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FOREWORD t‘“j 1

This report is published by the Aerospace Corporation, El Segundo,
California, under Air Force Contract No. AF 04(695)-669.

The requirementis for a generalized digital computer program for the '
errcr analysis of inertial guidance systems spplicable to space missions was ‘

established in December 1963. Although under continuing development, the -
program has been usad for system design and analysis studies since June 1964. i , '

This report contuins the first complete description of the program and
replaces the partial and preliminary ones that have been issued. Its informa-
tion should be sufficient for mocst users of the program. This program
replaces the one described by R. A. Moore and D. F. Meronek in '"A Digita!
Computer Program for a Goneralized Inertial Guidance System Error Analy-
! sis' (Reference 1) used previously at Aerospace Coiporation. 1t provides the
‘ basic tool for future inertial navigation system error analyses. It was sub-
mitted on 24 August 1966 to Captain Ronald J. Starbuck. S3TRT, for review i
and approval.

Information in this report is embargoed under the U.S. Export Control
Act of 1949, administered by the Department of Commerce. This report may
be released by departments or agencies of the U.S. Government to departments
or agencies of foreign governmentrs with which the United States has defense
treaty commitments. P=ivate individuals or firms must comply with Depart- O
ment of Commerce export control regulations.

; Approved

; < /éwf\, ::_Q.LL (b

E. ievin, Director Parkin, Director
Guidance and Control Subdivision Computation and Data Processing
Electronics Division Center

Electronics Divisio:

Publication of this report does not constitute Air Force approval of the
report's findings or conclusions. It is published only for the exchange and
stimulation of ideas.

Space Systems Division
Air Force Sysiem Command
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A3STRACT

The theory and assumptions used in developing equations for the error i
. analysis of a general class of inertial navigation systems are described. .

The computer program developed for their solution is described from a

user's point of view. Its application includes the synthesis and/or

' analysis of inertial navigation systems used in ballistic missile or

terrestrial space missions. The program is dezigned to allow studies
of both pure inertial and aided inertial navigation systems, the latter
being the process of updating navigation data via data from external

E§€ensors.
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SECTION 1

INTRODUCTION

This report describes, from a user's point of view, a computer program

developed for the error analysis of 2 general class of inertial navigation-

. systems. It is generally understood that these systems will be used in

connection with either ballistic missile or space rmission applications.

Section 2 describes the classes of inertial navigation systems considered,
develops the equations necessary to perform an error analysis, enumerates
the assumptions made in their derivations, and describes the methods and
equations used for data presentation. The equations in Saction 2 form the 5

bases for the computer program, which was developed to solve them.

Section 3 deals with the operational aspects of using the computer program
F? , to perform error analyses, The input data requirements and procedures

| are discussed and the resulting output data and formats described. The
logical order of the computations resulted in the development of two
independent programs: The first, called ERAN, solves the equations
presented in Section 2. 3; the seccnd, called QUTP, solves those presented
in Section 2. 4. These were progr mmed for the IBM 7090/7094 to be run
under the control of the IBM Basic Monitor (IBSYS) Programming System

with the agsumption that core is set tc zero before loading of the programs.

There is a certain amount of intentional redundancy in the material pre-
sented in Sections 2 and 3. This was donz so that once one 15 famiiia~ with
. the material presented in Section 2, it will only be necessary io refer to

Section 3 for program operations.

"/ Section 4 presents three sample test cases illustrating the ingat data pro-
L cedures and the formats of output data, and demonstrating some of the

flexibility and capabilities of the program.

e
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Appendices A through C present material augmenting the marn body of the
report. Appendix A consists of Standard Input Data Forms, Appendix B

contains ERAN and GQUTP input Data for Sample Cases, and Appemgx C |
gives the Output Listings for Sample Cases. d i

Appendix D is devoted to the subject of updating or correcting navigation
data through the use of external data sources utilizing various sensor ‘

configurations., Algorithms are derived for three possible schemes of . ’

data processing. Although equations have not been programmed, the

logical structure of the computer program is designed so that this fea-f&e

can be incorporated without major revisions. P Y

. &
-

In Appendix E the method is discussed of treating the effects of aero-

dynamic drag in orbit when the accelerometers are disconnccted from

3

the navigation computer.

Appendix F contains all the figures called out in the report and Appendix G

R v v W ST I T R

the program definitions and constants. (:5
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SECTION 2

EQUATION DEVELOPMENT

2.1 INTRODUCTION

This section defines the classes of inertial navigation systems considered
and develops the equations necessary to perform an error analysisof a

given configuration.

Section 2. 3 relates the derivation of the differential equations of navigation
error to a broad class of system errors. The solution of these equaﬁons
results in the linear transformations (sensitivities) of navigator errors
into errors of navigation data, The classes of errors include those of
sensor anomalies, initial conditions, terminal control, and, for certain

operational procedures, the effect of orbital drag uncertainties,

Section 2.4 describes the equations used for processing these sensitivities
into individual navigation vector errors for each error source, and those
which statistically sum all vector errors presented as a covariance matrix,
Various coordinate systems and processing methods are described for data

presentation.

. A L s




b g S S 2

Y e g I A b

2. 2 NAVIGATION SYSTEM CONFIGURATIONS

The inertial ﬁivigatiun system configurations considered are schematically
presented in Figure 1. The equations developed for error analysis are
applicable to torqued or inertially oriented gimballed-platform systems,
and to a certain class of strapped-down systems. The essential sensors
used by the navigation system are three accelerometers, which sense the
magnitude of the applied external accelerations, and three gyros, * which
Tense angular dynamics so that the direction of the applied acceleration
can be derived. The constraints of accelerometer mounting are such that
the three sensing (input) axes cannot be coplanar, but can be nonorthogonal.
Gyros are assumed to be mounted in a triad so that their sensing (input)
axes are orthogonal. The method of derivirg accelerometer orientation

from gyro signals is assumed to be one of the following three:

a. Gimballed Platforms. In this configuration - the most
conventional - the platform is initially aligned to some
auxiliary references. For initial alignrnent on the ground,
the gravity vector, which is sensed by pendulums or the
accelernmeters, is used for vertical reference; azimuth
is referenced to either optical sensors or a gyro com-
pass. For in-orbit alignment, stellar or horizon sensors
are used. The gyros measure any deviation of the plat-
form from the initial alignment and their signals are
used to torque the platform in such a way that they be-
come null, thus maintaining the initial reference. In
some cases, the platform is torqued either to reduce the
total gimbal-angle travel, or to maintain prelaunch
(earth) rates. To achieve this, the gyros are torqued at
prescribed rates, which the platform follows. In this
case, the accelerometer transformation matrix is a
function of time and computed from the commanded rates.
Mathematically, this is identical to configuration (b).

b. Strapped-down/Caged Gyros. In this configuration, the
plattorm 18 mounted directly (possibly by a shock mount)
to the airframe. The gyros sense angular deviations
from the initial reference, but are torqued to null their

*Two single-degree-of-freedom gyros can be oriented to represent one
two-degree-of-freedom gyro.
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signals. These torquing signals are a measure of the
rate-of-change of the platform orientation and are used
to compute the transformation matrix required for the
accelerometers. The algorithm used is based on the
matirix differential equation of direction cosines.

c. Strapped-down/Free Gyros. Until the advent of the

electrostatic gyro ( » lighweight wid=-angle free
. gyros were not sufficiently accurate to be considered

{or this application. Free (two-degreec-of-freedom)
gyros z2re used in platform configurat.sns but are re-
stricted to small-angle deviations. With its high degree
of accuracy, the ESG acts as a potential .ttitude reference
sensor. In this configuration, the angles the gyro case
(thus, the accelerometer) makes with respect ‘o the spin
axis of the gyro are read out and used to compute the
transformation matrix.

The sensor data is processed by a computer to derive position and velocity
data. It is assumed that the navigation system cornputer has perfect
algorithms for gravitv. and that its word length and integration schemes
are such ae to produce negligible errors. Most accelerometer outputs are

in the form of pulse rates proportional to acceleration, thus there are

additional complications in deriving inertial velocity when the platform is
not inertially oriented. The algorithms used in these cases become the
subject of a separate analysis, which requires detailed knowledge of the
hardware characteristics. In general, a special-} wrpose computer (e. g.,
.a Digital Differential Analyzer) would be required to buffer the processing

" of accelerometer and gyro data into a suitable form for processing by a

general-purpose computer, Generally, this form is sensed velocity data,
which is then corrected for the effecis of gravity from which the trajectory
position and velocity data are detexmined. In this analysis it is assumed
that the error in these computations is small ennugh to be negligible, or
convertible to equivalent sensor errors; therefore, the errors in indicated

position and velocity are functions of sensor anomalies only.

Provisions are included for analyses of aided inertial navigation systems

in which external sensors are used for measuring position, velocity, and/or




platform orientation. The measurements are processed by various techni-
ques and applied as corrections to the navigation system data, These
corrections are discussed in Appendix D under Resets. The computer
-program in its present form does not include the coding of these equations.

s




2.3 ERROR SENSITIVITY EQUATION DEVELOPMENT

2.3.1 Coordinate Systems and Transiormation Matrices {

The basic coordinate system used for computing navigation errors is an
earth-centered inertial (ECI) system, in which the Z axis is along the earth's
polar axis, and the X and Y axes lie in the earth's equatorial plane, forming
a right-hand orthogonal axis system. Generally, the convention is that the

X axis passes through the Greenwich meridian at time zero.

The notation used for coordinate transformation matrices is the symbol M
with two-lettered subscripts to identify the respective coordinate systems;
e.g., MEK identifies the transformation matrix, which is used to transform
vectors to the ECI coordinate system from the K coordinate system. Con-
versely, MKE transforms vectors to the K system from the ECI system. The
necessary coordinate systems and the transformation matrices are described

in the following paragraphs.

2.3.1.1 Platform Coordinate System

The platform axes are designated Pl’ PZ, and P’3 and form a‘right-hand
orthogonal coordinate system. The initial transformation matrix is developed
by considering the platform axes to be initially aligned with the ECI axes and
by applying ordered rotations of ¢p about P3. a negative )‘P 2
negative ¢P about Pl' Thus, the matrix that transforms vectors in ECI co-

ordinates to vectors in platform coordinates is

= - r' ﬂ r -
1 0 0 Chp 0 Sng C¢P s¢p 0
Mpp =] 0 Cép -Ség 0 1 0 -s¢P C¢p 0f(t= to)
[0 Sy Cépllsh, o0 Cragll o 0
-7-
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Figure 2 {llustrates the usual initial platform orientation, where ¢p is the
longitude, \p is the geocentric latitude (positive North latitude), and ¢p is
the asimuth (positive is conventional asimuth from North).

Since platfcrm coordinates are orthogonal

Mpp = Mg

where T denotes the transpose. MPE can be a function of time (for strapped-
down or torqued platforms) and its calculation is discussed in Section 2.3.2.

2.3.1.2 Gyro Coordinate System

It is necessary to assign a coordinate system to each gyro so that the gyro
orrors can be determined. The gyro axes for each component are right-
hand orthogonals and designated Gil' GiZ' and G, (i = number 1, 2, or

3 gyro), where Gil is the sensing (input) axis of the {th gyro. It is assumed
that G”, GZI' and 031 also form a right-hand orthogonal axis system.

As a result of this agssumption, the development of the gyro coordinatc sys-
tems is simplified. Since, for any one configuration, the gyro axes are
assumed to be fixed -vith respect to the platform axes, the gyro coordinate
systems are developed with respect to the platform coordinate system. Fig-
ure 3 illustrates the initial gyro alignments with respect to the platform axes.
The method of specifying gyro orientations is by specification of an axis (1,
2, or 3) and an argument (angle«) of successive rotations. Each rotation
operaies on the gyros as a triad; i.e., all three gyros are being rotated and
thus are maintaining their axis .~ientation with respect to each other during
the rotations. The axis of rotation referred to above is that of the number

one gyro. Thus, the matrix that transforms vectors in platform coordinates

to gyro coordinates (gyro input axes) is

M ,‘~'1'........'I‘izTil

! -8-




where

i = the axis of rotation i =1, 2, or 3)

j = the jth rotation (j =1, 2, ... up to 5)
and il
P -
1 0 0
le =10 Co, S50, transformation for a
, J ) rotation about Gl 1 axis
0 -S6, Cce.
- J )
"Co. 0 -S6.°
J J
TZ' ={ O 1 0 transformation for a
J rotation about Glz axis ;
S, 0 ceo,
L ) JJ ’
- C9, SO, 09
J J
T3. =]1-50, (o] : B 0 transformation for a
J J J rotation about Gr13 axis
i 0 0 1

where 0. is the angle of the jth rotation and a positive angle is in the senseof a
right-hand rotation. Upon completion of this set of rotations, there remains
an additional degree of rotational freedom of each gyro about its input axis.
By considering this degree of freedom, the vector components along the other

two axes of the gyro (axes 2 and 3) are determined, utilizing the matrices

™~ -

0 C4 S¥

transforms a vector in

M = S » ’
G2 ¢Z 0 C"‘z ' gyro coordinates to vector
) components along the 2 axis
L Cdy Sy, 0 _ of each gyro




Y -S\hl C\l:l‘
transforms a vector in gyre
MGS = Cd;z 0 -S\hz coordinates to vector com-
ponents along the 3 axis of
! each component
50 [-S¥y G4y 0
Lo

e rerma® v o B

where . is the angle of rotation for the ith gyro and a positive angle is in
the s2nse of a right-hand rotation.

It is convenient to describe the gyro axes in the model of a single-degree-of-

freedom gyro, where the Gil is the input reference axis, G'iZ is the output

axis, and Gi3 is the spin reference axis. Then a rotation of s.»’,ai = 90 deg of."'
ith gyro will provide an orientation of two gyros with orthogonal input axes

i and parallel spin axes, a model of a two-degree-of-freedom gyro. Since the
' gyro (input axes) coordinate system is orthogonal, the following transforma-

tions are de-ived

T
Mpg = Mgp

Mg = MgpMpge

= [M 1T = M__M

Mps cPMpE epMpg

2.3.1.3 Accelerometer Coordinate System

The following two options are used for specifying the alignment of

accelerometers.

FIRST OPTION

First is the specification of an orthogonal triad and the method of specifica-
tion is identical with that described for the gyro components; that is, an axis

: and argument of successive rotations are snecified to align the accelerometer

SRR AR WL e

-10.
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input axes. Then an additional degree of freedom about each accelerometer's

input. ixis is specified by an angle pj.. The accelerometer axes for each com-

ponent are right-hand orthogonal and are designated A“, AiZ' and Ai3

(i = nnmber 1, 2, or 3 accelerometer), where Ail is considered the input
axis. Figure 4 illustrates the initial orientation of the accelerometer axes

with respect to the platform axes. The following matrices apply for accel-
erometers when this option is used.

M, =T.......T G=1, 2,

AP ij il . » . upto5)

[0 cal spl‘

transforms a vector in
: accelerometer coor-inates
0 -Sp i
2 to vector components along 1
the 2 axes of each accelerometer :

A2

r 0 -Sﬂl Cg,7
transforms a vector in
accelerometer coordinates

to vector compcenents along the
3 axes of each accelerometer

[-Sp3;  CB3 O '
T
Mpy " Mpp

g
2
%é
g

Tt Rl b o

-11-




SECCND OPTION

The second option allows for 1 nonorthogonal acceierometer configuration.
Here the method of specificatior ig the same (i.e., specification of an axis
and an argument); however, ~ach accelerometer is specified independently.
The initia! orientation cf each accelerometer is the same with the accelerom-
te s . . ‘ . )
eter's input Axis Ail aligned with Pl' AiZ with PZ' and Ai‘f with P3. There

fore, a matrix is developed for each accelerometer k, as follows:
Mypy = rijk Cee e T:‘.ZkTilk(k =1, 2, and 3)

From these three matrices, the matrices MAP' MAZ’ and MA3 are formed

as

AP 12

PA

A3 3z PA

L33

where Mik is the ith row of MAPk =1, 2, 3)

-12-
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Since for this optiion the accelerometers are nonorthogonal, Mp A is developed
from the inverse rather than the transpose, and the following relationahips

result
M., =M, .}
PA - TAP
M =M, M

AE AP PE

M

.. _ _l-
‘ EA-[M M__.]"" = M._M

AP PE EF PA

2.3.1.4 Initial Condition Coordinate Systein

These coordinate systems are used to transform errors specified in a con-
venient coordinate system into errors in ECI coordinates. The initial platform
errors are specified in the platform coordinate system and transformed into
ECI coordinates by MEP‘ Two options are provided for specifying initial
position and velocity errors. In the first, the errors are asaumed to be
rcferenced to platform axes; thus MEP is used. In the second, tke errors are
assumed to be referenced to the geocentric vertical and directed in azimuth

by a specified angle (I.'JI) \c2e Figure 5). TLs transformaticn matrices for

position and veincity errors are then

OPTION 1

-13-
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Ss\1 0 0

"
o [
wn
>
n

c¢=§ C\ =

z

R

D

R
D=J;(z+'YZ R =,/D% + 2°

. and
X, Y, Z =initial {(t = to) ECI position coordinates
@ and \ = the initial longitude and geocentric latitude, respectively
¢I = the azimuth orientation oi the coordinate system.

2.3.1.5 Terminal - condition Coordinate System

These coordinate systems are used when it is desired to propagate the effects
of terminal-control errors generated by other systems for which there can be
no further corractions (e.g., guidance steering and thrust tailoff errors at
thrust termination of a ballistic missile). The transformation for terminal-

position errors is

)




-
.

Mpr, =|S® c@ ojjo 1 offjo C¢ sy
0 o 1Jisn o CMlo -s¢y cCy

where
v
_Y _D _'E
SP = & S\ =g S = =
H
v
X z N
c¢)-i3 (:X —ii qu—-‘qg
D= /x2+ v2 R =,/D% + 2%
-YX + XY
Vg <
v, o LXK+ ¥¥) 4 7p%
N = XD -
[
Vy = VN"V::
and

X, Y, Z =terminal EC] position coordinatas
X ¥ Z = terminal ECI velocity coordinates

V.V,V,., =east, north, and horizontal velocity
E NH
vector components

@, %, ¥ =longitude, latitude, ard velocity vector
azimnuth at the termination time

-15-~




The transformation for terminal velocity errors is

Sk S P

Mpro Mg | 0 1 0 .

-Sy 0 Cy

1 where -
¢
XX+ YY + 22
SY ==—nv
i V.
| Cy=~p  V=(kP4+ P4 2?2

t_: nd

Yy is the flight path angle and equals the angle that the
velocity vector makes with the horizontal plane (:)

i V is the magnitude of the velocity vector.

These coordinate systems are illustrated in Figure 6.

The other coordinate systems, used for output data and reset, are described
in Section 2. 4.1 and Appendix D.

2.3.2 Navigation Kinematics

For purposes of error analyses, it is of interest to derive the sensitivities of .
navigation and platform orientation errors as a function of the anomalies of

system parameters (which are random variabies). These sensitivities are

then used with the statistics of the system parameters to develop the statistical .
characteristics of the navigation data. For this purpose, the differential equa-

tions are linearized so that all the advantages of linear analysis can De utilized.

The following sections develop this procedure.

-16-
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2.3.2.1 Equations of Motion

The differential equation, expressed in ECI coordinates, that describes the
vehicle equations of motion for an assumed point mass system is

X- -#[XJ«GHY'

where
p = gravitational constant
R = magnitude-of-position vector
G = vector of higher-order gravity terms
§ = acceleration vector of the vehiclé
X s = sensed acceleration vector due to 5.11 external forces

(thrust, drag, etc.)

