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ABSTRACT

Four candidate navigation systems for the
Space Shuttle Orbiter approach and landing phase are
evaluated in detail. These include three conventional
navaid systems and a single-station one-way doppler
system. In each case a Kalman filter is assumed fo
be mechanized in the onboard computer, blending the
navaid data with IMU and altimeter data, Filier state
dimensions ranging from 6 fo 24 are involved in the
candidate systems., Comprehensive truth models with
state dimensions ranging from 63 to 82 are formulated
and used to generate detailed error budgets and sen-
sitivity curves illustrating the effect of variations in
the size of individual error sources on touchdown
accuracy. The projected overall performance of each
system is shown in the form of time histories of posi-
tion and velocity error componenis. The detailed re-
sulis are summarized. compared and interpreted, the
filter designs are reviewed and suggestions are made
eoncerning possible software improvements,
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1. INTRODUCTION

The reusable Space Shuttle Orbiter will be required to navigate
accurately in multiple mission phases, based on data received from a
variety of sources. Considerable effort is underway within NASA and
among NASA contractors, aimed at producing reasonable golutions to the
varions multi-sensor navigation problems involved. A best overall solu-

tion is likely to involve a commonalty of navigation hardware elements
and software modules. This document describes the results of a

program of research which is one element in that cverall efiort.

1.1 OBJECTIVES AND SCOPE

The general purpose of this study is to aid in the evaluation and
design of multi-sensor navigation schemes proposed for the Orbiter. The
scope of the effort described herein is limited to the post-eniry, energy

management and approach and landing mission phases. Figurel.1-1illus-

trates one candidate system based on conventional navigation aids, in-
cluding two DME (Distance Measuring Equipment) stations and ILS (In-
strument Landing System) glide slope and localizer antennae. Some key
elements of the system not shown in the figure are the onboard IMUs
(Inertial Measurement Units), altimeters and a computer. The latter is
programmed to mix together (filter) the IMU data and the externally-
derived data. A completely automatic, all-weather landing capability
is required., Since no air-breathing engines will be carried on orbital
flights, there will be no chance o "'go around" and fry again following

a missed approach.

1-1
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Figure 1.1-1 A Candidate Shuttle Orbiter Landing System

Specific cbjectives of this effort are:

Define and develop mathematical models describ-
all potentially significant sources of error for
each candidate navigation system considered.

Develop a detailed, quantitative understanding
of the contributiong of individual error sources
to overall system performance.

Present results in a form which will help NASA

" choose or specify hardwars elements (IMU,

navaids) or their characteristics.

REvaluate alternative software approaches to the
navigation filter design problem.

Table 1. 1-1 summarizes the main features of four candidate systems
which have beun evaluated in detail. The first two, Systems A and B,
consist of identical sets of hardware elements, but very different filters.
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TABLE 1.1-1

CANDIDATE SYSTEMS

Bomns et

IMU |  External Alds Filter Drag Poduting
- 2 DMEs
Baro Altimeter 24-State
A System A || KT-T0 - : No
: ILS (3 deg) Multi-Phase Filter
: Radar Altimeter
2 DMEs
Baro Altimeter 6-State
System B [KT-70 . No
ILS (3 deg) Square-Root Filter
Radar Altimeter
One-Way Doppler
22-State
System C || KT-70| Baro Altimeter Multi-Phase Filter No
Radar Altimeter
1 DME
; 1 ¥CR
System D ||KT-70] ILS (Localizer Only) 23-gtate Yes

Multi-Phase Filter
Baro Altimeter

Radar Altimeter

The key hardware elements are the DME and ILS navaids pictured in
Fig. 1.1-1, System C substitutes a one-way doppler beacon for the con-
ventional navaids used in Systems A and B. System D is similar to
System A except that a single VOR/DME (VHF Omnidirectional Range/
Distance Measuring Equipment) station is used instead of 2 DME stations

and the glide slope portion of the ILS system is omitied. The principle
B computational results of this study are the error budget tables given in

Section 5, one for each of these four candidate systems.

The projected system navigation accuracies are compared in
L Section 5 with the specification values summarized in Table 1.1-2.
These values are taken from Schiesser (Ref. 1), who states that they
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are preliminary numbers and are a function of vehicle dynamics, structure,
runway size and braking. A basic groundrule, which defines allowable
navigation error to be some fraction of allowable total error, is also in-
volved. Although the values tabulated are likely to change, they provide

a useful standard of comparison.

TABLE 1.1-2

LANDING NAVIGATION SPECIFICATIONS

Allowable RMS Navigation
Errors at Touchdown

Vertical Downrange | Crossrange

Position (ft) 3.0 80.0 4.7

Velocity (ft/sec) 0.2 3.0 2.0

1.2 RELATIONSHIP TO OTHER EFFORTS

An important foundation of this study is a family of computer
programs (and the associated experience in using them) generated by
TASC in connection with two Air Force sponsored programs. The {irst
was a CIRIS (Completely Integrated Reference Instrumentation System)
study in which TASC performed an independent evaluation (Ref. 2) of two
filter designs. This called for the generation of system performance
projections and detailed error budgets for each candidate system over
a common trajectory and measurement geometry with respect to a net-

work of precision ranging transponders. The second was a CLASS
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(Close Air Support System) weapon delivery system evaluation (Ref. 3).
In both studies a high-dimensional mathematical truth model was
formulated and the linear covariance technique outlined in Section 1.3
was used to obtain the desired results. In the latter case (Ref. 3) it
was possible to make detailed comparisons of computer-generated co-
variance resulis with actual flight test results. Good agreement was
was noted, leading to high confidence in the truth model and method -
ology employed.

Major inputs to this study have come from three types of efforis

conducted by others.

e  Tilter Design Studies
e IMU Error Propagation Studies

e Error Model Developments

A number of Space Shuttle Landing navigation filter studies have been
conducted or supported by NASA/JSC. Two which have directly impacted
this effort are the continuing activities of TRW (Refs, 4, 5 and 10) and
MIT Draper Laboratory (Refs. 6 and 18). Both of these have roots in
previous work on the Apollo program. The filters evaluated as part of
Systems A, C and D of this study are specializations of the 23-state
"multi-phase” filter deseribed by Lear in Ref, 4. The 6-state iilter of
System B is based on the square-root filter algorithms employed in the
MIT Draper Laboratory studies.

The starting point of the candidate system evaluations reported
nerein is the end-of-blackout point, which occurs at an altitude of
130, 000 £t aiong a nominal reeniry frajectory. Considerable use has

1-5
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been made of data generated by Clark and Mitchell (Ref. 7). This data S
vepresents initial navigation state errors and their correlations with :
basic IMU error sources, based on a shuttle "one-rev" mission with pure
inertial navigation prior to eniry. That effort made use of previously
developed programs, notably the GEAP (General Error Analysis Prograxh)
described in Ref. 19.

Error models representing the performance of IMUs and the
various navigation aids considered have been the subject of numerous
reports. A number of these are cited as references in the "truth model
data base' tables of Section 3. A particularly useful NASA document,
for our purposes, has been Ref. 9, which pulls together much datfa from
a broad variety of sources and presents it in readily usable form. That
document has in turn drawn much from Ref. 20 prepared by the Lockheed

Electronics Company.

The impact which this study is expected to have on other efforts
involves both software and hardware decisions to be made by NASA or its
major contractors. The software decisions involve methods for mixing
inertial data with externally-derived data -- choice of filter states, filter
update algorithms, etc. The hardware decisions involve the selection of
an IMU and the devices needed to obtain the external data, as well as the
specification of particular hardware characteristics, required survey
accuracy, etc. The detailed, quantitative results and their interpretation
provide valuable insights which are a useful input to the decision-making
process.
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Lk

1.3 APPROACH

Figure 1. 3-1is a generalized representation of all candidate
navigation systems evaluated in this study. The hardware elements are
an inertial measurement unit (IMU), a computer and a collection of de-~
vices (some airborne, some on the ground) needed to make external
measurements. The computer function is divided into two parts, as shown.
First, there is a standard set of algorithms needed to mechanize an iner-
tial navigation system (INS). Second, there is a set of filter algorithms
needed to blend in the external data. The filter is of the "feedback”

variety, in which updated state estimates are used, after each measure-

i
;

ment incorporation, to immediately correct appropriate variables of the
INS routine and the measurement routine. (The latter corrections take

place only if the filter states include estimates of correlated measurement

: errors. )
. EXTERNAL AIDS R-8049
‘ ¥0 Oef—-d
- COMPUTER RAw DATA
B
B
i
; SENSOR
brpris STANDARD
B Kett »- INS »|  FILTER > ESTMATES
ALGORITHMS
A
CORRECTIONS

Figure 1,3-1 Aided Inertial Navigation with a Feedback Filter
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The overall methodology used in each candidate system eval-
wation is summarized in Fig. 1.3-2. The upper half of the diagram
represents the recursive solution of the filter covariance propagate and

update equations. These are solved once for a given trajectory and
measurement schedule. Certain elements of the filler dynamics and
measurement matrices are functions of the Shuttle position and velocity
vectors and the relative geometry between the Shutile and the ground-
navaid antenna locations. The outputs are the time histories of the filter-
indicated performance and the Kalman filter gain maftrices. The latter
are stored on tape and called a "gain file". The lower half of the diagram

represents the recursive solution of the linear system covariance equa-

tions, given in Section 2.4. These are solved repeatedly to produce an
error budget, the same gain file being used each time. The trajectory
dependent matrices, describing the real-world error madel are of much
higher dimension than the corresponding filter mairices. In individual
error budget runs specific elements of input matrices, corresponding to
specific error sources, are set to non-zero values, with all other ele-
ments set to zero. The ouiput time history of the system error covari-
ance matrix is then a statistical measure of the effect of that particular
error source or small group of error sources, and generates one row of
the error budget table. When the entire table is filled in, an overall sys-
tem performance projection can be calculaied from the detailed error-

source-by-error-source breakdown,

It should be mentioned that while the methodology outlined above
is conceptually very simple, considerable complication could arise in the
detailed computer programming involved, for two reasons. First, there
is often a requirement {o work with multiple coordinate frames and to
fransform various vectors and mairices from one frame to another in the
course of accepting inputs, making calculations and expressing outputs.

1-8
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The detailed mathematics given in Appendix A and Appendix B of this
report are a good example of this type of complication. Second, the desire
to hold down the cost of computer running time has led to numerous com-
plexities and program options which take advaniage of special properties
of the system truth models. It is not necessary, for example, to work
with 80 x 80 matrices when the truth model state vector is 80~dimensional,
Because TASC had developed a considerable amount of software to do
these caleulations prior to the start of this study, the computer -running-
time cost of the error budgets generated in this report is at least an order
of magnitude less than would be the case if the most straight~-forward ap-
proach to the methodology outlined above were followed.

- R-4288
m-STATE comRaNCE (OPTIMISTIC)
AUTER DISIGN +—  Toiamons - FILTER-INDICATED
14ODEL (NONLINZAR) PERFORMANCE
TIME-VARYING ERROR BUDGET
FILTER GAINS Error et .
v ~ Source Sysiom Errors
REALISTICALLY Groen 1 feolzdoals]s
_ SENSITIVITY PROJECTED SYSTEM Rl BB Y 1
ey DSTATE | covariance PERFORMANCE 1
(rzm] [LINEAR) >
L ]
»
T

Fipure 1,3-2 Realistic System Performance Projections

1.4 ORGANIZATION OF THE REPORT

Section 2 describes the trajectory and measurement schedules
used in evaluating the four candidate systems. Systems A, B and C were
evaluated using identical trajectories. The same ground track was used

in the System D study, but a different descent rate time history was used

1-9
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during final approach., This modification reflects recant changes in the
Orbiter aesrodynumic configuration. Some basic terminology and the
linear covariance equations used in evaluating candidates systems are
also presented in this section.

Section 3 presents the truth models used in evaluating the four
systems. In each case the states and error sources are listed first; then
the mathematical structure of the model is defined. Finally, the data base
listing rms magnitudes, correlation times and data sources is given.

Section 4 defines the filter states and algorithms used to com-
pute filter -indicated performance and to generate the filter gain sequences,

which were filed on magnetic tape.

Section 5 presents the major results of the study. For each
candidate system a detailed error budget table is given, listing the con-
tributions of individual error sources, or small groups of error sources,
to navigation errors at touchdown. Overall system performance projections,
expressed as rms position and velocity component errors, are plotted
from end-of-blackout to touchdown. Sensitivity curves showing the ef-
fects of variations in the size of major error sources are presented.

In Section 6 the results of the candidate system evaluations are
summarized, compared and interpreted, and possibilities for improve-
ment through software modifications are discussed.

Section T provides a brief summary of major conclusions and
recommendations for further study. The appendices (Volume II) contain
mathematical details involving coordinate frames and {ransformations
and detailed computier prinf-outs generated in the course of producing
the sysiem error budgets.

1-10
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2, TRAJECTORY, MEASUREMENT SCHEDULES
AND METHODOLOGY

This section describes the approach and landing frajectory,
measurement geometry and measurement schedules used in evaluating
the four candidate systems. A modified final-approach descent-rate
history was used for System D, refleciing recent changes in the Orbiter
aerodynamic configuration. Section 4.4 defines the basic terminology
and states the linear covariance equations used in evaluating candidate

systems.

9.1 NOMINAL TRAJECTORY

At the outset of the study JSC furnished a magnetic tape with
position, velocity and other data representing a typical shuttle reeniry
and landing trajectory, starting at an altitude of 400,000 ft and ending
at touchdown. A new tape was created covering the portion helow 130,000
ft and including just that data needed for our purposes. Figure 2. 1-1
shows the ground irace of the trajectory portion of interest and indi-
cates several key events, such as the time of the first DME measure-
ment, TDME’ the time of the first baro altimeter measurement, TB A’
etec. One-minute time marks, indicating time elapsed after the first
post~blackout measurement are included in the figure. Table 2.1~1
defines the other symbols used in Fig. 2.1-1 and provides further de-
tails, such as altitudes and relative velocity magnitudes at various fimes
of interest.
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Figure 2. 1-1

2.2 MEASUREMENT SCHEDULES

+100 +200 +300

Trajectory Ground Trace

Both the System A and System B evaluations are based on the

assumption that filter updates occur every 2 seconds for the first 750

seconds and every 0. 5 seconds for the last 46 seconds (after TSW)' At

each update time a sequence of scalar measurements are incorporated

according to the following order.

1, DME Station 1

9. DME Station 2

3. Baro Altimeter (t = Ty A)*
4. ILS Localizer (t =Ty~ )

*
1 he baro altimeter measurements are inhibited in the interval

850 <V

REL < 1020 ft/sec (near Mach 1).

2-2
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L TABLE 2,1-1

KEY EVENT DATA

System Time Altitude| Relative
Trajeciory Velacity
Event Tape Elapsed
{sec) (sec) (ft) | (ft/sec)
TDME or TOWD’ First DME or
O OWD Measurement ABCD 1638 0 130,000( 4,990
o T33 A’ First Baro Altimeter
: Measurement ABCD 1806 120 |100,000} 2,700
i
- TEM’ Energy Management
. Tnitiation ABCD 2092 386 50, 000 889
Tyoy, First Localizer AB 2292 606 | 18,100] 696
Measurement D 2292 606 24,000 687
= TSW’ Switch from 2 sec Update C 2406 720 4,690 495
3 AB 2436 750 | 1,870| 453
t% Rate tO 005 Sec Umate Rﬂ.‘te D 2436 750 4; 958 480
B Tgas First Redar Altimeter | ape | 9430 | 744 | 2,450] 459
Measurement D 2450 763 2,530 465
Topg First Glide Slope
Measurement AB 2449.5 T62.5 741 440
B TSI‘DP’ Stop Glide Slope
5 Measurement AB 2474 788 85 310
- Toppy Touchdown ABCD | 2482 796 0 302
[ l
2-3
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5. Radar Altimeter (t 2 TRA)
6. ILS Glide Slope (TGLS sts TSTOP)
Therefore the measurement sequences are:
Measurement Number Time
1,2 (TDMES t <Tg,)
1,2,3 (TBAS § < TLCL)*
(except near Mach 1)
1,2,3,4 (T op St < Tpy)
1,2,3,4,5 - (Tga S t<Tgre
1,2,3,4,5,6 (Targ S t S Tgrop)
1,2,3,4,5 (TSTOP <t < TTD)

The update rate changes after radar altimeter measurements have begun,
but before the glide slope measuremenis begin. This is well before over-
flight of the first DME station occurs.

The System C measurement schedule inciudes filter updates
every 2 seconds for the first 720 seconds and every (. b seconds for the
last 76 seconds {(after TSW)'

measurements are incorporated according to the following order:

At each update time a sequence of scalar

1. One-Way Doppler
2. Baro Altimeter (t = Ty A) (except near Mach 1)
3. Radar Altimeter (t = TRA)

Therefore the measurement sequences are;:
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Measurement Number Time
t (Towp =t <Tpa)
1, 2 (TB A S t < TRA) (except as noted above)
1, 2,3 (TRA st< TTD)

The update rate changes before radar altimeter measurements begin and

well before the Shuttle overflies the one-way doppler station.

The System D measurement schedule is very similar to that of
Systems A and B. Updates occur every 2 seconds for the first 750 seconds
and every 0. 5 seconds for the last 46 seconds. At each update time a

sequence of scalar measurements is incorporated according to the follow-

ing order.

1. DME

2. VOR*

3. Baro Alitimeter (f = TB A) (except near Mach 1)
f 4, TILS Localizer (t = TLCL)
~ 5. Radar Altimeter (t 2 TRA)
Therefore the measurement sequences are:
g Measurement Number Time

*

" 1,2 (Tpyg =t < Tpa)
i 1, 2, 3 (TBA st< TLCL) (except as noted above)
. 1, 2, 3, 4 (T on St <Tra)
3 1, 2,3, 4, 5 (Tpy 5t <Tpp)

P

The VOR measurements are inhibited in two regions when the elevation
angle from the station to the vehicle is greater than 60 degrees -~ at the
beginning of the spiral and during final approach.

2-H



THE ANALYTIC SCIENCES CORPORATION

Figure 2,2-1 indicates the ground locations of the external aid
devices. The values tabulated are incorporaied in both the filter co-
variance pregrams and the truth model subroutines.

