





























































































































Displacement of DPS

oxidizer tank 3

Displacement of DPS

oxidizer tank 4

Displacement of APS
fuel tank 5

6-38

DISPTANK

DISPTANK

DISPTANK

18

27

36

0.00127
0,04791
0.00158

0.06711
0.00599
0.04649

0.00463
-0.,07833
0.00584

0.00255
0.04182
0.00032

-0.07199
-0,00543
0.04563

-0.00454
0.08674
0.00488

-0.08535
-0.04731
0.0

-0.00246
0.,00278
-0,04880

-0.00080
-0.00684
-0.09251

m/m

m/m

m/m

Vo



Displacement of APS
fuel tank 6

Displacement of SM

oxidizer sump tank

Displacement of SM
fuel sump tank
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DISPTANK

DISPTANK

DISPTANK

45

54

63

0.05247
-0.04967
-0.00497

0.00078
0.00023
-0.05601

-0,00335
-0,01188
0.03424

0,0
0.02502
-0.00156

0.0
-0.,00911
0.03209

0.0
0.07548
-0,05255

0.0
0.03005
-0,00545

0.0
0.00390
0.02126

0.0
-0.,07778
0,07292

m/m

m/m

m/m



Displacement of LM
RCS Quad I

Displacement of LM
RCS Quad II

Displacement of LM
RCS Quad III
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DNQUAD

DNQUAD9

DNQUAD 18

-0,06375
-=0.06423
0.01489

0.06980
0.00193
=-0.07815

0,01031
-0.05548
=0.05120

=0.05281
=0.09003
0.01489

=-0,06281
-0.00242
=-0,07815

0,01053
0.03624
=0.05120

0.07246
=0.09003
=0.01090

-0.06435
=0.00242
-0.08250

=0.00521
0.03624
0.04052

m/m

m/m

m/m



Displacement of LM DNQUAD 97 - 0.06152 m/m
RCS Quad IV «0,06423 °
=0,01090 -

0.06826
0.00193
=0.08250

=0,00543
=0.05548
0.04052

Displacement of LM DISPNB, -0.00668 m/m

navigation base -0,12383
0.00671

0.06020
0.00510
=0,12018

0.00411
=0,03270
-0.01610

Rotation of LM nav- SLOPNB " 0.01032 rad/m
igation base =0,00787

=0.01673
=0.00421
0.04972
0.00102
0.03236
0.00476
=0.00465

Data for other loading conditions is not presently available,
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6.5 Digital Simulator Rendezvous Radar

For verification purposes, the LM radar system has three modes of

operation: a self-test mode; a search-designate mode; and a tracking mode,

6.5.1 The self-test mode is initiated by the appropriate setting of the "RADAR
TEST" panel switch, This mode substitutes internally generated test signals

for the normal return signal, These test signals can be interrogated by the LGC

in the usual manner, The contents of the radar shift register at the end of the

80 millisecond read or strobe interval are given below,

Rendezvous radar self-test TSTRGE
range count accumulated
over an 80 millisecond

sample period

Rendezvous radar self-test TSTRATE
range rate count simulated
over an 80 millisecond

sample period

Landing radar self-test TSTVX
X velocity count accumulated
over an 80 millisecond

sample period

Landing radar self-test TSTVY
Y velocity count accumulated
over an 80 millisecond

sample period

Landing radar self-test TSTVZ
Z velocity count accumulated
over an 80 millisecond

sample period

Landing radar self-test TSTALT
range count accumulated
over an 80 millisecond

sample period
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16204

17796

12672

13056

13056

1536

bits

bits

bits

bits

bits

bits

5.1

5.2



6.5.2 The search-designate mode is initiated by placing the "RADAR MODE"
switch in the LGC positionand issuing the radar CDU error counter enable, In
thismode the rendezvous radar antenna stabilization loops are simulated. The
antenna is inertially stabilized in two axes by the stabilization loops which hold
the mechanical bore sight fixed in the presence of spacecraft motion. These
‘loops are controlled by the LGC through the radar CDU digital-to-analog
converters, The output of the D/A converter is interpreted asa rate command
to the antenna shaft or trunnion gimbal torquers, T_he D/A conversionis linear

