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SUMMARY

A linearized analysis of the navigation accuracy for the Primary
Navigation and Guidance System (PGNCS) and Abort Guidance System (AGS)
hias been made for the Lunar Module (IM) powered descent, aborts off the
powered descent, and powered ascent. In this note, the uncertainties
are given for (1) the estimated IM inertial state vector, (2) the esti-
mated IM altitude and altitude rate, and (3) the estimated Tunar Molule-
Command Service Module {IM-CSM) relative range and range rate.

Unitized partial derivatives of the IM state vector errors with
respect to each error source are presented for both systems at the end
of each trajectory. These mabtrices can be used for hand calculations
of the state vector errors caused by a particular error source (e.g.,
a gyro drift). Also included are the error models of the systems and
the derivation of the equations used to analyze the navigation accu-
racy of a strapdown inertial navigation system.

INTRODUCTION

The guidance and navigation functions of the IM are performed by
two systems - the PGNCS and AGS. An analysis of the guidance and navi-
gation accuracies of these two systems is required to determine moni-
toring procedures and to estimate system performance. It is the purpose
of %his note to present the navigation accuracy of both these systems
in determining the IM inertial state, IM altitude and altitude rate,

and IM-CSM relative range and range rate information for the following
trajectories:

a. IM powered descent (50,000 ft. to 2,000 ft. altitude)
b. IM aborts off the nominal descent
(1) At 25,000 £t. altitude
(2) At 10,000 ft. altitude
c. IM powered ascent (800 ft. tc 50,00C ft. altitude)
Time histories of altitude, altitude rate, relative range, and
range rate for these reference trajectories are given in figures 1
through 4. The analysis of the AGS errors required the development of

the error equations given in Appendix A. The analysis of the PGNCS
errors is available in reference 1.

Most of the results of this study are presented in the form of time
histories of the errors considered, and effort is made to explain the
underlying trends of these quantities and to indicate the major error
contributors.



DISCUSSION

ANATLYSTIS TECHNIQUES

To perform the linearized analysis of the two onboard navigation
systems, it was necessary to use reference trajectories for the lunar
powered landings [nominal and two aborts), and the powered ascent.
The trajectories were generated in a point mass digital simulation
using the guidance eguations of the primary system for both descent
and ascent (see reference 2).

The a priori navigation uncertainties for the IM and CSM at the
start of powered descent are taken to be those resulting from an on-
board lunar orbit navigation (3 orbits, 2 landmarks, and 3 measure-
ments) given in reference 3. This initial IM covariance matrix
included the errors caused by a 45 second Hohmann descent injection
maneuver and is given in figure 5a. All IMU alignments were per-
formed 15 minutes prior to the thrusting maneuvers. The correlation
between the ITM and CSM errors was considered in determining the relative
state errcrs.

The IM initial covariance matrix for the ascent phase is that
resulting from the nominal powered descent for the PGNCS position
errors and zero for the velocity errors (see figure 5b).

The specification values for the PGNCS hardware errors were
obtained from reference U4; however, the accelerometer bias used in
this analysis is one-fourth the specification value. The AGS hardware
specification values used are given in Appendix A and reference 5.

A IM instantaneous locally level inertial coordinate system is
defined at each point in the trajectory with z axis parallel to the
radius vector, y parallel to the angular momentum vector, and x com-
pleting the right hand system (see figure 6). This coordinate system
is used to express the error data in figures Ta through 1O0c.

RESULTS

For all four reference trajectories, the AGS out-of-plane velocity
error is approximately twice that of the PGNCS at thrust termination. .
The same ratio is true at termination for the downrange velocity
error (except for the 25k abort) and for the altitude velocity error
(except for both asborts). In these three excepted cases, the errors
in the two systems are approximately equal. For the error sources and
error source magnitudes used in this study, the initial misalignment
and gyro drifts are the major contributors to the IM state vector errors.



ANALYSTS OF VEIOCITY ERRORS

The velocity errors increase linearly (as expected) during IM
powered ascent and descent figures (7a and 10a). However, for the
abort trajectories, the IM y and z velocity errors (figures 8a and 9a)
increase and then start decreasingat the abort point., Because the mis-
alignment of the sensors about the y and 2z axes are the dominant error
source, an explanation of the velocity error caused by misalignments
is given,

For both systems, the acceleration error resulting from the mis-
alignments is

Ax = Ié' gy sin ¥
ay ==fa] (#x sin ¥ + Pz cos¥)
Az = |A] fy cos ¥

where

Ax, Ay, Az -~ are the accelerometer component errors
I A l - is the magnitude of the thrust acceleration
$x, 8y, § 2 - are the misalignments abort, x, y, z, respectively

by - is the angle between the thrust vector and landing site
downrange axis

During the powered descent and abort maneuvers, the pitch angle, ¥ ,
varies from an initial value of -193 degrees to a final value of + 10
degrees, The thrust is essentially along the x inertial axis (inertial
coordinate system is locally level at the landing site), and is approxi-
mately - 180 or O degrees fora large portion of the trajectory. There-
tfore, during the trajectory sin ¥ 2% O, cos ¥ changes sign at the abort
point, and )

Ax is small
by + |a] #=
Az + |§_| $y.