2.3 TRAJECTORY MODIFICATION FOR SYSTEM D STUDY

The trajectory used to evaluate System D has exactly the same
ground trace as that used in the earlier studies and pictured in Fig. 2.1-1.
A modified altitvde history covering the final five minutes prior to touch-
down has been employed in the System D study. The difference between
the original trajectory and the System D trajectory is sketched in
Fig. 2.3-1. A computer-generated listing describing the descent over
the final minute was received from NASA, This corresponds to the per-
formance of the new Orbiter configuration and appears as the solid-line
portion of the System D curve in the figure. The dashed-line portion was
constructed to match the original trajectory at 5 minutes before touch-
down and the new trajectory at 1 minute Before touchdown, using the fol-
lowing algorithm:

2 3
Ah = kz'r -k3'r (2.3-1)

where Ah is the difference between the new and the old altitude in
Fig. 2.3-1, and

T = i;-t5 (2.3~2)

where t5 is the time at five minutes prior to touchdown, and the param-

eters kz and k3 are chosen such that
AI:‘ =0 att =0
Ah =0

2-6



Y H
3
THE ANALYTIC SCIENCES CORPORATION
Ul |
L
|
]
.
}L N R-7792a
“,! micL
i
-
)
g oLs
L 1 OWD
K
I
[
{; 2 DME )
§
3
EAST | NORTH
[ B Ul T |
. DME1 and VOR Rip | 200 |-9840
I DME 2 R, |-9840 | ©
LOCALIZER ANTENNA Rpp o | 10000
4 GLIDE SLOPE ANTENNA Ry, | 500 |-1300
OWD BEACON Rpp | 115 |-3280

R,p =6373.3116 km
=20,90,773 ft

Figure 2.2-1 External Aid l.ocations
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40,000 R-9824
30000 SYSTEM D
— TRAJECTORY
< (Faired -in Pertion}
a
S 20000}
5 ~
<t \\
N
10000 omsmL
’ TE?AOJECTOIEW {Tabulated
Portion )
o | | i
5 4 2 1 0
TIME TO GO (min}
L ! I \
0 40 120 180 240
T |sec}
Figure 2.3-1 System D Trajectory Altitude Profile

Ah
Ah

5174 ft

That is, coefficients of the polynomial of Eq. (2.3-1) were chosen to make
the new trajectory match the desired altitude and altitude rate at both ends

of the faired-in position.

9.4 COVARIANCE EQUATIONS

Detailed system error budgeis are generated by repeaied solu-
tion of just two equations, the system covariance propagation and update

at r = 240 sec

-134 ft/sec

equations, given at the end of this section.

2-8
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Figure 2.4-1 is a concepiual representation of the mathematical
structure of all fruth models used in this study. An m-dimensional sys-
tem error state vector, 8x g propagates between measurement times
according to the linear, time-varying differential equation

Bk g(t) = Fylt) 6x (t) +wy(t) (2.4-1)

where FS is the "system error dynamics matrix" and Wq is a zero mean,

gaussian noise pre ¢ ith
B |w t)wot-7)" | = Qb(t-7) (2.4-2)
—~5V =8 S :
At discrete measurement times, tk’ a measurement residual vector,

] g’ is formed by

oz = H, 6x, +V (2,4-3)

=S T8 TE T8

where Hg is the "measurement mattiz" and v o 1s a zero mean, gaussian

white sequence with

T
Bi{ve V = R (2.4-4)
{—Sk_sk] S

Filler corrections or updates are then given by

(2.4-5)

where KS is a gain matrix with m rows.,

2-9
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R-8047

SAMPLER

4 8z
E — Hs Ks

Kg= AK, {see 1ext)

5 — e

1 |

Figure 2.4-1 Truth Mode!l Structure

A’ A'KF
Kg = AKF =] | Kg = } m-1 T Ows (2.4-6)

0 0 of zeroes

A is an m x n matrix linearly relating the n filter states to the m real-
world states, and KF is the Kalman filter gain matrix (of n rows) pro-
duced in the filter covariance calculation. The latter is based on the

simplified n-dimensional model of system error propagation adopted by
the filter designer. This model is defined by the filter mairices FF’ QF’
H_and R

F Jiid

FS, QS’ HS and RS’ discussed above. The filter and system error co-

variance maitrices are defined, respectively, as

which are analogous to the real-world or "system" mairices,

PF(t) = E [6§F(t) GEF(t)T:‘ (2.4-T)
and

Ps(t) = K [Gg_s(t) 6§S(t)T] (2.4-8)

[

2-10
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The error budget results given in Section 5 summarize system

covariance caleulations of the elements of PS(t). The major inputs to these

calculations are the initial value, PS(O) , and time-varying elements of FS’

QS, HS’ RS and KS. Calculation of the non-zero elements of KS requires

a solution for KF (see Eq. (2.4-6), which implies a filter covariance calcu-

lation. The major inputs o the latter are the initial value, PF(O), and the

time-varying elements of FF’ QF’ HF and RF'

The filter covariance equations used to generate the gain ma-

trices, K., can take one of a number of forms, such as the Joseph form,

F’
the square-root form, etc. The choice is made by the filter designer.

Section 4 describes the specific forms used in this study.

The system or truth modcl covariance equations are as follows:

For prapagation between measurements

- - & +y gl -
Pglty,q) = & Pl & + st (2.4-9)

where
@, = exp [Fsk At]

the transition matrix relating conditions just
after the update at time i to conditions just
before the update at time 4 =t + At. (Fg is
assumed constant over the interval.)

Qs = SG exp [Fskmt"r)]QSEXP[Fsk(At-T)]T dr

the "discrete noise matrix' representing the
integrated effect of system process noise Qg
over the time interval from ), ©0 % ;.

2-11
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Truncated matrix exponential series’ are used in evaluating the trans-
ition and discrete noise matrices defined above. For update of the

. . th .
system covariance matrix at the k™ measurement time

T
P, () =[I~K H ]1) (t")[I-K H ]
s 5, 5,1 8"k g s,

+ Ko Ry Kg (2.4-10)

The above is the Joseph form sometimes used in updating the filter co~
variance matrix. This form is appropriate for any linear filter update
and is therefore useful in sub-optimal filter evaluations.

Equations (2.4-9) and {(2.4-10) are time-varying, linear equa-
tions in the system error covariance, Pg. This fact allows easy com-
putation of overall system performance by root-sum-squaring separate
contributions and easy development of the sensitivity curves.

2-12
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3. TRUTH MODELS

This section deseribes the "truth models' used in evaluating
Systems A, B, C and D.* Each truth model description includes a list
of error sources, a detailed mathematical structure and a data base.
The overall mathematical structure is a set of linear differential and
algebraic equations deseribing system error propagation, as in Egs.
(2.4-1), (2.4-3) and (2.4-5). Most of the detailed siructure is given
in terms of sub-matrices of FS and HS’ the system error dynamics
matrix and measurement matrices, defined in Section 2.4. The data
base is the set of numerical values, such as rms values and correlation

times, used to represent real-world error source statistics.

3.1 SYSTEM A TRUTH MODEL

The hardware elements of System A include a KT-70 IMU, a
computer and the equipment needed for six external measurements: range
to two DME stations, baro altitude, radar altitude and ILS localizer and
glide slope measurements. The ground station locations and the specific
measurement sequence are given in Section 2. The computier navigation
program includes a 24-state Kalman filter, called herein the JSC/TRW
filter. The filter states and algorithms are defined in detail in Section 4.1
and Ref. 4.

*By miruth model”, we mean a mathematical model of all potentially
significant sources of error and the way they affect system per-
formance in the real world,

3-1
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3.1.1 States and Error Sources

The truth model states and other error sources used in evaluat-
ing System A are listed in Table 3. 1-1, which divides them into three

major categories:

¢ The 24 estimated states and uncorrelated
measurement and process noises.

8 Non-estimated states related to the inertial
system.

® Non-estimated states related to the external
aids

Error budget resulis corresponding to the first category above
are generated using a truth model structure (FS, HS)’ which corresponds
almost exactly to the filter error model structure (FF, HF). Resulis
corresponding to the other two categories are generated using a higher-
dimensional truth model. which contains the basic 24-state struciure
plus other states representing time-correlated error sources not modeled
explicitly in the filter design. These additional error sources are divided
into 16 groups as indicated in Table 3. 1-1. (The same group numbers
are used in the Baseline Error Budget table in Section 5.1 and in the de-
tailed results tabulated in Appendix C.)

3.1.2 Truth Model Equations

The System A truth model requires a 24 x 24 filier dynamics

matrix, F_, and an 82 x 82 system dynamics matrix, FS’ The filter

F!
mechanization treats external data as a sequence of scalar measurements,

rather than as components of vector measurements. Up to six separate

3-2
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TABLE 8.1-1

SYSTEM A TRUTH MODEL STATES AND ERROR SOURCES

Error Source Names

Number of.
Siates

Number of
Error Sources

= —

1. ESTIMATED STATES AND UNCORRELATED

NOISES (Group 1)

Position Errors

Velocity Errors

Platform Misalignments

Gyro Drifts (First-Order Markovs)

Accelerometer Scale Factor Errors
(First-Order Markovs)

Accelerometer 'Biases' (Firsi-Order
Markovs

Correlated Measurement Errors
(First~Order Markovs)

2 DMEs
Baro and Radar Altimeters
ILS Localizer and Glide Slope

Uncorrelated Measurement Noise

2 DMEs
Baro and Radar Altimszters
ILS Localizer and Glide Slope

INS Quantization Noise

II. NON-ESTIMATED, IMU-RELATED STATES

Group 2. Accelerometer True Biases

Group 3. Accelerometer Constant Scale
Factor Errors

Group 4. Accelerometer Misalignments
Group 5. Accealerometer Nonlinearities

Gl L W

o O L Lo

M DO DD

W MM

3-3
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TABLE 3.1-1 (Continued)
SYSTEM A TRUTH MODEL STATES AND ERROR SOURCES

Number of Numbber of
L Error Source Names States Error Sources
. NON-ESTIMATED, IMU-RELATED STATES
(Continued)

Group 6. Gravitational Deflections and

Anomaliss 3 3
Group 7. Gyro True Bias Drifts 3 3
Group 8. Gyro Mass Unbalances 6 G
Group 9. Gyro Anisoelasticity 3 3

III. NON-ESTIMATED, EXTERNAL-ATD
RELATED STATES

Group 10. DME Bias Errors 2 2

Group 11. DME Scale Factor Errars 2 2
Group 12, Baro Altimeter Errors

Bias 1 1

Scale Factor 1 i

First-Order Markov i 1

Static Defect 1 1
Group 13. ILS Bias Errors

Localizer 1 1

Glide Slope 1 1
Group 14. ILS Second-Order Markov

Errors

Localizer 1

Glide Slope 2 1
Group 15. Radar Altimeter Errors

Scale Factor Error 1 1

Bias Error i 1
Group 16. DME Survey Errors 6 6
Group 17, ILS Survey Errors 6 6

Totals “ 82 89
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scalars may be incorporated at one update time. Therefore, there are
six distinct filter measurement matrices, HF through H., --eachisa
24 dimensional row vector. There are six co%‘reSponding system measure-

ment matrices, HS through HS -- each of these is an 82 dimensional

1 6
row vector.

Figure 3. 1-1 presents the overall structure of the FS and HS
matrices for System A. The upper-left partition of FS is the 24 x 24
matrix Fl, 1’ whose elements define the dynamic interaction between the
Groupl error states. This sub-matrix of FS corresponds¥* to the filter
matrix, FF. The horizomal row of sub-matrices, Fl, 2 through FI,Q’
defines the effects of the non-estimated, IMU-related error sources
(Groups 2-9) on the velocity errors (states 4-6) and the platform misalign-
ment (states 7-9). The sub-matrices along the main diagonal, Fz’ 9
through Fl”(, 17 define the dynamics of all non-estimated, correlated er-
ror sources, For a group of random-constant error sources this sub-
matrix is zero. The six system measurement matrices (row vectors)
are outlined in the lower half of Fig. 3.1-1. In each case the first 24
elements are the same as those of the corresponding filter measurement
matrix. Cther non-zero sub-matrices, Hi,j’ define the effects of the
correlated error sources (Group j) in question on the measurement error
(Gzi) in question.

The sub-matrices F, . and H, . are defined in detail below,

1,1l L]
uging the group-number designations given in Table 3. 1-1.

&
F1 1 and F., are identical except for the presence of a 3 x 3 coordinate
]

F
transformation. See T,,, in Eq. (3.1-1).

1/P
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HNon-Estimated,
Eﬂln:nlsd Non«Estimated, Extornpl-Ald
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0 0 .
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Figure 3. 1-1

System A Truth Model Structure
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Group 1 — Estimated States (See also, Section 4. 1)

3
fx -
Gr 0 TI/P FP 0 xyf I 0
6 z
] 0 0 I 4] 4]
8 I
Fi1°
0
D
+ T
18
0 i
2 |
where
D'r = 15 x 15 diagonal matrix with D'r = —1/'r.l

ii
T

7] 3
p = " 3|l-gLL
'y r

0
]

gravitational constant

i~
I

(3.1-1)

(3.1-2)

(3.1-3)
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3 x 3 identity matrix

—
I

position vector (in I frame; see Appendix A)

specific force vector in the I frame

=ty
R
\.__/ |a-g
I

. - j
0 -f3 f2
FP = f3 0 -f1 (3. 1-4)
_"fz fl 0 |
&
f2 = gpecific force vector in the P frame
fs
TI /P = 3 x 3 matrix which transforms vector in the P

(platform) frame to the I{navigation error analysis)
frame; see Appendix A. See also, the discussion of
the A mairix, at the end of Section 3. 1. 2.

Group 2 — Accelerometer True Biases, (3 sensors, 1 state each)

-

T
_typ o B i
Fl,z_[ OJ : Pz,z‘[o} (3. 1-5)
6x3 N 3x3

Group 3 ~ Accelerometer Constant Scale Factor Errors,

(3 sensors, 1 state each)

T, o F
72 _ _ )
F1’3—[————-—0 } ; F3’3 [D] (3. 1-6)
6 x 3 3x3
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where
fl 0 0
_ L1
Fq 0 &, O (3. 1-7)
_0 0 fS_
Group 4 — Accelerometer Misalignments, (3 sensors, 2 states
each)
) T o F
/P "4
- 22 a 0] e
6 x6 6x6
where
i fz f3 0 0 c 9
F4 =10 0 f1 f3 0 0 (3.1-9)
: _D 0 0 0 f1 fz_
i
Group 5 — Accelerometer Nonlinearities, (3 sensors, 1 state
each)

T F
_|typ s . ) i
G x3 3x3

3-8
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where
- 9 .
fl 0 O
F.=|o £ o (3. 1-11)
5 2 ’
2
‘O 0 f3_
Group 6 — Gravity Deflections and Anomaly, (up, east and north
components)
-1/1'u 0 0
TyL )
FI,G - T ; Fﬁ,e = 0 ~1/Te 0 . (3.1-12)
6x3
] 0 0 -1/'Tn*
where
Ta ~ du/ Vrel
Te © de/ Vrel
™o dn/ Vrei

and du, de’ dn are correlation distances

Group 7 — Gyro Bias Drifts, (3 sensors, 1 state each)

0 -
g = [—] S Fy g o= [0] (3. 1-13)
LT Lllexs 1 3% 3

3-10
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Group 8 — Gyro Mass Unbalances, (3 sensors, 2 states each)

1,8 ~ [f, £ o 0 0

f

2

-6 % 6

F
8

- [o]
;8 [ 6 x6

(3.1-14)

The elements of F; ¢ and Fy o, below, are determined by the gyro input
2 H

and spin axis directions shown in Fig. 3. 1-2.

VERTICAL
AT LAUNCH

!

R

| GYROI

"(;r-n-0|
%

GYRD 3

i = INPUT AXIS
s - SPIN AXIS
o = QUTPUT AXIS

Figure 3.1-2
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Group 9 — Gyro Anisoelasticity, (3 sensors, 1 state each)

0
F, = . F =[o] (3. 1-15)
1,9 T, 0 0 9,9 -
0 s O
0 0 it
; 235« 3

Group 10 — DME Bias Errors, (2 stations, 1 state each)

fo0 [0, 3.1-16
Hl,lO = 1 (3.1-17)
Hy1 =1 (3.1-18)

Group 11 — DME Scale Factor Errors, (2 stations, 1 state each)

- 0
F /Tt
= (3.1-19)
11,11 I
Tsf
2y 2
Hl, 11 = 91 (3. 1“20)
Hg’ 11 = 92 (3. 1—21)

3-12
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where Py and Py are the c}is’cances from the vehicle to DME stations 1 and

2, respectively

Group 12 — Baro Altimeter Errors, (4 states)

0 0 0 0 | bias

§] 0 0 0 | scale factor

F . = (30 1"‘22)

12,12 0 0 "l/Ta 0 | markov
_.0 0 0 0_ static defect

Hy, o= |1 n 1 Vv (3. 1-23

3,12 vel it )
where
h = altitude
Vrel = relative velocity

Group 13 — ILS Biag Errors, (2 states: localizer and glide slope)

F - [ 0 } (3. 1-24)
13,13 .

H4, 13 = 1 (3. 1"25)

Hg 13 = 1 (3. 1-26)

3-13
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Group 14 — ILS Second Order Markov Errors, (4 states: 2 lo-

calizer, 2 glide slope)

] 9 -
e YTicw )
r _ 0 nl/TLCL
14,14 .
“UraLs “Y7aLs
0
~1/7
] 0 aLs}, . ,
(3. 1-27)
Hyqg = [1 0 0 0] (3.1-28)
Hg gy = [0 0 1 0] (3. 1-29)

Group 15 — Radar Altimeter, (2 states: bias, scale factor)

F15,15 = [ 0 ] (3.1-30)
2 % 2

H5’15 = [1 h] (3.1-31)

Group 16 — DME Survey Errors, (2 stations, 3 components each)

F16,16 = [ 0 J (3.1-32)
66

Hi 16 = [‘P1R/°1 Py _ /Py ‘91])/ pp 0 O O] (3.1-33)

3-14
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Hz, 16 = [0 0 0 "pz 102 'pzc/pz -pzD/pz} (3- 1'34)

where
py = relative positive vector: station 1 to vehicle
Py s Py s Py = components of By in R frame
R C D
p, = relative position vector: station 2 to vehicle
Pg > Py 5 P = components of p, in R frame
2R ZC 2D 2
Group 17 — ILS Survey Errors, (2 antenna locations, 3 components
each)
? Fl'?,l'? = [ 0 jl (3. 1-35)
6 x6
H =|-w /o -u /p ~a /p 0 0 0}(s.1-36)
4,17 ] eR/ Sy en/ Tsy en/ 'S4 _
H -lo 0 0 -u Jp. -u_ /o, -u /p (3. 1-37)
: 6,17 ~ | pR/ 6 pc/ 5 /%
where

U, >4, 58, = components of a cross-runway unit vector;
R C D see Figure 3. 1-3.
Py = projection onto the horizontal plane of p ,, the
4 relative position vector from localizer ahtenna

to the vehicle; see Figure 3.1-3.
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SHUTTLE
& POSITION

VERTICAL

LOCALIZER™
ANTENNA
LOCATION be

Figure 3.1-3 Localizer-Shuttle Geometry

SHUTTLE

A{e POSITION

GLIDE
SEOPE
ANTENNA
LOCATION

Figure 3. 1-4 Glide Slope-Shuttle Geometiry
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u o, u ,u = components of a unit vector defined in
PR Pc’ Pp  Figure 3.1-4.

Pg = length of p., the relative position vector
from glide slope antenna to the vehicle;
see Figure 3. 1-4.