The navigation system's computer mechanizes and solves this equauon with
the appropriate initial conditions of position and velocity 0( and x ) The
sensed acceleration components are measured by the accelerometers and

transformed into ECI coordinates resulting in

=l

em = IMgpMpa 1A

where

X3

X = the sensed acceleration measured and
transf{crmed into ECI coordinates

(M = the transformation between accelerometer and

EP PAL ECI coordinates, which the computer uses
A = accelerometer measurcments corrected for
calibrated anomalies

*
The choice of coordinate systems made here was for convenience. The
resuits are invariant with the computational coordinate system chosen,
provided that the assumpticn of perfect computer algorithms is valid.

-17-
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The corrected accelerometer measurements are the result of input acceler-

ations and functionally related correction terms, Thus, the accelerometer
equation becornes

Koc = 1. + £ @A)
= M pMpe], X, + £ @)

where

>
n

uncorrected accelerometer measurements

FA)

the equation for the accelerometer anomalies, which
includes corrections for biases, scale factor, non-
linearity, etc., based on instrument calibrations.
(This function is discussed in Section 2. 3. 3,

Error Sources)

(M ], = the transformation between actual accelerometer axes and -
AP PE°2 . .
ECI coordinates, a function of platform errors, acceler-
ometer alignments, nonlinearities, etc.

Therefore, the equation that is solved by the navigation computer is

X = -;{t‘g[f+6] + [MppMp ] {IM, Mpo1LX + £(B))

Generally, it is not required that a distinction be made between [MEPMPA]I
and [MAP PE]Z’ except in cases where a given error source affects both

computer and plitform transformations, e.g., initial position errors.

2,3.2.2 Constraints and Assumptions

Before proceeding to the linearization of the navigation system equations, the

following constraints are imposed.

a. Nominal Trajectory Reference

The parameters that affect the sensed acceleration vector
(e.g., thrust, weight, wind, control system, etc.) are

18-




statistically independent of the navigation parameters
(accelerometers, gyros, etc.). Therefore, to include
them in the anaiysis would result in trajectory deviations
constrained by the guidance system, but not necessarily in
navigation errors of the measured trajectory. The only
way in which the two sets of parameters could be entered
into the znalysis would be from nonlinearities for which
Monte Carlo techniques would be required to develop their
effects. Fortunately, these nonlinearities are sma.. and
can be assessed independently by performing a guidance
error analysis and the navigation system error analysis,
separately, using the same reference trajectory. The
navigation error analysis can be repeated for the maxi-
mum perturbed trajectory developed in the guidance error
analysis to determine if further analysis is required.

b. First-Order Partials

If the equations are expanded into a Taylor series, the
relative magnitudes of second-order partials can be deter-
mined. For example, by taking one component of the
gravity expression

}’t.z--EsX=--L (asaumingR:X,Y;Z=O)

R x%

and expanding it to

-~ 8X a%x '
Ax:-gx-AX+a—x-2-—z!—+...

(1-38% ... )ax

it is seen that the maximum effect of the second-order
partial is a function of AR/R. Since AR/R <<< { for any
reasonable system, it can be neglected. Many analyses
of inertial guidance systems neglect completely the first-
order gravity partials® or treat them as constants.

Ky
See for example Reference 2, p 304: "Use of Normalizea integrals. "

ek
See for example Reference 3.
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With a similar analysis, the second-order gravity terms
- (&) can be eliminated, even though thev present linear

terms in the equations.
c. Small- 8 Approximations

Applying the small-angle approximation to platform and
computer errors is justified on the basis of comparing
second-order partials. With this approximation, small-
angle rotations can be represented as vectors and ’t&he
following vector matrix relationships can be used.

(1) Vector Transformations

$.=M..§. il

where

g

1

angular error. expressed in the i coordinate
system due to angular errors in the j coordinate
system ’j

the transformation matrix to the i coordinate

M..
1 system from the j coordinate system.

For example

.¢x- o
$ =9 =9, ] "MppPp=M_,l 98,
- ’z-‘ L 93]
(2) Matrix Differentials
: 0 LT )
i [omy); = [8;IM;; = 1- 9y 0 9y M5
; 0 e ol

*See F.eference 4, pp 251 to 253.
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where

[5Mi']i= the change in M;j due to small rotations
) in the i coordinate system.

[0{] = a skew symmetric matrix formed from
) the small angle rotations in the i coordinate
syscem,

For example

- N
G %3 "%
r 1 - :
(Mppip=|-95 0 6 [Mpg = [#piMpg
i, ¢2 "¢1 ¢
when ¢, are small rotations in platform cuordinates.
Also
[Mpp]lp, = [6M }T=~M (@ 1
EP'P PE'P RPN P
If the gmall rotations are expressed as rates times
time (95t = wbt), ther in the limit as 5t - 0, the
matrix differential equation is
!
W
F 0 wg w,
[6ML ]
EFP'P _ _ _ .
&  MgpT Mpp | O Wy |= Mpplpl
A w. -w, 0
! - ¢ 1 -
\—
i.
.21-
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and

Mpg = (8p]Mpg

(3) Matrix Transformations

= r i
Mj] Ml M,

where
[9.] = skew symmetric matrix expressed in the j
J coordinate sysiem due to rotations in the i

coordinate svstem.

For example

I -

that is
0 ¢z -¢Y.1 r 0 ¢3 '¢2
¢, 0 % | " Mep | "% 0 % | Mpg
- o

This can be snown by using vector matrix relation-
ships as follows: Let vectors in the P coordinate
systera ke 1 _lated as




J—

e imiaatil dili,

Yp = ¢prP = -Apx¢p
[0 Az -Ay] 0 W )
= -4 O Ayl tp -85 0 % |4p
L A2 -Al 0 4 L. ¢, -¢1 0
= - [QP] Ap .
Transforming the above vectors into E coordinates
results in
Yp = MppYp = -Mgpleplap

#g = Mppdp

XE = MppAp
The vectors Y, ¢, and A are invariant under an
crthogonal transformation; therefore

YE = 5EXXE = —[@E]KE = -[&E]MEPX

Equating the two above expressions for Yo results in
[2pIMpp = Mpplap]

or

f

mE] = MEP[QP]MPE

-23-
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2.3.2.3 Linearization of the Differential Equation

The linearization procedure is established by taking the partial derivatives

with respect to each error source, The notation used is: 6 = 8/d¢, =

parti. ! derivative with respect to the ith error source,

Neglecting the higher-order gravity term, we find that the navigation system
equation to be linearized is

%= 'E%i + [MgpMp, 1 [M,p PEJ s ¥ Mgl £ @A)

When the following assumptions are applied
a. HMis a known constant
b. 6)_(8 = 0, the nominal trajectory reference

c. OMEA F (A) 2 0, products of small perturbations are zero

(see Section 2.3.3.2 for f (A))

the linearized equation becomes

><|:

o )
fi 8X + ;5; XOR + (Mg 6Mypy + Mg, My} X+ Mpy 8 £(R)

The following terms in the above expression are expanded as

a. R=,\/X2+Y2+Z2
6R = XL6%X/R
: - 5
b. M,y = 8[M, pMppl, = 8M, pMpp + M, p8Mpp
_24.
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Since M, p is in error due to a misalignment of the ?
accelerometer true input axis from the one calibrated,
it is treated as an accelerometer error source. Coti~
sequently, SMpp = O for these equations. The matrix

SMpEg results from platform angular misalignments.
Therefore

SMpgz = MupleMpplp =M, Lo )M

where

[°P} = the skew symmetric matrix made up of plat-
form angular errors expressed in platform
coordinatea

= M _ M + M. . 5M

c. Mg, =8Mp M, ] EPMpa ¥ Mgp®Mp,

EA EP "PA

Since Mpj4 is calculated from MAP, there is no error in
MPA, that is,6MpA = 0., Here SMEP results from
computer errors, Therefore

oM Al = [6M

E EplpMpa = “Mgpl®pIMp, o

where

[®,] = the skew symmetric matrix made up of
P
computer errors expressed in platform
coordinates.

By using these relationships, the equation reduces to i

. -
T - B 3XX - -
6X 3 l:—T_R I| 6X + MEAMAP[QP]MPE |

- MEP[(EP]MPAMAE‘ X, + Mg, 6£(&)

= M5 8X + Mpp{ep -@pIMpEX, + Mp 6 f @)
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where
[ agxT J
o[
L .
ol 2 P
X" 1 33Xy X2
A 2
R R R .
s 32 | 3vz
R R* RZ
(s \ 372
ymmetric -— = 1
L - rRZ

Using the properties discussed above, these equations are further reduced to

6R = M 8% + M, G+ Mg , 6 F (A)

where
"0 -2 Y C
8 8
3 v " .
i = -
MA = Z’ 0 Xs
[-Y, X, 0.

v=0-9 = vector expressed in ECI cocrdinates, which is the .
difference between computer axes and platform
axes,* due to the various error sources (see
Section 2.3.3)

s

@ =the vector expressed in ECI coordinates of platform
errors

T.

“This notation is the same as the one given in Refereace 2, p 161.
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6 = the vector expressed in ECI coordinates of
computer errors

6 f (A) = the vector expressed in accelerometer coordinates ,
of the accelerometer errors. !

These then constitute the basic differential equations (variational equations)
for computing navigation error sensitivities, as a function of the navigation

system error sources. These equations are put into a pseudo-state vector

matrix form as .
_ r 1Tr.1r 1
%, .
X, 0 1 0 x, 0
*3 X3
5(4 X4
Xg | = MG 0 MA xg | + FA
L Xe Xq
X7 *7
)'(8 0 0 0 Xg Fq,
x x
e 9-‘ = - b 9J hee —d
x. =M Xx +F
* 1 X1 1
where
) X) X, X5 are XYZ posiiion partials due to ith error source
Xq Xg X are XYZ velocity partials due to ith error source
Xy Xg Xg are ¢x' ‘Py, ‘pz orientation partials due to ith error

source (also see Section 2.3.3)

.27-
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FA = MEAE@ is the forcing function of accelerometer errors
L A %4 due to ith error source

is the forcing function of orientation rate errors
due to ith error source

is the state vector representing the navigation
error sensitivity due to ith error source.

2.3.3 Error Sources

The error sources of the unaided inertial guidance system fall into the general
categories of initial conditions, acceleromete:, gyro, and platform errors.
In addition, terminal errors are included to be able to account for guidance

and control errors.

The gereral notation used for the identification of error sources is a seven-
character symbol. Not all are explicitly used when it is convenient to drop
certain characters without loss cf generality, or when an error source is

explicitly detined otherwise. Each character is definedin Table 1.

Table G-1 (in Appendix G) gives the symbol, description, and units for each
error-source type presently considered*. Additions to this list are easily
accommodated when a certain component does not fit the model error con-
gidered here. For purposes of describing error-source models, the phase
index is dropped and the error source is repre.ented as a unit vector to

derive sensitivities, that is

1 O'l ro
EKftm; EKt1 =} 0 ) EKt™ =11 ) EKt3 =| 0
0 0 H

"NOTE: One of the ! indices is dropped for initial- and terminal-tje error
sources, since ! = 3 for these categories.

.28-
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Table 1. General Notation Used for Identification of Error Sources

Character Symbol Description
1 E Identifies it as an error source symbol
2 K Categorical index where K equals:

I - initial condition error

P - platform error

G - gyroerror

A - accelerometer error

T - terminal condition error

(93]
4]

L
h
L

Numerical ordering of the error-source
types within each category
£=00,01,02, .... 99

5 m Identifies a component or axis number
m=1, 2, or3

6 and 7 n Phase index used to iden..fy at what time
the error source was activated (see Sec-
tion 2.3.4) n=01,...12

(For Example, EA102-11 identifies the No.2
accelerometer Type 10 error-source active
during the 11th phase of the error analysis.)

2.3.3.1 Initial Condition Errors

As indicated in Section 2.3.1, there are two options f-. specifying the initial
position and velocity errors. For Option 1, the errors cannct be explicitly
defined but generally would be the same as for Option 2 (with a change in
azimuth direction). In the definitions for initial-condition errors given in
Table G-1, it is assumed that Option 2 is being used aad that the platform is
alignac with respect to vertical. In a launch from an earth site (t0 < 0), any
uncertainty of the launch location will result in initial-condition errors of

position and velocity, and in the transformation matrix MEP of the co.aputer,

F
i
!

e ——— s

These are obtained as follows.

R R .
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2.3.3.1.1 Initial Position £rrors

The position error sensitivities transform into ECI coordinates as

f‘xﬂ .

x| = MEI [Ellm] (m =1, 2, 3)

[ X3,

Initial velocity for navigation i& computed, where t, = 0, as foliows

where

>
g‘

wt
c.

I
=

i

ECI unit vectors

earth rotation rate

€
"

Therefore, initial position errors icsult in the velocity errors

oX -w 8Y = -w x
o e o e

6Y =w6X =z WX
e (o] e

-39.
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or

a -
x4 0 -1 0
Mgy [Ettm]
- <
X w, 1 0 0 1 [Ellm (to 0)
- X¢ | 0 0 0_‘

The transformation matrix used by the computer is developed from the initial
position data, therefore errors in position result in errors in MEP (M.EP =
Mg see Section 2.3.1). A downrange error results in a negative rotation

about the 2-axis of Moo
There is no error due to altitude errors.

and a cross-range error in a positive rotation about

the 3-axis. The angular errors

are proportional to l/Ro; therefore, the computer error in launch coordinates

is
p- - r-
0, o
§=]o. |- [|-EN3
2| " R—
(]
0, ]  ENZ2j

This is .ransformed into the ECI coordinates

x_-1 [0 0 01
- _ 1 -
~g]= ¥ = -MEI'Q' = Ro MEI e 0 1 [P.Ilm] (tos 0)
Lx94 L0 -1 0

When t0 > 0, there is no explicit coupling introduced into velocity and

orientation elen.ents of the state vector for position errors and the clements

X

4 "

X

9

= 0.

-3%-
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2.3.3.1.2 Initial Velocity Errors

Initial velocity errors are transformed directly into ECI coordinates as !
[ %4
xs | = Mg, [EIZm] (m=1,2,3)
-x6-

X lxzx3x.‘,x8x9 =0

2.3.3.1.3 Iritial Platform-Orientation Errors

The platform errors {D) are initial rctations about the platform axes and are

transformed into ECI coordinates as

%,
xg| =¥= MppP = Mcp [E13m] (m =1, 2, 3)
-xgq
xl . x6 =0
2.3.3.2 accelerometer Error Sources

In the design and manufacture of accelerometer components, every attempt is
made to achieve an ouiput that is a functio.. only of input acceleration along
one of its axes. Unfortunately, this is never achievable due to inherent

xR
d-sign characteristics and manufacturing tolerances. The general equation

3 .. —
Se= Reference 2 for a discussicn of design characteristics, etc.
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for an accelerometer's output at a given time can be written as

Z+KA3+KA2+RA

A°=K+KA + K,A 3

0 1 2% +KAA, +K A A

3 612 713

2 2
+ KB(AZ+A

3)”2+KA1(A +A)”2 ‘ 2 2

+K, A +K, A

3 10072 113

+K,,AA +R

1277273
where
Al = the sensed acceleration along the defined (theoretical)
input axis
A2 A3 = sensed accelerations normal to A

1

0 coefficients that may be functions of time and are the result
of design characteristics, manufacturing toleran: s, or
environmental effects (vibration, temperature, . .|

R
"

R

a remainder term, wnich includes all higher-order tcrms
assumed to be sufficiently small o neglect.

One notable remainder term, not treated here, is a dynamic response to
acceleration transients. Of course, any one component design does not

have all the terms presented above; and only those that are sigrificant are
included in a given error analysis. The purpc:. vi component calibrations
i8 to measure these coefficients and thereby compensate for their effects.

‘ It is assumed that the compensation* is achieved by the following corrections

to the accelerometer output

2
A = (x HK, ALt KA KIZCAOZAQB)

F3
Compensations could also be achLieved by biasing the target conditions in the
guidance equations, etc.

0RO
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where

A =the correctea output of an accelerometer, where all constants
and accelerometer outputs have been scaled, based or the
calibrated scale factor ch of each accelierometer

K, =the correction coefficienta derived from instrument czlibraticn
ic . _ . .. ;
or based on inherent design characteristics., (Not all are
determinable {rom the above methods.)

Aoi = (i =2, 3) = the accelerations normal to the accelerome ¢r's
input axis, derived from the outputs cf all three accelerometers
as follows

»l
!
<

|

where

7‘.0 = the vectur of accelercmeter outpuls

A , =2 vecter composed of the acceleration components along the
° 2-axis of each acceler ometer
A ;=2 vectar composec  the acceleration components along the
O .
3-axis of each acc someter

M, 5 and MA3 are defined in Section 2.3.1. b&ince the Ilc «oefficients are
.
sufficiently small with respect to K‘lc (which implies lincar designj, their

products are negligible and the equatior. reduces tc

JALA

2
-KZC)A+....(K. - K 2485

A= (Kn - K 1 i2 12¢

Y+ K A + (K
oc 177!

Oc 2
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Taking the partial derivatives of thie equation results in

SA = 6K. + SK.A, + 6K, A% + .
ac 4

0 1 2 1 . L 6K

12A2A3

where 6.Ai = 0 (nominal irajectory).

Combining the equations of each accelerometer and placing them into the

sensitivity form, the final vector matrix form is

Ay 0 o 1
6fA) = 6A _ = [1] {EAOOM} +}| O Agsg 0 | {EA0Im)
L 0 0 Apy
Ap12a13 o 0
1 + 0 AyrrBars 0 {EA12m}
L 0 0 Ap3zfais.
m=(1, 2, 3)
wshere
r -
Aali
A,,=]A =M, X acceleration componernis
Al Azl AE"s along ‘nput axes
A a3l

-35-
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Apiz]
Agaa | = MMKM acceleration components
along 2-axis
LA 324
g n
AAl3
AA23 = MA3KA1 accelerati?n components
along 3 -axis
'AA33“
2.3.3.3 Gyro Erro. Sources

For the purpose of describing the error-source model for gyro components,
it is convenient to discuss the model in terms of a single-degree-of-freedom

integrating gyro. The general equation for gyro rates can be written

; = + ) -
"] Cot CiA, +CoA ¢ CyA A+ Cuu+ Cow, + Cowp + C,A,A,
+C.A +CA%1c. A%4+C. A A +R
8 2 91 1073 11"717 72
where
A1 AZ A3 = gensed accelerations along the input, output, and spin
reference axes
W) W, Wy = rates about the input, output, and spin reference uxes
C‘ = coefficients, which may be functions of time and a: : the
result of design characteristics, manufacturing tolerances,
or environmental effects (vibrawcn, temperature, etc.)
R = a remainder te.m, which includes all higher-order terms

assumed to be sufficiently small to neglect.

-36-
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One notable term is dynamic response to transient inputs. It is assumed that
the platform and/or gyro servo loops are designed with sufficient bandpass
and static gain to make the effects of ‘tranlientl or sustained rotational
dynamic inputs negligible.