up to a saturation level,

Commanded antenna rate per » .0004709 rad/sec bit 5.3
CDU error counter pulse

Saturation of CDU D/A _ 1384 bits

converter

Mechanical stops limit antenna motion, with respect to the vehicle, to the

intervals given below,
Antenna Mode I
Shaft coverage
- 126° < 65 <+ 60°
Trunnion coverage
- 90° < 0
Antenna Mode II
Shaft coverage
- 140° < ¢
Trunnion coverage
- 250° < §,, < - 90°

where 93 is the shaft angle measured in a positive right hand

sense about the plus Y vehicle axis,
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T is the trunnion angle measured in a positive right
hand sense about the plus X vehicle axis when GS is

zero.

Within the above limits, the stabilization loops are simulated by the

following differential equations,

D*Wg/DT? = (W, tan 6, - K ;) D Wg/DT

+ (K01 WT tan BT - K02) WS

+ Kyy sec O (v Wgn = Wgp)
D2W, /DT = - K;; D W,/DT - Ky Wo + Kyp (Wp = Wopp)
D GS./DT = WT
D GT /DT = Wgq

where WSB is the vehicle rate about the shaft axis,

WTB is the vehicle rate about the trunnion axis,
WSC is the shaft rate command from the LGC,
WTC is the trunnion rate command from the LGC,
¥ inverts the shaft command in antenna mode 2.

¥ = 1, antenna mode I

Y = =1, antenna mode II

The constant coefficients in the above equations are chosen so that the

response to a step rate command is typical of a real antenna assembly,

Shaft damping coefficient K 20 sec 5.6

01

Shaft restoring coefficient K02 370 sec
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Trunnion damping coefficient Kll 20 sec
Trunnion restoring coefficient K12 370 sec

6.5.3 The tracking modeis initiated when the radar antenna has been designated
so that the angle between the antenna electrical beam center and the line of
sight to the transponder is less than a specified angle and the LGC has issued
the "SELF-TRACK ENABLE'" discrete to the radar,

In general the orientation of the electrical béam center differs from the
orientation indicated tothe LGC throughthe CDU analog-to-digital conversion,
This results because of misalignments of the electrical and mechanical bore
sights, and misalignments of the mechanical bore sight with respect to the
resolvers., To simulate these errors, a fixed error is added to the shaft and
trunnionangle. The magnitude of these angular bias errors is left optional but
typical values used for testing are given below,

Certain other conditions must be satisfied before the tracking mode
commences, These also appear below., When all conditions for tracking are
satisfied, the "DATA GOOD' discrete is issued tothe LGC and the radar drives
the stabilization loops so as toalign the antenna electrical beam center with the
line of sight to the target.

The tracking mode is terminated when any of the tracking conditions are

violated.

Maximum angle between 0.03491 rad 5.7
antenna electrical beam

center and the line of

sight to the transponder

at which acquisition

can occur

Maximum range at which MAXR 740800 m
acquisition and tracking

can occur

Maximum range rate at RLIMIT +1493,52 m/ sec

which acquisition and

tracking can occur
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Typical shaft angle bias E ) 0.010 rad

errors used in testing

Typical trunnion angle bias E1 0.010 rad

errors used in testing

In the tracking mode the LGC may interrogate the radar for range and
range rate information. At ranges below a specified range, the radar scaling
of range informaion changes and accordingly adiscrete is set to inform the LGC
- of this condition, A bias frequency is added to the range rate measurements.
The range rate count is added to the count due to this bias for closing range and

subtracted fromit for opening ranges.

Rendezvous radar range RANGESC 0.043721214 bits/m 5,7

scale factor for high ranges

Rendezvous radar range RANGESC 034976971  bits/m

scale factor for low ranges

Range threshold at which LOSC 93681.639 m

range scale factor is changed

Rendezvous radar range RRATESC 5,226 bit sec/m

rate scale factor

Rendezvous radar range RRBIAS 17000 bits
rate bias count based on
an 80 millisecond counting

interval

6-46



6.6 Digital Simulator Coordinate Sysytems and Natural Environment Data
6.6.1 Reference Inertial Coordinate System

The reference inertial coordinate system used in verification of Apollo
‘guidance computer programs is defined by the intersection of the mean
equatorial plane and the ecliptic at the nearest beginning of the Besselian year,
The rectangular coordinates are defined so that the +X axis is along the ascending
node of the ecliptic on the equator (the equinox), thé + Z axis is along the mean
rotational axis of the earth and the Y axis completes the right-handed set.