A Matrix

The 82 x 24 matrix relating the filter states to the truth model
states has the form:

AI
A= | 24x2 (3. 1-38)
- 0
i where
6 9 18 24
Isx 6 0 0
0 Tp/1
TP/I 0 0
A" = (3. 1-39)
; 0 0 Tp/1 0 0
| 0 0 TP/I
L 0 0 IE‘i X6 |

The filter states 7 through 18, corresponding to platform misalignments, gyro

drifts; accelerometer scale factor errors and accelerometer biases, are

5 3-17
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defined in the I frame. The corresponding truth model states are de-
fined in the platform (P) frame because a considerable amount of use-
ful input data (from Ref. 7) represents the initial (h = 130,000 ft)
contributions of individual sensors in the particular orientations pic-
tured in Fig. 3.1-2, Thus, the transformation TP Yit from Ito P

coordinates, appears four times in the A matrix.

The mathematical structure of the 82-state System A truth
model and its relation to the 24 filter states has been completely defined

in this section. The filter model is described in Section 4.1,

3.1.3 Truth Model Data Base

In this section numerical values are assigned to the System A
truth model matrix elements describing error source statistics. Most of

these values are elements of the following matrices:

P S(0) — the initial system (real world) error covariance matrix
QS — the system process noise matrix

Rs.(i=1,...,6) — the system measurement error variances, cr? (in
1 this case each Ry isa 1x 1 matrix, or scalar).
i

In addition to the above, some elements of FS’ left unspecified in the
previous section, are needed to complete the truth model. These are
main-diagonal elements, such as the elements of F 6,6’ which involve
correlation times of markov processes associated with various error
source groups. These elements of FS and corresponding elements of
PS(O)and Qg are normally chosen together to define random processes
with desired properties. Frequently, a first-order markov process

{(exponentially correlated random process) is modeled with a gpecified
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rms value, o5 and correlation time, Ty In this case the relevant truth

model matrix elements are:

3

P (0) = o (3. 1-40)
1i

Fe = -l/r, (3. 1-41)
11

Q. = 20%r 3. 1-42)

o) i1 }

ii

A constant error source can be considered a special case of the above
with 7= 0 and FS.. = QS.. = 0.
ii ii
Table 3. 1-2 summarizes the truth model rms values and
correlation times used in evaluating System A. The data is organized
according to the three major categories and 17 groups of error sources
already used in Table 3. 1-1. The final column in the table indicates the

pricipal references or sources of data.

The 9 x 9 initial condition error covariance matrix is taken
directly from page 203 of Ref. 7 (Table D~III-¢). This matrix re-
presents error statistics at an altitude of 130,000 ft, following a "one-

rev" mission in which pure inertial navigation is used from launch to the
130,000 fi point. The assumed error sources correspond to KT-70 IMU
performance, and are exactly those given in Table 3. 1-2 for groups 2, 3,
4, 5, 7, 8 and 9. The assumed prelaunch alipnment technique consists
of gyrocompassing for azimuth alignment and accelerometer tilt leveling.
This matrix is used in Section 5. 1 to produce one row in the "Alternative
Error Contributions' table, showing how the initial errors, considered

inaependent of root causes, propagate through the approach and landing
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SYSTEM A TRUTH MODEL DATA BASE

TABLE 3. 1-2

Correlation

. Data
Error Source Value Time Source
(see)
1. ESTIMATED STATES AND UNCOR-
CORELATED NOISE (Group 1)

Initial Condition Errors

Position 9x9 X

Velocity X 'Cuvarlance —_ Ref. 7

Misalignment Matrix (see text)

2
= 4.48 x 10~4 ({t/sec)
IMU Quantization Errors QSii X gec — Ref. 8
(i=4, 5, 6 -~ see text)

DME Measurement White Noise o=24 it - Ref. 9
Barc Alfimeter Measurement
White Noise g=351t Ref. 3
%c;?: Ig%gr:eter Measurement o=3.98 1t . - Ref. 11
Radar Altimeter First Order see Eq. (3.1-43) 4.0 Ref. 11
ILS First Order Markov Errors

Localizer see Eq. (3.1-44) 0. 55} Ref. 5

Glide Slope see Eq. (3.1-45) 0. 55 *

0. NON-ESTIMATED, IMU-RELATED
STATES
Group 2. Accelerometer Biases o= 60 ug @ Ref. O
Group 3. Accelerometer Scale .
Factor Errors o = 34 ppin w Ref. 9

Group 4. Accelerometer Misalignments o = 40 Sec ¢9] Ref. 9
Group 5. Accelerometer Nonlinearities g =3.5ug/ g2 w Ref. 9
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TABLE 3.1-2 (Continued)

SYSTEM A TRUTH MODEL DATA BASE

L Correlation Data
Error Source Value Time Source
{see)
I. (Continued)
Group 6. Gravity 4 9
Anomaly o=13.3%10_"ft/sec 492,000/V el
Deflection about East o= 5.1%ec 144, Oon/vrel} Ref. 12
Deflection about North o= 6.5 Set 98,500/ Vyel
Group 7. Gyro Bizs Drifts o = 0.01 deg/hr w Rei.
Group 8. Gyro Mass Unbalances g = 0.015 deg/hr/g @ Ref,
Group 9. Gyro Anisoelasticity g=0.005 deg/hr/g2 w Ref.
I, NON-ESTIMATED, EXTERNAL-AID
RELATED STATES
Group 10. DME Bias Errors o= 295t W Ref. 9
Group 11, DME Scale Factor Errors o = 100 ppm 3600 Ref. 13
Group 12. Baro Altimeter Errors
Bias o= 100 ft w
Markov = 20 ft 100} Ref. 3
Scale Factor ag=0.03 (o]
Static Defect o =1.52 x 10~4 ft:/vf_el s } Ref. 14
Group 13. ILS Bias Errors
Localizer o= 0.5 mrad w
Glide Slope o=0,5 mrad m } see text
Group 14, IL.S Second QOrder
Markov Errors
Localizer see Eq. (3.1-44) 1.5*} Ref. 9
Glide Slope see Eq. {3.1-45) 1.5% :
Group 15, Radar Altimeter Errors
Bias o=11{t (u4]
Scale Factor o= 0,025 @ } see text
Group 16, DME Survey Errors g=1ft o 4] Ref. 15
Group 17, ILS Survey Errors o=11ft w Ref. 15

E
These are values for TLOL and TGLS in Eq. (3.

1-27)
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phase. In the "Baseline Error Budget" initial position, velocity and align-
ment errors are taken into account implicitly by proper treatment of

accelerometer (Groups 2, 3, 4, 5)and gyro (Groups 7, 8, 9) errors. This

is done by inserting the contributions to the initial errors of individual
error sources, along with the error sources themselves. These contribu-

tiong are taken from the "1 sigma error tables™ of Ref. 7.

The most convenient way to express the effect of IMU quantiza-

tion errors is in terms of the forcing function QS of the velocity estimation
error variances between updates. The value given in Table 3.1-2 is based
on the following typical values taken from Ref. 8, describing a current
KT-70 application.

One AV pulse = 1 em/sec

Navigation cycle time = 0. 2 sec.

Assuming that each AV count has a random error selected from a uniform

distribution ranging from -0.5 cm/sec to +0. 5 cm/sec, the rms error is

AV

1

1//1% em/sec
0. 00945 ft/sec

Assuming, further, that successive errors are uncorrelated, the addition

of five such errors per second causes a navigation error growth rate of

Qg )?

ii

5(0.00945)° (i =4, 5, 6)

4.48 x 10““jt (ft/sec)z/sec

as given in the table.

Table 3.1-2 dons not list values for some of the Group 1
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(estimated) first-order markov states, which are included in the truth
model mathematical structure. These are the gyro, accelerometer,

DME and baro altimeter first-order states. The error budget given in
Section 5.1 is based on the assumption the gyro and accelerometer errors
are random constants, as assumed in Ref. 7 and for Groups 2, 3, 4, 5,

7, 8 and 9, and that DME and baroc altimeter errors are represented by

a mors complicated structure, as in Groups 10, 11, 12 and 16.

More complicated models are also used to represent ILS and
radar altimeter errors, as in Groups 13, 14, 15 and 17. However,
Groupl states are included in Table 3.1-2 for these categories since the
filter models are thought to be equally valid-~-results based on alternative
models are given in Section 5. 1. The filter model for the radar altimeter

correlated error takes the rms value to be the following function of altitude
(units in feet):

0.05 Alt (Alt > 500)
Opa = 0.02 Alt (500 = Alt > 100) (3.1-43)

2.0 (100 = Alt)

The filter models for the ILS correlated errors are based on (o in millira-

dians, p in feet)

5. 6 (0> 27300)
- 3500
o op = |L4+42 (P—zm‘) (27300 = p > 3500) (3. 1-44)
1.4 (3500 > p)
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2.5 (0> 27300)
i -3500 )
1.4 (3500 = p)

where p is the slant range from the antenna in question to the vehicle.

Gravity deflections and anomalies are adequately modeled as

first-order markov processes (Ref. 12) with fixed correlation distances.
These are converted to equivalent correlation times by dividing by earth re-

lative velocity, as shown in Table §.1-2, Group 6.

DME correlated errors are separated into bias, scale factor

and survey errors -- Groups 10, 11 and 16, respectively. The bias com-
ponents represent the combined errors in calibrating both the airborne and
ground equipment. The scale factor components represent the inaccuracies
in calibrating the index of refraction. Values ranging from 10 parts per
million to 100 parts per million have been mentioned in the literature,
varying with the extent to which knowledge of local at.nospheric conditions
and measurement geometry is used in the calibration procedure, Survey
errors represent inaccuracies in knowledge of the ground transponder
locations relative to the runway. Since, in this case, the devices are

nearby, small survey errors are expected.

Baro Altimeter correlated errors (Group 12) are separated into

bias, markov, scale factor and static defect components. Values for the
bias and markov components are taken from- Ref. 3, which treats a
baro~inertial-transponder system involving overflight of a transponder.

In that case (the CLASS filter evaluation study) it was found to be impor-
tant to include the markov state to account for moderately rapid changes in

local weather conditions. Values for the scale factor and static defect
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components are taken from Ref. 14, which discussed them in the context of

of the Shuttle landing problem.

I is not nossible to cite references for the values used to represent

ILS bias errors (Group 13) and radar altimeter bias and scale factor error

{Group 15). These components were included simply to gain insight into the
problem -~- that is, to discover the effect of such error sources, should

they exist. The ILS second-order markov errors (Group 14) are modeled

using the same rms values as given for the first-order components (Egs.
(3. 1-44) and (3. 1-45)). The process noise elements driving these states

are computed using

2

= 4o, (3. 1-46)

The data given in this section, together with the equations given

in the previous section, completely define the System A truth model.

3.2 SYSTEM B TRUTH MODEL

The hardware elements of System B are the same as those of
System A; namely, a KT-70 IMU, a computer and the equipment needed
for six external measurements: range to two DME stations, baro altitude,
radar altitude and ILS localizer and glide-slope measurements. The ground

station locations and the specific measurement sequence are given in Section 2.
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The computer navigation program includes a 6-state Kalman filter called
herein the MIT-type filter. The filter states and algorithms are defined

in detail in Section 4.2 and Ref. 6.

3.2.1 States and Error Sources

The truth mode] states and other error sources used in evalu~
ating System B are listed in Table 3.2-1, which divides them into three

major categories:

e The six estimated states (position and velocity
errors), platform misalignments and uncor-
related measurement and process noises.

& Non-estimated error source states related to
the inertial system.

® Non-estimated states related to the external
aids.

Error budget resulis corresponding to the first category above
are generated using a 9-dimensional truth model structure (FS, HS),
whose first six states correspond exactly to the 6 -dimensional filter
error model structure (Fy, Hyp). Resulis corresponding to the other
two categories are generated using a higher dimensional model, which
contains the basic 9-dimensional structure plus other states represent-
ing time-correlated error sources. These additional error sources are
divided into 17 groups as indicated in Table 3. 2-1., The group numper -
ing system follows that used in the System A evaluation, and is used in
the Baseline Error Budget table in Section 5.2 and in the detailed rasulis
tabulated in Appendix C.
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TABLE 3. 2-1

SYSTEM B TRUTH MODEL STATES AND ERROR SOURCES

Number of Number of

Error Source Names
States ‘Error Sources

1. ESTIMATES STATES, MISALIGN-
MENTS AND UNCORRELATED
NOISES (Group 1)

Dosition Errors

Velocity Errors
Platform Misalignments 3

Uncorrelated Measurement Noise
2 DMEs -
Baro and Radar Alfimeters -
I.S Loealizer and Glide Slope -

INS Quantization Noise ' -

II. NON-ESTIMATED, IMU-RELATED
STATES

Group 2. Accelerometer True
Biases 3 3

©l DD DD

Group 3. Accelerometer Constant
Scale Factor Errors 3 3

Group 4. Accelerometer Misalign-
ments 6 6

Group 5. Accelerometer Non-
linearities 3 3

Group 6. Gravitational Deflection
and Anomalies

Group 7. Gyro True Bias Drifts
Group 8. Gyro Mass Unbalances

Ly O W L
L A W W

Group 9. Gyro Anisoelasticity
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TABLE 3. 2-1 (Continued)

SYSTEM B TRUTH MODEL STATES AND ERROR SOURCES

Error Source Names

Number of
States

Number of
Error Sources

iII. NON-ESTIMATED, EXT NAL-AID

RELATED STATES

Group 10.
Group 11.

Group 12.

Group 13.

Group 14.

Group 15.

Group 16,
Group 17.
Group 18.

DME Bias Errors

DME Scale Factor
Errors

Baro Altimeter Errors

Bias

Seale Factor
First-Order Markov
Static Defect

ILS Bias Errors
Localizer
Glide Slope

11.8 Second-Order
Markov Errors
Localizer
Glide Slope

Radar Altimeter
Errors
Scale Factor Error
Bias Error
First-Order Markov

DME Survey Errors
ILS Survey Errors

ILS First-Order

Markov Errors
Localizer
Glide Slope

et pt el

o O [ oL ]

[y

[Sgran gy Pt bt el ek

i O bt

— s

Totals

70

77
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3.2.2 Truth Model Equations

The System B truth model requires a 6 x 6 filter dynamics

matrix, F and a 70 x 70 system dynamics matrix, FS' The filter is

mechanizeFd to handle external data as a sequence of scalar measurements.
As in System A there are six-distinct filter measurement matrices, HFl
through HFS -~ each is a six dimensional row vector. The six correspond-
ing system measurement matrices, HS through HS , are 70-dimensional

6
row vectors. 1

Figure 3. 2-1 presents the overall structure of the FS and HS
matrices for System B. The upper left partition of FS isthe 9x 9
matrix, Fl, 1’ whose elements define the dynamic interaction between
the Group 1 error states. The upper left 6 x 6 partition of Fl, ;s identi~
cally equal to the filter matrix, FF' The horizontal row of sub-matrices,
Fl, 9 through Fl, g’ define the effects of the IMU-related error sources
(Groups 2-9)on the velocity errors (states 4-6) and the platform misalign-
ments (states 7-9). The sub-matrices along the main diagonal, Fz, 9
through F18, 18’ define the dynamics of all correlated error sources. The
six system measurement matrices (row vectors) are outlined in the lower
half of Fig. 3.2-1. In'each case the first six elements are the same as
those of the corresponding filter measurement matrix. Other non-zero sub-
matrices, Hi j define the effects of the correlated error sources (Group j)

’
in question of the measurement error (bzi) in question.

The sub-matrices, Fl, 1 F15, 15 F18, 18’ HS, 157 H4, 1g and HB, 18
are defined in detail below. All of the others are exactly the same as in System

A, and are defined in Section 3. 1.2,
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Estimated Platform MU-Related External-Aid Relatod
Sates  Msallgn- States Btates
P N Im s , A . F .\ \
av-u-
8l P11 Fi2|F1,8 v | P
] i 0
Fa 2
F3.9 a
Fg »
0 0 Fa.0
Fio,10
L ]
Fio,1
0
Fis, 18
1
ol ] 8 &1 ,15
a) State Dynamics Matrix
DME. - 0
: lg = H 0 BB ° [ ]
81 i 5'1
DME, -
—3 T H 0 How¥2,u| ° (20 0 ]
5 Fy
Baro Altimetar r
H, = H o Ha,12 0 ]
5 L Fa .
ILS Localizer r
H, = H 0 Wil 0a | O] Ban | Hepne
5, ¥, ]
‘ - .
Radar Altlmeler
I B 0 I%Js 0
% 1 Ty ]
IL3 Gilde Blope r
B " o e 186,24 | 9] B 10| Ho,18
T8 " Fy ]
8t 6 )
b) Measurement Matrices
Figure 3.2-1 System B Truth Model Structure
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Group 1 — Position, Velocity and Alignment Errors

0 I 0
Fi1 T Gy 0 Typ Fp (3. 2-1)
0 0 0
where
= M 3 T _
Gr—-—?—’ [I-—Zgg} (3.2-2)
r r
@ = gravitational constant
I = 3 x 3 identity matrix
r = position vector (in I frame; see Appendix A)

0 -f3 fz
FP = f3 0 -f1 (3.2-3)
__fz fl 0 ]
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i
1
f2 = gpecific force vector in the P {rame
t3
TI /p = 3 X 3 matrix which transforms vector in the P (platform)

frame to the I (navigation error analysis) frame; see
Appendix A,

Groups 2-14, 18, 17 — See Section 3. 1. 2 -~ Systems A and B

are the same.

Group 15 — Radar Altimeter, (3 states: bias, scale factor,

markov). In the System A truth model the markov state is included in
Group 1 since it is estimated by the filter,

0 0 0

Fi5,15 = |9 0 0 (3. 2-4)
0 0 -1/7'5
] lax3

Hg 15 = [1 h 1 ] (3. 2-5)
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Group 18 — ILS First-Order Markov Errors (2 states: 1 local-
izer, 1 glide slope). In the System A truth model these staies are in-

cluded in group 1 since they are estimated by the filter,

--1/1'4 0
F = (3. 2-6)
18,18 0 -i/r
H4’ 18 = [1 0 ] (3- 2"'7)
He 18 = |:0 1] (3. 2-8)

A Matrix

The 70 X 6 matrix relating the filter states to the truth model

states has the form:

6x6 (3. 2-9)

The material of this section, augmented by the definitions of
most of the F and H sub-matrices given in Section 3. 1. 2, completely de-

fines the mathematical structure of the 70-state System B truth model.
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3. 2.3 Truth Model Data Base

The numerical values assigned to the System B truth model are
exactly the same as those given in Table 3. 1-2.for System A. The values
and expressions, Eq. (3.1-43), (3.1-44) and (3.1-45), given for the radar
altimeter, localizer and glide slope first-order markov errors, which
are listed under Group 1 in the table, are properly considered part of
Groups 15 and 18 in the System B truth model. With these minor book -
keeping changes Table 3. 1-2 is the System B data base.