As in the case of accelerometers, not all coefficients are applicable to a

given design; only those indicative of the particular components are considered
in any one analysis. Also, comporient calibration measures some of these
coefficients and the compensation for their e!fects is assumed to ba included
in the navigation system equations. The compensation method assuriad is the
calculation of compensating torquing signals o the gyros.* Thus, the com-

pensated gyro rate equation is

P =P -(Co +Cl At ...+ Cy¥o3t +++ +C 1A A

where

Kol = MGPMPAKO = acceleration along gyro input axes

Koz = MGZ-Aol = acceleration along gyro 2-axes

A, = MG3Kol = acceleration along gyro 3-axes

Gol = MGPG'JP = rates about gyro input axes

@ . = « = a 3 J.

wo = MGZo ol = rates about gyro 2-axes

W3 = MG3wol = rates about gyro 3-axes

Ko is as defined in Section 2.3.3.2

wp* measured or computed vector rates of platform axes

MGi is as defined in Section 2.3.1

* . - .
Use of the compensation of th e transformation matrix is inore generally in
practice, which is equivalent,
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By following the same appioach as for the accele rometers, the final equations
g for gyro error sensitivities in vactor matrix form become ’
J:=F o = M2 .
where
; p -
A1 0 0
; ¢c = [1] {EGOOm) + 0 Ags) 0 {EG01m)
» L 0 0 Agz;
r -y
“I1 0 0
+....10 w5 0 {EG06 m}
. 0 0 w3y (
Acri®Grz 0 0
+ ...+ 0 Ag IAGZZ 0 {EG11m) ‘
!
L0 0 AGi1%G3z |
(m =1, 2, 3) ¢
where
[AG11 |
E KGI = AGZI = MGEXB acceleratiop components
along gyro input axes
L AG31.

-38-.




[ Ac)2
Aga | = MgAg,
L AG32-
r -
AG13
Ag23 | = Mgsfg,
L AG33
} “11
“ =% | TMgp
-w3IJ
(@2
Y2 T Mg9
I-w3ZJ
[“13
93| F Mgy
| | “33 .

acceleration components
along gyro 2-axis

acceleration components
along gyro 3-axis

w -
[ ©f
w, rates about gyro input axes

[ w3
rate components about
gyro Z-aris
rate components about
gyro 3 -axis
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2.3.3.4 Platform Errors

Ir. addition to the initial condition errors discussed in Section 2.3.3.1,

acceleration-sensitive errors arise due to the structural deformation of the

gimbals under acceleration loads, and to static servo response due to plat-

form mass unbalances. The general equation for platform acceleration-

W,,
4
i
5
i
i

sensitive errors can be written in the vector matrix form
o] |*p2 0 [Ap3 0o 1
2,=|0,] - An, {EPOlm} + A, {EP02m}
@
| 3 Lo Apyd L ¢ Ap !
Apaps o ]
fePQ3 =1, 2, 3
* Ap1p3 ' m} (m )
B
L 0 Api* pad -
- -
X,
v=| Xg [ = Mgp®p (Fy = 0)
%,
where *
r- -
Apy
AL -lA - MR acceleration ~c mponents :
P P2 PL s along platforr xes
L Apj-
-40-
" . e 1o Kl s N e A — i
Ay .
A'— .2 - " 9'
o T W
= Shabir B
i o gt i, b




Y U PP PRI T oo =T - o e s

2.3.3.5 Terminal Condition Errors .

The terminal condition ersors transform into the following ECI coordinates
by utilizing the transformation matrices developed in Section 2.3.1.

. Position Errors

x
1
x,|= Mg (ETam} (m =1, 2, 3)

Velocity Errors

[xs

Xg| = METZ {ET2m} (m =1, 2,A3)
X6
xlxzx:sx_‘,xex9 =0

2.3.4 Trinsgition Matrix

Since the majority of error sources are acceleration-sensitive, their forcing

functions (excluding accelerometer bias and gyro bias drift) are zero during
free-flight sequences; therefore, it is more efficient computationally to
propagate the sensitivity vectors across free flight, by using the transition
matrix rathe~ than by solving each error-socurce sensitivity independently.
Additionally, when an ervor-source type has time-dependent statistical
characteriatics, it becomes both con.enient and efficient to subc’ivide the

. total trajectory time into phases and treat each error source of this type as
an independent error source reinitialized (i'i(t) = D) at each phase time.
Error source types that were active during previous phaset are called

p—
” inactive vectors, while errors sources that are active during the present
i -41-




phase are termed active vectors. For any one type of error source, all its
inactive vectors are updated to the preoeni time by using the transition
matrix(es) and combined statistically (s=e Section 2.4.3) to derive the total
effect on the navigation data statistical characteristics. Thus, the foliowing

procedure is used to update or propagate vector sensitivities

;i(t) = oft, 'r);i('r)

where & (t, 7) is the transition matrix obtained from the solution of the

homegeneous differential equations

e, T) = M), T), 8(r, ) = 1

where

[ o I o ]
M(t) = MG(t) 0 MA(t)

| o 0 OJ

M_ and M, are defined in Section 2.3.2.
G A :

The solution of this equation is achieved by sclving the homogeneous differen-
tial equations {in ECI coordinates) for each initial condition. Since during
free flight MA(t) = 0, the solution re juires only six independent solutions;
during powered flight nine independent solutions are required. In addition,

the foliowing property of the transition matrix(es) is used

= L2t 2t
o(titk) o(titj)o(tjtk) t
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2.3.5 Trajectory Data and Free-flight Equations_of Motion

To make an error analysis, the following data is required for the differential
equations and the error-source equations:

t time }
XYz nominal position components
in ECI coordinate system
XYZ nominal velocity components
in ECI coordinates
Xa Ys ZB nominal sensed acceleration !
components in ECI ¢
3
Wy W, wg nominal platform (body) rates
in platform (body) coordinates
M__.(t) direétion cosines of platform
PE (body) axes with respect to
ECI axes

This data is generated by . trajectory program for a particular vahicle |
configuration and mission requirement and is wxitten on a imagnetic tape,
which constitutes a basic input for the error analysis. The last two categories

(wPi and MPE) are required only for analyzing a strapped-down configuration.

Dot . N AT TTSv———. 7 % W

For a torqued-platform configuration, the rates (wi) are input as a tablz of

rates va time and MPE(t) is calculated from

e B B

}:APE = [ap] Mpg

where these matrices are as defined in Sections 2.3.1 and 2.3.2.

ey peeyet—

When error propagation must be evaluated beyond the time for which theze
is data from the trajectory tape, the program has the capability tu generate

the required data [MG = £(X Y 2t)] for calculating the tzansition rnatrix and

o
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drag error sensitivity. The data is generated from the free-flight equations

of motion, based.on a simplified cblate earth model (see Reference 5), as
follows

N
-~

<t
1l
;Uw’N Nul_< B‘qx

where

o ..GM| ;.2 HA® Z(_“mz\ Da, (4.22 LZ.\) .
2 2 2 _‘JZ‘, RZ RZ 7 1

where GM, J,A, !, and D are nomina! constants, defined in Table G-2

(in Apoe:dix G).

The initia' conditions for these equatio< are obtained from the trajectory
1\ . X . .
tape a0 termination ¢ the tape data, or they can be input. Tue three criteria

for tcrminating the equations of motion are

<. Specified time (t,r)

An option 18 available to te:minate (abort) the trajectory tape data at a
time pricr to the end of the tape.




—

P ———

Specified range angls (GT) from termination of

the trajectory tape dz(a, i.e., when 6 = 0,

where

1 XTX + YTY + ZTZ

<] =C00- TK
T

XTYTZT and R,r are the values at the tape
téermination time

Note: - < 9T< w

Specified altitude h... There are two criteria for this
termination: The trajectory can be terminated when

h = hT and the slope (h) is positive, ur when the slope
is negative .
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2. 4 DATA PROCESSING EQUATIONS

2.4.1 Basic Coordinate Systems

For the purpcse of output data presentation, two coordinate systems are
available: the ECI coordinate system and the LH (Local Horizontal) system.
The latter is sometimes referred to as the orbit plane, and/or the Radial/
Tangential/Normai (RTN) coordinate system. The transfcrmation between
EC! coordinates and local coordirates is developed from the nominal trajec-
tory position and velocity vectors. In local coordinates, X is defined zs
down range, i.e., as directed along the projection of the inertial velocity
vector onto the plane normal to the geocentric radius vector; Y is vertical;
and Z is cross range. forrning a right-hand coordinate system. The local
coordinate system is an inertial system at time t. defined by the nomira:
conditions only, and is used in the transfoimation »>f position, velocity, and
orientation sensitivity veciors as well as those of transition matrices and

covariance matrices., The matrix is defined as

<
o
[~
-

0 o"['c.x o s\lcg sp o

L 0 oljo Cy -Sipo 1 0|]-s¢ co 0
0 1 oljo Su cq,JL-sx 0 cyMl o 0 1
I §
Mep=Mip
where
S@= X sh= Z s.p—z’-g—
D "R ]
H
\'
_X _D _'N
Cd=5 Cr=g Cl=3gy
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v . YK ¢ XY _ -Z(XX + YY) + 2D°

ET 1 — YN T :30)

PN A

VH= VE*VN

e o dadd o DM L EE 4

and X YZ XY Z a-e ECI components of the nominal position and velocity
vectors at time t,

NOTE: \,  are left-hand rotations.

It is also convenient to form the matrix M. _ as z

LE £

MLE 0 0

MLE = 0 MLE 0
0 0 MLE ‘:j
;

Y

MpL " Mg 5
2.4.2 Vector Errors ‘

Vector errors are derived by scaling the sensitivity vectors by an appropriate
constant. The constant used in this operation is given the symbol o, (i
ranges from | to n, which is the total number of error sources, i.e., all
active and inactive vectors. See¢ Section 2.3.4.) The units of o for each
type of error source are given in Table G-1. Table G-3 gives the conversion
factors Ki used by the program for scaling g, into the units of the sensitivity

vectors. The opsration, therefore, is K

AX. = 5.K. %. Qq’ X.

where the last expression is used throughout, implying the iirat.
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Aii is the error vector in ECI courdinates. The usual implication of ¢ is
thit it represents the standard deviation of the particular error source.
However, it could aleo represen! the mean value of an error source or be a
constart that produces sensitivity vector output in any desired urnits. When

it is desired to output the vector in local horizontal coordinates, the following
transformation is made

ax; ILH = "_"_E_me

2.4.3 Covariance Matrix

The basic equation for navigatior. error is

In this equation, €, is the magnitude of the ith error source. Each error
source is considered a random variable, the means, variances, a:d correla-
tions of which are assumed to be known. The accuracy of any navigation
system performance is measured in terms of the probability that AX (or some
function of AX - ses Section 2.4.5) is within certain specified values. To
maximize this probability, it iz necessary to compensate for the effects of
the means of the error sources., This can be done by the methods discussed
in Section 2. 3.3, or by offsetting the guidance constaris so that the effects
are negated at some specified time point. For the latter method, the ¢ can

be input to represent the mean value of sach error source and the resulting

vectors summed, that is

n
E(8X) = X ¥E(e)
1=
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where

E(ti) o5 representing El¢,)

'S

the expectation operator

This calculstion s not made in the program, although the magnitude of the
mean {expented) value of the navigation vector can be obtained from the
covarisnce matrix output described below, if each error source is correlated
with the other by unity. Aiteraately, the error vectors can be summed by
utilizing desk caiculators. When it is acsumed that the mean values have
besn compensated, the second statistical moments of navigation data are

determined in /~ovariance) matrix form by

\ T, _ = = =T =T
EaZaX") = E(.xlt1 + X,e, + ---)(xlel + xz¢2 +---)
n n

T

= Z Z o.v.p. . X %.

ECl i=1j=1 *JI 1M )

where
. — .th .th
p.. = the correlation coefficient between the i~ 2nd j  error

Y source. (In this way, both time and cross correlation

of error sources are handled.)

% = a 9 X 9 matrix in which the diagonal elements represent
ECI . S . A
the variances of the navigation data and tue off-diagonal
elements are the covariances.
Since this is a symm .trical matrix, the correlation coefficients of the
navigation data are calculated and presented in the lower half of the matrix.

The correlation coefficients are obtained from

E(aX, AaX )

P
mn
“m7n
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. th . .
where E(AXmAXn) ie the mn  elements of the covariance matrix and T o
6, are the m and n standard deviations of the m and n coordinates calcu-
lated from the square root of the respective diagonal terms. The y's of the

navigation data are also presented in the output.

When vector errors are presented in LH coordinates, the covariance matrix

is also presented in this coordinate system. [t is computed by

=M g zt Mgy
L ECI

All of the above operations presuppose the condition of linearity, which is

usually satisfied, but should not be assumed always to ne true. (This is
mentioned merely as a nrecaution about the underlyirg acsuriptions of the

program.)

2.4.4 Transition Matrix and Trajectory Variables

As stated in Section 2. 3. 4, the transition matrices are used to propagate not
only sensitivity vectors across free flight, but inactive vectors for data pro-
cessing as well. In adcition, when free-flight time histories are desired, the

transition matrix plays a paramoant role. For various analytical studies, it

is desired to obtain the transition matrix, and so its output is made available.

Like the previous outputs, it is available in either the ECI or LH coordinate
systems. Since it is computed in ECI coordinates, the operation required to

present it in local coordinates is easily obtained from

aX,(t) = &(t, NaX ()
BX,(t) . = MLE(t)AXi(t) =

=M o (8, ML ( m)6X,(7)

—_— — LH

QLH(t'T) = id_lig(t)o(t’ T)MEL( T)
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In addition to the transition matrix, it is convenient and scmetimes necessary
to know the reference trajectory conditions for which the transition matrix is
valid. These are presented at both times {t and 1) and in buth ECI and local
reference coordinates, the latter being d~fined and computed from ECI

coordinates as

LAT (deg) Geocentric latitude

I A T . <
= 8in X -Z-LAT-Z

LONG (deg) Longitude measur=d positively east from Greenwich
-l1v .
- - T < <
tan % + 2L wet 0 £ LONG <2n
where ¢L is used to reference the ECJ coordinates to Greenwich when the
trajectory reference is not,

ALT (nmi) Altitude in nautical miles above the surface of an
oblate earth
R - Re
" 3076, 1033

whe:re

R =
e

- A(l - e)
(14 (43z - 2¢) cosz)\)rlz

See Section 2. 3. 5 for definitions.
VEL (ft/sec) inertisl velocity magnitude
. 2 B .
= (X" + Y2 + ZZ)l/Z

FPA (deg) Flight path anglc, defined as the angle the inertial
velocity vector makes with the local geocentric

horizontal

Ll XX+ YV + 27 om n

= gin = A4 'Z"FPASZ
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AZ (deg) Azimuth of inertial velczity vector measured clockwise
from north.

1 Vg
= tan v— 0 SAZ S Zﬂ
N
Sie Section 2. 4.1 _for definition of VE and VN'

2.4.5 Mission Evaluation

Thie is an cptional output of the program and operates on the final or end
conditions of a particular error analysis. It is called upon when a specified
mission termination criterioa is to be evaluated. The parameters necessary
to evaluate mission success can occur in a variety of categories, only a few

of which are considered here.

2.4.5.1 Fixed Altitude

This criterion is used primarily for re-entry evaluation and presents the
coordinates of down-range (MD) and cross-range (MC) miss at a fixed altitude
with respect to earth fixed-target coordinates; in additio:, the time dispersion
(MT) is presenied. The orientation of the down-range miss coordinate is
along the projection of the relative velocity vector onto the plane normal to
the target geocentric racdius vector. The method of computing these

quantities is

V-V

<
1i

T

X+w VX +(Y-0XY +2Z
[ u € u u

n

xR‘Ku + YRYu +2pZ

where: VT = target velocity in ECI coordinates
VR = relative velocity in ECI cooru nates
XY7Z = ECI unit vectors
uuu
¥XYZXYZ = components of the nominal position and velocity
vectors ot the target
Y ',, =t t Vo i i ¢
XR YR ZR tue components of VR in ECI coordinates
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The relative velocit» vector is transformed intc the ceordinate system at the

target by
XgR er]
Y _ Y
RR| = MREX[ E
+ZRR ZR
where
1 0 o'l cA 0 alfco s¢p ol
= & - 1 0}l 0
Mpg: =10 Cy S]] 9 s C@
o S r:-J t—sx 0 oo 0 1
sp=d s-Z g o RE
D R VRH
X D VRN
N
C@ = C\ = Cy =
D R VRH
— -YX_ + XY
D=«/XZ+Y VRE © Rjj R
. . . 2
-Z(XgX + YY) + 2D
VRN © :39)
VRH *~VVYRE 7 VRN

and X Y Z XR YR ZR are ECI components of the nominal target coordinutes

and relative velocity vector at time t.

.53.
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Thus, the relative velocity components in the target coordinates are: XRR ,
; i

the aliitude rate, Y the velocity component in the detined cross-range 1

RR
direciion (= zero), and ZRR in the defined down-range directicn. When
VRE = VRN = 0, vertical re-entry, | is undefined. In tnis case, ¢ is set

to zego so that down-range displacements would be directed north and cross-

range east,

Based or the above definitions for a coordinate system, a position error .
vector c4an be transformed into this coordinate system to determine the

altitude, cross-range and down-range dispersions at the nominal time by

FAX o -AX
AYp|=Mpg|aY
| 8z, az |

where AXT AYT AZT are altitude, cross-range, and down-range dispersions

at the nominal time and AX AY AZ are ECI dispersions for a given error

source,

To derive the first-order dispersions for the condition of zero altitude error

(AXT = U), the foliowing constraint equation is vsed

AX(t + A1) = 0= AXq(t) + Xp p(tiat

from which the time dispersion is calculated as

"

[
]




Ueing this relation, the cross-range and down-range misses at iitme t + At
are obtained by

AY.r{t + 48) = Mg = &Y. (1) + T pltat

= AYT

AZp(t + 4% = My = aZo(th + Zpp(t)at

y4
= AZT - -}I(EB-AXT
RR
Thus
1
rM.,." [ 0 0 |rax
T XRR T
Mc | = 0 1 0 AY.,
LM Zpg 0 LLaz .
(X
| “RR i}
My AKX
M. = Moo Mp i &Y
| Mp_ [ AZ

The position vector error ior each error source is thus transformed into its
dispersion parameters at the target.
ey

The covariance matrix of these
parameters is developed vy partitioning the ECI covariance matrix to include
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only the position variances and covariances from which the following

covariance matrix is determined

i T
% = MrpIMREI ¥ (M'rmMnm)
MEL ECT
P

where

% = the covariance matrix for mission evaluation Option 1
ME]

E = the partitioned covariance matrix in ECI coordinates

ECI
34

The romir ' trajectory conditions are also listed with this output and include
) y P

LAT, LONG, ALT As described in Section 2.2.4

VEL/R (ft/sec) Magnitude of relative velocity -ector
.2 2 52
= JXR + YR + Z.R
FPA/R (deg) Relative flight path angle, defined as the angle the

relative velocity vector makes with the local horizental

| XXg + YYp +22

_ . R R _ Lt < < L
= 3in RVR -FPA/R_-Z
AZ /R (dey) Azimuth of the relative velocity vector, measured

clockwise from north

v
=tan'1-\-,5-1‘5 0< AZ/R < 27
RN

L

~
(S
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2.4.5.2 Fixed- range Argle
This criterion is similar to the fixed-altitude case, except the relative range ’
cecordinate (AZ'I) is /ixed and the altitude, cross-range, and time diepersions
are determined. The constraint equation is ;
AZT(t +At)=0-= AZT(t) + ZRR(t)At
from which the time, cross-range, and altitude dispersions are _
!
|
t = MT = - ;Z—T
RR
AYT(t + o8) = MC = AYT 3

e o s € o bt o rvamiim g e a

X
= AXT - -23‘3. AZT
RR
Thus
4
vl fo o CAX, nNe
T Z T !
RR ﬁ
< i
Mc| =9 i 0 Jjav l=Mpg,Mpp | aY |
X
My 1 o - RR AZ. AZ
ol L ZRR he d} - J
|
{ N
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The vector error outputs and covariance are handled in the sams way as in
the fixed-altitude case.