The last two expressions explain the negative slope of the y and z
velocity error starting at the abort point.
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ANALYSIS OF THE ALTITUDE RATE AND RANGE RATE ERRORS (see figures
Tc, 8e, 9c, 10c).

The altitude rate and range rate errcr equations are derived in
Appendix B. The mean-squared error for altitude rate can be writter

2
g, = -‘E,lj ﬁ[!ﬁ]

h R R.
1
Where Vx/R is the angular rate of change of the unit radius vector
(rad/sec) o
. [62 o
M= 2 - covariance matrix for down range
5%z G% position error and radial

velocity error

The range rate mean squared error is expressed similarly as

2 Vx * TV
G -[¥ ,ui|7F
1

where

Vx/p is the relative line of sight rate

*

N is the two by two covariance matrix for relative range error
and velocity error along the in.plane normal to relative range.

The altitude rate error follcus the general shape of the z velocity
error, but is smaller in magnitude because the correlation terms
reduce the total error.

POWERED FLIGHT PARTITAL DERIVATIVES

Figures 11 through 14 (PGNCS) and figures 15 through 18 (AGS) show the
matrices of partial derivatives of the IM state vector with respect to
each inertial sensor error. Each matrix element represents the contri-
bution of a particular unit error source to the position and wvelocity
error at thrust termination. The effect of changes in sensor per-
formance or specification can be evaluated rapidly with these matrices,

COVARIANCE MATRICES

Figures 19a through 22b exhibit the IM state covariance matrix at
thrust termination of each of the four reference trajectories. The
PGNCS covariance matrix is shown in part "a" of each figure, while the
AGS covariance metrix is shown in part "b". These covariance matrices
are included merely to serve as initial conditions for future analysis
of the orbital phasing and rendezvous navigation problem.
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CONCLUDING REMARKS

A linearized error analysis for both an inertial platform system and a
strapdown inertial system has been performed. Plots comparing the rela-
tive accuracy of the PGNCS and AGS are provided, and show that the
standard deviation of the position and veloeity errors of the two sys-
tems propagate similarly.

The misalignment of the inertial sensors with respect to the desired
orientation is the dominant error source in the two systems. Gyro
drift is also significant error source because the platform is aligned
15 minutes prior to the start of powered descent.



APPENDIX A
DERIVATION OF IM AGS NAVIGATION ERROR EQUATIONS
The basic equations required are those describing a thrusting vehicle in
an inverse square central force field, and the matrix differential
equation describing the instantaneous orientation of the vehicle with
respect to some arbitrarily chosen inertial coordinate system.

These equations are

oo ys
R = -Gp R v The (a1)
and
T = TW (12)
R - Position vector of the vehicle in computation coordinates
Ap- Thrust acceleration vector in body coordinates
T - Transformation matrix from body to computation coordinates
o -~-Ww3 Wy
W = Ww; o -4k

Equation (A2) is derived as follows:

The transformation from computational to body coordinates is

.-l

T" = [u.,, y.,U] (a3)

where 24; are the unit vectors forming the basis for the computational
coordinate system. The derivative of U can be exprersed as

_c.i;._%i = .fi_gi + W X UL
dt dt g - (Al)

Since'EL;ih fixed with respect to the computational system,

d Y

dt

= o)
¢ (a5)

Therefore

dg.,;,
8

dt (6)

- vehicular angular rates in body coordinates



(2)

or o= = - W U
at g
(A7)
where W is a cross-product matrix.
Substituting equation (A3) and its derivative
® wj -
= -\WNT : (A8)

so that

T

T W

since T is orthogonal and W is skew symmetric,

To derive the error equations, equations (Al) and (A2) are perturbed
go that

BR = m|RIP(3RRT - [RIPI)OR + (aTVAs + ToBs

and
AT = (aT)W + T AW (a10)
where
abs = WKea (A11)
W = D0 eq
A W & - b T (A12)
e -~(nxrg) accelerometer error vector
>+l
eﬁi - 4 = gyro error source
K -~ (3 x n ) matrix of partials of acceleration with respect to
accelerometer errors )
D - (3 x 3) matrices of partials of angular rate with respect to

the &% gyro error.