3.3 SYSTEM C TRUTH MODEL

The hardware elements of System C include a KT-70 IMU, a
computer and the equipment needed for three external measurements:
a cycle count indicating the integral of doppler shift over measurement
intervals, baro altitude and radar altifude. The ground doppler beacon
location is given in Section 2. The computer navigation program in-
cludes a 22-state version of the JSC/TRW multi-phase filter. The filter

states and algorithms are defined in detail in Section 4.3 and Ref, 10,

3.3.1 States and Error Scurces

The truth model states and other error sources used in evaluat-
ing System C are listed in Table 3 .3-1, which divides them into three

major categories:

» The 22 estimated states and uncorrelated
measurement and process noises,

» Non-estimated states related tc the inertial system.

° Non-estimated states related to the external aids.
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TABLE 3.3-1

SYSTEM C TRUTH MODEL STATES AND ERROR SOURCES

Error Source Names

Number of
States

Number of
Error Sources

1. ESTIMATED STATES AND UNCORREL-

ATED NOISES (Group 1)

Pogition Errors

Velocity Errors

Markovs)

INS Quantization Noise

Platform Misalignments
Gyro Drifts {First-Order Markovs)

Accelerometer Scale Factor Errors
{First-Order Markovs)

Accelerometer "Biases" (First-Order

Correlated Measurement
Errors {First-Order Markovs)
Doppler Rate Bias Errors
Baro and Radar Altimeters

Uncorrelated Measurement Noise
Dopuier «;'cle quantization
Baro and Radar Altimeters

I. NON-ESTIMATED, IMU-RELATED

STATES

Anomalies

Group 2. Accelerometer True Biases

Group 3. Accelerometer Constant Scale
Factor Errors

Group 4. Accelerometer Misalipnments
Group 5. Accelerometer Nonlinearities
Group 6. Gravitational Deflections and

Group 7. Gyro True Bias Drifts
Group 8. Gyro Mass Unbalances
Group 8. Gyro Anisoelasticity

U 7C R L /A

W

€3

(X

w ot W

oy L 0 W

[

Do =

Ly g W
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TABLE 3.3-1 (Continued)

SYSTEM C TRUTH MODEL STATES AND ERROR SOURCES

Number of

BError Sources Names States

Number of
Error Sources

=
III. NON-ESTIMATED, EXTERNAL-AID
RELATED STATES

Group 10. Doppler Errors
Rapid Shift Exrors
Antenna Motion Compensation
Error

)

Group 12. Baro Altimeter Errors
Bias
Scale Factor
First-Order Markov
Static Defect

Group 15. Radar Altimeter Errors
Scale Factor Error
Bias Error

Group 16. Doppler Beacon Survey Errors

Ptk b

(R

[aaadl o B Sl b

3 b

Totals 63

Error budget results corresponding to the first category above
are generated using a truth model structure (FS, HS), which corresponds
almost exactly to the filter error model structure (FF, I-IF). Results
corresponding to the other two categories are generated using a higher-
dimensional truth model, which contains the basgic 22-state structure

plus other states representing time ~correlated error sources not modeled

explicitly in the filter design. These additional error sources are divided
into 12 groups as indicated in Table 3.3-1. (The group numbering system
;s consistent with that used in the System A evaluation, and is used in the
Baseline Error Budget table in Section 5.3. Groups 11, 13, 14 and 1

have been deleted.)
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3.3.2 Truth Model Equations

The System C truth model requires a 22 X 22 filter dynmaics
matrix, FF’ and a 63 ® 63 system dynamics matrix, FS. The filter
mechanization treats exernal data as a sequence of scalar measurements,
rather than as components of vector measurements. Up to three separate
scalars may be incorporated at one update time. Therefore, there are
three distinet filter measurement matrices, HFI through HF3 --each is a
92 dimensional row vector. There are three cerresponding system measure-
ment mairices, HSl through I-Is3 -~ each of these is an 63-dimensional row

vector.

Figure 3.3-1 presents the overall structure of the FS and HS
matrices for System C. The upper-left partition of FS is the 22 x 22
matrix F1 1’ whose elements define the dynamic interaction between the
Groupl error states. This sub-matrix of FS corresponds* to the filter
matrix, FF. The horizontal row of sub-matrices, Fl, 9 through FI,Q’
defines the effects of the non-estimated, IMU-related error sources
(Groups 2-9) on the velocity errors (states 4-6)and the platform misalign-
ments (states 7-9). “he sub-matrices along the main diagonal, Fz, 9

through F define the dynamics of all non-estimated, correlated error

sources. 1F6‘o:11'6a group of random constant error sources this sub-matrix

is zero. The three system measurement matrices (row vectors) are out-
lined in the lower half of Fig. ¢ .3-1. In each case the first 22 elements
are the same as those of the corresponding filter measurement matrix.
Other non-zero sub-matrices, Hi,j’ define the effects of the correlated
error sources (Group j) in question on the measurement error (6 Zi) in ques-

tion.

*F1 1 and FF are identical except for the presence of a 3 x 3 coordinate
transformation. See TI/P in Bq. (3.1-1).
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Non-Estimated,

Estimated Non-Estimated, External-Ald
States IMU-Related States Relaled States
A i, N
r Y ~F ¥
. o -
3
Fl,z F1,a PP F].g
9 -—
Fia
29 1] 0
Fa 2
F3,3
FS=
Fg o
Flo,10
0 0 .
Fls, 16
63l J
22 52 83
a) State Dynamics Matrix
Cne-Way Doppler: ,_1
o = H 0 H H
SI Fl ‘ ‘ 1,10l l 1,16_1
Laro Altimeter:
Hy, = H o H 1]
S EXI
Radar Altimeter:
H, = H 0 H 0
5 | ry 1 EXRE

b) Measurement Matrices

Figure 3.3-1

System C Truth Model Structure
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The sub-matrices, Fl, 1’ F10,10’ FIG, 16 Hl,l(}’ H1,16’
are defined in detail below, All of the others

H and H
2,12 3,15
are exactly the same as in System A, and are defined in Section

3.1.2.
Group 1 — Estimated States (See also Section 4. 3)

S 5

@ = b

i P £ g &

§ ey g £ g

ol S = - =

[ > = < =

0 I 3] 0 Q 0

3
fx
. f
G, 0 Typ Fp 0 y ] I 0
. 6 z
1] 0 0 1 7] 0
- g
- Fi1°
0
DT
18
i 6 (3.3-1)
22- .
where
= -1/Ti (3-3-2)

D = 13 x 13 diagonal matrix with Dr.
G, and the other elements appearing in Eq. (3.3-1)
ate defined in Egs. (3.1-3) and (3.1-4).
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Groups 2 through 8 - See Section 3.1.2 -~ Systems A and C
are the same.

Group 10 - Doppler Errors (2 states: rapidly shifting rate bias

error and antenna motion compensation error).

--1/7'r 0
F = (3.3-3)
10,10 0 i/,
= 3.3-4
Hl’m [ At 1] ( )

(See discussion of doppler errors in Section 3.3.3).

Group 11 - Not in the System C truth model.

Group 12 - Baro-Altimeter Errors - See Section 3.1.2 --

Systems A and C are the same, except that the measurement sub-matrix

isH instead of

2,12 3,12

Groups 13 and 14. - Not in the System C truth model.

Groups 15 - Radar Altimeter Errors -~ See Section 3.1.2

Systems A and C are the same, except that the measurement sub-matrix
is H3’ 15 instead of H

5,15°
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Group 16 - Doppler Beacon Survey Errors (3 states: up, east,

north).

F (3.3-5)

16,16 = ) ax3
H - |h. h. h (3.3-6)
1,16 [ S FD}

where hFR, hp and hp arethe R frame components of a vector defined
in the I frame by hl’ h2, h3, the first three components of the filter
matrix given in Eq. (4.3-6). (Survey errors are input in the R frame.)

A Matrix - The 63 x 22 matrix relating the filter states to the

truth model states has the form:

A = 22 x 22 (3.3-7)
0
where
6 9 18 22
Is . 6 0 0
0 Tpn
A = Tpn 0 0
0 0 Tp/1 0 0
0 0 Tpn
0 0 Iy, 4| 3.3-8)
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The role of the transformatitw TP /1 in Eq. (3.3-8) is discussed at
Eq. (3.1-39).

The material of this section, augmented by the definitions of
many of the F and H sub-matrices given in Section 3.1.2, completely
defines the mathematical structure of the 63-state System C truth model.

3.3.3 Truth Model Data Base

The general discussion of Section 3.1.3, pertaining to the
System A data base, applies just as well to System C and is not repeated
here. Also, most of the specific error sources, such as gyro and acceler-
ometer errors, IMU quantization, baro altimeter and radar altimeter errors,
are modeled the same way again; so those discussions are not repeated either.
Table 3.3-2 summarizes the truth model rms values and correlation times
used in evaluating System C. As iidicated above, most of the values and
references are exactly the same as those previously listed in Table 3.1-2.
The error sources unique to System C are all associated with the one-way

doppler measurements; these are discussed below.

Altogether there are eight error sources associated with dop-

pler measurements in the System C truth model. Three of them cor-

respond directly to error sources modeled in the filter; these three are

covered under Group 1 in Table 3.3-2. They are measurement noise

(treated as uncorrelated) due to the doppler cycle gquantization and the

two correlated rate bias errors associated with shifts in the onboard

and ground beacon frequency standards. The baseline rms values and
correlation times for these processes are taken to be the same as those
assumed by the filter. The value given for the onboard rate bias error

corresponds to a clock error of 1 part in 1010 -- gee Ref. 10.
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TABLE 3.3-2

SYSTEM C TRUTH MODEL DATA BASE

Correlation

. Data
Error Source Value Time Source
(sec)
1. BESTIMATED STATES AND UNCOR-
ELATED NOISE (Group 1)
Initial Condition Errors
Position
Velocity 89 x 9 Covariance
Migalignment Matrix (see text) - Ref. T
2
IMU Quantization Errors Qg = 4.48x 1074 (ft/sec)
.. sec
ii — Rei, 8
(i=4, 5, 6--see text)
Doppler Cycle Quantization o= 0,03567I{t - Ref. 10
Baro Altimeter Measurement
White Noise o = 5Hft - Ref. 3
Radar Aliimeter Measurement '
White Ncise ¢ = 3.28ft —_ Ref. 11
Doppler Rate Bias Errors
Onboard Frequency Standard ¢ = 0.0876 it/sec 800} Ref. 10
Ground Frequency Standard o = 0.0044 ft/sec 400
Radar Altimeter First-Order
Markov Error see Eq. (3.1-43) 4.0 Ref, 11
II. NON-ESTIMATED, IMU-RELATED
STATES
Group 2, Accelerometer Biases o = 60ng a} Ref. 9
Group 3. Accelerometer Scale
Factor Errors o = 34 ppm w Ref. 9
Group 4. Accelerometer Misalignments o = 40 Sec @ Ref. 9
Group 5. Accelerometer Nonlinearities o= 3.5 ng/g?‘ 0 Ref, 9

NOILVHOd¥0D SIINIIDS JILATVNY THL



PP-E

TABLE 3.3-2 (Continued)

SYSTEM C TRUTH MODEL DATA BASE

Correlation
. Data
Error Source Value Time Source
(sec)
II. (Continued)
Group 6. Gravity 4 9
Anomaly g = 13.3x10° ft/sec 492,000/Vrel
Deflection about East o = 5,18e¢ 144,000/Vrel Ref, 12
Deflection about North o = 6.5 %ec 98,500/Vrel
Group 7. Gyro Bias Drifts o = 0,01 deg/hr o Ref. 9
Group 8. Gyro Mass Unbalances o = 0,015 deg/hr/g @ Ref. 9
Group 9. Gyro Anisocelasticity g = 0.005 deg/hr/g2 w Ref. 9
IIl. NON-ESTIMATED, EXTERNAL-AID
RELATED STATES
Group 10. Doppler Errors
Fast Varying Frequency Standard o = 0,01 ft/sec 30
Error See text
Antenna Motion Compensation Error | p¢ = 0.5 ft, see Eq. (3.3-9) At
Group 12. Baro Altimeter Errors
Bias o = 100 ft © } Ref. 3
Markov o = 20ft 100 el.
Scale Factor o= 0,03
Static Defect o= 1.52x10 % ftfviel @ } Ref. 14
Group 15. Radar Altimeter Errors
Bias o= 11t w
Scale Factor ¢ = 0,025 © } See text
Group 16. Doppler Beacen Survey Errors = 1ft w Ref, 15
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Two other doppler measurement error sources are covered

under Group 10 in Table 3. 3-2. The first is a rapidly-varying rate bias

error assigned a correlation time of 30 seconds. No reference can be
cited for this error source. It was included to gain insight into the prob-
lem -~ that is, to discover the effect of such an error source should it
exist. (We know, for example, that a crystal frequency source might be
subject to g-sensitive shifts. On the other hand, the rubidium device
suggested in Ref. 10 is not expected to be subject to such errors.) The

other source under Group 10 represents an error in compensating for

antenna motion due to vehicle angular motion over the doppler measure-

ment intervals. It is clear that compensation (via software) is required
to account for the fact that the onboard doppler antenna is not located at
the IMU, and will not experience the same relative motion with respect

to the ground antenna whenever there is angular motion during a measure-
ment interval. The inputs to the compensation calculation must include

a pre-stored moment arm value, gimbal angle changes over the interval
and a description of the geometrical relationship between the relative
range vector (to the ground beacon) and the IMU axes. For error analysis
purposes we use the following expression for the forcing function of this

doppler measurement error source.

Q = (o el /nt (3.3-9)

where

p = a percentage error in compensation
4 = IMU-antenna moment arm
At = measurement interval
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2 .2 2 2 i
ABy, = MO +AB, + 887 (3.3-10)

48,4, A6 92 Aes = the three gimbal angle changes
during the interval, At.

The value, pZ = 0.5 ft, given in Table 3. 3-2 corresponds, for
example, to a compensation error of 5 percent with a 10 ff moment arm.
With the correlation time chosen as At, the effect of this model is to pro-
duce an rms error of pﬁ,ABT for the first time interval after the beginaing
of an angular motion. If the motion continues over successive intervals,
the successive errors will be correlated to some extent. Aftcr the motion

ceases the error will die out quickly.

Finally, three survey errors, representing inaccurate knowl-

edge of the ground beacon location relative to the runway, are included
in Group 16. Since the devices are nearby, small survey errors are

expected.

The data given in this section, together with that given in

Section 3.1, completely define the System C truth model.

3.4 SYSTEM D TRUTH MODEL

The hardware elements of System D include a KT-70 IMU, a
computer and the equipment needed for five external measurements:
range and azimuth to a single VOR/DME station, baro altitude, radar
altitude and ILS localizer measurements. The ground siation locations
and the specific measurement sequence are given in Section 2. The
computer navigation program includes a 23-state version of the JSC/
TRW multi-phase Kalman filter. The filier states and algorithms are
defined in detail in Section 4. 4 and Ref. 4.
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Initial condition errors are treated somewhat differently in
the System D evaluation than they were in the preceeding three cases.

The difference arises from the assumption, for System D, that drag

acceleration is used to update the navigation state prior to the "initial™
point at an altitude of 130,800 feet. This has no effect on the structure
of the truth model, but does alter the details of the data base, as dis-
cussed in Section 3. 4, 3.

3.4,1 BSBtates and Erro. Sources

The truth model states and other error sources used in evaluat-
ing System D are listed in Table 3. 4-1, which divides them into three

major categories:

e  The 23 estimated states and uncorrelated
measurement and process noises.

s Non-estimated states related to the inertial
system.

® Non-estimated states related to the external
aids.

Error budget resulis corresponding to the first category above
are generated using a truth model structure (FS, HS), which corresponds
almost exactly to the filter error model structure (FF, HF). Results
corresponding to the other two categories are generated using a higher-
dimensional truth model, which contains the basic 23-state structure

plus other states representing time-correlated error sources not modeled

explicitly in the filter design. These additional error sources are divided

into 17 groups as indicated in Table 3. 4-1. (The same group numbers are
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TABLE 3. 4-1

SYSTEM D TRUTH MODEL STATES AND ERROR SOURCES

Error Source Names

Number of
States

Number of
Error Sources

L ESTIMATED STATES AND UNCORREL-~

ATED NOISES (Group 1)

Position Errors

Velocity Errors
Platform Misalignments
Gyro Drifts (First-Order

(First-Order Markovs)
Markovs)

Caorrelated Measurement

DME
VOR

ILS Localizer

DM"™
VOR

I1.8 Localizer
INS Quantization Noise

Accelerometer Scale Factor Errors

Accelerometer 'Biases' (First-Order

Errors (First-Order Markovs)

Baro and Radar Altimeters

Uncorrelated Measurement Noise

Baro and Radar Altimeters

O. NON-ESTIMATED, IMU-RELATED

Markovs)

STATES
Group 2, Accelerometer

Groap 3. Accelerometer
Factor Errors

Group 4. Accelerometer

Group 5. Accelerometer

Anoinalies

Group 6. Gravitational Deflections and

Group 7. Gyro True Bias Drifis
Group 8. Gyro Mass Tinbalances
Group 9. Gyro Anisoelasticity

True Biases:®
Constant Scale

Misalignments
Nonlinearities

Wy W oW W

b DN b b

3

L @ o

L W W W

bk DD pb et

G = DI = et

(-]

Ly A Qr W
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TABLE 3. 4-1 (Continued)

SYSTEM D TRUTH MODEL STATES AND ERROR SOURCES

Number of Number of
Error Sources Names States Error Sources
IIl. NO'™-ESTIMATED, EXTERNAL-ADD
RELATED STATES

Group 10. DME Bias Error i 1
Group 11. DME Scale Factor Error 1 1
Group 12. Baro Altimeter Errors

Bias 1 1

Scale Factor 1 1

Mirst-Order Markov 1 1

Static Defect i |
Group 13. ILS Bias Ersor

Localizer 1 1
Group 14. ILS Second-Order Markov

Error

Localizer 2 1
Group 15, Radar Altimeter Errors

Scale Factor Error 1 1

Bias Error 1 1
Group i6. VOR/DME Survey Errors 6 6
Group 17. ILS Survey Errors 3 3
Group 18. VOR Bias Error 1 1

Totals T4 81

used in the Baseline Error Budget table in Section 5.4 and in the detailed
results tabulated in Appendix C. There is no group 18 in the System D
truth model.)
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3.4.2 Truth Model Equations

The System D truth model requires a 23 x Z3 filier dynamics

matrix, F_, and a 74 x 74 system dynamies matrix, FS. The filter

F’
mechanization treats external data as a sequence of scalar measurements,
rather than as components of vector measurements. Up to five separate
scalars may be incorporated at one update time. Therefore, there are

five distinct filter measurement matrices, H

Fy through HF5 +-each is a
23-dimensional row vector. There are five corresponding system measure-
ment matrices, HS through HS -~ each of these is a T4-dimensional row

1 5
vector.