2.4.5.3 ' Generalized Linear Transformation

This option is used when linear transformations between ECI position and .
velocity errors, and some other paramseters are known, e.g., the midcourse

maneuver velocity sepsitivities, as a function of injection errors for a space

probe. A matrix is developed from (up to 10) input rnatrices, and then used ’
to transform injection etrors into the desired parameter errors. Each error-

source vector is transformed and a covariance mairix is caiculated from the

N
4 J PR B
P A
et 2 R A B, D £t s L

partitioned ECI covariance matrix, computed as fcllows.

The matrix is formed from

M= MM - - [M] 10

The vector errors are transformel by Q

| : L 6] AZJ '

TR

The covariance matrix is calculated as
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2.4.6 Platform Reference Attitude

defined and computed as

FSI (¢ in deg)

PHI (@ in deg)

When running a torqued platform or strapped-down case, reference platform
orientation is automatically presented as a function of time. Listed in the

output are the first two rows of the platform matrix (MDE) and three angles

with the local horizontal plane
- sin” YXUX)  Y(1Y)  2(12)} = w
= sin (T t—=x— *t ¢ 3 S0S 5

where (1X), (1Y), (1Z) are the elements of the
first row of Mpy- represefiting the direction
cosines of P| with respect to the ECI
cyordinates axes

Heading or Yaw: the angle that <he projection
of the platform l-axis onto the horizontal
plane makes with north, positive clockwise

-1 1E

= tan =y 0S¢y <2n
where 1= -Y(lX)I;- Y(ly)
IN = ZLX0X) + Y(1Y)] + p¥(12)
= RD

Roll: the angle that the platform 2-axis makes
with the local hurizontal plane

@ - -oin” (XK, XG0, 242). £ <g <

where (2X), (2Y), (22Z) are the elements of the
second row of M .. representing the direction
cosines of P, with respect to the ECI
coordinates axes.
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SECTICN 3

COMPUTER PROGRAM INPUT/OUTPUT

3.1 INTRODUC TION

This section is intended as a guide to users of the error analysis program
in preparing the input data. Brief descriptions of the program capabilities
and the procedures for data input are presented, and the available output
data formats are described. There are standard forms for preparing the

necesgary data input, and they are shown in Appendix A,

The program actually consists of two separate programs: The first, called
ERAN, computes error sensitivities based on given trajectory data, naviga-
tion systera instrument configuration, and a modei of the component error
sources. Trajectory data is supplied via a tape generated by a trajectory
program(s) (}N-STAGE, TRIP, MVS, etc.). The instrument configuration is
supplied as the input data of component orientations. The error models are
supplied on an error-source schedule sheet that specifies the error =ources
to be considered for this configuration and when they are active. Based on
this information, the ERAN program compuies sensitivity coefficients, and

cutputs these onto an ERAN tape.

The second program, called QUTP, basically processes the ERAN tape into
the prescribed formats. Inputs to this program are the logical controls,
i.e., the desired frequency of output, coordinate systems, formats, etc.,
and the specification of standard deviations of the error sources, along
with any correlation coefficients between error sources. The ERAN tape

can be processed many times without rerunning the ERAN Program.
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3.2 ERAN INPUT DATA

3.2.1  Trajectory Tape

Prior to running the error analysis program, a trajectory tape must be
prepared that contains the following information relative to the nominal

mission:

t

XY, 2,

R

XY 2

LI

wywavs

1X1Y1Z
2X2Y2Z
3X 3y 3z

Time

Nominal position coordinates in the EC] system
Magnitude of position (radius) vector

Nominal velocity coordinates in the ECI system

Nominal sensed acceleration coordinates in the
ECI] system

Rates of platform (body) axis in platform (body)
coordinates {optional)

Direction cosines of the platform (body)
axes with respect t¢ the ECI
coordinate system (optional)

Each file ¢n the trajectory tape contains the information for one ERAN case

and consists of the following logical records:

Word 1
Word 2
Word 3

1st Racord

= 1B27
=N
=0 (N = siz> of a data record. i.e., 11 or 23)
Continuons wats Point Record
Word 1 = 1B35 Word 5=2
Word 2 =1t Word 6 =R
Word 3= X Word 7= 3{8
Word 4:=Y Word 8 = ?s
-62-
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Word 9=2_ Word 17 = 1Y
Word 10 = X Word 18 = 1Z
Word 1! = Y Word 19 = 2X
Word 12 = Z Word 20 = 2Y
Word 13 =w, Word 21 =22
Word 14 = @, Word 22 = 3X
Word 15 = wa‘ Word 23 = 3Y
Word 16 = 1X Word 24 = 3Z

(Words 13 to 24 are omitted if N= 11)

Left Side of a Trajectory Discontinuity

Word 1 = 3B35

Words 2 through 24 are the same for all
data records

Right Side of a Trajectory Discontinuity

Word 1 = 5B35

Words 2 through 24 are the same for all
data records

Last Record of a Trajectory

Word 1 = 1B29
EQF

All Aerospace Corporaticn trajectory programs are mechanized to prepare
a trajectory tape in the proper format for input to ERAN. The tape writing
intervals sLould be no greater taan 4 seconds during powered-{light phases
and 32 seconds during coast or free-flight phases. Higher tape densi-

ties would cause no problem, but lower densities would tend to degrade the

accuracy of the integrations, The integration step size used for ERAN is
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not necesearily the same as that of the input tape interval, but is controlled
by input data. The ERAN Program interpolates between trajectory data
points to obtain proper values for integration. The integration routine used
by ERAN is based on a fourth-order Runge- Kutta method.

3.2.2 Error Sources

The Error Source Schedule (see Table A-1 in Appendix A) is used to identify
which of the available error sources are to be run, and for which time
periods (phases) they are to be considered. Table G-1 defines the symbol
and units for each error source in the order it appears on the Error Source
Schedule. Initial and terminal error sources are listed individaally, while
component (accelerometers and gyros) and platform errors are listed as
errc .ypes. Thus, when a component or platform-error type is considered,
sensitivities for all three components or axes are automatically and indepen-
dently run. Each source or type of error can be considered in one or all of
12 possible independent phases of the trajectory, This phase capability is
provided to accommodate time-correlated errors and/or independent error-
source magnitude changes. * It becomes increasingly mc~e important as

the misgsion time duration increases.

Sections 3.2.2.1 through 3.2.2, 5 present a summary of the error-source

types and/or error- model equations (see Section 2. 3. 3).

3,2.2.1 Initial Condition Errors
EIll - EI13 Initial Position Errors
EI2]1 - EI23 Initial Velocity Errors
EI31 - EI33 Initial Platform Alignment Errors

If the initial time of the irajectory is equal to or less than zero, the pro-

gram assumes a launch from an eart! fixed pad and automatically calculates

¥ .
Phase logic will be used to identify and control '"Reeet,'" a feature that
updates navigation data as 2 function of external measurements (see
Appendix D),
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an initial velocity and vertical alignment error consistent with the initial

position error,

3.2.2.2 Accelerometer Errors

AA = EAO0 + EAOL(A,) + EAOZ(AIZ) + EAO3(A13)

+ EA04(A2) + EAOS(A3) + EAOé(AlAz)

2,1/2

+ EA07 2
ZA (A1A3) + EAOB(AZ + A"

+ EAGY(A)) (a2 +a5)1/% + EAlOA,?)

2
+ EAll(A3 ) + EAIZ(AZA:,’)

where

AA = the ith accelerometer error (i = 1, 2, 3)
EAL =(2 =00, 01, . .. .), as defined in Table G-1
.A1 = input axis acceleration of ith accelerometer

AZ' A, = acceleration components normal to input axis

3.2.2.3 Gyro Errors
@ = EG0O0 + EGO1(A,) + EG02(A,) + EGO3(A A,)
+ EGO4(wy) + EGO5(w,) + EGOb(w,)
+ EGO7(A,A,) + EGO8(4,) + EGO9(4 %)

s 2
+ EG16(4;°) + EG11{A A,)
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where

the ith gyro drift error (i = 1, 2, 3)

by
Q e
[{] 11}

(1 =00, 01, .. ..), as defined in Table G-1

A, = acceleration alony jth axis of ith gyro

J
wj = ra.e about jth axis of ith gyro
) = 1 input axis y
j = 2 output axis typical
identification
j = 3 8pin reference axis

3.2.2.4 Platform Errors

9, - EPOl:(Aj) + EP0Zi(A) + EP031(AjAk)

where
Qi = platform angular error about ith axis (i= 1,2, 3) i
Aj,Ak = platform acceleration components normai teo ith axis
EPt =(2 =00, 01, . .. .), as defined in Table G-1
3.2.2.5 Terminal Errors
ET11 —-ETI153 Terminal Position Errors
ET21 - ET23 Terminal Velocity Errors

Note: These errors can be considered
only on the last phase of the error
analysis run and can be applied
only at the trajectory tape abort
time (see Section 3, 2. 3) or at the
end of the trajectory t: pe. :

The procedure for filling out the error-source schedule is as follows:

a. Determine which error sources are to be considered,
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b. Establish if any of these error sources are to have non-
unity autocorrelation f-nctions; i, e., establish whether
multiphase logic is required,

C. In the first column, insert an "X in each row element
that describes the error sous. ¢ to te considered.

d. In the second (and tollowing) columns, insert an "X" in
the row elements correaponding to the erroy gources
that require phase logic control for that particular phase®
(seec example).

The error sources that bave buen called for by inserting X's in the appro-

priate squares in Column 1 will be initialized and Lecome active at the start

of the case, TSUBO (see Section 3. 2. 3. 5).

Ingserticns of X's into the

appropriate squares in Column 2 will cause those error sources to be re-

initialized at the start

of tr= second phase (i.e,, when the rime of the

simulation is equal 1o the value entered into TGOP (see Section 3, 2. 2.5),

The sensitivity vectors from the first phase for those error sources will

then hecor:ae inactive.

These inactive vectors will be updated at the desired

output times by the transition matrix and be combined statistically with the

aciive vectors to derive the total effect on the navigation data statistical

~haracteristics (see Secticn 2. 3. 4).

Similarly, X's in the third column

will cause those error scurces to be reinitialized when the time of the

simulation is egual to the value 2ntered into TGOP + 1, etc. In this manner,

up to 12 independent senaitivity vectors can be cre .ted for each error

sour.e on the schedule sheet,

This completes the input on the Error Source Schodule cheet, It essentially

indicates to ERAN which error sourc= sensitivities tc calculate and whether

any of these types require phase logic control.

It will be necessary in setting up the input data forQQUTP to assign sigma

values (the standard deviations of each error source) and correlation

Error sources that change standard deviations or have time-varying
correlation coefficients,
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roefficients, when applicable, between errcor sources. The identification
of a given sigma value with a sensitivity vector is accomplished by mentally
assigning a nuruber to each error source, The numerical ordering of error
scurces is determined by starting in the first column of the Error Source
Schedule and counting down, then going to the second column, and so forth.
Note tliat three independent evror sources are associated with each "X" in

an 2lement of a component or platform error.

3.2,3 Orientation and Control Data

The data sheet used to set up the platform and component orientations and
to input the necessary program contro! data and constants ‘s shown as
Table A-2 in Appendix A. Control data and constants have preassigned
values; therefore, only those numbers that deviate from them need be input.
The symbols used are summarized in Table G-2, along with their pre-

assigned numerical values ard units.

3,2.3.1 Initial Platfcrm Alignment

There are two options for specifying the initial platform orientation (see
Figure 2), The first as-:mes that the platform l-axis (Fl) ic aligned zlong
the geocentric vertical. The azimuth orientation is specified through an
input of PSIP (\pp, a left-hand rotation in platform coordinates)., With ne
input in PSIP, the platform would be z2ligned so that the 3-axis (P3) would
be north and the 2-.axis (PZ') 2ast. With a posirive xpp, the I-"3 axis would be

rotated toward the east

The second option allows for a more general initial piatform oriertation;
here, three angles are :pecified for aligning the platform. The initial
alignment is such that the Pl' PZ' and P3 axes are along the ECI X, Y, and
Z axes, respectively. PHIP (@p) votates the platform positively about its
3-axis; LAMP ()\p) rotates the platform negatively about its 2-axis; and
PSIP () rotates it negatively about its 1-axis, in that order. The ontion

is used when it is desired to align to geodetic cr astronomic latitude as a
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vertical reference for ground alignment, or when platforms are assumed
to be aligned in orbit with some stellar instruments.

3.2.3,2 Initial Conditions

There are two options for initial condition specifications (see Figure 5). |
If no input to PSII (4'1) is given, the program assumes the initial conditions
to be referenced to platform axes; thus, down range is along the P3 axis, 1
cross rangn aiong the Pz axis, and altitude along the Pl axis. If an input

of PSI1 NII) is specified, the program assumes that vertical or altitude
errors are along the geocentric vertical, and down-range errors are
referenced q;l" from north, Cross-range errors are thereioré;d;l + 90° from
north,

3.2.3.3 Gyro Orientation

The initial orientation of the gyros and their axes is illustrated in Figure .

Gyro alignment is made by specification of an axis of rotation (1, 2, or 3)

and an argument (angle) of rotation. The progran: allows up to five
independent rotations in any crder desired, Each rotation operates on the
gyros ag a triad; i.e., all three gyros are being rotated and thus maintain
their axis orientation with respect to each cther during these rotations.
The axes of rotation referred to above are those of the No. 1 gyro. Upon
completion of this set of rotations, there remains an additionai degree of
rotational freedom of each gyro about its input axzis, specified by PSIi (¢i)
(i=No. 1, 2, or 3 gyro).

3,2.3.4 Accelerometer Orientatigﬂ

There are two opiions available for the alignment of accelecrometers (see
Figure 4). The first is the specification of an orthogoral triad and the

method is identical with tliat described for the gyro components; i.e,, an

axis and argument are specified for aligning the accelero:meter input axes.
Then an additional degree of freedom about each accelerometer's input axis

is specified by BETAi (ﬂi) (i = No. 1, 2, or 3 accelerometer).
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The second option allows for nonorthogonal acceleromeicr configuratious. '
Here the method of specification (of an axis and an argunient} is the same;
however, each accelerometer is specified independently, The initial

orientation of each accelerometer is the same with its 1-, 2-, and 3-axes i

along those of platforms P, Pz, and P3. respectively., The data sheet for . ‘
nonorthogonal accelerometers is shown as Table A-3 in Appendix A. To
exercise this option, a non-zero entry must be made in data location field
ACCEL 10; conversely, a zero entry negates the option.

3.2.3.5 ERAN Control Data

QuUT This entry controls the ERAN tape writing frequency. If no
entry is made, the tape writing frequency for this case will be
two records per trajectory discontinuity and two records per
ERAN phase discontinuity, If a non-zero entry is made, a
single record will be written at zach multiple of 100 sec for
powered flight, and of 1000 sec for free flight, unless other-
wise specified in PPF and PFF,

PPF This entry controls the tape writing interval during powered
flight for values other than the standard 100 sec, when @UT = 0.
PF¥ Similarly this entry controls the tape writing intervals during 3
free flight for values other than the standard 1000 sec. '
TSUBO This is initial time and can be any time greater than or equal to

the first time point on the trajectory tape (iile). If the first time
point (t) on the tape is not zero {t = 0), then the desired starting
time must be entered. :

TSUBA This is abort time and can be any time less thar the last .ime
point on the tape (file). If an entry is omitted, the tape will be
processed from TSUBO to the end of the trajectory tape (file).

TRAJ When the trajectory tape contains more than one trajectory, this
entry identifies the trajectory (file) to be processed (e.g., if the
entry is N, ERAN will process the Nth file on the tape). If omit- .
ted, the next trajectory will be processed. For the first ERAN
case this would be File 1.

When consecutive files are being processed on a trajectory tape,
starting with File 1, the program will run most efficiently when

no entry is made to TRAJ. When an N entry is made, the program
will process the N file for that case and all subsequent cases until
TRAJ is altered by input.

ENDC This entry conrols the use of the equations of motio.. in ERAN.
These equations model an oblate atmosphere-free earth, used

-70-




e e e T,

to propagate errors beyond abort time TSUBA. The pair of
entries (ENDT and 1) control the termination of the propagation.
The options for inputting to ENDC are as {olicws:.

1

a. No Enatry terminate at abort timie - ;
b. TIME terminate at that vilue of time (sec), which |
is specified in the next entry (>TSUBA} )

c. THETA terminate at the value of range angle (deg) 3

boyond the terminaticn of the trajectory tape, 'q
which is specified in the next entry

(0 <9 < 180)

d. ALTP terminate at that value of altitude (ft) with a
position slope, which iz specified in the next
entry

e. ALTM same as {d) above, with negative slope.

| This identifies the locasion field where the numerical value of the

termination control is to be input.

MAXT This entry controls the maximum running time of the equations of
motion. It is preset to 36,000 sec; i.e., when t = 36, 000 the run
will be abeorted unless a greater value is entered.

DTNP This entry controls the ERAN integration step size during powered
flight. No entry will cause the program to integrate at its nominal
4-sec integration step. *

DTNF This entry controls the ERAN integration step size during free S

flight. No entry will cause the program to integrate at its
nominal 32-sec integration step. ¥ KOl
BMT This is the flag used to tdentify a case where the platform(body) axes '

will not be inertially orisnted during the run. A non-zero entry
will cause the program to seek one of the options described below.

BRTAB This flag is used to identify the option to be used for obtaining plat-
form turning rates and platform direction cosines. A non-zero
entry will cause the program to determine platform rates irom a
table of input rates. From this data the direction cosines are
derived by integrating the matrix diffsrential equation of direction
cosines. No entry will cause the program to read this data (rates 3
and direction cosines) from the trajectory tape. : t

iFNote: The program integration routine converges on each multiple of the
tape writing interval when QUT # 0. Therefora, when the value of
PPF is leas than DTNP, the former would be the integration step h ‘
size used in powered flight. Similarly, when the value of PFF is : 1

less than DTNF, the former is used for the free flight integration
step size.




This entry and the ton that follcw it are used to identify the

! ; time to terminate a phase. No entry is needed to terminate
P the last phase; consequently, for cases in which there is only

EE ‘ one phase, no entry is required.

3.2.3.6  Earth Model Constants
OMEGE rotation rate of the earth

A equatorial radius of the earth
N GM ~ gravity constant used in the equations of motion
1 e ellipticity of the earth
;‘ J constant in the earth's potential function
) » " H constant in the earth's potential function
; D constant in the earth's potential function
§ MU gravity constant (equals GM) used in the variational equations.

The numerical values of these constants are given in Table G-2,

3.2.3.7 ERAN Case Control Data

Since multiple cases from one trajectory tape can be run sequentially in
using the ERAN program, two cards are neccssary to instruct the program
as follows:
END The preceeding cards contain all the data necessary to run

this case.

ENDI@E This is the last case processed by ERAN. Since it is preprinted
on the standard form, it must be crossed out for all cases
except the last.