The transformation error AT induced by angular rate errors at any

time t is "
_Z M, 4.

a5t

AT (A13)

where .
. = M;W + TDJ M. -
M. N +(0) = o (AL4)



(3)

The homogeneous solution of equation (Al3) can be written

AT =T
é (a15)
where § is a skew symmebric metrix.
This can be obtained by considering (7 + AT) to be an orthogonal
transformation; then
(T + AT)T(T +aT) = 1 (A16)
where ( )T denotes transpose,
Expanding
ALT7
I + ATTT + TATT + ATAT "= [ (w17)
T . T b
AT = cT
ATATT = ¢* = o (a19)

*
This solution satisfies the diffcrential equation (A10) if € = 0, i.e.

AT . ¢T + CT
T = CTW
r o= AT W (420)

Whenm 1 = 1

(A21)

Since



(%)

- ‘ t .
¢ TAs = ‘}T(éﬂlg] = a0 $ £ (A22)

t 30
where't;‘are the first column of | .

The product of a skew symmetric matrix and a vector can be written as
a vector cross product:

el * g2 - ¢

Hence

He

(A23)

‘ée\ éi = lﬁa\‘_l_”‘f = ”|éa\2‘f (a2k)

where Z is the cross product matrix associated with & |

Equation(A9) can now be written as

0R = IR (3RR™ - IRI'I) AR + TKe, +G4 + Heg (a)
where )
o - tj;, tu

G = lAel | 4,, o -ty

(A26)
"'tl.l 'Lu o
H = ‘ésl [Mu, Mu,... Mn;] (427)
where M4y denotes the first column of M ; from (Alk).
To write equation (A25) in state vector form, let
A
X = Ag
= (A28)

s R



Then

X = FXxX «+ l't\g (A29)
where
] o T
F =
wel”(38R7 - IRI'T) o
. - J
Moo= TTK, H, G]
€a
9 = g’
¢
A solution of equation (A29) is
X = 14)35,» + Pe (430)
where
P = FYP, P =TI
and P = FP + ’:R , Ple) = o
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DERIVATION C' VEHICULAR ANGULAR RATE COMPUTATION

Let U. = As (A31)

- | Bel

where u a is the wnit

vector in the direction of the thrust acceleration., Th= rate of
change of W4 in the computation coordinate system is

a Uas
dt

= We x Ua (A32)
¢

Crossing U, into equation (2£32),

au
Ug X d';—d = We — (ga. . (,_g_)) Ua (A33)

The engular rate in compuational coordinates is

We = - = (A3,‘|’)
- e X Y

Numerically, the angular rates are computed by

Wwe = Qi \gﬁu-. X gu\ y‘h-e X y““ (.A35)
At ‘g‘u-u X y‘u‘

where 2_14..-, and ya“ are the unit accelerations at times 'l:.;_, and + -
respectively, and A+ = t; -~ & ., .

The angular rate, (O ,in body coordinates is

w = T we (436)



Assumptions -

(7)
ERROR MODEL

(1) Acceleration is essentially along the Xa(roll) axis.

(2) The error coefficients are constant during a burn,

(3) The error coefficients are statistically independent.

Accelerometer Error Model

A»£§s = K S;A.
- [ By
A AB,; i [a] [=] Ax Ax,. (o] o
_ By
A Ay = lo 1
4 © (o] o) Ax © B%
71N Abi (o4 () { o o o Ax k
- - i
Cyx
L Cox)
Exrror Definition Values Used
a _A;B Acceleration error vector in body coordinates
Bx, By, Ba  accelerometer Bias .00222 ft/sec
i Accelerometer Scale factor 87 PPM
n Accelerometer Scale factor nonlinearity 58 pPM
£1)sec®
CYX ) Cax Accelerometer cross axis sensitivities s’&

Note the omission of y axis and z axis scale factors and cross axis

sensitivities.

This is due to there being virtually no acceleration

sensed along these axés.

Angular Rate Error Model

A Wy €&
aly €
Aldy &

Te 10y [ ° W Wy rd’u
kA
 Imwy |« Goadae + (adax +| wa o -l b
Tawsx -y W © d’io
- JL o




éx ) é'[’ é‘
Tx ) TY) T*
Xsauy

AN

¢Xo, ¢Y°’ é‘o

Definition
Angular rate error
gyro constant drift
gyro torquer scale factor error
X gyro spin axis unbalance
X gyro anisoelasticity

initial misalignment

(8)

Values Used

.28 deg/hr
.38 PPM

.13 deg/hr/g
0 deg/hr/g

250 sec

As in the accelerometer model, the acceleration sensitive errors in the
y and z gyros were dismissed as zero.