Figure 3. 4-1 presents the overall siructure of the FS and HS

matrices for System D. The upper-left partition of FS is the 23 % 23

matrix Fl 1° whose elements define the dynamic interaction *:stween the
]
Group 1 error states. This sub-matrix of FS corresponds® to the filler

matrix, F The horizontal row of sub-tnatrices, F1 9 through F

ol 1,9’
define the effects of the non-estimated, IMU-related error sources
(Groups 2-9) on the velocity errors (states 4-8) and the platform mis-
alignments (states 7-9). The sub-mairices aiong the main diagonal,

Fo 2
related error sources. For a group of random-~constant error sources

through F19 19° define the dynamics of all non-estimated, cor-
b

this sub~-matrix is zero. The six system measurement matrices {(row
vectors) are outlined in the lower half of Fig, 3.4-1. In each case the
first 23 elements are the same as those of the corresponding filier mea-

surement matrix. Other non-zero sub-matrices, Hi i define the effects

H
of the correlated error sources (Group i) in question on the measurement

error (Gzi) in question.

*
F1 1 and FF are identizal except for the presence of a 3 x 3 coordinate
transformation. See T., in Eq. (3.i-1).

1/P
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Estimated Platlorm

MU-Related

External-Aid Related

States Msalipmn- States States
A ments A A
T ] L N —
0
3-»—
Fi,2(F1,3 Fyi,0
6] Fy,1
23 ; 0 0
[Fa 2
Fy 3
Fs " t. .
To,8
53
Fi0,10
) o
Fio,19
T4 & 53 74
a) State Dynamics Matrix
DME i H 0 H 0
DME - Hy 0 Hy 108,11 I,IEI ]
8, 1
- |
VOR . H, o 8 Hz,ls‘ 0 Hz,m]
5, 2
Baro Altimeter r
H. = H 33112 0 ]
5 | Fa
IS Localizer -
B, He, 13 “4,14‘ e H4,17l ° ]
Radar Altimeter ]
He = K ]
s B 5,15
Sl Fs 23 7
b) Measurement Matrices
Figure 3. 4-1 System D Truth Model Structure
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The sub-matrix F'1 1 is identical to that given by Eq. (3.1-1)
?
for System A except that the 24th row and column are omitted -- since
there is no glide slope measurement in System D. The sub-matrices

F10,10° F11,11° F13,13° F14,14° F16,16° Fi7, 170 F19,19° H1, 10’

By, 110 By 160 Hy 160 Hy 190 Hy 130 Hy 140 Hy 170 Hy 140 and Hy 44
are defined in detail below. All of the others are exactly the same as in

System A, and are defined in Section 3. 1-2.

Groups 2-9, 12, 15 ~ See Section 3. 1-2 --Systems Aand D

are the same.

Group 10 — DME Bias Error (1 station, 1 state)

Hl, 10 = 1 (3. 4-2)

Group 11 — DME Scale Factor Error (1 station, 1 state)
= -1/'1'Sf (3. 4-3)

Hl, 11 = Dl (3. 4-4)

where pl is the distance from the vehicle to the DME station.

Group 13 — ILS Localizer Bias (1 state)

F13’ 13 ~ 0 (3. 4-5)

H4’ 13 °© 1 (3. 4-6)
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Group 14 — ILS Localizer Second-Order Markov Error (2 states)

" 9
Vren Yoo
FM, 14 = (3. 4-7)
0 -1/
i LCL| 5 4 9
Hy g4 ! 0] (3. 4-8)

Group 18 — DME and VOR Survey Errors (2 antennae, 3 com-

ponents each)

Fie.16 = 016 x 6 (3.4-9)

H = | =Py -p -0 0

0 0 {(3. 4-10)
1,16 R/p1 10/91 1D/p1 J

|

2, 16 : C/p ZD/D J
s Sl

(3. 4-11)

where

p, = relative position vector: VOR/DME
station to vehicle; see Fig. 3. 4-2.

By 2Py sBy 7 components of P4 in R frame
R C D
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components of unit vector ug, perpendicular
R "C D to p1 and lying in horizontal plane; see

1

Fig. 3.4-2.
Py = projection of g, onto horizontal plane.
1
R-9623
g SHUTTLE
POSITION

VOR/DME —
STATION

RUNW‘AY

Figure 3.4-2 VOR/DME - Shuttle Geometry

Group 17 — ILS Localizer Survey Errors (3 components)

Fior = [0gxs (3. 4-12)

&I = |-u -u -u 90 0 0 (3. 4-13)
17
4, eR/PS EC/PS eD/PS
4 4 4
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where

u_ ,u_ ,u = components of cross-runway unit vector;
R ®c °p see Fig. 3.1-3.

o] = projection onto horizontal plane of gy the
s \ ors Jud
4 relative position vector from localizer
antenna to the vehicle; see Fig. 3.1-2.

Group 19 — VOR Bias (1 state)

F19’19 =0 (3. 4-14)

Hy g9 =1 (3. 4-15)

A Matrix

The 74 x 23 matrix relating filter staies to the truth model

states has the form:

A ?
A =[—3§0"—23] (3. 4-16)
where A’ has the same structure given in Eq. (3. 1-39) for System A,
except that the lower-right-hand corner is a 5 x 5 identity matrix rather
than 6 x 8.

The material of this section, augmented by the definitions
of common F and H sub -matrices given in Section 3. 1.2, completely
defines the mathematical structure of the 74-state System D truth
model.
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3.4.3 Truth Model Data Base

The general discussion of Section 3. 1. 3, pertaining to the
System A data base, applies just as well to System D and is not repeated
here. Also, most of the specific error sources, including IMU errors,
baro altimeter, radar altimeter, DME and localizer errors are modeled
the same way again. Table 3.1-1 represents, therefore, most of the
System D truth model data base. There are two ways in which the Sys-
tem D data base is different: in its treatment of initial condition errors

and in the inclusion of VOR errors; these are discussed below.

As mentioned earlier it is assumed, for the System D evalu-
ation, that drag-updating is employed prior to end-of-blackout to improve
the navigation state estimate. This assumption has significant effects
on both the initial filter covariance and the initial truth model errors.
{The fcrmer is discussed in Section 4. 4.) A recent study* at NASA/
JSC, involving 30 monte carlo runs through the black-out portion of

a typical entry profile, produced a 6 x 6 covariance mairix representing

the position and velocity error statistics at end-of-blackout -~ assuming
the use of a drag-update scheme as proposed by Lear in Ref.16. This
covariance matrix represents the combined effects of IMU initial errors
(at 400, 000 ft, taken from Ref. 7), measurement noise and uncertainties
in vehicle aerodynamic coefficients; it is one of the inputs used to gen-
erate the System D error budget given in Section 5. 4, The same NASA
study generated a m~asure of the effect of a non-standard atmosphere
profile by inserting such a profile and holding it constant through it the

30 monte carlo runs. The resuli was a non-zero mean vector of position

B
Summary results of the study were communicated to TASC by Messers.

P. Pixley and P. Michel. of NASA.
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and veloeity errors. This vector is another input to the System: D error
budget calculations. The initial errors at 400, 600 ft, which were used
in the study cited, correspond to the one-rev mission analyzed in Ref. T
with a KT-70 IMU and pre-launch alignment based on accelerometer
leveling and optics azimuth alignment. In order to be consistent with

the above we have treated the accelerometer errors (Groups 2-5) and

gyro errors (Groups 7-9) by inserting the contributions to initial mis-

alignments at 130,000 ft of individual error sources, along with the
error sources themselves. These contributions are taken from the
"] g Error Tables' (Table D-II-b) of Ref. 7. One additional error source

is the initial pre-launch azimuth misarignment -- this did not appear in

the System A, B or C evaluations because pre-launch gyrocompassing

was assumed.

A drawback of the procedure outlined above is that certain
initial correlations, such as between position errors and misalignments
at 130,000 ft, are not properly accori.zd for. (In fact . .ere is no way
to deduce them based on the information available to us.) Fortunately,
however, it happens that the missing correlations cannot have major
effects in the case studied. This is shown by the result that the final
contributions ' touchdown of all initial position and velocity errors are
small (Table 5.4-1). Thus, whether or not these quantities are highly
correlated with other error sources is of little consequence. {Note that

this result may not be the case fdr every system studied. )

Table 3.4-2 summarizes the features of the Sysiem D data
base which are different from the System A data base given in

Table 3,1-1. Altogether there are six error sources assuciated with VOR

measuremerts in the System D truth model. Two of them correspond
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TABLE 3.4-2

SYSTEM D TRUTH MODEL DATA BASE
(WHERE DIFFERENT FROM SYSTEM A)

Correlation Date
Error Source Value Time S¢
(sec) ource
Group 1
Initial Condition Errors
Position 6 ¥ 6 Covariance Matri
Velocity Mean Error Vector - see text
Azimuth Misalignment 60 Sec — Ref. 1
VOR Measurement White g, % mrad . Ref. 5§
Noise
VQR First-Order Markov 18. 67 mrad 800 Ref. 5
KETOT
Group 16
VOR Survey Errors 11t —_ Ref.15
Group 19
VOR Bias Error 5.0 mrad — Ref. 9
Groups 1, 13,14, 17
Glide Slope Errors Omitted — —_— —_—

directly to error sources modeled in the filter. These are an exponentially

correlated error and an uncorrelated measurement noise; they appear

under Group 1 in Table 3. 4~1. Three error sources not modeled by the

filter are the three VOR survey error components listed under Group 16.

These are treated as distinet from the DME survey errors, since dif-
ferent antennae are involved. The rms magnitude is taken to be one foot

per component, as assumed for all survey errors considered in this report.
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Finally, there is a state representing a VOR bias error. This is not

modeled by the filter and is listed as Group 19 in the table.

The data and equations given in this section, augmented by that

given in Section 3.1, completely define the System D truth model.

Summary — The four system truth models have been pre-
sented using 2 consistent format. The truth model data bases for
Systems A and B are identical (except for minor wookkeeping differences)
since these two systems have identical hardware elements. System C
has a number of added features, all related to the one-way doppler mea-
surements; the elements related to the DME and ILS measurements are
deletzd. The System D truth model is very similar to that of Systems A
and B, with VOR elements added, slide siope elements deleted and initial

condition assumptions aliered.
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4, FILTER COVARIANCE AND GAIN CALCULATIONS

Two of the preliminary steps required prior to performing
error budget calculations are the detailed definition of the filter which
forms part of the system and the preparation of a filter covariance pro-
gram. This program contains the covariance update and propagate algo-
rithms specified by the filter designer and generates a sequence of gain
vectors corresponding to a particular trajectory and measurement sched-
ule. This sequence is saved on tape and repeatedly used by the truth
model covariance program in generating the svstem error budget. Pre-
sented below are the specific algorithms used to represent the filter gain
calculations corresponding to the four candidate systems evaluated in
this study. Systems A, C and D employ different versions of the
JSC/TRW multi-phase filter. System B employs a low-dimensional square-
root filter patterned after those studied by the MIT Draper Laboratory,

4,1 SYSTEM A FILTER

Figure 4. 1-1 is a macro flow chart indicating the overall orga-
nization of the filter covariance programs used for both System A and
System B. The principal inputs are the starting time, To’ and the initial
filter covariance matrix, PFO.

The principal output is the file of gain vectors, I{1 through E«.’.B
for the first 303 update times (606 seconds) and K1 through KB for the

remaining 164 update times (144 seconds with a 2 second interval and
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r-7808

hid
INITIALIZE
AID LOCATICNS
TRANSFORMATIONS
READ T, Py
[+
»] LOOP
'I' T
1 TRAJECTORY
CALL TRAJ _POS ., VEL , AV's FILE
. YES PUNCH
T=Tie P Pg
?/
NO |
i
FILTER COVARIANCE
UPDATE: GROUP 1 Ky.Kz.Kg .| GAm
1 DME 1 »\ FILE
2 DME 2
3 BA Y
FHTER COVARIANCE . Ke K
LER TP YEs UPGATE : GROUP 2 478078
2 4 LCL
5 RA
& GL5
NO
w-‘
FILTER TRANSITION
MATRIX and
PROCESS NOISE
FILTER COVARIANCE
PROPAGATION
T:TeAT
NO
YES
END
Figure 4,1-1 Filter Covariance Program Flow

Chart (System A and System B)

4-2



THE ANALYTIC SCIENCES CORPORATION

46 seconds with a half second interval). At the time of the first localizer
measurement (T =T} o1 ) the current P matrix can be punched on cards.
This gives us the capability to restart the problem at TLCL using these

cards to represent the new P

o

The large square blocks in Fig. 4.1-1 contain the detailed
covariance update and propagate algorithms. These can vary greatly
from one filter design to another, depending on filter state size, state
definitions, whether or not a square root formulation is used, reinitiali-

zations, process noise treatment, etc.

The JSC/TRW System A filter has been represented as a 24-

state filter with the following state definitions.

State Numbers Variables
1-3 Position Errora
4-6 Velocity Errors
T-9 Platform Misalignments
10-12 Gyro Drifts
13-15 Accelerometer Scale Factor Errors
16-18 Accelerometer Bias Errors
19 DME1 Correlated Error
20 DME?2 Correlated Error
21 Baro Altimeter Correlated Error
22 ILS Localizer Correlated Error
23 Radar Altimeter Correlated Error
24 IL.S Glide Siope Correlated Error

The upper-left 18 x 18 submatrix of P, has been supplied to

F
o
TASC by JSC; the numbers are not repeated here. The last six rows
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and columns are all zeros except for the six diagonal elements. These
are the squares of the initial rms values given or indicated in the "crc"
column in Table 4.1~1. The transition matrix elements are programmed

in accordance with the description given in Ref. 4 (see pages 46-53).

TABLE 4. 1-1

FILTER STATE MEASUREMENT ERROR STATISTICS: SYSTEM A*

Correlated Error (Filicr Siate) Measurement
Mansarement Noige
% T i
1. DMIEL 205 1L 400 so0 48 1t
2. DME2 2056 1L 400 see 48 ft
3. Baro Altimeter Eq. (4.1-10) 40 sec Eq. {4.1-11)
4, ILS Localizer Eq. (4.1-13) 0. 55 sce 0
5. Radar Altimeter Eq. (4. 1-12) 4 seC 3.28 it
6. 1LS Glide Slope Eq. {4.1-14) 0. 55 see 0

The last six diagonal elements of the filter transition matriv

have the form:

k&
1 - At/(2 Ti)
F, ~ 1+ M/A2T) ;1=19,...,24 (4.1-1)

3
Data from Ref. 5 and personal communication with W. Lear of TRW.

*k
Except where 2 T < At; see Eq. (4. 89) Ref. 4.
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where At is the propagation step size. The corresponding discrete

process noise elements have the form

Q =0’ (1 - ¢y 2) (4.1-2)
i1 1

ii

where the T; are the correlation times given in Table 4. 1-1. Each filter
covariance propagation employs the following standard formula:

T
P = @ P D - Q (4. 1"‘3)
P Fe e Fi P

At each update time a sequence of covariance updates are cal-
culated, corresponding to a sequence of scalar measurements. In each

case a 24 x 1 gain matrix is calculated using

- T
K, = PLH/(HPL HF g + 0% (4.1-4)

where HF is a 1 x 24 measurement matrix, P;, is the covariance just

prior to the updating, U is a scalar measurement underweighting

factor, * and O is the assumed measurement noise variarce (see the
last column of Table 4,1-1). The covariance matrix is then updated
in accordance with

+ —_ - - -
PL o= (1-KHJPL (4. 1-5)

*®
The scalar uygg is normally unity, but has the value 1. 2 during the
early portion of the trajectory (see Refs. 4 and 17),

4-5
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The 1 x 24 HF matrices can be viewed as 24-dimensional row
vectors, h. The non-zero elements of h for each of the six scalar mea-

surements are given below:

DME]1 DME2
hy =p,/p h, = pg/p
h, = py/p hy =py/p
hy =p,/p hy = o, /p
hyg= 1 hyq = 1 (4. 1-6)

where p is the magnitude of the vector displacement of the vehicle from
the DME station in question, and P r.')y and p, are its components in

the I frame (see Appendix A).

Baro Altimeter Radar Altimeter
hl = g/r hl = x/r
h2 = y/r hy = y/r
he = z/r h, = z/r
h21 =1 h23 =1 (4.1-7)

n the above r is the magnitude of the current position vector from the
center of the earth and %, y and z are its components.

ILS Localizer

hy = u, /.r.aS
x/ 4

h, = u_/p

2 ey S4
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h

= .1-8
h22 1 (4 )
In the above pg 4 is the magnitude of the projection of the displacement
vector p 4 onto the earth's surface, as shown in Fig. 3.1-3. The quan-
titiesu_ , u_ , and u, are components of the unit vector u e shown in

ex’ Cy Z
the figure.

1LS Glide Slope

hy = upx/pﬁ.
hy = upy/;:6
hy = “pz/”s
By, = 1 (4.1-9)

In the above Pg is the magnitude of the displacement vector shown in

Fig. 3.1-3, andu_ , up and u_ are components of the unit vector Ep'
X y 7

The rms vaiues of the correlated errors associated with the
last four external-aid devices are programmed as a function of position
and (in one case) relative velocity. The baro altimeter measurement
noise 1-sigma value is also given as a function of altitude. These func-

tions are indicated below.

Baro Altimeter, (units in feet and ft/sec)

_ 4.1-10
0% - 17,222 + 3.99 ¢ 10714 At 1322 x 1078 VR ( )

2
o

°, = 9.84 + (0.00025 ALy’ (4.1-11)
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Radar Altimeter, (units in feet)

(0. 05 Alt (Alt > 500)
o. = <0.02Al (500 > Alt > 100)
2.0 (100 = Alt) (4.1-12)

118 Localizer, (o, in milliradians, p in feet)

5. 6 (o> 27, 300)
o = <1.4+4 2(£"—3—=—5—°—°) (27, 3002 p>3, 500)
c = 4+ 4. 2537800 , 3002073,

1.4 (83,5002 o) (4. 1-13)

118 Glide Slope,(crc in milliradians, p in feet)

2.5 (p > 27, 300)
o = J1.a+1.1(£3:990) (57 300> p>3,500)
c ’ *+\" 23,800 » SUV = ’
1.4 (3,500 = p) (4.1-14)

The filter covariance program based on the 24-state iilter out-
lined above has heen exercised over the trajectory and measurement sched-
ule described in Seetion 2. The time history of the filter-indicated per-
formance is given in Table 4.1-2. RMS values of position and velocity
errors in R frame components (runway coordinates; see Appendix A) are
given at key times -- just before and just after the first measurement of
each type, and at touchdown. At the bottom of the table the filter-indicated
rms estimation errors, at touchdown, for the other 18 filter states are
also given. The results given in Table 4. 1-2 represent what optimal per-
formance would be if this 24-state filter model were a completely accurate

4-8
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TABLE 4,1-2

SYSTEM A FILTER-INDICATED PERFORMANCE

;
| RMS Position Errors RMS Velocity Errors
Event Time (R frame {ft)) {R frame (it/sec))
(gee Table 2.1-1% (sec)
- Vertical Dovwnrange | Crogsrange { Vertieal Downrange | Crossrange
! ToME 1686: 49, 400 83,100 25,000 160 3.6 134
1686 15,300 25,900 20,200 40.8 57.2 64.1
TBA IBOB: 2,920 1,170 874 6, 71 5.79 7.69
1806 2,080 1,030 811 5.12 5.73 6, 94
T 2292; 473 208 560 1.59 1.98 3.98
LCL 2202 470 203 416 1.85 1.74 3.03
7 24307 855 231 53.1 1.77 1,26 0, 92
RA 2430 122 213 50,4 0.58 1.14 0. 89
T 2449, 5: 43,4 218 16.9 0.49 1.15 0.62
GLS 2449, 5 24.8 206 16,3 0.47 1.12 0.682
Trp 2482 1.9 30.6 5.5 0.16 0.90 0,34

Misalipnments (rad)
Gyro Drift (rad/sec)
Accelerometer Scale Fm:tm‘s:2
Accelerometer Rases {t/sec”}

I T O I O

OTHER INDICATED ESTIMATION ERRORS AT TOUCHDOWN, Tp

0.287x1073, 0.079x1073, 0,123x10-3
0.279x10-6, 0.283x10-6, 0.278x10"6{ «
4.94 x10-8, 4,55 »10-5, 4,80 x10-5
5.67 x10-4, 5,60 x10~4, 6.66 x10-4

DME Errors {ft; 41,4, 29,2
Baro Altimeter Error (It) 2.5
Localizer Error \rad) 1.54 x10-3
Radar Altimeter Error {ft) 1.8

Glice Slope Error (rad) 1.4 x1073

representation of real-world error dynamics, The results given in
(, Section 5.1 are a projection of the performance of this 24-state sub-

optimal] filter in an 82-state model of the real world.