3.2.4 Tabular Input

3,2.4.1 Turninj- rate Table

The standard form for platform turning rates, which the program uses if
the BRTAB flag (see Section 3. 2, 3) is non-zero, is shown as Table A-4 in
Appendix A, The definitions of symbols and the method to be used to input

data are as follows:

ORDER refers to the order of data interpolation to be used by the pro-
gram to establish rates between data inputs. A 1 entry will
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cause the program: to use linear interpolation, a 2 quadratic,
etc. The interpolation routine used is a kth order Lagrangian

identifies the total number of time points in the table that
follows

first time point of table (t:l € TSUBO)

last (N'") time point of table (ty 2 TSUBA)
rate abouw platform(body)i-axis at time t

rate about platform(body) i -axis at time tN
rate about platform(body)2-axis at time t

rate about platform(body)2-axis at time tN
rate about platform(bodyj3-axis at time t1

rate about platform(body) 3-axis at time tN

Note: If the table contains many zeros in sequence, they can
be entered by writing a Z in the prefix field and the
number of zeros to be generated in the value field. As
an example, the table for a case of 20 time points, zero
rates about the 1- and 3-axis, and the first two rates
about the 2-axis, also zero, would lock like Table 2.
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~ Table 2. Sample Zor a Case of 20 Time Points
PRE 1LOC Yalve Remarks
1] 20
. ) value of ty
A vgluc of tZO
Z ' 22 20 zero rates about l-axis

and 2 zero rates about

value of wz(t3) 2-axis

value i uz(
Z 20

t20)
29) zero rates about 3-axis

Also note that the reverge side of the standard form can be used to continue

the rate table.

3.2.4,2 Equation of Motion Initialization

The program is mechanized so that the equations of motion can be initialized
independent of a trajectory tape input. This feature is used when it is
desired to obiain transition matrices or to use one of the mission evaluation
options to derive miss coefficients. The format* for this data is given as
Table A-5 in Appendix A.

*
A printed stancard form is not available,
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3.2.5 Multiple Cases

As mertioned previously, ERAN has the capibility to run multiple cases
from a single trajectory tape. The data used for the first run is retained
for the second (and subsequent) runs; thus, only data that requires changes
from the preceding runs needs be input. When it is desired to eliminate
the effects of an orientation option used in a previous case, it is neceasary
to input a2 minus zerc in an appropriate location. The three optiuns (ud the

methods of cancelation are as foliows:

a. Plaform Orientation input minus 0 in PHIP
Option 2

b. Initial Condition input minus 0 in PSII
Orientation Option 2

c. Nonorthogonal input minus 0 in ACCEL 10,
Accelerometer which is the input location for

thc first axis of rotation of the
No. 2 accelerometier component

This last operation will negate the logic that was set up by the previous non-
orthogonal case and will therefore interpret the data for the No. 1 com-

ponent as that required for a triad.

Extreme caution should be exercised when attempting to change the Error
Source Schedule for an operation where there are more than 6 phases.
Some knowledge of the input routine is necessary to present the intrinsic

problem.

The D option (i. e., D in the prefix field of the input word), used to input the
Error Source Schedule, causes two words to be stored in the computer, with
the last 6 characters being stored in the location immediately following the
location of the first 6, When there are no entries in Columns 7 through 12,
however, only the first 6 characters are stored and the second location
remains unaltered. It is then apparent that an X, entered beyond Column 6

for a previous case, cannot be eliminated without entering at least one X
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into some other column beyond the 6th for the case in question. Cancella-
tion of the error source for all phases can be achic.ed by entering zeros
into the appropriate locations for the sigma value (see Sections 3.3.3.1 and
3.4). Phase logic, for an error source during phases 7 through 11, can be
!w when there ars leas than 12 phases to the case by entering an X
in Cojrann 12. Should that be the only entry on the line, the error source
muu be oliminated for the entire case.

i

(}
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3.3 CUTPUT DATA

The output data processor program (PUTP) takes the data generated by ERAN
and produces output data at the required times, with the prescribed trans-
formations and the proper format. The options available for the above data

follow.

3.3.1 Output (Print) Times _ {

Opticn 0 Output the data only at the terminal condition of the case.
Option 1 Output at the phase discontinuities plus the terminal conditions.

Option 2 Output data called for by Options 0 and 1 and at all trajectory
discontinuities where the sensed acceleration goes from non-zero
to zero cr from zero to non-zero, including the initial time.

Option 3 Process every fime point on ERAN tape as determined by the tape
density control.

3.3.2 Output Coordinate Systems

ECI Presents data in an Earth Centered Inertial System, where the
Z-axis is the earth's polar axis and the X- and Y-axes are in the
equatorial plane. Generally, the convention is that the X-axis
passes through the Greenwich meridian at time zero, and Y com-
pletes a right-hand system; however, these coordinates are
determined by the particular trajectory program used to generate
the input tape.

LH Presents data in a local horizontal coordinate system, which is
inertial anc developed from the nominal trajectory position and
velocity veciors. X is down range, i.e., directed along the
projection of the inertial velocity vector onto the plane normat to
the radius vector; Y is vertical, i.e., along the geocentric radius
vector; and Z is cross range, forming a right-hand coordinate
system.

i

EVALU Presents additional data at the terminal condition only with a
prescribed transformation. * Presently there are the following
three options for this output:

EVALULl: Presents the down-range (MD), cross-range (MC)'
and timing (MT) errcvs (misses) at a fixed altitude

?’A special format is used for these transformations (see Section 3.3.3. 4).
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EVALU2: Presents the cross-range (Mc), vertical (My), and
timing (MT) errors {misses) at a fixed range

" EVALU3: General ~ represents transformation developed from
input matrices.

3.3.3 Cutput Data Formats

The five present formats for output data will be described in Sections 3.3.3.1

" through-3.3.3.5. Examples of the formats are presented with the test cases

in Appendix C.

3.3.3.1  Vector Errors

In order to present the vector errors at a particular time, QUTP first updates
all iractive vector sensitivities (previous phase sensitivity vectors) by pre-
muitiplying them by an appropriate transition matrix. Next it sczles the

vector sensitivities by the proper sigma level {(input data of the sigma of a

particular erroy source). This results in a vector error in the ECI coordinate

syetem:. Finally, it performs a coordinate transformation, when required.

This data is presented in a standard format where

Line 1 gives the run date and job identification (see Section 3. 4)

Line 2 is the case identification

Line 5 is the nominal time and coordinate system identification

Line 4 is column headings where DPX, DPY, DPZ are delta-position

coordinates to the .earest ft

DVX, DVY, DVZ are delta-velocity coordinates to the nearest
0.01 ft,/sec

DOX, DOY, DOZ are delta-platform orientation coordinates to
the nearest 0.1 sec

Line S-ug is vector error, where the left column identifies the vector as
follows:
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£ XXXX
Four characters are used
to identify the =rror-source
type, and the component cor
The

identification generally

axis it represents.

follows the saymbols given
in Table G-1 witk the fol-

lowing changes:

Initial Condition
Accelerometers
and gyros

Platform

Terminal Cenditions

Note that the arder in which the error vectors are presented is that given in

Section 3. 2. 2.

3.3.3.2 Covariance Matrix

XX

Two characters are used
to identify the phase in
which this particular er-
ToT source was initiated
(01 to 12)

E is replaced by O

E isv dropped and the error type is
followed by 1, 2, or 3. indicating
which component it represents

E is dropped and the error type is
followed by 1, 2, or 3 indicating
which platform axis it represents

Eis replaced by T, and T is
replaced by O

The covariance matrix is formed from the expression

n n o
E = 2 z pijo'icjxix.

where

M4

ECI

toctal number of error

o]
]

¢
,
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A

P =

i When izj, p=1; when i#j, p=0 unless input otherwise
v,: ‘j = standard duviationa of the ith and jth error sources
'zii = sansitivity vector of ith error source
;.}. = iranspose of j‘:hl sensitivity vector

To ubtain the covariance matrix in the local horizontal coordinate system, the

following operation is performed

_ T
g =M EMLE

whare
?: = covariance matrix in local horizontal coordinates
B |
MLF‘ = matrix (9 X 9) which traneforms a sensitivity vector
e from ECI to local coordinates
T .

T
L4

MI.’i,.E;... = transpose of MLE = ME

The presentation of this data at a pai.icular time is ina standard format,

where

Line 1 - = case identification

Line ¢ - nominal time and coordinate system identification
Line 3 identifies it as the covariance matrix

Line 4 = column heading {same definition as vector errors)
lines 5 to

13 = covariance matrix in the following format:

diagonal presents variances of navigation errors iu floating point

upper elements present covariances of navigation errors in float-
ing point
lewer elements present correlation coefficients in fixed point.
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Line 14 - standard deviations (sigmas) of the navigation errors formed
from the square root of the variances

Line 15 = trajectory variables in ECI coordinates
lLine 16 = trajectory variables in earth reference coordinate system,
where:

LAT = geocentric latitude (deg)

LONG = longitude from Greenwich meridian (deg)

ALT = altitude (n mi) above the surface of an oblate
earth (n mi)

VEL = inertial . “locity (ft/sec)

FPA = flight path angle defined as the angle the inertial
velocity vector makes with the local geocentric
horizontal (deg)

AZ = azimutk of the inertial velocity vector, measured

cloackwise from north.

3.3.3.3 Bansition Matrix

The transition matrix is used in the ERAN Program to propagate sengitivity
vectors across the free-flight sections of a trajectory, rather than integrating
each set of. error-source equations. ¥ It is used by @UTP when presenting a
time history of vector errors during free flight in the same manner, i.e., to
propagate the sensitivity vectors. @UTP alsc uses the transition matrix to
update an inactive vector {one generated in a previous phase), when running

multiphase cases.

The transition matrix is generated in the usual manner - b solving the
homogensous diffcrential equations (in ECI coordinates) for each initial condi-
tion error. To obt.:™ the transition matrix in the local horizontal coordinate

system, the following operation is performed:

B(t, ) = M, _(t)0(t, TIM, . L(7)
LH  —LE Tpep _LE

x ez
In the present formulation of the program, it is assumed that the accelerom-
eters are disconnected at termination of a powered phase.
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There is an option to control the output of the transition matrix (see Section
3.4). When called for, the matrix will be presented at each discontinuity
(phase or trajectory tape). * In addition, if a time history (priut Option 3)
is called for, the transition matrix will be presented at the same times as
the vector errors and covariance matrix. The presentation of th:e transition

matrix is in a standard format, where

Line 1

Line 2

Line 3
Line 4

Line 5

Line 6-14

Line 15
Line 16
Line 17

Line 18

3.3.3.4

As indicated in Section 3. 3.2, there are presently three options available for

presenting data at the end of the case that can be used for evaluating the

o, ») = transition matrix in local horizontal coordinates
1IH '
&, v) = transition matrix in ECI coordinates
ECl1
MLE(t) = matrix at time t, which transfor:ns a 1emiti§rity
——— vector from ECI tc local coordinates
MLE T(‘r) = transpose of Ml E at time T

case identification

4]

identifies it as the transition matrix and the applicable time
arguments (t, 1)

= the coordinate system identification

format identification

column headings

transition matrix

= trajectory variables in ECI coordinates at time T
= trajectory variables in ECI coordinates at time t

= trajectory variables in earth reference toordinite system
at time T

= trajectory variables in earth reference coordinate system at
time t :

Mission Evaluation

-]
Except for free flight, a transitior matrix is not computed in Phase 1.
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success of the mission. The data presented wher one of these options is
called for coneisis of vector errors and a covariance matrix. The format
for cach option is as follows:

EVALU!} Presents data at the reference altitude instead of the reference
time

Vector Errors

Line 1 case identification
Line 2 nominal tirne and criterion (ALT)
Line 3 column headings, where:

MT = timing error to the nearest 0. 001 sec

MC = cross-range miss tc the nearest ft

MD = down-range miss to the nearest {t

Line 4-u2 vector errors, where the left column identifies
(described in Section 3. 3. i) the vectors

Covariance Matrix

Line 1 identifies it as a covariance matrix
Line 2 column heading ;

Line 3-5 covariance matrix output (same {>rmat as described
in Section 3.3.2)

50 e e AT B AP 474 3 mn 3s e A -
. s

Line 6 sigma values

Line 7 headings fox noniinal trajeciory conditions at
termination

Line 8 trajectory conditions where:

LAT, LONG, ALT are as defined in Section 3, 3. 3.2

VEL/P = magnitude of relative® velocity vector
(ft/sec)

FZA/R = magnitude of rslative flight path angle (deg)
AZ /R

azimuth of relative velocitv vector (deg)

"Velocity vector with respect to rotating earth.

O i
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EVALU2 Prasents data at the reference range angle instead of at the
reference time. The data format is the same as for EVALUI
. except as noted bslow.
Line 2 criterion (ALT replaced by RANGE)
" idne 3  MD is replaced by MV (vartical miss to the nearast ft) v
EVALUIS This option “» izch for special cases in which the linear transfor-
; mation between ECI position and velocity errors and some arbi-
trary parametezs are xnown; ¢.g., the midcourse maneuver .
velocity compoaents as a function of injection errors for a space
probe, soms orbit 2lements, etc.
Vectbi Errors
Line 1 case identification
Line 2 nominal time and idencification of EVALUATION
OPTION 3
Line 3 column Leading (I, 2 .... 6) _
iline 4-u2 vector errors (floating point) where the left column
identifies {as described in Section 3.3. 3. 1) the vector
Covariznce Matrix (’
Line } covariance matrix identification -
Line 2 column headings (1, 2 .... 6]

Line&;B_ covariance matrix (same format as described in
' Section 3.3.3.2)

l.ine 9 sigma v~lues

3.3.3.¢ Platform Referenc= Attitude Time History

When a torqued nlatform or strapped-down case is being run, a time history
of attitudes and direction co:ines are given at the end of the case. The times
are the same as those called for by the print option. The format for presenta-

tion of this data is as foliows:

Line ) identification of type of outpt




Line 2

column headings, where

THETA (8) = angle (deg) platiorm 1-axis makes with the local
horizontal plane

PSI {§) = angle {deg) the projection that the platform }-axis
onto the horizontal plane makes with north

PHI (¢} = angle (deg) the platform 2-axis makes with the
. local horizontal plane

For a strapped-down case these angles would be

missile pitch, yaw, and roll angles, respectively.

1X, 1Y, 1Z = direction cosines of the platform 1-axis, with
respect to the ECI coordinate system

2X, 27, 27 = direction cosines of the platform 2-axis, with
respect to the ECI coordinate system

Line 3-up time history of above data
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3.4

@UTP® INPUT DATA

The standard form for input data to GUTP is presented as Table A-6 in
Amenﬂx A. The definitions and procedure for filling out this sheet are as

1JSB1 and B2

HCASE! and HCASE2

geT

SYSTM

CASE

S@PT

PHIL

EVALU

FQPT

SIGMA

Up to 60 characters (30 each), which will be printed
as the first line of vector error output

Up io 60 characters (30 each), which will be printed
as the second line of vector errors and first line of
all other outputs

Print time option as discussed in Section 3.3.1. No
input will produce Option O.

Controls output coordinate system. No input results
in LH coordinate systern. +ECI resuits in both ECI
and LH outpat. -ECI outputs only in ECI co,rdinates.

The number of the case (N) to be processed, N being
ths Nth trajectory processed by ERAN (but not
necessarily the Nth trajectory on trajectory tape).

Whea outputting consecutive ERAN cases, starting
with Case 1, the program will operate most effectively
if no entry is made to CASE. When an N entry is
made, the program will process the Nth case until
CASE is altered by input.

A non-gero entry will result in storing the sigma
values for the next (and subsequent) runs; whereas a
zero entry will recult in setting all sigma entries to
zero after the present case has been completed.

Correction term for longitude output. To be used
when the trajecto.y ECI system is not referenced to
Greenwich.

Identifies the mission evaluation option (if any) to be
cutput.

Non-gero entry will result in transition matrix(es)
outpu..

In the LOC. field, the vactor number is input and the
sigma value for that vector is put in the value field. *
Only when a SIGMA value changer is it required to
input a new value; otherwise, it will assume the sigma

& I
An entry of zero wili cause that vector to be eliminated from the case.
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value of the previous vector error. As an example,
if unit sensitivites are desired, then a 1 in the LOC.
field and a 1 in the VALUE field will result in output
with unit scaling of all error sources.* However,
when the 30PT option is used for multiple cases, all
desired changes to the sigma table must be entered |
explicity. In the above example, all desired changes b
from their assigned unit values woulu havs to be %
entered; e.g., a change of the sigma value for the
first error source would only alter that value, all
others retaining their unit values.

A e e on, b s e

These are correlation coefficients. Two entries are
required to input a correlation coefficient: The first
identifies the error sources (by vector number) that
are correlated, and the next gives the value of the
correlation coefficients. All correlation coefficient
data is retained in storage; therefore, when running
multiple cases, care must be exercised to not get
unwanted correlation into the covariance matrix
caiculations. A double-zero in the field for aseigning
vector numbers of a correlation coefficieiit will result
in eliminating the effects (if any) of that previously
stored correlation coefficient, as well as of all those

'} PR AT A

2 ——
T e PR AN

e that followed on the input sheet.
I % i END Same control as discussed {_. > ERAN
i ENDJ@B Same control as discussed for ERAN
i :
% @UTP has the same logic of data storage (except as noted in the S@PT option)

for multiple cases as ERAN. Th:retcre, only chinges to data need be
entered for runs foliowing the first. To negate the SYSTM opticn, six ceros
must be entered (i. e., when ' H output alone is desired aft:r some other

option on the previous case has besn chosen).

AT

B i

*No‘sc units of error sources in Table G-1.
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When the EVALUJ option is used, the format fer the input data sheet is
& pressated as Table A-7 in Appendix A. The linear transformation matrix [ M]
: used iw this option is formed from products of input matrices by

M) = [M, 00, M,] <o [M]

where [Mi] is a (6 X 6) r...atrix input.

(
® . .
A preprint standard form is not available.
(.
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SECTION 4

SAMPLE CASES

Three test cases were designed to demonstrate the procedures for filling

out input data shects when exercising the various program options available,

and to present data in all of the output formats.

The data sheets used to set

up the test cases are presented in Appendix B and the output listings from

these runs in Appendix C.

The trajectory used for the test cases was one that had been designed .0 place

a payload into a 24-hour synchronous equatorial orbit. Following are the

major trajectory sequences:

0 -

464 -
477 -
498 -
1380 -
1685

]

20177 -

464

477
498
1380
1685
20177

20288

Powered flight from launch to booster
burnout

Separation sequence (coast)
Inject into 100-mile parking orbit
Coast to first equatorial crossing
Inject into transfer orbit

Coast in transfer orbit to apogee of
19,300 n mi

Inject intc synchronous equatorial orbit

The salient features of the test cases and the pertinent input/output options

used to obtain these features are now described.
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&1 TEST CASE )

This is ¥ svaluation of the uncertainty of instantaneous impact prediction
(IIP) $or premature thrust termination, by using the inertial navigator data
and asoumming a vacunm re-entry. The same option could be used for ev=l-
uating dallistic missile accuracy or guided re-entry vehicle accuracy at a
fixed altitude.