APPENDIX B

DERIVATION OF IM ALTITUDE AND
ATLTITUDE RATE ERRORS

Let the inertial coordinate system origin be at the center of the moon
such that the altitude of the IM (including the mean lunar radius) is

given by
e
h = U, R
where
B = IM radius vector
EJg = unit vector of R
The differential for h is given by
T T
ah = &sUp 'EE * Q!z ISE;
where RT
T s RT T
ale = & (.1:-) . 2= _ R h
- - —= o
h h
so that T
ah = Yy, aR

The mean squared error in h is given by

Ef o] = E{u, ok sR7U

L1

%' = Ue E{orae’] U

' T

"
I
o)
3%
»
g
S

o

*
where CR is the covariance matrix for IM position,

t
A simplification can be made for 0; is the IM position vector is
defined in an instantaneeusly local level system:

(B1)

(82)

(83)

(Bk)

(B5)

(B6)

(B7)



(2)

E;‘r = [: 6, o, Fi.]
ro (38)
Uy = Lo, o 1]
Thus
0.‘-‘1. F [_03 091]10?(; Txy Oxa 1 O.‘
Ory  oy* o o (%)
Lc;l G_';i c;;. L i_
'G.az - o_iz. (B10)

Since altitude rate is the projection of IM velocity on the IM radius
vector, it may be written as

» T 2 ’
h = Y R R {(B11)

The first order differential for lvf is given by
T [ -r .
ah = AUg R + Up OR (B12)

and making the following substitutions,

.'r ART RT
AUy = —— - T ah
h h!—
= TAR

8 h e a2 (B13)
s T

__B__ - QQTQ . T

h " U ) = (ge)

the final relation is

. T ™

Al’\ = UR AB_ +

12
1)
o

1R

(B1k)



(3)

Hence the mean squared error for altitude rate is

. aR zig
3 A . -
E {ohi = E{[ya*,yil . |[eg ,8%]) } (215)
AR Ue
. aRlse  oR u
T T - A = R
a:" 3[9&,Q&1E [’] =
AR Ue | (B16)
« [y
.I. - T T _E
S - [ Ue ykl Cav (B17)
Ue
*
where C RV is the IM state covariance.
In the instantaneously local level system
. T VK
[d5 ai] - [§ .00 000, 1] (816)
where i’ﬁ. is horizontal velocity divided by radius magnitude.
o gl ) 1)
L 2
Thus ot = [ = ) 1] ) (B19)
Sya O3 1

IM~CSM RELATIVE RANGE - RELATIVE RANGE
RATE ERRORS

Since range and range rate between the IM and CSM are defined in an
identical manner to IM altitude and altitude rate, respectively, the
relative error equations are identical to the altitude equations:

e = WU & U (B20)
- T * »

o/.v"t = [-z-'-l/’r , Yo ] CP/’ Y (B21)
U



(1)

where
q;& = mean-squared error in range
o;" = mean-squared error in range-rate
LAP = unit relative range vector
Z%P = line-of-sight rate vector in the plane of motion
*
C;, = relative range covariance matrix
é;ﬁ = pelative state covariance matrix

A simplification analogous to the altitude locally level transformation
can be made if a "relative locally level system" is defined with z along
the relative range vector and y is perpendicular tc the relative velocity
vector. A

V. Ld .
o T . [-—f. s i ] Ox G;i. P
» 4 (B22)
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MRROR SOURCES:

INTTIAT, MISALIGNMENT x(£%) y(£%) z{ft) ;(ft[sec) }(ft/sec) égg;/scn)
. = 1arcsec 0.0 2.15 - 0.0 U0 1.18/-2 0,0
v - 1 arc sec =5.17 0.0 =7.25 “t,02/-3 0,0 oyl
, = 1are sec 0.0 6.55 0.0 0.0 2.09/-2 00
GYRO ERRORS
E_ = 1meru 0.0 36.9 0.0 0.0 218 0.0
Ey = 1 meru -10.9 Q.0 -116, - 11 0.0 - D
E, = 1 meru C.0 10k, 0.C 0.0 .388 0.0
FALS UNBALANCE
x-Spin = 1 meru/g 0.0 - 2.80 0.0 0,0 -1.98/-2 e
y-Input= 1 ieru/g 475 0,U 1.8 h,97/-3 0.0 D97/
z=-Spin = 1 meru/g 0.0 1.29 0.0 0,0 8.09/-3 0.0
CROSS AXIS SENSTTIVITY
x to z = 1 arc sec 2,08 0.0 .522 1.14/=2 0.0 faf-3
¥y to x = 1 arc sec 0,0 ~0.55 0.0 0.0 -2.29/-2 0.0
¥ to 2 =1 arc sec 0.0 2.15 0.0 0,0 1.18/-2 0.0
z to x = 1 are sec 1.57 0.0 6,77 5.48/-3 0,0 -5k
ACCELEROMETER ERRORS
¥ - Bias = .1 (:m/sec2 34k, 0.0 52,6 1.1 0.0 - J1HL
y - Bias = ,1 cm/sec2 0.0 362, 0.0 a,0 1.3h a0
z - Bias = .1 cm/sec2 -97.3 0.0 Lig, - .379 0.0 1.73
X - Scale Factor = 100 PPM «131, 0.0 =33.6 - 59 0.0 - Gl
z - Scale Factor = 100 PPM - 10.5 0.0 bl 6 -5,80/=2 0.0 253
X - Non Linearity = 10™°/g k.53 0.0 1.10 1.50/=2 0.0 YA
z - Non Linearity = 10'5/g - 170 0.0 .716 ~1.,14/-3 0.0 b Hyf-3