The origin of the reference system is the center of mass of the earth,

6.6.2 Geodetic Coordinate System

Positions in the earth fixed system are specified by geodetic latitude,
referenced to the Fischer ellipsoid of 1960; longitude, measured positive east
from the meridian of Greenwich; and altitude, measured above the ellipsoid
along the geocentric radius vector,

A cross-section of the Fischer ellipsoid containing the axis of symmetry

has the equation

x%a®) + 2pd = 1
The equatorial radius a 6378165, m 6.1
of the earth
The flattening of the (a=b)/a 1/298.3 n/a 6.1
ellipsoid
The polar radius b 6356784,28 m 6.1

of the earth

6.6.3 Local Horizontal Coordinate System

The system to which spacecraft attitude is referred isthe local horizontal

coordinate system, Itisdefined interms of the spacecraft positionand velocity



expressed in the reference inertial coordinate system such that

u = u_ X u

% y z

uy B Vref = Rref /Ivref a Rref
4, ° —Rref / Rref

Starting with the vehicle coordinate axes initially aligned with the local
horizontal system, the application of the Euler rotations pitch, yaw, and roll

about the Y, Z and X vehicle axesinthat order determines the vehicle attitude,

6.6,4 Earth Gravitational Model
The gravitational potential of the earth is assumed to be

V(L) = (MU_/r)( 1+ (J/3) r/r 3% 1 = 8 sin"l )
+ (H/5)( re/r )3( 3 -5 sinzL ) sin L
+ (D/35) r /r 4 3 - 30 sinL + 35 sin®L ))

Where ry is the equatorial radius of the earth,.

The earth's gravitational MU 3986032, x10% m3/sec2 6.1
parameter
Cblateriess coefficients T 162345, x10™° nja 6.1
-8
H -575, x10 n/a 6.1
D 7875, x10~° n/a 6.1
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The mass distribution of the earth is assumed symmetric about the
rotational axis, hence there is no dependence on longitude in the potential

equation,
6,6.5 Sun and Moon Gravitational Models

The acceleration due to the sun and moon is the difference between the
gravitational field at the spacecraft and the field at the originof the coordinate
system, The acceleration of the spacecraft due to the earth, sun and moon
relative to an inertial system is

_ = 3\ = 3 -
&y T Bt (MUs/rvs)rvs ¥ (MUm/rvm) Tym

The acceleration of the earth is

- 3 - 3 .
a, = (MUS/reS) r + (MUm/rem) -

es

Thus the acceleration of the vehicle relative to the center of mass of the

earth is
S = 5 4 MOME f23-(F jr 3
ev e 5 vs'“vs es' "es
= 3 - 3
hd MUm(( I'vm/rvm) - ( Fem /rem))

, e s 12 3 2
The sun's gravitational MUs 132715445, x10 m"°/sec” 6.1
parameter
The moon's gravitational MUm 490217178. x106 rn3/sec2 6.1
parameter
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6.7 Hybrid Simulator Prelaunch Environment Data

Intentionally Blank

Prelaunch data is not used by hybrid simulator for SUNDANCE program.
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6.8 Hybrid Simulator Launch Vehicle Data

Intentionally Blank

Launch vehicle data is not required for SUNDANCE program.

6
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6.9 Hybrid Simulator LM(LM-3) Spacecraft Data

6.9.1 LM Reference Positions

The following X,Y,Z coordinates are referenced to the LM vehicle

coordinate system.

6.9.1.1 LM Descent Engine

Engine gimbal plane

6.9.1.2 LM Ascent Engine

3.9116
0.0
0.0

m

4,1

The LM ascent engine thrust application point is located off the +X

vehicle axis and the engine is canted so that avector along the center line of

the engine toward the +X spacecraft direction has a component in the -Z

direction.