The configuration of the inertial navigator was one in which the platform
l-axis was aligned with the geodetic vertical and the 3-axis was 1orth. ¥ The
input axes of the gyros and accelerometers were aligned along the platform
axes. The error sources considered were initial position {3), initial platfoirm
alignment (3), accelerometer bias (3), accelerometer scale factor (3) and
gyro bias drift {3). To evaluate the impact accuracy of a thrust termination
2t 400 sec, the trajectory tape was aborted a. 400 sec and the equations of
motion were used to integrate during free flight; they were terminated when
the altitude went through zero on a negative slope. Although the trajectory
tape had only one file, it was ~ecessary to entex al in TRAJ in order to
obtain multiple processing of the trajectory. The data sheets used for this
run are shown as B-1, Error Source Schedule and B-2, Orientation and
Conirel Data in Appendix B. Since two more cases were to be run by

ER AN before being processed by @UTP, the ENDJPB O card was scratched

out in R-2.

The processing of this data was controlled by @UTP and the data sheet

used is shown as B-9. Since it was desired to process the ERAN tape in
sequential order, it was not necessary to enter anything in CASE. If process-
ing in a diffe-ent order, or reprocessing any narticular case, had been
wanied, it could have been done by using the CASE control. It was required

to obtain output in ECI coordinates at the powered flight termination and at

Since the trajectory ~as run on a spherical earth model, the geodetic and
geocentric latitudes are equal.
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impact, and to evaluate the impact errors by using mission evaluation
Option 1. As it was desired to save the SIGMA data for the next case, the

S@PT option was called for. The l¢ errors for this casec are shown in

‘ Table 3.
Table 3. One-Sigma Errors for Test Case 1

Vector Number(s) Error Source Sigma Value ‘
} 1, 2, 3 initial position 500 ft (three axes)
; 4, 5, 6 initial platform orientation | 3V sec (three axes) i
| 7. 8, 9 accelerometer bias 10-4g (3 components)
b 10, 11, 12 accelerometer scole factor | 10-4g/g (3 components)

13, 14, 25 gyro bias drift 0.1 deg/hr (3 components)

i The bias and scale-factor error sources of each accelerometer were corre-

| lated with a correlation coefficient of 0.5, i.e., the number one accelerom-

1 eter bias error (7) was correlated with its scale-factor error (10), etc. Since
additional cases were to be processed by UTP, the ENDJ@B O card was

scratched, completing the input for this case. -

m——y et i e
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4.2 TEST CASE 2

In this case, an evaluation is rmade of the altitude, crosi-range, and time
srrors at a fixed range after completion of one orbit. The configuration of
the inertial navigator was the same as in Tust Case 1, but it was arr./ed at
in & different way. The platform l-axis was aligned with the vertical as
before, but the 3-axis was aligned east. To retain the same gyro orientation
with respect to the trajectory, it was necersary to rotate the gyro cluster
90°' about its l-axis. The acceleiometer alignment was controlled by using
the nonorthogoenal accelerometer option (see B-4). The error sources
considered were the same 2as irn Case i, with the addition of terminal errors
(applied at the abort time). The trzjectory tape was aborted at 500 sec to
insert the terminal condition errors {thrust tailoft, guidance equations, etc.)
and the equations of motion used for one orbit (approximately 5500 sec). It
was desired to have a time history output; therefore, GUT was made non-zero,
PPF was set at 400 ard PFF at 2000. The data sheets used to make this run
are shown as B-3 through B-5 in Appendix B. [t was also necessary to
scratch the ENDJ@B card.

The iata gheet for output processing of this case is shown as B-10.
Using Option 3, t.me history, results in additional output at 400 sec during
powered flight and every 2000 s== during orbit. It was desired tc have only
the LH coordinate svsteir output; therefore, six zercs (000000) were entered
in SYSTM to negate the logic from thez Case ! option. The mission evaluation
Option 2 was used and the SPPT opticn carcelled. Since the SIGMA's for the
first 15 error sources were held over from Case 1, only the terminal cordi-
ticn esror-source sigma values were required. Since no ch2nges in the
correlation coefficients from Case | ware desired, entries in RHP were

not necessary. The ENDJ@B card was scratched, completing the input data

required for this case.
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4.3 TEST CASE 3

T.Lic was an evaluation of the errors at injection into the final orbit. The
gyro drift was ‘ssumed to have an exponential autocorrelation function with
a time constan .f 2 hr. The accelerometer bias during the trajectery's
final powere. .equence had a standard deviation three times larger than,

and uncorrelated with, that of the initial trajectory sequences. The platform
l-axis was aligned with the geocentric vertical and the 3-axis was north. The
initial condition position errors were referenced to platform axes. The
platform was torqued about its 3-axis {approximately miasile pitch avis) to
maintain a small (<20°) angle between the missile and the platiorm axis
throughout the trajectory. The accelerometer and gyro alignment with
respect to platform axes was the same as in Case 1. The error sources

were the eame, with the addition of a gyro-torquing scale-factor error.

To achisve the evaluation described above, the trajectory was divided into 3
phases, with the first terminrating in 2 hr, the second in 4 hr, and the third
phase at the end of the trajectory (5.63 hr). This allowed an approximation
of the effect of the gyro-error autocorrelation function. (More phases would

more nearly approach the true efiect.)

The changes in the Error Source Schedule were in EAOO, EGOC, EGO6, and

the terminal condition errors (ses B-6 in Appendix B). The body turning

rites are given in B-7, and the changes in the control data (B-8) we-e

the following:

PSIP = 0, aligns platform 3-axis north (§ = 0)

PHIP = -0, changes platform alignment option back to 1 and aligns i¢
with respect to geocentric vertical

PsII : -0, changes IC option back to ! and causes initial pcsition
errors to be along platform axes

I GYRO 0, references gyros to platform axes

1 ACCEL

i

0, references accelerometers to platform axes
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110 = 0, changes accelerometer option back to 1, i.e., orthogonal
orientation

TSUBA = chosan to be a time greater than (or could have been equal to)
the end of the trajectory tape

ENDC = 0, eliminates use of the equatiuns of motion .
@uT =0, elimirates ure of the intermediate tape writing intervals
BMT = 1, indicatee a non-inertial platform case
BRTAB =1, indicates rates are supplied by an input table .
: TGQP = 7200, indicates time to end the first phase
? i = 14400, indicates time to end the second phase

The final phase is ended by the termination control.

The data sheet for the outnput processing of this case is given in B-11.

The print option was 2 (phase and trajectory discontinuities) and EVALU set
a: zero to eliminate its ouvtput. Although the SIGMA's were the same for the
first 15, they had tc be re-entered because the SPPT opticn was zerced out

in the previous case. The vector errors for this case are s! »wn in Table 4.

Table 4. Vector Errors for Test Case 3

Ve:tor Numbers Error Source Sigma Value
1, 2, 3 initial position 500 ft (3 axes})
4, 5, 6 initial platform orientation | 30 sec (3 axes)
7, 8, 9 (phase i) accelerometer bias 10'4g {3 components)
10, 11, 12 accelerometer scale factor | 10-4g/g (3 components)
13, 14, 15 (phase 1) | gyro drift 0.1 deg/hr (3 components) .
16, 17 gyro torquer scale factor 0 (Nos. { and 2 gyros)
18 gyro torquer scale factor '10'4 (No. 3 gyro)
19, 20, 21 (phase 2) gyro drift 0.1 deg/hr .
22, 23, 24 (phase 3) accelerometer bias 3>(10'4g (3 components)
25, 26, 27 (phase 2) gyro drift 0.! deg/hr
28, 29, 30 termina! velocity errors 0.1 ft/sec
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The correlation of accelerometer bias and scale factor during Phase | was
assumed to hs the same as in Cases ) and 2, but it had to be re-enterad
berause additional correlation coefficients were being entered. The tim.
correlatior.* of gyro errors were calculated as '

t, - t.)
Ptj= exp -

where pij ts the appropriate correlation coefficient, and

(ti - tj)* = 14400 ~ 7200 = 1200 _
20288 - 7200 = 13088
20288 - 14400 = 5888

This completes the description of the input data required for this case.

Printouts listing the cards used for ERAN data arnd @UTP data are given for
each run. Along with the output listings, they are included in Appendix C.

Finer or coarser time intervals could have been chosen to approximate the
autocorrelation function exp - %, with more or less phases required for the

approximation.
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Table A-1. ERAN Error Socurce Schedule
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Table A-2. ERAN Orientation and Control Data
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Table A-3. ERAN Nonorthogonal Acceleromater Orientation
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Table A-4. ERAN Turning Rates in Platform Coordinates
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Table A-5. ERAN Equatic: . of Motion Initializatica
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Table A-6é. @QUTZP Case ContrJl and Data input Form
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Table A-7. @UTP EVALU 3 Input Data Form
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APPENDIX D

RESETS

D.1 INTRODUCTION

“"Resets'' is the term applied to correction schemes for updating irertial
system navigation data as a result of measurements made by sensors other
than the inertial elements (gyros 2ud accelerometers). These measurements
can be made by ground equipment from which processed navigation data is
transmitted to ithe navigation computer; or airborne sensor data can be used
by the computer to update the navigation data. Many sensor configurations
and data processing schemes could be usea, but only a few are discussed
here, It is assumed for this analysis that only a limited numkter of corrections
would be made, although many measurements might be used and p-~-filtered

to obtain the measured value used for reset.
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D.2 MEASUREMENTS CONSIDERED L

The measurements considered are cwnponents of pusiticn, welocity, and/or

platfocrm crientation as foilows:

a, Position Measurements '

\(l) aititude %
(2) &iant range to a ground siation ‘

(3% positicn vector in the ECI or orbit plane (see Section
2.4. 1) cocrdinate system as derived by a ground
station and transraitted to the airborne computer

b. Velozity Meagurements

(1 altitude rate
{2) slant range rate to a ground station

(3) velocity vector (ECI or orbit piane coordinates) as
derived by a ground station

c. Angular Measurements

(1) angular measurements with re.pect to inertial space, (
uging a sielliar sensor ‘

(2) angular measurements with respect to the local
verticzl (assumed geocentric), using a horizon sensor

(3) piatiorm error vector as derived from multiple
stellar sensor or hurizon sensor measurements,
In developing the approp-iate reset equations, it was desired to retain the
common notation of Y for measurement vectors and X for state vectors,
For this reason, there is some ambiguity between this ~“»tation and that of
coordinates of the position and velocity vec.ors (e. g., see Section D. &). It

is hoped that this ambiguity will not cause confusion in interpretation.

Three reset methods are considered that use the same form for correcting
the state vector. The concept for deriving the form of t .e resetl equations is
obtained from the following considerations. A measu~ement is functionally
related to the navigation d. ta and is corrupted by some noise. This relation-

ship is shown by

Y, = Fi(X) + N,

-~

D-4
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where
. .th
’{i is 1 measurement
F.(X) is the functional relationship (see Section D. 6 for
explicit forms)
is the true state vector (9 elements) ;
; is the error (roise plus bias) of the i*h measurement -
- (a random varizblej ;
Likewise a vector of mneasurements can be constructed as s
<
i
Y=FX) +N {
The measurement state vector can be estimated from the navigation system
data as
Y = F(X) _
’ where X is the navigation system estimate of the state vector X and is in : ;
; error by AX, that is .
{ i
¢ - J
’, X=X+AX
where AX is a random variable, which is the sum of the effects up to time
(t) of all the error sourcez (P in number), that is
P, ox.
AX = ) o e = 6X €.
Je, i 4 ii :
iz 1 i=1 :
] B
[ ? 4
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Then the difference between Y and Y can be calculated and used to estimate

AX and/or € That is

-~

AY =Y - Y
= F(X +aX) - F(X) - N

F(X 4+ AX) - F(X) can be expanded into a Taylor Series so that

. OF L
AY = gz AX + - - - N

where 9F/9X is the matrix formed by taking the partial derivatives of F(X)
with respect to X for each measurement. All higher-order terms are

assumed to be zero.

Again, for purposes of error analysis, it is desired to obtain the sensitivities

of AY to each error source. Therefore
y = Mx -u

where the notation has been adopted that

y = sensitivity (vector for multiple measurements) of the
measurement state with respect to the ith error source

SAY/Eei

M= 9F/8X 1s an m x n matrix in which m equals the number
of functionally independent measurements at time t and
n=9

x = navigation sensitivity state vector 8)~C/8ei

u = unit vector (one for each measurement), as described
in Section 2. 3.3. (An explicit symbol EKlm is not given
here.)

D-6
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The Reset Equatiun is developed by letting )

X X -i = AX -
Xp & X - KaY (or) AXp = AX - KAY

where XP is the estimated state vector after the measurement correction(s)

and K is an n x m matrix developed in the sequel.

Taking -he partial derivatives of this expression with respect to each error

source, it is seen that the state vector sensitivity for each error source is
changed when a measurement is made, that is

6AXR = 6AX - KbAY

or xR=x—Ky

= x - KMx + Ku

= (I - KM) x + Ku - 8

NOTE: The notation and form of this equation are the same as for Katman
filtering (Reference 6), except that x and u are gzonsitivity (w. r.s_t,
random variable) vectors, rather than vectcrs of random variables.

It remains to establish the matrix K in the above equaticn.

are considered here, which are termed:

Three methclis

r«placement ri:se’, deterministic
reset, and linear statistical reset.

The development of each of these mrthods will now be described.

o e T Wk

O
3
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D.3 REPLACEMENT RESET

In using this technique, it is assumcd that the measurement error is much
smaller than the state vectc- error; thus, the measurement difference(s)
(AY) is assumed to be dependent on the navigation state vector error only.

The constraint of the correction is such as to make AYR = 0, and therefore

AY, = Y

R -Y=0=MAXR-N

R

Taking the partial derivatives of this expression results in

= (I - MK){Mx - u)2 0

In order for this conditi~n to be satisfied for all x, the fi: st term must equal

zero, Therefore
MK =1

post multipling by [MMTj

MK[MMT] = MMT

from which K is deterrmined as

T. -
K-MI[Mmm"; !

K is sometimes refe-red to as the pseudo-inverse of M.

Thus, the reset sensitivity state vectors for all error sources active up to

time t, based on this constraint, are

xp = [I - KM]x

D-8
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Additionally, new sensilivity state vectors are generated t¢ account for each
measurement error by

2
xm Ku

T
the total set of sensitivity vectors x, which are subsequently operated upon as

which are essentially initial condition errors at time t. x_. and X, Fepresent

independent sensitivity vectors. Thus, any operations including additional
resets at time t would include x. iu the set of state vectors.,

A few remarks about [MMTE i}

types considered (e. g., an individual po*i‘ion measurement, a stellar ~ensor

are in order here. For most measurement

sighting or a platfqrm raset, or a positiun and/or velocity correction from
the ground), [MMY]™! = L.

For individual veiocity mneasurernents and nonorthogonal measurements (e.g.,

simultanecus aititude ard ulant range mezasurements), [MMT] -1 # L

Functionally dependent measurements (such as altitude and slant range when
the slant range vector is 2long the radius vector, and overdetermined
measurements when two stellar sightings give four measurements of platform
angle errors), result in singular inverses. The pseudo-inverse could be
invoked for the altitude and slant range example, which would in effect result
in the average of the two measurements. The case of the twc stellar sightings
should be reformulated by partitioning the state vector into the orientation
elements only, from which the least squares solution ([MTM] -IMT) can be

used,

The question of sequential {at time t) reset vs simultanecus reset is of
interest. The M matrix is formed from row vectors of partials. If the |
dot product oi these vecto~s is zero, and the cross product is one, then
sequential or simultaneous raset is equivalent. However, if both these

conditions are not saiisfied, the orde: of sequential reset is important.
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: M elternate and generaily equivalent approach is one in which a transformation '
matrix is developed, which transfcrms the sikte vector in ECI coordinates
into & state vester in the measurement coordinate system. The elements

that are measured are set to scro, and the resultant state vector is trans-
formed back by the inverse of tha transformation matrix. This metho
suffero in that simultenedus mu'tiple measurements usually cannot be included

in the reset technique; therefore, multiple measurements would nave to be
handled requentialiy and sometimes only in a specific order.

O
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D. 4 DETERMINISTIC RESET

In this method it is assumed that the measurement differences are solely
dependent on an equal number of error sources. A typical exarnple would be
the use of a stellar tracker to derive the launch position errors of a mobiie
missile system, and thus compensate for the error. The technique developed
here is not restricted to measurement types or the error sources to be con-
sidered. The concept is developed as follows. Let

AXD = DeD

where

AXD = the error in X due to the error source vector ‘5

o
"

an n» x m matrix formed from the sensitivity vectors
of D

€p=anm vector of error sources to be determined from

the measurement(s)

In using thic technique, it is assumei that the measurement error is much
smaller th-u the effect of the state vector error, and that the state vector
error due to all other error sources is much smaller than the state vector
error due to €p- Therefore, the measurement differences (AY) are assumed

to be dependent on the error vector only, sc that

AY. = MaX

D = MDe¢

D D

. -1
= [MD] aYp

D-11
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However, ¢p can only be estimated from AY (the quantity derived from the
measurements), so that the estimated value of o :D is
i, = [MD} lay

D

The state vector estimate is corrected by using the estimate of ‘D
as follows
X, =X - Di,, =% - p[MD] 'ay

R~ D

Thus, it is seen that for this correction scheme

K = p{mp) "}
and

x, = (I - KM)x

The sensitivity vector corrections foliow the same procedure as for the
replacement reset; each sensitivity vector is corrected at time t, and new
sensitivity vectors are added to account for the measurement errors. The
constraints on [ MD] -1 are that the measurements be functionally independent

and that the error sources to be determined do not have equal sensitivities.

It is apparent from the state vector reset equation that the explicit determina-

tion of ¢.. is not required for corrections of the navigation data. Also, it

can be al'lx)own that the reset sensitivity state vector for each element of the
‘D vector is set to zero at the rese! time, provided that the sensitivity
matrix D, used in the reset equations, is formed from the sensitivity vectors
of the error analysis discussed in detail in the next paragraph. Thus, the

navigation errors resulting from ¢ vector errors are zero at reset time,




.

regardless of the magnitude of the ¢ vector (assuming the elements of ‘H
are not large enough to invalidate the linearity assumption). If the ¢ p vector
were composed of initial condition elements only, the effects would be negi.ted
and new error sources formed by the measurement error vector. On the
other hand, if the ¢p vector had elements representing forcing functions
(such as accelerometers, drag, etc.), it might be desirable to use the
egtixpate gf €p to coinpenute those parameters, thereby reducing the
variance of navigation errors following the reset time. For this procedure,
it is necessary to determine the variance of the estimate error. which can

be calculated, when desired, from the relationship

= [MD) "* (Max ) + Max N)

F-D

| P-D . M
= ¢D+£MD] M Z&xi;i- {MD] ch
' i=1 j=1

where

€, are all error sources excluding the set D
‘j are the measurement errors

Thus, the estimate error is defined as

and, assuming that the measurement errors are independer.t of the other
error sources, the variance covariance of the estimate error can be

calculated as

T -1 T -4
E(A¢DA.D ) = [MD) §M$M + Q‘([MD] )
D-13
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where

is the covariance matrix of navigation state vector errors
excluding ¢, parameters at reset time (before the mea-
surement i included)

Q is the covariance matrix of me2zurement errors at
reset time

In the application of this method, the sensitivity matrix D would be obtained
in one of the three following ways:

a. Input based on a nominal trajectory

b. Cornputed by using the normalized integral approach
(which excludes the effects of gravity feedback in
C navigation equations)

c. Computed in a manner similar to the equations of this
program.

App: ach (a) should be adequate for most applications for the same reason
that a uominal trajectory suffices for error analysis, Approach (b) more
closely approsiinates the true sensitivities for a given trajectory and is not

a difficult computation for an airborne computer. Aa analysis of either of the

Cia

first two methods requires the generation oi the D matrix from alternate

.

runs, which would then be treated as input data. Method (c) is self-contained,
but more complex for airborne computations.