FIGURE 11 PGNCS POWERED

FLIGHT PARTIALS (NOMINAL DESCENT)



ERROR SOURCES:

INITIAL MISALIGNMENT

= 1 arc sec
X
= 1 arc sec
Yy
= 1 are sec
A
GYRO ERRORS
DRIFT
E. = 1 meru
bq
E. = 1 meru
N
E. = 1 meru

MASS UNBALANCE

x-Spin = 1 meru/g

y-Input= 1 meru/g

z-Spin = 1 meru/g

CROSS AXTS SENSITIVITY

x to z =

y tc x =

y toz =

2z tox =

X -

y -

2 -

=
)

N
]

1l arc sec

1 arc sec

1 arc sec

1 arc sec

ACCEIEROMETER ERRORS

Bias
Bias

Bias

.1 cmfse
.1 cm/se

.1 cm/se

Scale Pactor =

Scale Factor =

Non Linearity =

Non Linearity

c2
c2
c2
100 PPM
100 PPM
107/g

107/g

x(ft) y{ft) z(ft) ;(it/sec) J(ft/sec) ;(ft/st~)
0.0 2.63 - 0.0 0.0 hoon/-3 0.0
- .328 0.0 -6.62 <k.y3/-3 0.0 ~b63/-s
0.0 5.17 0.0 0.0 -2.1h/-3 0.0
0.0 - k.S 0.0 0.0 6.77/-2 0.C
-12.3 0.0 -9k.6 -9.94/=2 0.0 1.12/-2
0.0 70,4 G.0 0.0 - 119 0.0
0.0 -3.18 0.0 0.0 -8.82/-3 0.0
1.011 0.0 - .237 u,71/-3 0.0 -8.28/-3
0.0 - 661 0.0 0.0 -9.71/-3 0.0
2.h3 0.0 1.05 4,23/03 0.0 2.18/-3
- 0.0 ~5.17 0.0 0.0 2.14/-3 0.0
0.0 2.03 0.0 0,0 b.o2/-3 0.0
2.09 0.0 “5.57 -2.95/-k 0.0 -2.45/-3
562. 0.0 2hs5, 1.7 0.0 .828
0.0 609. 0.0 0.0 - 1.91 .0
-241. 0.0 617. - ol 0.0 2,11
- 98,2 0.0 - bhh 4, 3h/-2 0.0 «8.34/-3
- 21,2 0.0 5b,2 -3.91/-2 0.0 117
6.82 0.0 2.90 2.38/-2 0.0 1.10/-2
- .331 0.0 .836 -1.38/-3 0.0 3,65/~3

FIGURE 12 PGNCS POWERED FLIGHT PARTIALS (25 K ABORT)



KRROR SOURCES:

INITIAT, MISALIGNMENT x(ft) y(£t) a(ft)  x(fi/sec) y(ft/sec) z(ft/sec)