B
P The rms misalignment estimation errors are in runway coordinates
(Vertical, Downrange, Crossrange); the gyro and accelerometer errors
are given in I frame (X,Y, Z) coordinates -- see Appendix A.




THE ANALYTIC SCIENCES CORPORATION

4,2 SYSTEM B FILTER

An MIT-type square root filter used in System B has been
represented as a 6-state filter with the following state definitions.

State Numbers Variables
1-3 Position Errors
4-8 Velocity Errors

The square root matrix W is defined by

T
Ww —PF

For this study the following initial diagonal matrix has been used:

[ 7
p
o
p 0
o
P
WO = (4. 2-1)
o
v
0 crv
o
b V-
where \
c_ = 20,000
p
o = 20 ft/sec
v

4-10
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The filter error dynamics matrix is

0 I
Fp = (4.2-2)
Gr 0
L. 46 x 6

where Gr is the gravity gradient matrix defined by Eq. (3.1-8). The

process noise matrix is

0 0
QF = (4- 2"3)
0 Q
R 6 x 6
where
q, O 0]
Q=10 4y 0 (4, 2-4)
- 0 O qv-

q, = 0.01 (ft/sec)z/sec

(See the dicussion of the choice of q, at the end of this section. )

The propagation of W between measurements is based on the

following equation (from Ref. 6).

4-11
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. 1 -1
W= F . W+5 QW (4. 2-5)

where WD is a "diagonalized" form of W. The "average G' numerical

integration procedure (Ref.18) is mechanized as follows:

0 | 1 | G ‘ 0
W(t +At) = {1+ At . wit)
Covg ' 0 0 1 G, (t+Ab)
At
I lT ? lwile
2 D
0 | a
(4. 2-6)
where
Gr t) + Gr (t+At)
Gavg = 5 (4. 2-7)
To update W at the ith gcalar measurement incorporation the
following equations are used (see Ref. 6).
T T .
z, = W HFi i=1,...,6) (4. 2-8)
T
D, = 272 +Rg (a scalar) (4. 2-9)
i
K = Wzi/Di (4.2-10)

4-12
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whe W o- — A (4. 2-11)

The Ki are the 6-dimensional gaia vectors making up the gain file shown
in Fig. 4.1-1. This file is used to produce the System B error budget re-

sults given in Section 5. 2. Expressions and values for the measurement

matrices Hy, (6-dimensional row vectors) and measurement error vari-
ances RF are given below. The HF have the form
i i
Hp = | b hy hy 0 0 O (4. 2-12)

The three non-zero elements, hl’ hz and h3, are the same as the corres-
pondiug System A elements, given in Section 4.1. For the DME measure-

ments (i =1 and 2):

DME 1 DME 2

hy = o./p hy = P /0

h2 = py/p h2 = py/p (4. 2-13)
hy = p,/o h, = p,/p

where p is the magnitude of the vector displacement of the vehicle from
the DME station in question, and Py pv, and p, are its I frame

components.

4-13
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For altimeter measurements (i = 3 and 5):

Baro Aliimeter Radar Altimeter
hy = x/r hy = x/T
h, = v/t hy = y/r (4. 2-14)
hy = z/r hy = z/T

where r is the magnitude of the current position vector, from the center of
the earth, and x, y and z are its I frame components.

For ILS measurements (i = 4 and 6):

Localizer Glide Slope
h, =u o h, = u /P
1 e, / 8y 1 o 6
h, = u /p h, = u /p (4. 2-15)
2 2 6
ey 8y py
h, = u p h, = 1 / p
3 e, / 8, 3 P, 6

The unit vector u  and pg, are defined in Fig. 3.1-3. The unit vector
L, and pg are defined in Fig. 3.1-4.

The six filter measurement error variances RF. i=1,...,8),
used in the System B filter covariance calculations were c%:amputed in the
following way: In each case the values used in the System A model for
both correlated errors, Oy and uncorrelated errors, crm, were combined
to yield

4-14
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2
=g, vO0_ (4. 2-16)

The values or expressions indicated in Table 4. 1-1, for System A, were
used in Eg. (4. 2-16) for System B.

MIT personnel suggested the following range of possible values
for the velocity process noise:

q, = 0.01t00.10 (£t/sec)?/ sec

The minimum and maximum values in this range were tried in the
System B filter covariance program. The smaller value produced

a significantly better filter-indicated vertical velocity performance at
touchdown, so the gain values corresponding to that run were used to
generate the System B error bidget. The time history of the filter-
indicated performance is given in Table 4. 2-1. (The final values
corresponding to the larger process noise are also given, at the bottom

of the table.) These results present what optimal performance would be

if this 6-state filter model were a completely accurate representation of
real-world error dynamics. The results given in Section 5. 2 are a pro-
jection of the performance of this 6-state sub-~optimal filter in a T0-sts.e
model of the real world.

Note on Subsequent MIT Studies — Since the completion of the

System B evaluation, MIT personnel have conducted further studies cor-
responding to similar measurement sequences. These have included

srail-and-error procedures to achieve better choices of process noise

4-15
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TABLE 4.2 -1
SYSTEM B FILTER-INDICATED PERFORMANCE
RMS Position Errors RMS Velocity Errors
Event Time
(see Table2.1-1)} (sec) (R frame (1) (R frame (1/sec))
Vertical Downringe | Crossrange | Vertical Downrange | Crossrange
ThME 16867 || 20,000 20,000 20,000 20,0 20.0 20.0
1686+ 19, 800 11, 500 10, 500 20,0 20.0 20.0
Tga 18067 10, 500 2,900 1,790 18.4 14.0 14,8
1806 2,200 1,100 " Bp4 18.3 12,5 10. 9.
TioL 22027 42.5 0,7 184 0,57 0.867 1. 14
2292 41,1 67.2 174 0.55 0,65 1.08
Taa 24307 35.0 50.3 50.5 0,55 0.66 0. 65
2430 32.6 49,2 48,4 0.51 0.64 0.63
ToLs 244957 11,3 38.3 11.8 0.25 0, 55 0.38
2440.5 8.4 a2 11. 4 0.19 0.54 0.35
1D 2482 1.4 21,3 41 0.1% 0. 48 0.26
(qv = . 01) . . . . \ .
T1p 2482 1.9 29,9 5.4 0.43 1,30 0. 84
(qv = 0. 1) . - . - . -

and measurement noise variances, as well as the use of additional filter
states such as level misalignment and DME bias error estimates. One
of their conclusions is that better performance is possible with a six-
state filter than with the six-state version described above. It is felt
that the general comparison and summary discussion given in Section 6
of this report remains valid. In addition, our suggestions concerning the
use of additional states seem to be borne out by the resulis of the MIT
experimenis along these lines.

4,3 SYSTEM C FILTER
The JSC/TRW System C filier has been represented as a

22 ~state filter with the following staie definitions.

4-16



. ANALYTIC SCIENCES CORPORATION

State Numbers Variables

1-3 Position Errors
4-6 Velocity Errors
7-9 Platform Misalignments

10-12 Gyro Drifts

13-15 Accelerometer Scale Factor Errors

16-18 . Accelerometer Bias Errors
19 - Onboard Doppler Rate Bias Errors
20 Beacon Doppler Rate Bias Error
21 Baro Altimeter Correlated Error
22 Radar Altimeter Correlated Error

The upper-left 18 X 18 submatrix of PF0 is identical to that
used in the System A evaluation. The last four rows and columns are all
zeros except for the four diagonal elements, These are the squares of

the initial rms values given or indicated in the "o," column in Table 4.3-1.

TABLE 4. 3-1

FILTER STATE MEASUREMENT ERROR STATISTICS: SYSTEM C

Correlated Error

(Filter State) Measurement
Measurement Noise
o) T a
c m

1., One-Way Doppler
Onboard Rate Bias| 0.0876 fi/sec 800 sec

Beacon Rate Bias 0.0044 ft/sec 400 sec 0.0357 ft
2. Baro Altimeter Eq. (4.1-10) 40 sec Eq. (4.1-11)
3. Radar Altimeter Eq. (4.1-14) 4 sec 3.28 ft

4-17
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The transition matrix elements are programmed in accordance with the
description given in Ref. 4 (see pages 46 and 53) and discussed in Section 4. 1.

The filter covariance propagation and update calculations are
those given in Eqs. (4. 1-3), (4.1-4) and (4. 1-5) except for one additional
term used to account for measurement nonlinearities. The denominator

of the gain equation (4. 1-4) is increased by an amount AR as follows:

T - T
Kp = PHp/(HpPp Hp ugg

2
F +0, AR) (4. 3~1)

The increase is calculated using the second partial derivatives of a non-
linear measurement equation which is expanded in a Taylor series about
the estimated state. The second partial derivatives with respect to position
and velocity make up a 6 x 6 matrix, SP. Then, a 6 x 6 matrix product

is calculated

MP = SPPF (4. 3-2)

where f’F is the 6 x 6 upper-left partition of PF‘ MP is used to compute

a double-sum term, DSUM, and a quadruple-sum term, QSUM.

DSUM = Trace (MP) (4. 3-3)
6 6
QSUM = E E ¢ Mp(i, 1) Mp(, 1) (4. 3. 4)

where
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Then,

Tt is shown in Ref. 10 that%

AR = %QSUM +(1

2

DSUM)Z (4.3-5)

DSUM is the expected value of the measurement

bias error associated with the second-order terms of the Taylor series.

The factor u 70 in Eq. (4.3-1) is the measurement underweighting factor

discussed in Section 4.1.

The 1 x 22 .. matrices can be viewed as 22-dimensional row

F

vectors, h. The non-zero elements of h for each of the three scalar

measurements are given below.

One~-Way Doppler

h. = At ?_.}E'?_?.‘i..
1 p p3
;SY o
ho = At L - .
2 3
P p
o oA
h = At _z.-..._..z__..
3 p p3
hy = Atpx/p
hy = Ath/P
hy = AtP /P

atfPx Po
21 p p3
ﬁ__y__pyn
2 \P -3

p
A%z Pa
2 \p p3
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h At

1i

19
h

} a8
20 At (4. 3-6) 1

Where the Py py, D, p , ete. are I irame components of the displace-~
ment vector, o, from heacon to shuttle, and its derivatives p and p

The other parameters appearing above are defined as follows:

p = g - Q
A =p-p
n=p-2
At = update interval (4.3~7)
Baro Altimeter Radar Altimeter
hy = x/r hy = x/r
h, = y/r h, = ¥/t
hg = z/r hy = z/T
hgy = 1 hgy = 1 (4.3-8)

In the above r is the magnitude of the current position, from the center of

the earth, and x, y and z are its I frame components.

The filter covariance program based on the 22-state filter out-
tined above has been exercised over the trajectory and measurement
schedule described in Section 2. The time history of the filter-indicated
performance is given in Table 4. 3-2. RMS values of position and velocity
errors in R frame components are given just before and after the first

measurement of each type and at a few other times, including touchdown.

The results given in Table 4.3-2 represent what optimal performance

4-20
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TABLE 4,3-2

| SYSTEM C FILTER-INDICATED PERFORMANCE

RMS Position Errors RMS Velocity Errors
Event Time (it frame (it)} {R frame {ft/sec))
B (see Table 2.1-1) (sec)
L Vertleal Downrange | Crossrange | Vertleal Downrange { Crossrange
TOWD 1686° 49,400 93,100 25,000 160 93.8 134
1686% 34, 300 54,100 24 900 110 49,6 70.8
T 18067 10, 300 15,400 19,100 34.2 18.0 .77
BA 1806+ 4,910 8,610 11,200 17.0 10,6 g.02
2282 140 63.4 88.2 0,87 0.31 0.85
TRA 2430~ 35.8 85,8 17.8 0.32 0.11 0.84
2430* 33.17 65.7 77.% 0.31 0.11 0,83
TTD 2482 2.1 0.7 3.6 0,22 0.07 0.33
OTHER INDICATED ESTIMATION ERRORS AT TOUCHDOWN, Trp
Misalighments (rad) — 0,266 %103, 0.066%10~3, 0,056 = 10-3\
Gyro Driit {rad/sec) - 0. 258::10-3 0, 2alxm-6 0.276 x10-6
Accelerometer Scals Factors — 4,91 x10'5 4.48 x10'5 4,84 x10-9
i Accelerometer Biases {ft/sec?) — 5.67 x10'4 5,60 xlO“‘ 5.64 x10-4
!J Onboard Rate Bias (it/sec) — 0.051
- Grourd Rate Blas (ft/sec) — 0,007
Baro Altlmeter Error (it) — 9,53
Radar Altimeter Error (ft) — 1.89

would be if this 22-state filter model were a completely accurate repre-
sentation of real-world error dynamics. The results given in Section 5. 3
are a projection of the performance of this 22 state sub-optimal filter in
a 63-state model of the real world.

=
I
[
]

- The JSC/TRW System D filter has been represented as a
- 23 ~state filter with the following state definitions.

4.4 SYSTEM D FILTER

L *

E The rms misalignment estimation errors are in runway coordinates
(Vertical, Downrange, Crossrange); the gyro and accelerometer errors
are given in I frame (X Y, Z) coordinates -~ see Appendix A,

4-21
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State Numbers Variables

1-3 Position Errors
4-6 Velocity Errors
7-9 Platform Misalignments
10-12 Gyro Drifts
13-15 Accelerometer Scale Factor Errors
16-18 Accelerometer Bias Errors
19 DME Correlated Error
20 VOR Correlated Error
21 Baro Altimeter Correlated Error
22 ILS Localizer Correlated Error
23 Radar Altimeter Correlated Error

The upper left 18 x 18 submatrix of PFO has been supplied by NASA
(a different set from that used in the System A and C evaluations). The last
five rows and columns are all zeros except for the five diagonal elements.
These are the initial rms values given or indicated in the "op'" column of
Table 4.4-1.

TABLE 4.4-1
FILTER STATE MEASUREMENT ERROR STATISTICS: SYSTEM D

Correlated Error (Filter State}| Measurement
Measurement Noi
oise
o T o
c # m
. DME 295 ft 400 sec 48 ft
. VOR 18, 67 mrad 800 sec 8.5 mrad
. Baro Altimeter Eq. (4.1-10) 40 sec Eq. {4.1-11)
. ILS Localizer Eq. (4.1-13) 0. 55 sec 0
Radar Altimeter| Egq. (4.1-12) 4 sec 3.28 #t

4-22
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The transition matrix elemerts are programmed in accordance
with the description given in Ref. 4 and discussed in Section 4.1. The
filter covariance propagation and update ealeulations are those given in
Egs. (4.1-3), (4.1-4) and (4. 1-5}

The 1 % 23 HF matrices can be viewed as 23-dimensional row
vectors, h. The non-zero elements of h for the first two scalar measure-

ments are given below:

DME VOR
hy = Pg/Py By = “zx/’“’s1
hy = oy /04 by = U, / Py
by = PpfPy By =My [P
hig=1 hgo=1

where ~ is the magnitude of the vector displacement p 1 of the vehicle
from the VOR/DME station, Py ,oy and pz are is I frame components,
Py { is the magnitude of the projection of p 1 onto the earth's surface, and
U9, 02 ugy and up,, are the I frame components of the unit vector u 5 shown

in Fig. 3.4-2.

The non-zero elements of the h vectors associated with baro
altimeter, radar altimeter, and ILS localizer measurements are the same
as in the System A filter; see Egs. (4. 1-7) and (4. 1-8).

The filter covariance program based on the 23~state filter out~
lined above has been exercised over the trajectory and measurement sched-
ule described in Section 2. The time hisiory of the filier-indicated per-
formance is given in Table 4. 4-2, RMS values of position and veloeity

errors in R frame components (runway coordinates; see Appendix A) are
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TABLE 4,4-2
SYSTEM D FILTER-INDICATED PERFORMANCE
RMS Position Errors RMS Velocity Errors
Event Time (R frame {{t)} (R frame (ft/sec))
(sce Table 2,1-1% (sec}
Vertie-! Downrange | Crossrange { Vertleal Downrange | Crossrange
ToME 1686~ 4,800 27,200 22,800 22,8 36.9 16.8
1686 4,580 14,200 12, 800 11.6 35.5 15.9
TBA 1806 5,060 2,120 1,050 14.8 14.7 12,4
1806+ 3,120 1,590 899 10.5 13.1 11.8
TLCL 2202~ T80 290 580 2,82 2.52 3.55
2292* 173 285 421 2.78 2,38 2.81
T 24507 2717 284 12.3 0.98 1.71 0.65
RA 2450+ 113 270 11,8 0,78 1.62 0.84
TTD 2482 2.5 54,2 5.7 0.50 1.33 0.30
Trp
2482 2.3 43.4 5.6 0.31 1.29 0.29
{old trajectery)
OTHER INDICATED ESTIMATION ERRORS AT TOQUCHDOWN, Trh
Misnlignments (rad) —~ 0.545%10"3, 0,122x10"3, 0,211x10"3
Gyre Drift {rad/sec) ~ 0,543x10-8, 0.546x10"5, 0.526x1076 L,
Aceelerometer Scale Facters . — 0,87 x10-5, 9.21 %109, 9,01 x10-5
Accelerometer Biases (it/sec?) ~ 1.58 x1073, 1.58 x10-3, 1,59 »10-3
PME Error (ft) — 2.48
VOR Error (rad) - 2,38 x103
Baro Altimeter Errar {ft} - 8.61
Localizer Error (rad) — 0,54 x10-3
Radar Altimeter Error {ft) - 2,04

given at key times--just before and just after the first measurement of each
type, and at touchdown, At the bottom of the table the filter ~indicated rms es-
timation errors, at touchdown, for the other 17 filter states are also given.