D-14




D.5 LINEAR STATISTICAL RESET

This is equivalent to the Kalman filtering technique {P.eference 6), but it is g
developed diiferently, Certain assumptions are made to facilitate the dev:lop-
ment of the problem at hand, but as thcw technique presented is a zeneral one,
assumpticus need not be made. Tha one basic restriction made, on both the )
Kalman filtering technique and the method hera, is that of the bast linear esti-
mate of the random variables in the sence of min:mizing the mean square
error of the estimete. The development uses the conditional expectation func-
tion directly. For the scaler case it is well known that

-~ cx
E(XIY) = PXY ;; Y

{The notation E is adopted to distinguish it frum the normal operator E in

the conditional expectation function, because of the restriction of best &gg_{
estimate. However, if the stochastic processes are Gaussian, the operators ’
are equivalent, This same n-::tion is used in Reference 6.)

. E(XY)oy 2 4 e
C(X|Y) = ———3" Y = EXY)[E(Y")] " ¥ -
X%y

For X and Y vecters, it can be shown that the same form holds as

x|y = BXY DI (YY) 'y = KY

where the elements of K in this expression (an n x m matrix) are termed

regression coefficients (Reference 7, Chapter 23, p 302).

D-1{5
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For tha p\i'oblcm at hand, it is degired to estimate AX, the error in the state
-vector estimate, gives the measurement difference AY, or

aX = E(ax JaY) = EaxaY ") £lavay ")) L ay

 and based on this estimate, the state vector estimate would be corrected as
follows

kg = X - a% = X - Ka¥

where

b= E(axaY ) E@avayT)) !
As defined previously

AY = MoX - N 3 AY =aX"M" - N C

AN At st a3 51 o

and therefore

K = E(axax M7 - axnT){M Eiaxax)MT - M E(axNT) - EaxTmT
+ E(NNTy )

Assuming that the inertial navigation system parameters are independznt of i
measurement errors, this reduces to

1

K = m: MT . DR (t. T)i[MiMT -MDR (t,7) - R:(t. T)D:MT + Rn(t,t)]" )

D-16




where
$ is the covariance matrix of navigation errors at reset time

R_(t, 7) is a matrix of time correiation functions (inciuding
cfoss-correlation terms) for the measurement errors

D,, is a matrix that propagates the effects of measurements
made at a previous time (or ai the same time but processed
sequentia’ly)

Rp(t, t) represents the covariarce matrix of measurement
errors at time t.

If it is assumed that the measurements are independent (and time and time-
cross-correlation functions are zero), the gain expression can be further

K = $MT[M EMT + Q]"

The effects of the previous assumptions can be determined,  however, since

reduced to

the calculation of $ in the program includes the effects of time and time-

cross-correlatad errors independent of the assumptions for obtaining K. The

simplified gain computation represents a more realistic one 1or airborne use.

Finally, the reset state vector sensitivity is

xy = x - Ky

[1- KM]x

which is in the same form as the previous methods. Additicnally, a new
vector is formed for each measurement, aad the complete set of sensitivity
vectors is handled in the same manner ae Methcds 1 and 2 (in Sections D-3
and D-4).

D-17
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This reset technique could be extended to include the estimation of the e. or
sources as follows

£« |aY) = 2leaY ") EAYAY D)) Loy

where ¢ = the errvor vector to be estimated, and

AY = MAX - N
= MDe¢ - N=He - N

where D = the sensitivity matrix of all error sources.

Thereiore

T

i=E(e|aY) = Ele ¢ THT - «NT)[£@aYaY D)) Ay

Making the same assumptions as hefore, that Ele NT) =0,

i = j;‘u"[uﬁ M7 4 Q]"AY

e A WA AN A (T

where

i‘ = E(1 ¢T) = covariance matrix of all error sources
$ can also be written as D $.DT

By using the above relationships, ¢ can also be written
. -1
; €= [DTD] DTKAy = K, 8y

provided that lDTD] 1 exists. If it is singular, then the pseudo-inverse,

which always exists, can be developed. However, it is not required, since

the original formula does not present this problem.

D-18
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For purposes of an error analysis, it is necessary to derive the variance of
the estimate errcr (8¢ = ¢ - ¢), which is

EaeacT) = E{(¢~ NiT - ¢ 7))

and reduces to

) $ =(I-K‘H)$
¢R €

where $eR is the covariance matrix of the reset error source pirameters.

1o o EAAEGRRILN P S TS IB I S W R s e

,or

There are several approaches that can be used to compensate the navigation
data, given the estimate of the error vector; the most straightforward being

to resci the sensor error equation,

It is seen that, in theory, the navigation data and error source parameters

ww

can be corrected, given one or more measurements. Thus, from the stana-
point of minimum navigation error in the sense of the least-rnean-squared-

error under the constraint of a linear estimate, an optimum use of the data

would incorporate both navigation data and error-source : :set.

Practically, the task described would overburden any airborne computer, and
in particular the computation of the D matrix. Although the estimate of €
} could be partitioned so that only a selected few would need to be estimated,
all sensitivities are required (or should be) for the calculation of 2: For

that reasc ' it is assumed that calculation of the sensitivities (D matrix

elements) would be based on the nominal t{rajectory; therefore, it would be

precomputed and inserted in the airborne computer for flight data processing.

" In the special case of free fligat (orbit navigation), most forcing functions
reduce to zero; and the problem can be reformulated co that i can be updated
"' by using the transition matrix in conjunction with those forcing functions

D-19
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acting in orbit (drag, gravity model constants, gyro drift, control system
impulses, etc.). The capability to perform this last analysis, that is, orbit
reset or orbit navigation, is presently under development in a separate
program. A report describing it will be published by J. Meditch of
Aerccpace Corporation,

D-20
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D.6 M MATRIX GENERATION

The M matrix is assumed to be computed by the airborne computer and based

or: the functional relationships of the measured quantities (Y)* and the naviga-

tion data (‘i. 5-(. MEP)‘ Each measurement represents a row of the M matrix

and is developed as follows for the measurements considered.

D.6. 1 Altitude
Y=h=R-R_= Jx“+v*+2° R
ay=§§sx=¥.s{
ard

m=[§%§ 000 ooo]

where it has been assumed that aRe/ax =0

D.6.2 Slant Range to a Ground Station

The slant range vector is defined as
5=R,-R
= (Xg ~ X)Xy + (Yg - V¥ +(25 - 2)Z

= xs‘x’U + YS?U + zs‘iu

® . . .
See comment on notation at end of Secticn D-¢z.

e e e A S s e 2 g
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where
Xg =R, cos \; cos ¢G

Yo = R, cos A sin ¢G

ZG = Re sin )‘G

R = A(l - e)

e 2 . 2
1+ (ez - 2e) coszx

G

and the terms in this equation are as defined in Section 2. 3, 3.

S
Y—S-JXS+YS+ZS
xT

6y=-g%6x=--s£6i

X, Y. Z
m=[-_§5.-_s§-_§s. 000 ooo]

It is assumed that station locations are perfectly known, and also that timing

errors are zero.

D.6.3 Position Vector

D.6.3.1 ECI Coordinates

= [I( 3x3) (3%3) 0(3><3)]

D-22
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D.6.3.2

Local Coordinates

m = [m

LE°(3x3)°(3x3)]

where MLE is defined as in Section 2. 4.1

D.6.4

from which

D.6.5

Altitude Rat

-n-GR_o _
Y=h=3F=R=

6h

R

_XTsX  XToX  RéR
"X K K

L

R2

-

[(RXT - RXT)6X + RX L 6]

-

m-|RK-XR RY-YR RZ-2R X Y 2
- R R K

® 000]

Slant Range

Z

Rate

Y

ds _
£

e A T o R

R R®

XSXS XSXS + YSYS + ZSZ

Xl o XX+ YV +22
R *

S

S 5

D-23




LT AT
' ER .. g
B + iy

o an e e B S BN

where
Xs = xsxu + YSYU + stU
= (kg - XXy + (Vg - BTy + (2 - 27

= (-0, Ye - XXy + (0 Xg - DT - 2Z;

85 = - Elz [(sig - 5% )5% + s‘fga‘i]

and the form of m is the same as for altitude rate with the substitutions of
X-= i’S' X-= -fs. R=S, and R = §. Station location and timing errors are

assumed to be zero.

D.o.b Velocity Vector

D.6.6.1 ECI Coordinates

m = [0( 3x3)1(3x3)°(3x3)]

D.6.6.2 Local Coordinates

m = [0( 3x)MLEY 3x3)]

D.6.7 Stellar Sensor Measurement

It is assumed that the sensor is mounted on the platform and can be slewed in
azimuth about the platform l-axie, and in elevation about the tracker 2-axis
to sight on a prescribed star. Figure D-] shows the tracker axes system with

respect to the platform axes. The transformation between a vector ir platform

D-24




Figure D-1. Stellar Sensor {Tracker) - Coordinate System
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coordinates and tracker coordinates is

- A . g . - .
. N ’, , R o - y . :
P O R T e . Vo ey
5 “ _ o SN )
SR

Ry ey o et RO ST S PR S NI A NI

- ) - F -
CET 0 -SE.r 1 0 0
CA

:\?‘ MTP =] 0 1 0 0 T -SAT

SET 0 CET 0 SAT CAT
e o b -

where
A

T is the azimuth of the star expressed in nominal
platform coordinates

E., is the elevation of the star expressed in nominal
platform coordinates
The tracker is capable of measuring coordinates (small angles) only about its
2-axis (a coordinate along the T) axis), and about its l-axis (a coordinate
T and ET'
which make the above coordinates zero. Mathematically either measurement

along the T2 axis). Alternately, it can measure the changes in A

lype is equivalent. Since the platform rotation errors are assumed to be

small, they can be treateZ as vectors, so that

R - (&

¢1'r CEy SESAq SErCAL ¢1

Pory=L © CA, -SA; |19,

» ¢3

where

¢1T is a measurement along the sensor's 2-axis

e, e Py I

¢2T is a measurement along the sensor's 1-ax:s

S e e e

/,//‘A.‘
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Therefore, for a single stellar fix with a stellar sensor, two angles can be
used to correct the effec* of platform errors. In this case
0 0 0 0 0 0 CE ~SEpSAL -SE,CAL

T T

0 0 0 0 0 0 0 CA -SA

T T

For the case of two independent stellar sightings (two different stars,
oreferably 90° apart and in the platform's 2p3p plane), the platform orientation
errors are overdetermined. In this case, least squares or other techniques
could be uacd to process the four measurements so that the platform error
angles were detcrmined explicitly., This is implied in the last measurement

category (Section D. 6.9), Platform Error Vector.

D.6.8 Horizon Senso.: Measurements

A horizon sensor primarily measures small-angle deviations of its mount
with respect to local vertical; the measurements can also be processed to
indicate altitude. Conventionally, it is mounted on the vehicle frame and
used as a reference for the vehicle control system, while maintaining small-

angle deviations of the vehicle axes with respect to local vertical.

In conjunction with platiorm gimbal-angle readout (direction cosines in the
case of strapped-down inertial systems) and the navigation system position
data, the angles measured by the sensor can be used to correct the platform
angular errors, navigation system position errors, or both. For purposes
of a general analysis of the use of the horizon sensor, the local horizontal
coordinate system will be used. It is assumed that the sensor measures
pitch (rotations about the Z-axis of the local horizontal system) and roll
(rotations about the X-axis). Transformed into this system, the state vector

error is

where MLE is as described in Section 2. 4. 1.

P
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Under these sasumptions, the sensor measures
40 = - -QR& te, - n.e pitch measurement

L9 = % + ,X - n’ roll measurement

where

&X = range error in local coordinates

AZ = cross-range error in local coordina.es
_; ‘ 9. = platform error about Z in local ~oordinates
’X = platform error about X in local coordinates

ng and nO = pitch and 7oll sensor errors,

Thus

i —_—

0 0 -4 0 0 0 1 0 v

D.6.9 Platform Error Vec. r

In this case, it is assumed that the platform error angles are derived from

multiple stellar sensor measuremeits and expressed in platform coordinates.

Therefore

m - [.0 N

1 (3x3)0(3x3)MPEJ
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The M matrix for any given reset is theu constructed, based on any one or

more of the m matrices presented above. The combinations, however,

must be limited zo that elements of the state vector are not overdetermined

when the Methcd l-type reset is used.

D-29
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D.7 RESET EQUATION SUMMARY

This section summarizes the pertinent equations presented for reset.
Those marked with an asterisk could be conveniently mechanized in the

t
'

error anaiyeris program.

X=X +2X navigation aystem estimate of
: the state vector
E -
i AY=Y -Y=MaX - N navigation system processed :
; measurement difference
} XR = X - KaY navigation systern reset estimate
! of the state vector given the
5 measurement{s) Y
AXR = aX - KaYy state vector error following reset
* x, = [I - KM]x reset error-source sensitivity
vector(s) for all error sources
active prior ¢0o current resei time
& X = Ku added sensitivity vector(s) to -
account for the reset measurement (
error
_8F oo .
® M= X measurement sensitivity matrix

(see Section D. 6)
K is determined by one of the following 3 methods:

a. Replacement

* K- MT[MMT]’l

b. Deterministig .

-1
* K= D{MD]
where D is formed from the prescribed state vector sensitivities or is input.
;D = [MD] b lAY navigation systern sstimate of the
nrescribed error sources, given

the rmeasurement(a) Y.

A€ . = €., - € error of the estimated error sources

D-30
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where

P
. o VP W
-

——————

whirre

where

ft‘D = lMD]'l’M$ MT 4 Q}([MD]_'I)T

covariance matrix of the estimated
error sources

iis the covariance matrix of the navigation state vector errors
due to all error sources excluding ¢p parameters at reset time
(before the measurement is included)

Q is the covariance matrix of measurement error(s) at reset time

c. Linear Statistical
T T -1
x K=$M [Mﬂ:M +QJ

Etis the covariaice matrix of the navigation state vector error

due to all error sources at reset time
]

Q is the covariance r..atrix of measurement error(s) at reset time

andEr and Q are input.

= E‘[MD] T[MEMT ¥ Q]'l AY

navigation system estimate of the
error sources, given the measure-
ment Y. € couid Le partitioned so
that oniy « selected few need be
explicitly derived, e.g., ED as in
Method 2

D is the sensitivity matrix of all (or partitioned) error sources

j: 1s the covariance matrix of all (or partitioned) error sources
€

D-31
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&R =1 - K‘Mblx‘

where

R = the covariance matrix of error gources after reset .
]

X, =$‘[MD] T[Mgm'r + Q]'i

D-32
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APPENDIX E

DRAG ERRORS

Iu this appendix is discussed the proposed method for estimating the effects

of atmospheric drag errors, when the accelerometers are disconnected dur-

ing orbital flight phases.

If there were no forces experienced by tke vehicle during coast periods
(parking orbits, transfer orbits, etc.), the most advantageous way to operate
the navigation system would be to disconnect the accelerometers during
these periods so that the accelerometer bias error would not be integrated.

For low-altitude orbits (in the region of 100 n mi), aerodynamic drag force

e S

is not negligible, but is generally of the same order of magnitude as
accelerometer bias., Consequently, it must be decided either to measure ;
drag via the accelerometer, or to predict it by an empirical formula. The
decision would be contingent on which method would result in the least

error, i.e., on the uncertainty of accelerometer bias vs the uncertainty of
drag calculations., To fully answer this question, a detailed knowledge of the

configuration and flight time (function of time of day, month, and year) is

& e . . o e o i b o 8

necessary. For purposes of the errcr analysis, these characteristics are
generalized so as to assess the relative importance of drag and thereby
determine if more detail is required. Therefore, the configuration's
ballistic coefficient and the parameters of the atmospheric density model are

treated as random variables, with asaumed means and standard deviations.

When utilizing a drag model for calculating the sensed acceleration, the

equations of motion become

ol

1
g
Lo ]

+
>

o




KD = vactor of drag accelerations

e
m- 9 %  (assuming that drag acts along the
v + negative inertial velocity vector)

CD = drag coefficient

S = reference area (ftz)
m = gystem mass (slugs)

q = dynamic pressure (lb/ftz)

=1/2 pV®

p = atmospheric density (lluglft3)

V = magnitude of inertial velocity vector (assuming magnitude
of inertial velocity equals magnitude of relative velocity)

_ g - -
® o _O_ =
ApT-Gg PVIX = - ApX

W

C DS

B= = ballistic coefficient

8, = reference gravity constant (= 32.174)

W = vehicle weight (1b)

G
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The linearized differential equations are

6X = Mcéx - GADX - AD6X

's
{
);
!

where MG is as dafined in Section 2, 3.2

and

6V . 6p 6
) = — P —E - emacm
Ap= Aplg + BB_)

The first term in 6AD is derived az follows

v = (X2 + ¥+ 23102

e e e s T, <
X Y VA : X 68X
! &V v +V6Y+v5 v

| The second term can be approximated at any given altitude as

i 8 -k |
p(h) = plh) + =& (B h) = Kyihy) + Ky(ho)h
! o

where h0 is the reference altitude, thus 6p = lSKl + él(zh + K26h.

Ir general, density variations are sufficiently homogeneous in a region so
that 51\'2 = Bp/t'ih!h0 = 0; and 6K1 can be expressed as a percentage of p(ho);
e, 6K1 = (6p(ho)/p(hc))p(ho)

-~




Sp(h
T S W T
P ph) P Bh

%;ﬁ | Now h is obtained from

where

R - All - e)
(1 + (e - 2¢)cos?n)l’2

2 + Y2
cos A\ = 3 (geocentric latitude)
R
e= ellipticit
29,3 \CLpticity)

A = equatorial radius

5h = 6R (6Re = 0)
_XTex
R
Thus
Sp(h ) T

e
e ah e




The third term is simply

Bﬂ——n
CDS
6CD
6B=- B emm (CW = 6S = 0)
Cp

Combining these results into the linearized differential equations results in

e _ T 2 =T. = soih ) 5C.. . .
X 58X 1 9p X6 o) D= v
86X = M.6X - A + 2 P (2 0N 4 0 DX . ALSX
G Tt TR Y wmy TE 4
v o D
= [Mg + M, J6X + M 6X + F,
where )
M -.--.l.E.EAv[..)S_i:]
#x _p Oh "D 'RV

..'._“,T
_ XX
M. _-AD[_{,_Z_+1]

In this particular case, EQOO is a scalar and equals 1 when deriving ihe

sensitivity of aerodynamic forces (i. e,, due to the rss value of bp(ho)/

p(ho) + SCD/CD).