Engine thrust application

point

Engine cant angle

6.9.1.3 LM Navigation Base

Intersection of the three

accelerometer input axes

THETA

<

NB
NB

N

6.9.1.4 LM Reaction Control System

Thrust application point

of up and down jets

Thrust application point
of front and side jets

Front and side jet firing

plane

5.91718
0.0
0.09525

0.02617

7.7978

1,2668

+1.67894
+1.67894

+1.5621
+1.5621

6.4516

B

8

B

rad

g

B

2

8

8

5

H

4.2

4.1



6.9.1.5 LM Propellant Tanks

DPS Tank 1 Position

DPS Tank 2 Position

DPS Tank 3 Position

DPS Tank 4 Position

APS Tank 1 Position

APS Tank 2 Postion
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4,0674
1.3716
0.0

4,0674
-1.3716
0.0

4,0674
0.0
1.3716

4,0674
0.0
-1.3716

5.7914
1.1308
0.0

5.7914
-1.8099
0.0

B

B

B

B

8

B

8

B

B

2

B

B

B B

8

B

4,2

4,2



6.9.2 LM Mass Properties

The hybrid simulation of the spacecraft mass properties is as follows.
The unstaged spacecraft consists of a fully loaded ascent stage and empty descent
stage as a single fixed rigid mass. The DPS propellants are represented as rigid ‘
and sloshing masses attached at the appropriate points. The inertia reaction
forces and torques contributed by the propellant masses are summed with the
forces and torques produced on the empty spacecraft. For the staged
configuration, the same principle is used, i.e. empfy spacecraft and attached
propellant masses. The slosh masses are considered to be slightly damped
pendulums. The rigid mass is considered to move with the tank. The sum of
the slosh mass and rigid mass represents the total propellant mass. During
coasting flight (non-thrusting phases) all propellant is considered as rigidly
attached to the tanks.

Apparent discrepancies between the Hybrid and Digital mass data reflect

differences in the respective mass models rather than theuse of different data.
6.9.2.1 Unstaged LM
Theunstaged LM consists of a full ascent and empty descent stage. The

full ascent stage in the unstaged configuration includes 80% of the RCS
propellant, the APS propellant, and men and equipment. The landing gearis

deployed.
Mass M 6892.03 kg 4.4
4,13

Center of gravity Xea 5.5193 m
YCG 0.0 m
ZCG 0.0 m

Inertia Values - 15054.7 kg m2
- 16444.5 kg mz
| 16444.5 kg m2
JXY -198.4 kg m2
. 920.6 kg =
- 554.3 kg m
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6.9.2.2 Staged Configuration

The empty ascent stage of the staged configuration includes men and

equipment but no RCS propellant.

Mass M 243177 kg 4.4
4.13

Center of gravity XCG , 6.5285 m
Yoo -0.0045 m
ZCG 0.1279 m

Inertia Values - 4128.8 kg m?2
Loy 3789.9 kg mz
IZZ 2381.3 kg m2
Iy 77.5 kg m2
Ivz 152.9 kg m2
JYZ 1.0 kg m

6.9.2.3 Propellant Mass Properties

The mass properties of the propellant are computed for each tank
based on the properties for a single oxidizer tank and then multiplied by the
mixture ratio for the fuel tanks. This allows for propellant shift between

descent tanks.

DPS tank radius RDES 0.6477 m 4.4
DPS cylindrical length CYL 0.4897 m
DPS propellant mass MLFD 8409.375 kg

(Full tank capacity)

DPS usable propellant load DESFUELMAX 94.45%
APS tank radius RASC 0.6218 m 4.4
APS propellant mass MLFA 2366.5 kg

(Full tank capacity)

APS usable propellant load ASCFUELMAX 96.69%
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The following table of slosh parameters isused for the DPS tanks. The
slosh masses (M3) are expressed in percent of full tank capacity. The
distance, HS, of the attachment point of the pendulum representing slosh
massis given from the bottom of the tank parallel to the spacecraft +X axis.
The distance, HR, of the center of mass of the rigid propellant is given from
the bottom of the tank parallel to the spacecraft +X axis, and the slosh
frequency parameter is defined as OMEGAZ/UDOT, where UDOT is the
acceleration along the spacecraft +X axis. A linear interpolation is made

between tabulated points.