The added row of position and velocity err~rs at touchdown,
laheled "TTD (old trajectory)", corresponds to an additional run through
the System D filler covariance program with the trajectory tape which had
been used in the System A, B and T evaluations. This exira run was
motivated by the observation that the System D filter -indicated touchdown
performance (with the new trajectory) is very similar to the System A

*

The rms misalignment estimation errors are in runway coordinates
(Vertical, Downrange, Crossrange); the gyro and accelerometer errors
are given in I frame (X,¥Y,Z) coordinates -~ see Appendix A.
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filter -indicated performance (Table 4.1-2) in every component except
vertical velocity -- 0.50 fi/sec compared with the System A value of
0.16 fi/sec. The added run, in which the terminal rms vertical velocity
error is 0.31 ft/sec, shows that a major part of the difference between
the System A and System D resulis is caused by the steeper approach
paih for System D, This point is discussed further in Section 6.1.

The resulis given in Table 4.4-2 represent what optimal per-

formance would be if this 23 -~state filier model were a completely accu-~
rate representation of real-world error dynamics. The results given in
Section 5.4 are a projection of the performance of this 23-state sub-
optimal filter in a 74-state model of the real world.

Foem——
i
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5. RESULTS

This section presents detailed resulis for the four candidate
systems. Overall performance curves are given for each system, show-
ing time histories of position and velocity errors due to all sources com-
bined. In each case a "Baseline Error Budget" table is given, showing
the contributions of individual error sources, or small groups of error
sources, at touchdown. Smaller tables of "Alternative Contributions"
are provided, allowing the reader to see the effects of different truth
model assumptions. Sensitivity curves illustrating the effect of variations
in the rms value of a given major error source (or group of error sources)
on overall system performance are also given, Section 6 provides a
general summary and comparison of the four sets of results, including
discussions of how particular groups of error sources coniribute dif-
ferently to different systems and of filter states which might be safely
deleted or usefully added.

5.1 SYSTEM A EVALUATION

The results presented below correspond to the trajectory seg-
ment, lasting 796 seconds, pictured in Fig. 2.1-1. The measurement
gehedule is deseribed in Section 2.1; it employs a 2 second interval be-
tween updates for 750 seconds, followed by a 0.5 second update inter--al
for the final 46 seconds. A file of gain values, generated using the filter
covariance program outlined in Section 4.1, has been used repeatedly to
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compute detailed error contributions corresponding to this trajectory and

measurement schedule.

5.1.1 Overall System Performance

Figures 5.1-1 and 5.1-2 present overall performance curves
for System A, showing position error components and velocity error com-
ponents, respectively. The curves plotted represent rms errors due {o
the combined effects of all error source groups in the baseline error bud-
get. They were generated by root-sum-squaring individual contributions
at one minute intervals (tabulated in Appendix C). At TDME , when the first
DME measurements are made, and at other key times, such as TB A?
TLCL’ TR A and T GLS’ the root-sum-square calculation was performed
both before and afier update. Thus, the large jumps in certain component
errors, which occur at these times, are accurately shown. Otherwise,
the curves are faired-in over the one-minute intervals between the cal-

culated points.

At the time of the first DME measurements, TDME’ some of
the component errors increase -- notably, the crossrange position and
velocity errors. This reflects the fact that the initial filter covariance
matrix does not accurately represent the assumed real world covariance,
resulting in non-optimal performance. Clearly, if the filter were
muned" for the particular case considered, it could do beifer at the first
update time. Navigation errors then decrease rapidly over the several
minutes following the first update. Note, especially, the large decrease
in vertical position and velocity errors at the time of the first baro-
altimeter update. The exception is the increase in crossrange velocity

error during the first minufe. Examination of individual contributions
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(as tabulated in Appendix C) shows that the major cause of this increase
is the group of accelerometer scale factor errors (Group 3). This group
is also the major cause of the increase at the first update. The effect is
associated more with initial correlations caused by the accelerometer
seale factor errors during boost than with the accelerometer errors

occurring in the time interval plotted.

An interesting feature of the velocity performance curves of
Fig. 5.1-2 is the sharp decrease in the downrange velocity error at the
time of the first localizer measurement, TL CL* Clearly, the crossrange
and downrange position and velocity errors must be highly correlated at
this time. We note in passing that a filter scheme which automatically re-
initialized to a diagonal filter covariance matrix af this point in time would
lose the benefit illustrated.

A potentially serious problem for System A is illustrated in
Figs. 5.1-1 and 5.1-2 by the large vertical errors just prior to the time
of the first radar altimeter measurements, TR A This occurs less than
one minute prior to touchdown, and the projected rms vertical position
error of more than 2000 feet is probably unacceptable -~ despite the fact
that the performance is quite good after the radar aitimeter comes into
use. The large rms vertical pssition error prior to TR A is caused by the
large vertical velocity error integrated over time. The major contributors
to vertical velocity errors are the gyro bias and mass unbalance drifts
(Groups 7 and 8). Evidently, the filter "helieves" it has accurate esti-
mates of platform alignment and vertical velocity information, and is
making heavy use of mis-resolved accelerometer outputs. The problem
illustrated here is not inherent to the type of conventional ravaids under

investigation (since it does not occur in the System B or D gtudies). It is
a filter design problem angd is, thus, subject to fixing by software modification.

5-4
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Section 6 contains further discussions of the implications of

the performance curves presented in this section.

5.1.2 Detailed Error Budget

System error covariances have been calculated for each group
of error sources over the entire 796 second trajectory (i = 1686 sec to
9482 sec)., The total amount of data produced is therefore quite large,
since rms values of all gignificant quantities, before and after each
measurement, have been generated. In order to summarize important
results in one table of manageable size, a "snapshot' view of conditionr
at the nominal touchdown time (2482 sec) is presented in Tables 5.1-1
and 5. 1-2. Table 5. 1-1 is the System A Baseline Error Budget showing

rms estimation errors in position, velocity and platform alignment com-

ponents at touchdown. FEach value is the rms contribution oz the error

source or sources indicated in the left hand column; it comes from a

computer run in which the elements of Pg(0), Qg or Rg;, corres_ponding to

those errors alone, are set at truth-model values -~ and all others are

zero. The overall System A performance, or root-sum-square values,

are given at the bottom of the table and compared, first with the filter’'s
own estimate of performance based on its simplified 24-state model of

system error dynamics, and second with the Shutitle landing navigation
specification given in Ref. 1. Table 5.1-2 lists the System A Alternative

Contributions showing how different assumptions or additional error

sources would produce other contributions to position, velocity and

alignment errors at touchdown.

Particular numbers have been circled in the position and

velocity error columns of Table 5. 1-1 to focus attention on major

5-5



TABLE 5,1-1

SYSTEM A BASELINE ERROR BUDGET

Error Source

Valoe

RMS Navigation Errors at Touchdown

bosition (ft}

Velocity {t/sec)

Misalignment (mrad}

Vertical l Downrange ICroaaran:e

Yertieal [ Downrange Icrmann;r

Verlical I Dewnrange ICro::nn;c

ALI'TVAOD 9004 J0
ST HDVd 'TVNIDINO

9-G

ESTIMATED STATES AND NCISES

Group 1. IMU Quantization Noise One Pulse - 1 em/sec G 0T 0.09 | 0.048  0.032 0,034
Measurement Noises
DME's 24t 0.1 1.2 0.1 0,01 0,05 — | 0.008 0.002  0.006
Radar Altimeter 3.28 1t 4.0 -— 0,09 — | 0.008 —  o0.008
Radzr Altmeter Markoy Eq. (3.1-43) —_— 0.13 — | o8 —  om2
IMU-RELATED STATES
Group 2, Accelerometer Blases 60 pg 0.2 0.9 ¢8.3L> 0.1 | 0,542 0.075  0.078
Group 3. ?cctetergmeter Scale 34 ppm <) G0 @20 0.2D| 1.600 0,114  0.013
Faclor krrogs
Ciroup 4. Accelerometer Misalignments 40 5ce 0.8 0.06 0178 0.172  0.201
Group 5. Accelerometer Nonlinearitics 3.5 pp/e? — 0.3 — — 0.01 _ — — —
Group 6. gr:fs.lvit{l Anomalles and sec Table 3.1~2 0.2 3.9 0.3 0.13 0.03 0.025 0.021 0.021
ef{ecilons
Group 7. Gyro Bias Drifts 0,01 deg/hr 0.2 0.6 .07 | 0.73%  .,043  0.018
Group &, Gyro Mass Unbalances 0,015 deg/hr/g 3.6 0.6 (0.09>  0.07 6.06 | 0.266 0,012 0,030
Group 9. Gyro Anisaelasticlty 0.005 deg/he/gd |~ 0.1 —_ — — w— | 0.005 0.001 0.0D1
EXTERNAL-AID RELATED STATES
Group 10, DME Bias Errors 205 It 0.2 1.7 0.2 0.41 0,02 | 0.010 0,004 0,004
G oup 11. DME Scale Facter Errors 100 ppra — 0.8 0.1 —_— 0.04 0.01 0.005 0.003 0.007
Sroup 12. Bare Altimeter Errors
B A actor b —_ 01 _— — on — | — 0.8 o.002
Markov and 20 ft — — —_ — — — — — —
Measurement Noise 51t
Statie Defect 152 x30~4 tt/{ft/mec)? —_ 0.1 — —_ 0.01 — — — 0.001
GGroup 13, ILS Bias Errors
Localizer 0.5 mrad —_ i.2 —_ 0.07 0.050  0.025 0.0i4
Glide Stope 0.5 mgad 0.1 0.13 0.07 0,01 | 0.003 0.COL  0.004
Grovp 14, ILS 20d Order Markovs
Localizer Eq. {3.1-44) 0.1 2.4 —— 0.0 Co.30>| o049 0038 0,017
Gilde Slape Eq. {3.1-45) 0.1 0.01 — } 0.007T 0.001  0.016
Groug 15, {Net Included In Baseline
Error Budget)
Group 18, DME Survey Errors 11 — 0.6 — —_— 0.01 — 0.001 —_— 0.001
Group 17, ILS Survey Errors
Locallzer 10 — — 1.0 — — e 0.001 — —
Glide Slope 11 0.2 a0 — 0.03 0.11 —~— | 0.005 — 0,011
Totl Projected Performance (root-sum-square} 1.9 28,7 8.0 0.22 1.07 0.49 1.880 0.232 0.226
Filter-Tndicated Performance 1.9 0.6 5.5 0.16 0.90 0.34 | 0.267 0.0  0.123
Specification (Ref, 6) 3.0 80.0 4.7 0.20 3.00 2.00 Not Specified

A "—" entry refers toa neglglbly Bmall contribution,

NOILYHOdEOD SIDNIIDS JILAIVNY FHL
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TABLE 5,1-2

SYSTEM A ALTERNATIVE CONTRIBUTIONS

RMS Navigation Errors al TFouchdown

Position {{i)

Velocity (ft/sec)

Misalipnment {mrad}

Error Source Value
vertieal TDownrange (Crossrange| Verlleal Dawnrange | Crossrange [ Vertical Downrange | Crorsrance
Group I. Initial 9 ¥ § “nvariance See Section 3.1.3 0.4 19.9 2.2 0.08 0.96 0.30 1.920 0.126 0.129
Matrix (Position, Velocity '
and Alignment)
Initial 6 x 6 Covariance 0.4 13.0 2.1 0.04 0.63 0,30 1,827 0.122 0.121
Matrix {Position and Velocity
only)
LS First-Order Markovs
Localizer Eg. (3.1-44) 0.1 3,2 9.2 0.01 0.13 0,51 0.082 0,064 0.027
Glide Slope Eg. (3.1-45) 0.8 9,3 0.1 0.10 0.16 - 0.007 0.001 0.016
Group 15. Radar Altimeter Errors
Bias 1Mt 0.8 7.0 —_ 0.03 0.11 -_ 0.005 —_ 0.010
Seale Factor 0.025 0.4 12.0 — 0.04 0.10 —_— 0.005 _ 0.010

NOILYH04dY0D $3DN3IIDS DILATYNY JHL
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contributors. The rule followed in deciding which numbers to circle was
to include, in any one cblumn, the largest value, second largest value,
etc., until 95% of the RSS total value was reached. The following
general statements may be drawn from an examination of the System A
baseline error budget:

e The projected downrange performance, in both
position and velocity, is well within specs, and
ihe filter~indicated performance is within 20%
of projected actual performance. The largest
contributors to downrange errors are gyro bias
drifts (Group 7). Other significant error sources
ave accelerometer errors (Groups 2, 3 and 4),
radar altimeter markov error (Group 1), glide
slope errors (Groups 13,14 and i7), IMU quanti-
zation noise (Group 1), and DME bias errors
(Group 10).

e The projected vertical performance is within spec
«n position, buf out-of-spec in velocity. The
{ilter-indicated performance is the same as the
projected actual performance in position, but
almost 30% off in velocity -- erring on the opti-
mistic side. The largest contributors to vertical
velocity errors are glide slope bias error (Group 13)
and the accelerometer misalignments (Group 4).
ther signiticant contributors to vertical errors are
radar altimeter errors {Group 1), glide slope
markov errors (Group 14), gyro biases and mass
unbalances (Groups 7 and 8), accelerometer bias
and scale factor errors (Groups 2 and 3) and IMU
quantization (Group 1).

e The projected crossrange performance is within
spec in velocity, but out-of-spec in position. The
filter -indicated performance, in both position and
selocity, is optimistie -~ precicting roughly two
thirds of the projected actual rms errors. The
largest coniributors to crossrrange errors are
Tocalizer errors (sroups 13 and 14), Other signi-
Feant comiributor:s to crossrange velocity errors
are accelerometer scale factor errors (Group 3).

5-8
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® The projected errors in estimating platform misalign-
ments are approximately 0.2 milliradians, for mis-
alignments about level axes, and nearly 2.0 millira-
dians for azimuth misalignment. The latter is signifi-
cantly larger than the projected rms actual misalign-
ment which is 0.8%0 milliradians --the rss value at
the hottom of the System B error budget table.(Mis-
alignments are not estimated by the System B filter).

Considering all components of position and velocity errors at

touchdown, the list of major centributors includes gyro errors, accelero-

i . . .
L meter errors, and errors associated with all of the external devices ex-

cept the baro-altimeter. More detailed discussion of the important error

mechanisms and possible ways to reduce some of the contributions is

given in Section §,

Detailed tabulations of the error contribution time histories
are given in Appendix C. For every row in Tables 5.1-1 and 5. 1-2 there
is a page in Appendix C, which is a reproduction of a computer print-out
page summarizing im portant results from one error budget run,

5.1.3 Sensitivity Curves: System A

This section contains several curves illustrating the sensgitivity
of System A performance to variations in error source statistics. These
_ "fixed-filter" sensitivity calculations answer the question: '"What is the

? effect of an unknown variation in the rms value or values or an error
source or group of error sources?" These calculations can be made
i easily, given the type of error budget information summarized in Table

5, 1-1, because the appropriate error covariance equations are linear.

All of the example curves given in this section correspond to

major contributors to the system performance. Similar sensitivity curves

5-9
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may be constructed for any error source group for which error budget
data exists in Table 5.1-1. Sensitivity curves corresponding to error
sources which produce minor coniributions when their nominal values are
assumed are quite flat and of little interest.

To illustrate the means by which the data poinis for the sensi-
tivity curves were calculated an example will be given. The sensitivity
of downrange position at touchdown to gyro bias drift is shown in Fig. 5.1-3a.
The baseline data point, 28,7 ft, is the total syster error, which includes
the effect of a 0.01 deg/hr bias drift about each platform axis. The con-
tribution of these bias drifts is shown in Table 5.1-1 to be 17.8 it, To
compute the effect of 2 0.03 deg/hr gyro drift the 0.01 deg/hr bias drift
contribution is removed from the total system error and replaced with an

error which is three times as large. Thus:

It

D

1/2
[(28.7)2 - (17.8)% + (53.4)° ]

)

57.9 it

This result is indicated in Fig. 5.1-3 as a boxed-in point, Alsoc shown on
the curve is the specification value for downrange position error (80 ft)
and the corresponding gyro drift which would cause it (0.043 deg/hr) can
be found from the curve., The dashed line through the origin is the asym-
tote approached by the fotal system error curve as the gyro bias drift con-
fribution becomes large and dominates all others. The remaining points
on the curve are obtained as illusirated above,

Figure 5.1-4 shows the sensitivity of vertical position and
veloeity errors to variations in the accelerometer misalignment angles.
Tt is evident that the vertical veloeity error won't meet the spec (0.2 ft/sec)

5-10
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even if the accelerometer misalisnment is very small. That is, the other
system error sources cause the sysiem to just barely meet spec even

with no accelerometer misalignment,

The data of Fig. 5.1-5 shows the sensitivity of vertical posi-
tion error to radar altimeter markov error. The radar aliimeter markov
error standard deviation is a function of altitude. Thus, the ratio of the
assumed function to the baseline function is used as the independent vari-
able in this figure,

R-9677

5

TIME OF TOUCHDOWN

SPECIFICATION LIMIT

BASELINE
VALUE

RMS VERTICAL POSITION ERROR (ft)

0 i 2 3
RELATIVE RMS RADAR ALTIMETER MARKOV ERRCR

Figure 5.1-5 Sensitivity of Vertical Position Error at Touchdown
to Radar Aliimeter Markov Error: System A

Figures 5.1~6, 5.1-T and 5.1-8 plot the sensitivity of cross-
range errors to their three largest contributors. Figure 5.1-6 is a plot
of crossrange position error as a function of localizer markov error. As
in Fig, 5.1-5, the independent variable of Fig. 5. 1-6 is the ratio of the
assumed to the baseline function used to generate the data of Table 5. 1-1,

5-13
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Figure 5.1-T Sensitivity of Crossrange Position Error

at Touchdown to Localizer Bias Error:
System A
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This is a resuli of the fact that the localizer markov error standard de-
viation is a function of the slant range to the 1LS localizer antenna., Note
that the spec is exceeded for all values of this error because of the other
error source contributions. The crossrange position error is also exceeded
for all values of localizer bias error as shown in Fig. 5. 1-7. The final
figure in this section, Fig. 5.1-8, shows the sensitivity of crossrange
position and velocity to accelerometer scale factor error. Again, there

is no value of accelerometer scale factor error for which the crossrange
position error specification is met.

5.2 SYSTEM B EVALUATION

The results presented bslow correspond to the trajectory and
measurement schedule described in Section 2 -- exactly the same as that
used in the System A evaluation. A file of gain values, generated using the
6-state, square root filter covariance program described in Section 5.2,
has been used repeatedly to compute detailed error contributions for this

trajectory and measurement schedule.