. = 1arcsec 0.0 9.70 0.0 0.0 ‘r.49/a3 0.0

, = 1aresec k.37 0.0 -27.0 -6.05/=3 0.0 <3.86/-2

¢; = 1 arc sec 0.0 9.72 0.0 .0 ~1.09/-2 €0
GYRO ERRORS

DRIFT

E. = 1meru 0.0 20k, 0.0 0.0 A72 0.0

E_ = 1 meru 20.6 0.0 ~Ll6, - 312 0.0 - Jhyo

E; = 1 meru 0.0 1ho. 0.0 0,0 - kot 0.0

MASS UNBALANCE

x-Spin = 1 meru/g 0.0 ~1k.8 0.0 0.0 -1.77/-2 0.0

y-Input= 1 meru/g 7.48 0.0 .872 2.36/-2 0.0 -1.37/-2

2-Spin = 1 meru/g 0.0 -b,73 0.0 0.0 -2.70/~2 0.0
CROSS AXIS SENSTTIVITY

X to z = 1 arc sec 6.06 0.0 9.86 3.67/-3 0.0 1.7/-2

y to x = 1 arc sec 0.0 -9.71 0.0 0.0 1.09/-2 0.0

¥ to z = 1 arc sec 0.0 9.7C 0,0 0.0 7.49/~3 0.0

z to x = 1 arc sec 10.h4 0.0 -l.T1 -2.97/-3 0.0 -2,15/-2
ACCELEROMETER ERRORS

% - Bias = .1 cm/sec> 1645, 0.0 268k, 1.62 0.0 5.33

v - Bias = .1 cm/sec2 0.0  2631. 0.0 0,0 2.9h4 0.0

z - Bias = .1 cn/sec’ -2271; 0.0 3200, -2,81 0.0 6.69

x - Scale Factor = 100 PPM - 1a, 0.0 = 27, .208 0.0 - 193

z - Scale F:.ctor = 100 PPM - 173. 0.0 24y, - Jl6k 0.0 59

X - Non Linearity = 10™/g 21k 0.0 3b.h 2.47/-2 0.0 7.19/-2

2 - Non Linearity = 10°/g = 393 0.0 5.29 -5.90/-3 0.0 1.19/-2

FIGURE

13 PGNCS POWERED FLIGHT PARTIALS (10 K ABORT)



ERROR GOURCIS s

INTTIAT, MISALIGNMENT

= 1 arc scc
X
= 1 arc sec
y
¢ = 1 arc sec
2
GYRO ERRORS
DRIFT
E., = 1 meru
X
E_ = 1 meru
Yy
E. = 1 meru

2
MASS UNBALANCE
x-Spin = 1 meru/g
y-Input= 1 meru/g

z-Spin = 1 merufg

CROSS AXIS SENSITIVITY

x to z = 1 arc sec
y to x = 1 arc sec
y to z = 1 arc sec

z to x = 1 arc sec

ACCELEROMETER ERRORS

x - Bias = .1 cm/sec2
y - Bias = .1 cm/sec2
z - Bias = .1 cm/sec2
X - Scale Factor = 100 PPM
z - Ecale Fsctor = 100 PPM
% - Non Linearity = 10'5/g

z - Non Linearity = 10'5/g

x(ft) y(ft) 2(ft) x(ft/sec) y(ft/sec) 2(ft/sec)
0.0 -1.(5 0.0 0.0 -5,39/=3 0.0
2.49 0.0 =k,37 9,62/=3 0.0 ~2.60/-2
0.0 <L, 57 0.0 0.0 «2,5T/=2 0.0
0.0 -2,62 0.0 0.0 =7.99/-2 0.0
37.9 0.0 «63.2 2152 0.0 - Jhho
0.0 -72.3 0.0 0.0 - 30 0.0
0.0 ..827 0.0 0.0 2,03/-3 0.0
- .724 0.0 1,61 ~3.48/23 0.0 1.22/-2
0.0 -1.67 0.0 0.0 - 1,22/-2 0.0
-1.73 0.0 - .290 -5.31/-3 0.0 ~9.h6/-k
0.0 4,57 0.0 0.0 2.57/=2 0.0
0.0 ~1.75 0.0 0.0 ~5.39/-3 0.0
7.61/-1 0.0 <k,66 4131/-3 ¢ 0.0 -2,69/=2
S
-259, 0.0 -h3,5 ~L.27 0.0 - 219
0.0  -263, 0.0 0.0 -1.289 0.0
-i3.9 0.0 269. - 217 0,0 1.37
93.0 0.0 15.6 .52k 0.0 8,99/-2
-6,08 0.0 37.3 -1,93/-2 0.0 2125
«3.53 0.0 - .591 -2,31/«2 0.0 -3.93/-3
- 100 0.0 .615 -3.54/-h 0.0 2.29/-3

FIGURE 14 PGNCS POWERED FLIGHT PARTIALS (NOMINAL ASCENT)



1ERROR BOURCES:

N

DRI

R VRSO TOY

¢y = 100 arc ucce
$ = 100 arc scc
z
GYR0 ZRRORS

DRIT
E, = 1 meru

X
E. = 1 meru

N
E = 1 meru

CYRO SCALE FACTOR

T = 100 PRM
X

T, = 100 PPM
Yy

T = 100 PPY
4

MASS UNBALANCE
x-Spin = 1 meru/g

x-Anisoelasticity = 1 meru/g2

CROSS AXIS SENSITIVITY

X to ¥y = 1 arc sec
x to z = 1 arc sec

1 arc sec

y to x
y to z = 1 arc sec
z to X = 1 arc sec

z to y = 1 arc sec

ACCELEROMETER

ZRRO3S

X - Bias = ZLO-5 g
y -~ Bias = 10'5,g

z - Bias = 1077 g

=
1

x - Nonlinearity
x to y Cross Axis

X t0 z Cross Axis

Scale Factor = 100 PPM

lO'S/g
= 1 arc sec

= 1 arc sec

'

x(£t) Y(ft)-f_ 2(ft) -&{ft/sec) F(ft/sec) i(ft/sec)