When considering re!:tively short time durations (iess than 2 orbits) in a

drag environment (a 100- mile orbit), these cxpressions can be further

simplified as




CJ

6

a. the coefficient of M is ul R3 £1,4X107° and

19-8

198 . 8,
M= 5 ok ApY: =5 — :
for B in the range 10 < B <100

MG>>MS:x

M. =¢
XX

b.  the coefficient of M,y = Ap % 4 X 1007 /B<4x10°8 and

6x > > 6%

so that M_. 6x> > > M..6x
XX

G

The validity of these assumptions can always be ascertained by utilizing
Reference 9, which includes these effects as well as the first earth oblate-
ness term (JZ)' The intent here is only to assess the relative importance
of atmospheric effects, so that when the results indicate that more accuracy
is required, Reference 9 will be used for detailed studies. Thus, the
equations for drag uncertainty reduce to the same differential equations as

those for the other error sources, with the forcing function of

FA = - (EQOO)ADE




where

A= (2 pV)
p33°
. .
B-= (an input ccnstant)
CDS
log p = £(h) + Kg (an input table plus a scaling constant)
o = eZ. 30258 log p

it remains to establish methods for specifying the mean values of B and p,
and some estimate of their deviations, With the assumptions that the region
of interest is in orbital velocities at greater than 80 miles, and the configura-

tions of interest are upper stages with payloads attached, the drag coefficient

for zero angle of attack and molecular flow can be approximated by

where CDF is the drag coefficient for the shape of the payload section,

Typizal values ar-=

flat plate CDF = 2,11
20" cone CDF = 2,04
* -

15 cone CDF =2.03

L = the length of the cy:.adrical section
(excluding cone sections)

D = the diameter of the cylindrical secticn
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Using this formulation of drag coefficient produces approximately a 20-

percent uncertainty in its magnitude, provided the assumptiions of molecular
flow and serc angie of ettack are maintained, .

The upper atmlpheric;de‘ns__ity is affected by many parameters, by far the
niwost by solar activity, In Reference 10 arc discussed the various factors
that influence the deneity and they are surnmarized as follows:

&,

C.

Diurnal {Day- Ni&ht Effect). The density varies with the
tinie of day, having its minimum at night and maximum at
approxirnately 2:00 P. M, local standard time, The effect
is a function of the angie between the earth sun line and the
radius vector and, therefore, depends on lattitude as well
as Jongitude. The effect is amail {15 percent) at low
altitude (100 . mi) and increases with altitude to more than
100 percent at 200 n mi ({utilizing Eq.(10)in the Jacchia
focrroula, given in Reference 11).

Solar Activity {11~ Year Cycle), There is still a rather
large discrepancy in models for this effect, as evidenced
by the curves prosented in Reference 10: Figure 1 for tne
Jacchia 1960 model and Figure 2 for the Pastzold 1962
model, However, there is reasonably gooa agreement in
the low-altitude region. The variation between the average
densities during active and gquiet periods is a factor of 3
and related to the decimetric flux (specificaily, the 10, 7-
cm radiation). Jacchia's model relates aensity directly,
resulting in a factor of 3 for all aititudes, Paetzold's
model results in factors greater than 10 at 200 n mi that
generally increase with altitude, In addition to the ll-year
cycle, there are 27-day cycles and semiannual and annual
cycles, which result in approximately 25-percent varia-
tions at 100 n mi aud alsc increase with altitude,

%Eanetic Storms. These are generally unpredictable, but
‘heir effects are relativ~ly shori.lived, lasting for only a
few aays The effects are preporticnal to the storm's
intensity and can vary as murh as 40-percent at 100 n rni
and much more at higher altitudes.

Based on the "ove, and on the premise that 100 n mi is
the principal altitule for parking orbits, etc., tu. nomiral
{mean} atmospheric density mcdel was conservatively
chosen as tke 1959 ARDC (see Table E-1), "t can be

E-10
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scaled up or down to .inciude the average solar activity

effects. * Combining all the effects of density and drag

ccefficient uncertzinties, «o as to estimate a standard -

deviation for purpeses of assessing the relative impor-

tance of aerodynamic effects, a conservative value of

0.2 (standard deviation of EQOO) is recommended, .

“Other density models can be easily input, if required, for which Figure Z-
presents curves.

E-1°
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z AS SHOWN: ¢, : INITIAL LONGITUDE
(OPTION )

Ap = INITIAL GEOCENTRIC
LATITUDE

¥, © INITIAL AZIMUTH
ORIENTATION

n
P, hy
/ %
kP
P ECI AXES

Figure 2. Initial Platform Orientation
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Ggp (OA}
NO. 2 GYRO IRA - INPUT REFERENCE AXIS
0A . OUTPUT AXIS
Gg, (IRA) ) SRA - SPIN RESERENCE AXIS

Figure 3. Initial Gyro O~ientation




Figure 4.

)
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Initiai Accel. "nmeter Orientation - Orthogonal Configuration
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AS SHOWN, INITIAL CONDITION ORIEnTATION OPTION 2
& INITIAL LONGITUDE
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R INITIAL RADIUS VECTOR
N INITIAL ALTITUDE

*I REFERENCE AZIMUTH FOR INITIAL
CONDITION DUWN-RAK 2~ \ND CROSS-
RANGE ERRORS MEASUKeD POSITIVE
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Figure 5. Coordinate System for Initial Condition Errors
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Figure 6 Coordinate System tor Terminaal Condition Errors




e - —— ——. —’—-J

L

4
i
. APPENDIX G
PROGRAM DEFINITIONS AND CONSTANTS %
! CONTENTS ‘
j
' Table G-1. Error SOUICEeS . . ¢ v v v c o v o v o o v 0 a b v o v e st o a o G-3 ‘
Table G-2. Orientaticn and Control Data . .., .. e e e e e e . G-6
Table G-3., Program Constants ., .. .. .. .. e 0000, . . G-9
|
i
i
L4
—
G-t
'z
] »?
W .
‘“L i
L —




R o s AP et G me—————

I P RN l

‘1 uondo
uoljejusrro waroyeld pue 7 uorid( UOTITPUOD TEIITUT YITM UIISISUOD 3L SUOLITULIIP 38Y [

' Nm\m Atanrsuas Burrdnon-88015 (£ )1339W0IB[3DOY 90Va
(pex)3,3 (o35 ‘JuswuBriesTua) £11A13I8UIS SIXE-8504D (8)ISIAWOIIITOY S0vH
m (pex)8/3 (>3° ‘Judwrudrrestu) L3 (A1IIBUSS BIXEB-850ID (8)1919WOIITIDDY YOV .
mm\w Ajlaesuriucu I3pIC-PITYl {8)1939WI0IDTIDDY cova L
! Nw\m Ajtaeaur{uou I15pI0-puUoIIS ($)I3319U10I9T0DY 20vd
! 3/8 2030®] 9TeO8 (8)1912W0II[IDOY ova N
3 8®1q (8)1939WIN 31300V o0V3a ,
$I039W0IDYATDIY
! 29% sIxe ([3A9d]) ¢ INoge J0Xx wIoyIe(d [e1ITul £$id o J
i 298 - sI1X®e ([2A937) 7 Inoqe 30349 wrzoliw(d Tenituy A% | o
Jos8 sixe (Yinwrxe) | Inoqe 10112 wroyrerd ;erIn:g 119
o298 /33 30119 ?jex 28ursumon TBTITU] 194 ¢C1
J28/3; 10312 ajel a3ura~8s0I- TRIIIUT 2213
BRI HE: 10aas Ijea apnIniT2 TRMIITU] 121 .
B 10119 aBuvaumcp TRTIIU] ¢TI
¥ I03533 Om.ﬂmhimwouuu 1enituy PA § $C)
3 10x1xa spniife Teljtuy 1113
t
»UonTpU0 D TRNITI]
83Tun uonidraosaqg [oquig
§90an6g J0Ixy *1~D 3I[GeL




T W e -

*01A3 wopoax;-jo-as1dsp -218urs yo aandraossq

Nm\us.\mov st¥e jndur Juote pasenbs uoitersarasse 03 oanp Lj1aijIsusg 60DF
3ay/8ap sixe ndino SuoTe uolIeIITSOOR 03 aNpP AIATIISUDG 807
Nm\hs\mvﬁ soxe ulds pue indino 2uoiw UOIILIB[IDOR 0} anp AJTAIJISUSS LODT
- Jozxxa 103oey aTeds izanbioy 9GO
398 stxz uids oxA3 jnoqe WwIwudITesIN SO
298 sixe jndinc 0143 moqe Juswrufties $OO5
Nw\.ﬂ:wuv saxz? utds pue indur Juorr uclIeII[IdE 0 TP AJTAIIISUSL € ONyq
8/ayy3sp six® utds uore vonyerayoove 0) onp L1rtArlist =g 20537
8/ay/Bsp swxe ndur Juofe uoIIr 197205€ 03 anp AJIA118UAG icox
ay/8ap seiq oxdn TNVISIES
Y 7.5%)
vm\.m £31AT3tSUaS 3ONE SIXR-$804D (§)I9}9UI0II[3D0Y 21V
Nm\m A}IATIISUAS PIIBNDS SINB-SS0ID (S)I939VA0IB[ID0Y 1iva
Nw\m A21a131RUDS Dozenbs sTXE-2£030 (S)ais35UWIOIBTADDY 01vH
Nm\m UOTIRIS GIDE [ZLUIOV 0F AJiAlitsuas Juildnoo-ssord (s}a918wW0Iay320Y HOVT
8/8 UOTIBRIBTIOIE [RIUIOU 01 AITATIISUIS (§)I334WOII[IDIY 80V
Nm\m L3taggtsuas ZUIIdNOD-s80ID {8)u013UWI0IDTSDDY LOVEH
(p.3u0n) saajswxoaayeddVy
g3run uorzdrassaqg 1oquudg “

PANUIIUO)) S$3IdINLG INTIY  [-D [Ye]

o




*0xA8 wopaaajy~jo-aaaBap-218uls jo s3andladsSa(Ix

J
298 /33 1013a A3100794 3o apmtulewr [RUTLUIS ] g2l
298 /33 10132 A310079A jo juduodwod med feuruwria ], 2213
298 /33 10119 A315073A Jo juduoduwros yo31d [ev wria] I ARC
13 103139 a8ueiumop TeUTWIIL ¢1.LHA
b} § 10130 3Buevi-3801D [RUIKIAS L 2115
£} DI is IPNIN[E JRUTWIIL], 111

SUOTITPUOS [BUFMIID L,
Nw\ulu.\u saxe ) pue [ Suore uorjeratasoe 03 anp swme 1 waojieid Jnoqe uonrloy c0dd
8 /938 sixe ) Sunfe uorjeia[adde 0] onp srre t wxoxneid jnoqe uoleicy 2043
w\ulo.m swxe [ 3uore uorjexarasoe 03 anp smxe 1 wioyeid Moqe UoCIIBIOY 1043
wxoyyeld
Nw\u.m\wov saxe dino pue ndur Buofe voryeId[asTE 0} anp AJTAIIISUIS 11O%
Nm\unxwov sixe urds Suo[e paienbs uoijerarsdoe 03 anp XJTAIIISULG 0109
(p3w0D) w803k,
sjTun uoridraosaqg Toquuig ~
(papnidouO0]) s902N0g 1013 °*[-D I[qEL

H
i

| 4

L)




J98 ® adej Lx103o53(ea} Burpesz 103 awnl ja0qQy <mDm.H|_
RET 0 adej Axojoafea); woay pearx o3 jutod awxrl [eIItuUl O4NSL
>a8 0001 (0 = LnP) Lytsuap Bunram adey Jydryy 2914 Jad
098 001 (0 = Lnp) Lrsusp Bunram adey iy 1amog Add

~ 0 Ansuap Junram adel NVIH JO [012u0d 103 uorydo LNo
32p 0 sixe jndul si1 jnoqe 13)3UIOIDTIDDB ¢ °ON JO uoljejoy € <.H.mmm0.ma
89p 0 sixe jndul 831 JNOQE IIJPWOII[ADOE 7 °‘ON JO UOIIEIOY 7 v1ag—cd
3sp 0 sixe jndur sj1 jnoqe I93}5WIOII[3DD0® [ *ON JO uoijejoy 1 <,Hm~m7v—u
3ap 0 sixe jndui 831 Jnoqe oxA8 ¢ °ON JO uOII230Y ﬂmn.T.m% -0

O
Sap 0 sixe jndur s31 moqe oxk8 7 °‘oN jo uoijejoy NHwnTlma
Jap 0 sixe jndul 831 Jnoqe oxL3 | *oN jo uolrjejoy :wnmf;.
{7z uorido) sxoaas 31007124
8ap 0 pue uoiisod TRIIIUT X0 IDUIIIJII YINWIZY sg-tm
d d
Sap 0 ynwize waope(d st h pue apnjrjer s¢ JdJINVT— X
3sp 0 Q.A ‘apnj8uoy s1 QG A1reasuan ‘uoijejus’iro n:mnmfmﬁ
Sep 0 wrzonerd Terjur 103 pesn safBue xa'ng n:wnmauaa
L2 anfeA uor3dizosa(g toquig
TeujuxoN

®jeQ [04juU0D puE UOREUAIIO ‘z-D dIqR]




. (33) WLV pue d LIV 10 ‘(83p) VIHHL ‘(938) IWNILxx . :
.“ *asuanbos ut sayiy Bunfe) ut sjmssa AI3ud ON = m m.w
[ Jos o (21 * * * 2'1 = 1+N) aseyd [+N ay3 pus 03 swr] N g M
. . - - ﬂm.ﬁ
, *UOLIIIILID UOCIIRUTUIII)
w . o aYy3 Aq pajeutwaaa)y : Z
! sAemre s1 aseyd jsey syl :F.LON _
. o ° .—
o98 o aseyd 3sa1y pua 03 awry doo.l
uoljejuailo wmaoperd r~ .
- 0 sutwaajap o} afqe} 9jex ayj Suipeas aje~1put o3 Ser g av.iyyg ®)
] - 0 wraojeld reizxaut-uou ajedipurl o3 Jerg INH
oas 2¢€ 2z18 dais uoryeadajur Iy saa g ANLA
RETS ¥ az18 dajs uornjeadajur jyBiyy pasemog dN.1Id . I
ek 0 1043UO0D [RUIWIII} JO dNJEA 3Y) I0J Uoi3edO] 1
uo1IdIIID
- - uoljeuiuwiId)} uorjow jo uoiyenbs ayj xoj uonyesory OAaNd
- %OUOYN paseanoad aq 0} aaqunu o911y 10 Axojoafea] vyl
sijwupn) anieA uorydiad>sasq 1oquidg
Teurwon
{(Pponurjuon) ejerq (01U0DH pue uoljeuadIIO °*7Z-0 IIqEL




L

uni 3q 0} 838¢d NVHA
- - 210w ou aae axayy ‘*a°1 ‘qol jo pus sajed1pu] gOLANT _
ased _
- - SIY3) 103 INaJl BIep I, /YA JO Pua S8a3ed1pul CINA .J
[+ o}
223 B 9101 X 25¥9L0% "1 (sucijrabs TeuorjeraeA U Pasn) WD sTenby nnW S -
- o..o— X L506¥8°8 jue}sucCd uolduny reyualod yYiaeq ad SR
- 0 juejeUOD UoWdUN} Jenuajod Ylaesn H R
- n..a: X SEFIPETTL juejsuod uolduny Tenuajod yixeymy r L W
4 1
{(uonzows ”
2% W 9101 X 25¥920% "1 3¢ suonenba ur pasn) juejsuod Ljraean 120) m
3 01 X 9695260 °2 snipel [etrojerbs yirey v |
o8 /pRa mrﬁﬂ X 2sti26Z°L 93ed uoljeloT Yjaeym DTN .
. X
Il angep uonydixosaq [oqufe : 5
| [euTWIoN ,_ e
| _
m (papnI2u0)) TR [CIIU0] PUR UOCHIVIUILXYD Z-D IGelL i
! ' - w
|
{ - \
2 bt st m
e A




*sjuelsuod weadoad sae A[uo sisqunu paulfaspun HLON

(O X €£€01920°9 3 U 01 X 916L5%91°0 w u 3

g0 X ¥8ISEL "2 Nm\mwm Nmuou\&:vﬁ g-01 X 6LEVEBIP *0 Nﬂmuom:b\nf Nm\ulo\m

g0 X PIEIEIL "9 d/o0s 2228/3/PRI | o 01 X €6¥89051 *0 ,0%% /3 /ped 2 [32%

01X £9915€0 "1 ¢3/3 M.«..uom:z: ¢ -01 X 8820996 *0 NANUSE: 1 313

L0 X pLiZ e S/3 222S/3/1 | L 01 X L660801€ 0 L2281 /3

g-01 X 89€18%8% "0 (pex)#/3 2os8

2-01 X L660801 '€ 3 222813 LU X PLIZE 0 22%%1% 3

g0t X ¥8IsE1 2 | B/au/3ap | (,298/33)/538 'pes g-0l X 6LE¥E8I¥ "0 | (,295/33)/208/pex | B/1y/Bop

g0l X ¥9€9€91°9 8/ay/3ap ¢ 22°8/3/238 /pea g-01 X £6¥890S1 0 ,2°8/%/298 /pes 8/ay/3ap

S10°0 ay/3ap NYaIN L9999 *99 oRtice 1y /39p

GO X 8¥9290 °2 a'y/39p 9s/ped | . 01 X 89£18¥8% ‘0 o8 /pri 1y/3op

1 298/03s ay/3ap

GOl X 8¥9290 "2 d9s pes | . 01 X 89€18¥8¥ ‘0 pel 238
UOISI3AUOYD) oL wox g UOTISIAUOD) cl uroa g

(81030u g uoisiaauon) sjuelsuon) weidoag

‘€ =D 31qel

G-9




UNCLASSIFIED

Security Classification
DOCUMENT ZONTROL DATA - R&D

::
U (Bosurity clsesitication ol title, body of ebrtrect end indoning snnetation must be entered when the oversl! repurt (s clessified) ' t
1 ORIGINATING ACTIVITY (Corporete suther) fa. AEPOAY SECUAITY € LABSINCATION i
| Aerospace Corporation Unclassified :
El Segundo, Califc nia 25 erour 3
3. REPORT TiTLE
DIGITAL COMPUTER PROGRAM FOR ERROR ANALYSIS OF INERTIAL
NAVIGATION SYSTEMS
J [ € ORICRIPTIVE NOTES (Type of ropert and inclusive dates) ;
) $. AUTHOR(S) (Lasl name, firet nome, initial) =
Feess, W. A. and Blumenstein, S
<
6. REPORT DATE 748 YOTAL NO. OF PASEY 78 NO. OF REFe
August 1966 255 10
8a. CONTRACY OR GRANT NO. 08 ORIGINATOR'S REPORT NUMBEN(S)
AF 04(695)-669 TR-669(6540)-7
b PROJECT NO.
e b anun n,!ou? NO(3) (Any other numbers $har may be ssaigned
d SSD-TR-66-154
10. AVA ILABILITY/LIMITATION KOTICES
This document i# subject to special export controls and each transmittal to
foreign governments or foreign nationals may be made only with the prior
approval c¢f AFSC (SSTRT).
11. $::89L EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
Space Systems Division
Air Force Systems Command
- Los Angeles, California
15 ABSTRACT
The theory and assumptions used in developing equations for the error
analysis o. a general class of inertial navigation systems are described.
The coniputer program developed for their solution is described from a
3 user’'s point of view. Its application includes the synthesis and/or
r analysis of inertial navigation systems used in ballistic missile or
' terrestrial space missions. The program is designed to allow studies
: of both pure inertial and aided inertial navigation systems, the latter
oo being the process of updating navigation data via data from external
' §ensors.
-
{ v

kL Maiiaidiadeineneis . - Serinesaieng X 0 x

no FORM

aClimiLE)

UNCLASSIFIED
Security Classification

1473

e A AUt R~ 1 sl o e

e e - - e




i EA Ak .
P R Ao i emen s e A e . CL e -

UNCLASSIFIED

KEY WORDS

Digital Computer Program
Error Analysis

Inertial Navigation
Guidance

Acceleromete.'s

Resets

Abstract (Continued)

o _UNCLASSIFIED

Security Classification

R