Fraction of MS HS HR  OMEGA2/UDOT
full capacity MLFD (meters) (meters) (1/meters)

1.0 0.0 1.14 0.89 9.7 4,13

0.9 0.16 1.12 0.79 3.75

0.75 0.21 0.95 0.74 3.03

0.3 0.185 0.66 0.66 2.34

0.15 0.12 0.65 0.65 1.93

0.0 0.0 0.65 0.65 1.55

The following table of slosh parameters is for the ascent tanks:

Fraction of MS OMEGA?2/UDOT
full capacity MLFA (u/meters)
1.0 0.0 8.49 4,13
0.9 0.20 4,33
0.75 0.30 3.05
0.3 0.22 2.10
0.15 0.12 1.87
0.0 0.0 1.61

HS and HR are constant at 0.62 meters since the tanks are spherical,

6.9.2.4 DPS Propellant Shift

Due to interconnections of the DPS tanks, is is possible for fuel and
oxidizer to shift between either tank at various propellant loadings. The
maximum shift occurs at 50% loading when one fuel and one oxidizer tank may
be full and the other fuel and oxidizer tank empty. The propellant will shift
toward equalization in the presence of acceleration with a time constant of

50 seconds.
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6.9.3 LM Reaction Control System Data

In the hybrid simulation the Reaction Control System is modeled as having
no delay in turnonor shut off. Accordingly it was necessary to use a reduced
value of dribble volume to produce an RCS fuel accounting consistent with the
digital simulation. Each thruster produces 444.82 newtons of force. No effects

due to jet impingement on the descent stage are taken into account.

RCS propellant flow rate ' 0.16556 kg/se(L:l
' .15
DRIBBLE volume penalty 0.000306 kg

per jet firing

6.9.4 LM Descent Propulsion System Data

The hybrid simulation represents both the initial and final transient
conditions and the steady state response of the DPS engine by a single damped
second order system with anatural frequency of 12.5 radians per second and a
damping constant of 0.7.

The thrust level of the engine increases with time due to erosion of the
throat.

Thrust change rate per newton K 0.0001623n 4,12

of thrust due to erosion

=

Minimum thrust TM[N 4670.60 n 4,17
Maximum thrust TMAX 43480.03 n 4,25
(uneroded)

Specificimpulseis represented as a linear function of applied thrust for
thrust values below 13344.6 newtons and a constant of 302 seconds for thrust

levels above 13344,6 newtons.
ISP = 22 x (THRUST/13344.6) + 280
The trim gimbal system determines the direction of the descent engine

thrust vector. The trim gimbal drive signal is applied toa first order lag with
a time constant of 0.0333 second arriving at full speed in 0.1 second.
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Gimbal drive rate 0.00349 rad/sec
4,1

Gimbal drive time constant 0.0333 sec
6.9.5 LM Ascent Propulsion System

The hybrid simulation represents both the initial and final transient
conditions and the steady state response of the APS engine by a single damped
second order system with anatural frequency of 12,5 radians per second and a

damping constant of 0.7.
Thrust (uneroded) TASC 15537.6 n 4.7
6.10 Hybrid Simulation of Radar Data

The Rendezvous Radar is simulated by two voltage-to-frequency
converters which accept dc voltages and produce frequencies centeredabout 150
kHz for range rate and zero for range. Thesearevaried as a function of the input
voltage which provides a change in frequency of 1 Hz for a change of 0.065 volt
in the range rate channel and 1 Hz/0.0208 volt for range.

Maximum range RMAX 740800 m 5.7
Minimum range RMIN 1000 m

Low scale factor range RSCF 92970.4 m

Range accuracy 1%

Maximum range rate RDOTMAX 1500 m/s
Range rate accuracy 1%

Radar gimbal torquing rate 0.105 rad/sec
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