) -b, 40/~ 0 0 =5.96/=3 0
k.22/-1 0 7.15 5.89/-3 0 2,81/-2

0 -6.76 0 0 -2.49/-2 0

0 3.26/1 0 0 1.95/-1 0
9.42 0 1.1h/2 1.17/-1 0 L, 73/-1

0 1.04/2 ] 0 3.96/-1 0

0 0 0 o
1.01/1 0 4,48/1 1.10/-1 0 _2.50/-1

0 0 0 0 0 0

0 h,51/-2 0 ) 3.71/-b 0

0 0 0 0 0 0

0 5,21/-1 0 0 k.31/-3 0

0 0 0 ) 0 0

0 0 0 0 0 0

e 0 0 ) 0 o

0 0 0 0 .0 0

0 2.12 0 0 1.20/-2 0
-3.79/2 0 2.20/1 -1.h0 0 3.69/-1

0 3.91/2 0 0 1.5k 0

~2,15/1 0 -h.01/2 ~3.65/-1 0 -1.58
-1.39/2 0 8.93 -5.14/-1 0 1.23/-1
~5.15 ) 3.79/-1 -1.92/-2 0 4.36/-3

0 6.95 0 ] 2,70/-2 0
“b.22/-1 0 ~7.15 -5.89/-3 0 -2,81/-2

FIGURE 15 AGS POWERED FLIGHT PARTIALS (NOMINAL DESCENT)

.



ERROR SOURCES:

FIGURE 16 AGS

POWERED FLIGHT PARTIALS (25 K ABORT)

INTTIAL, MTSALIGNMENT x({ft) y(£t) z(ft) ;(ft/sec) ;(ft/sec) ;(ft[sen)

“#, = 100 arc sece 0 -9.52/-1 ] ) ~b.357-3 0

vy = 100 arc sec 2,26 0 5430 5.25/=3 0 2.69/-3

, = 100 arc sec 0 -5,04 0 0 1,0L/-b 0

GYRO_ERRORS

DRIFT

E, = 1 meru 0 3.70/1 0 0 9.51/-2 0

E, = 1 meru 3.74/1 0 7.33/1 7.80/-2 0 -3.24/-2
E, = 1 meru 0 7.13/1 0 0 ~1,60/-2 0
GYRO SCALE FACTOR

T, = 100 PEM 0 0 0 0 0 0

T, = 100 PPM 3.13/2 0 -9.10/1 -2.74/-2 0 -9.69/-1
T, = 100 PPM "o 0 0 0 0 0
MASS UNBALANCE

x-8pin = 1 meru/g 0 9.11/-2 0 0 4,55/-4 0 -
x-Anisoelasticity = 1 meru/g® 0 1.05/-3 0 0 5.99/-6 0
CROSS AXTS SENSITIVITY

x to y = 1 arc sec 0 L. 67 0 0 3.h2/-2 0
xtoz-—-.larcsec 0 0 o] (¢} 0 4]

y to x = 1 arc sec 0 0 0 (o] 0 -0

y to z = 1 arc sec 0 0 0 o] 0 0

z to x = 1 arc sec 0 0 0 0 0 0

z to y = 1 are sec Y 2.19 0 0 ‘*-18/-3‘ 0

ACCELEROMETER ERRORS

X - Bias = 107 g . -2,72/2 0 1.15/2 -1.,63/-2 0 2,L4/-1
¥ - Bias = 107, g 0 5.21/2 0 0 1.76 0

z - Bias = 107 g -1.24/2 0 -3.08 -3.04/-1 0 -2.36/-1
x - Scale Pactor = 100 PPM -9,63/1 0- 4,36/1 2.37/-2 0 8.77/-2
x - Nonlinearity = 10™°/g -3.40 0 1.65 2.14/-3 0 3.11/-3
X to y Cross Axis = 1 arc sec 0 9.32 o} 0 3.30/-2 0

X to z Cross Axis = 1 arc sec -2.26 0 -5.30 =5.25/~3 0 -2,69/-3



ERROR SOURCES:
INTIAL MTOAT TGNMRIT

4 = 100 arc scc
X
= 100 arc scc
¢y are sc
2 = 100 ure see
_GYRO_ERRORS
DRIFT
Ex = 1 meru
E_ = 1 meru
Yy
E_ = 1 meru

GYRO SCALE FACTOR

T
X

= 100 PPM

100 PPM

100 PPM

Mﬁﬁs UNBALANCE
x=Spin = 1 meru/g

_x-Anisoelasticity = 1 meru/gaj

CROSS AXIS SENSITIVITY

X to y = 1 arc sec

x to z = 1 arc sec

y

y

Zz

to x = 1 arc sec

to z = 1 arc sec

to x = 1 arc sec

to y = 1 arc sec

ACCELEROMETER ERRORS

Bias = 102 g .

