCE EQUATIONS AND LOGIC

2., ROLL RATE COMMAND LOGIC

3. RANGE TO GO EQUATIONS

2.
ROLL RATE
e COMMAND

l_FPco

Y CONSTANT-G
——br,A2 el Guioance EquaTions | (e
B AND LOGIC |
0
WHERE :
Ak o dRANGE TO GOl -
Vi ac EQUATIONS |

LOGIC

Vr =TOTAL VEHICLE ACCELERATION
Ax ,Az =APPLIED ACCELERATIONS
A =ALTITUDE RATE

DD =DESIRED DRAG

@vc wLIFT VECTOR COMMAND ATTITUDE

Pc =ROLL RATE COMMAND
Vi tic)=Vxe AT ,05G'S

1

. CONSTANT-G GUIDANCE EGUATIONS AND LOGIC

-

APACC =:V7A.xa 4 A‘za

Vr
ACACC

LOD =

Vo

+ .01 (APACC - DD) - .oom'usmoo[%?-])
T

ROLI RATE COMMAND LOGIC

o0

Pc

|

|
af 474

-

2. BANGE TO GO EQUATIONS

Vi -ﬁx OT + Vi1 RTG -&1 oT

1

FIGURE 11

ADDITIONAL EQUATIONS USED TO GENERATE EMS RANGE TO GO
VALUES FOR CONSTANT-G ENTRY PROFILES,
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Figure 13 - Dynamic check case 2, conetent bank angle (f = -50°) with eerodynanics
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