Bias = 10"5.g

Biag = 107 g

Scale Factor = 100 PPM

Nonlinearity = 10-5/g

to y Cross Axis =

to z Cross Axis =

FIGURE 17 AGS POWERED FLIGHT PARTIALS (10 K ABORT)

1 arc sec’

1 arc sec

x(£t) y(£t) 2(f6)  x(ft/wec) y(rt/sec)
0 -2.27 0 0 -7,16/-3
L.48 0 8.77 8,95/-3 0
0 7,95 o 0 1.43/-3
0 7.46 0 o 1.61/01
7.73/1 0 1,22/2 1.39/-1 0
0 1.1b/2 ] ] -, 19/-2
0 o . ) 0 0
6.46/1 0 -1.34/2 -2.48/-3 0
0 0 0 o 0
0 2.14/-1 0 0 8.88/-4
0 0 0 0 0
0 7.80 0 0 4,53/-2
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 o o
0 4,19 0 0 6.57/-3"
=4,07/2 0 2.15/2 5.31/-2 0
0 8.07/2 0 0 2.1k
-2,36/2 0 -4,99/2 -4,99/-1 0
-1.48/2 0 8.51/1 6.67/-2 0
-5.35 0 3.38 k.69/-3 0
0 1.h9/1 0 0 k,21/-2
-b.48 ) «8.77 -8.95/-3 0

z(f4/gec)

.0
b, 71/-3
0

=b,91/-2

=1.25

(=]

(o]

3.85/-1
0

-3.90/«1

1.h6/-1

5,43/-3
0

=k, 71/-3



ERROR SOURCES$

INTTIAL MISALIGMMENT :  y(ft) z(ft) £(f4) a}(tt[aecz x.gft(sec) 2(¢t/sec)

B, = 100 arc sec 0 1.80 0 0 5.09/=3 0

, = 100 are sec g -1.79 0 b7 =5.54/-3 - .0- . -2,72/-2
, = 100 arc sec : 0 4,50 - . .O 0 -2,57/=2 . 0

GYRO ERRORS

DRIFT : .

E, = 1meru : 0 -1.70/1 0 0 -1,59/-1" 0
E, = 1 meru ' -2,68/1 o ~T.41/1 -8,2U/.2 ) -b.56/-1,
E. = 1 meru ' 0 - -T.50/1 0 0 ~l4,1b/1 0

GYRO SCALE FACTOR

T, = 100 PEM : 0 o . 0 0 0 0

T, = 100 PPM : -k4,95 0 -2.27 -1.26/-2 0 «2,16/-1
T, = 100 PRM i 0 0 0 0 0 0
MASS UNBALANCE '

x-Spin = 1 meru/g ' 0 o 0 0 0 0
x-Anisoelasticity = 1 meru/g_? 0 0 0 0 0 0

CROSS AXIS SENSITIVITY

o

x to y = 1 arc sec -2.12/-1 0 0 -2,72/-3 0O

x to z = 1 arc sec ‘ 0 0 0 0 (o} 0

¥y to x = 1 arc see , 0 0 0 o] 0 0

¥y to z = 1 arc sec i 0 0 0 0 0 0

z to x = 1 arc sec i 0 0 0 0 [o} 0

% to y = 1 are sec l 0 -1.10 Y 0 -9.89/-3" 0

ACCELEROMETER ERRORS

x - Bias = 107 g . -2,34/2 0 1.04f2 -1.19 0 3.63/-1

v - Bias = 1072, g 0 -2,57/2 0 0 1,26 0

2 - Bies = 1077 g 9.8 /1 ) 2,b2/2 3,05/-1 0 1.27

x - Scale Factor = 100 PPM  j* -9.b /1 0 3.90/1 -5.32/-1 0 1,36/~

x - Nonlinearity = 107°/g 3 -3.85 ] 1.7 «2,4lf-2 0 5.03/-3
' x to y Cross Axis = 1 arc JS_éc l 0 -k.99 0 0 «2,72/-2 0
| % %o z Cross Axis = 1 arc ssc | 1,79 0 b1 5.5 /-3 0 2.72/-2

FIGURE 18 AGS POWERED FLIGHT PARTIALS (NOMINAL ASCENT)
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FIGURE 19 LM FINAL COVARIANCE MATRICES
(NOMINAL DESCENT)
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FIGURE 20 LM FINAL COVARIANCE MATRICES
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FIGURE 21 LM FiNAL COVARIANCE MATRICES
(10 K ABORT)
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FIGURE 22 LM FINAL COVARIANCE MATRICES
(NOMINAL. ASCENT)