5.2.1 Overall System Performance

Figures 5.2-1 and 5.2-2 present overall performance curves
for System B, showing position error components and velocity error com-
ponents, respectively. The curves plotted represent rms errors due to
the combined effects of all error source groups in the baseline error bud-

get. They were generated by root-sum-squaring individual contributions
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at one minute intervals., (This daia is tabulated in Appendix C.) At TDME’

when the first DME measurements are made, and at other key times, such

as Tpr Trors Tra 2™ ToLy
formed both before and after update. Thus, the large jumps in cerfain

the root-sum-~square calculation was per-

component errors, which occur at these times, are accurately shown.
Otherwise, the curves are faired-in over the one~minute intervals between

the calculated points,

At the time of the first DME measurements, TDME’ all of the
position error components decrease, (Since a diagonal initial filter co-
variance matrix was used, no "wrong way' corrections can occur. )
Following the first update the position errors generally increase over the
next one or two minutes. All are reduced considerably at the time of the
first baro-altimeter n}easurement, TB A Two of the velocity eomponent
errors increase significantly over the first three minutes. Examination
of the individual contributions (as tabulated in Appendix C) shows that the
major cause of these increases in position and velocity errors are the
unmodeled DME bias and scale factor errors. The "humps" in the
velocity component error curves near t = 8 minutes and t = 10 minutes
are also largely due to the unmodeled DME errors, especially scale fac~
tor errors.

All three position error comronents for System B are reasonably
small and well-behaved after the baro-altimeter comes into use, at TB A
While the errors are generally lavger than the corresponding System A
errors, the problem of the large vertical errors prior to TR A (exhibited
by System A -- see Section 3.1-1) is avoided.

Sectic. 6 contains further discussions of the implications of the
performance curves presented in this section.
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5.2.2 Detailed Error Budget

System error covariances have heen calculated for each group
of error socurces over the entire 796 second trajectory. Table 5.2-1is

the System B Bascline Error Budget showing rms estimation errors in

position, velocity and platform alignment components at touchdown. Each

value is the rms contribution of the error source or sources indicated in

the left hand column; it comes from a computer run in which the elements

of those errors alone are set at truth-modet values -~ and all others are

zero. The overall System B performeance, or root-sum-sguare values,

are given at the bottom of the table and compared, first with the filter’'s
own estimate of performance based on its simplified 6-state model of
system error dynamics, and second with the Shuttle landing navigation
specification given in Ref. 1. Table 5.2-2 lists the System B Alternative

Contributions showing how different assumptions or additional error

sources would produce other contributions to position, velocity and align-

ment errors at touchdown.

Particular numbers have been circled in the position and velocity
error columns of Table 5.2-1 to focus attention on major contributors. The
rule followed in deciding which numbers to circle was to include, in any
one column, the largest value, second largest value, ete., until 95% of
the RSS total value was reached. The following general statements may

be drawn from an examination of the System B baseline error budget:

¢ The projected downrange performance, in both posi-
tion and velocity, is slightly out-of-spec, and the
filter ~indicated performance is over-optimistic by a
wide margin. The largest contributors to downrange
errors are DME bias errors (Group 10), Other signi-
Ticanl error sources are gyro bias drifts (Group T),
baro-aliimeter bias and scale factor errors (Group 12),
radar altimeter markov error (Group 15) and glide
slope bias error (Group 13).
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TABLE 5.2-1
SYSTEM B BASELINE ERROR BUDGET

RMS Navigation Errors at Touchdown

Error Source Value Position (ft) Veloeity (ft/sec) Misalignment (mrad}
Vertleal [Dcr-mn:\.‘l: ICrnuran:e Vergieal Inwnran:n |Crnur=n:c Vertieal |Dwnran:u|(:rc.urmgz

4004 4o

TVNIDINO

ALITVND

8T @Dvg

02-%

I, UNCORRELATED NOISE

Group 1. IMU Quantization Nolse One Pulse - cm/sec 0.2 2.1 0.4 0.05 0.14 0.08 1] 0 1]
Measurement Nolses
DME's 91t — 07 —_— — 0.02 —_— 0 0 0
Radze Altlmeter 3.26 &t 1.0 8.9 0.1 0.10 0.0 o 0 0
0. IMU-RELATED STATES
Group 2. Acceleromeier Biases 60 pg 0.1 1.8 0.2 0.02 D.05 0.02 0,027 0,060 0.034
Group 3, Acceleromoter Scale 3 prm — 0.7 0.1 0.01 0.03 0,01 —_— — —_—
Factor Errors
Graup 4. Accclcrumetcr Miszlignments 40 e 0.2 4.1 0.5 0.04 0.18 0.08 0.088 0.182 0,173
Group 5. Accelerometer Nonlinearities 3.5 pg/pe 0.1 —_ — 0,01 —_— 0 0 0
Group 6. Gravity Anomalies and gee Tabie 3,1-2 1.2 0.2 0.01 0.05 0.02 0 1] 0
Deflections
Group 7. Gyra Bias Driits 0.01 deg/hr QD Q20> 0.604  0.312  0.63T

0.10 0.02 | 0.106  0.032  0.057
—_— —— 0.001 o,001 0.0m

Group 8. Gyro Mass Unbalances 0.015deg/hr/g
Group 9. Gyro Anisccksticity 0.005deg/hr/g2

g
:f

0.1
0.1
I, EXTERNAL-AID RELATED STATES
Group 10, DME Dias Errors 205 &t Gr L2 |EGan Gad oo 0 0 0
Group 11, DME Scale Factor Ecrors 100 ppm. 6.0 c.48 (0.685 ¢ 0 n

Group 12, Baro Altimeter Errors
Bias and st 1.0 | oo 0.07 0 ) 0

Scale Factor 0.03

Markov and 20 1t 0.07 — 0 0 0

Measurement Nolso 51t 2.7 - -
Static Defect 1.52x1074 t/{tt/oec)e 0.1 7.4 0.1 — 0.20 0.01 0 0 1]
Group 13, ILS Blas Errors
Localizer 0.5 mrad —_— 0.8 — 0.01 0.18 0 0 o
Glide Slope 0.5 mrad —_ 0.03 0.6  0.01 0 0 0
Group 14, ILS 2 Order Markovs
Lacalzer Eq. (3.1-44) 0.1 1,2 0.01 0.0s 0 0 0
Glide Slope rEq, (3.1-45) 0.2 11.0 0.2 0.01 0.02 u.01 0 4] [+]
Group 15. Radar Altimeter Markov Eq. (3.1-43) Gz 0.2 0.26  0.01 o g )
Group 16, DME Survey Errars 1% — 0.2 — — 0.01 —— o 0 1]
Group 17, TLS Survey Errors
Localizer 1fe — 0.1 1.0 — —_— _— 0 0 0
Glide Slope it —— 14.4 0.1 0.02 0.18 — 0 0 0
Total Projected Performance [root-sum-square) 2.2 B5.6 9.1 6,34 1.G0o {.88 0,620 no425 0,654
Fiiter-Tadicated Performance 1.4 21.3 4.1 a.19 0.48 0.26 Not Estimated
Speciication (Ref, 6} 3.0 80,6 4.7 0.20 3.00 2,00 Not Specified
A V="' antry relers to a negliglbly small contribution,

A& "0" entry represents ap ldentically zero contribution.
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TABLE 5.2-2

SYSTEM B ALTERNATIVE CONTRIBUTIONS

RAMS Navigation Errors at Touchdown

Error Source Value Position {ft} Velocily (It 'sec! E Misalirmmwent (mrad)
T
Yertleal Pownrange |Crossranpei Vertlcal Down.rznpe {Crosaranpe Vertieal Downrange : Lressrange
l
Group 1. Initial 9 x 9 Covariance See Section 3.1.3 0.1 21.5 2.1 0.04 1.1 [ 0. 857 0.225 0. G40
Afatrix (Position. Velocity
and Aignment)
Initial 68 x 6 Covariance — - — —_ - — 0 1] g
Matrix (Positlon and Velocily
only)
Group 18. ILS FirstOrder Markovs
Localizer Eq. {3.1-44) 0.1 1.9 11.6 0.02 0.05 0.74 o 0 0
Glide Slope Eq. (3.1-45) 0.3 17.9 0.3 0.03 .27 0.02 0 ¢ o
Group 15. Radar Altimeter Errors
Bias 11t 1.0 14.2 0.1 0.02 0,17 —
Scale Factor 0.025 - 58.9 0.4 0.28 0.43 —_
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® The projected vertical performance is within spec
in position, but out-of-spec in velocity. The filter
indicated performance is somewhat optimistic --
356% off in position, 45% off in velocity, The largest
contributors to vertical errors are the radar alti-
meter markov error (Group 15) and DME scale fac-
tor errors (Group 11). Other significant error
sources are DME bias errors (Gramp 10), radar
altimeter measurement noise (Group 1), baro~
altimeter bias and scale factor errors (Group 17)
and glide slope bias (Group 13).

® The projected crossrange performance is within
spec in velocity, but out-of-spec in position. The
filter ~-indicated performance is over-optimistic by
a2 wide margin. The largest contributors to cross-
range errors are localizer errors (Groups 13 and 14).
Other significant contributions are those of DME
scale factor errors (Group 11) and gyro bias drifts
(Group 7).

¢ The projected platform misalignments (which are
not estimated by the System B filter) are in the
range from 0.4 to (0.7 milliradians.

Considering all components of position and velocity errors at
touchdown, the list of major contributors includes gyro errors, accel-
erometer errors, and errors associated with all of the external devices
including, in this case, the baro altimeter. More detailed discussion of
the imporiant error mechanisms and possible ways to reduce some of the

coniributions is given in Section 6.

Detailed tabulations of the error contribution time histories
are given in Appendix C. For every row in Tables 5. 2-1 and 5. 2-2 there
is a page in Appendix C, which is a reproduction of a computer print-

out page summarizing important results from one error budget run.
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5.2.3 Sensitivity Curves: System B

This section contains several curves illustrating the sensitivity
of System B performance to variations in error source statistics, These
curves were produced using the error budget data of Table 5.2~1., The me-
thod of generating the data for these curves is discussed in Section 5.1.2,

Similar sensitivity curves may be constructed for any error
source group for which error budget data is available in Table 5.2-1. All
of the error curves in this section correspond to major contributors to
system performance. Sensitivity curves corresponding to error sources

which produce minor ﬁ:ontributions are quite flat.

Figure 5.2-3 shows the sensitivity of downrange position and
velocity errors to DME bias errors. For System B the downrange errors
do not meet the spec for either position or velocity unless the DME bias
is less than the baseline value. This inability to meet spec results from
the fact that the filter does not calibrate the DME 1 bias error, as the
Shuttle passes over it, as is done by the System A filter. A further dis-
cussion of this problem may be found in Section 6.

The downrange position and velocity error sensitivities to gyro
bias drift are shown in Fig, 5.2-4. Note that the senzitivity of System B
to gyro bias drift is greater than that of System A, ~ I3 is also discussed

in Section 6.

The position and velocity error sensitivity to radar altimeter
markov error is shown in Fig, 5.2~5. The independent variable in this
curve is the ratio of the assumed standard deviation of the markov error
to the baseline value, This is done since the baseline standard deviation
is a function of altitude as given by Eq. (3.1-43).
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Figure 5.2-6 shows the sensitivity of vertical velocity to DME
N seale factor error. The vertical veloeity does not meet the spec for any
. value of DME scale factor error.

1 Figure 5.2-7 shows crossrange position sensitivity as a func~

E tion of localizer markov error. The independent variable is again a ratio

3 of assumed standard deviation to the baseline given by Ed. (3.1-44). It
should be noted that the contributions to System A and to System B of this
error source are similar. This is observed by noting the slopes of the
straight lines in Figs. 5.1-6 and 5.2-7,

The final figure of this section, Fig. 5.2-8, indicaies the sen-
sitivity of crossrange position errors to gyro bias drift rate., This sen-
sitivity of System B to gyro bias error results from the fact that the
a System B filter does not try to estimate platform misalignment.
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Figure 5.2-6 Sensitivity of Vertical Velocity Error
at Touchdown to DME Scale Factor
BError: System B
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5.3 SYSTEM C EVALUATION

The results presented below correspond to the trajectory and
measurement schedule described in Section 2, employing a2 2 second
update interval for the first 790 seconds and a 0.5 second interval for the
final 76 seconds. A file of gain values, generated using the 22-state fil-
ter deseribed in Section 4.3, has been used repeatedly to compute detailed

error contributions for this trajectory and measurement schedule.

5.3.1 Overall System Performance

Figures 5.3-1 and 5.3~2 present overall performance curves
for System C, showing position error components and velocity error com-
ponents, respectively. The curves plotted represent rms errors due to
the combined effects of all error source groups in the haseline error bud-
get. They were generated by root-sum-squaring individual contributions
at one minute intervals. (These are tabulated in Appendix C.) At TOWD’
when the first doppler measurement is made, and at TB A when the first
baro altimeter measurement is made, the root-sum-square calculation
was performed both before and affer update. Thus, the large jumps in
certain component errors, which occur at these two times, are accurately
shown. Otherwise, the curves are faired-in over the one-minute intervals

between the calculated points.

At the time of the first one-way doppler measurement, T OWD?
some of the position and velocity component errors increase. This re-
flects the fact that the initial filter covariance matrix does not accurately
represent the assumed real-world covariance -- just as in the System A

evaluation (although the same components do not increase in both cases).
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Errors then decrease rapidly over the three or four minutes following

the first update. Note, especially, the large decreases in vertical posi-
tion and velocity errors at TB A the time of the first baro-altimeter mea-
surement. Figures 5.3-1 and 5.3-2 also show pronounced "humps" in
certain component errors near t = 5 minutes and t = 8 minutes. The
former corresponds to the interval, near Mach 1, during which baro-
altimeter measurements are inhibited. The latter corresponds to a rather
sharp turning maneuver. The largest single contributor during this turn-
ing maneuver is the error in antenna motion compensation. However,

other contributions increase significantly at this time also.

Figure 5.3-3 re-plots the position error components over the
final two minutes with an expanded scale. The most striking feature of
these curves is the sharp reduction in the downrange error just after the
+ = 13 minutes point. This is the time at which the vehicle overflies the
doppler beacon, The filter evidently is able to remove the remaining
"eonstant of integration® error (see discussion by Lear in Ref. 10) when
this overflight occurs. It is likely that the reduction would oceur at an
earlier time if the beacon were moved farther from the end of the run-

way.

Section 6 contains further discussion of the implications o: the

performance curves presented in this section.

5.3.2 Detailed Error Budget

The System C baseline error budget is given in Table 5.3-1,
showing rms estimation errors in position, veloeity and platform align-

ment components at touchdown. Each value is the rms contribution of

the error source or sources indicated in the left hand column; it comes
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Figure 5.3-3 System C Final Approach Performance

from a computer run in which the elements of those errors alone are set

at truth-model values -- and all others are zero. The overall System C

performance, or root-sum-square values, are given at the bottom of the
table and compared, first with the filter's own estimate of performance
based on its simplified 22-state model of system error dynamics, and
second, with the Shuttle landing navigation specification given in Ref. i,
Particular numbers have been circled in the position and velocity error
columns of Table 5. 3-1 to focus attention on major contributors. The
rule followed in deciding which numbers to circle was to include, in any
one column, the largest value, second largest value, etc., until 95% of
the RSS total value was reached. The following general statements may

be drawn from an examination of the System C baseline error budget:
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TABLE 5.3~1

aySTEM C BASELINE ERROR BUDGET

Error Source

Value

TAMS Navipatlon Errors at Touchdown

Position (11

velocity {{t/sec)

Misalpntnent {mrad)

Vertieal lerﬂm. ?Iru:rln:e

Vertizal I Dowarangt l’:rnur:n;r

Yerllcal tnnmn;z ‘thsuan;r

1. ESTIMATED STATES AND NOISES

Group L. TMU Quantization Nalse One Pulse = 1 em/see 2.6 0.104  0.056  0.042
Measurement Nolses
Cne-Way Doppler 0.0357 1t 0.2 0.3 0.6 | 0.01 0.03  0.04 | 0,034 G.005 0.005
Radar Altimeter 2.28 1t — 0.5 | 0.08 —_— — | o.0;0  0.001  @.001
Radar Altimeter Markev Eq. (3,1-43) G ol 1.3 p.02z  0.01 | 0.0k 0.003  0.0D4
Doppler Rate Bias Erroers
Caboard 0.0076 It/s0e 0.4 1.5 0.06 | 0.029 0,000  0.036
Ground 0.0044 ft/sce —_— 0.1 0.1 — 0.08 — p.ouz 0,001  0.0D2
1I. IMU-RELATED STATES :
Group 2. Acceleromeler Biases 60 1.3 |COI» o1 046 | 0.560  0.05  0.060
Group 3. Accelerometer Scale 34 ppm 0.4 0.2 007 0.0 1.680  0.021  0.025
Factor Errors

Group 4. Accelerometer Misalignments 40 see 3> s 0.03 0.214  0.163  0.169

Group 5. Accelerometer Nonlinearitles 3.5;1;;/g3 — —_— 0.1 0.01 — —_— g.002 n.002 p.ool

Group 6. Gravity Anomalies and sce Table 3.1-2 0.4 0.1 0.8 o.61  0.01 | 0.027 ©0.025 D.019

Dellectlons ]

Group 7. Gyre Blas Drift Rates 0,01 deg/hr 0.2 0.2 33| 0es o 0.921  0.025  0.014

Group B. Gyre Mass Unbalance 0.015deg/he/g 0.1 6.1 0. 0.02 —— 0.08 0.248 0,010 0.007

Group 8. Gyro Antsoelastieity 0.005deg/hr/g2 -— —_ — —_— - — { b.005 ©.001 0.00
I, EXTERNAL-AID RELATED STATES

Group 10. Doppler Errors

Raptd Changes 1o Rate Dlags 0.01 [t/see —_— 0.1 0.3 | 0.0+ o.0t  0.03 | 0,009 0.004 0.802
Matlan € ompensation Errocs .50 R TR 1071 0,076 0.054
Group 12, Baro Altmeter Errora
Bias and 100 1t — — — —_ — — . — —
Scale Factor 0.03
Markov and 20 &t —_ —_ — — — — — — o
M(jnsuroment Nolse _i It 2
Static Defect 1,52 103 ft/( [t faec) —_ —_— — — - — —— —— —_—
Group 15. {Net Included in Baseline
Error Dudpet)

Group 18- ?Jf\-l}’“éﬁﬁﬁ‘i‘“” Suraey 1 —_ G 1.3 | 0o e 0.1 | 0001 0001 0 —
Tata! Projected Performance {root-gume-anuare) | 2.6 3.0 14.0 0,38 0,21 1,01 2,346 0.207 0.218
Fliter -Indicated Performance 2.} 0.6 .6 | 0.21 0.06 t.33 9.264 0.065 ©.055
Specification {Ret. 1} 5.0 8.0 4.7 0.20 3.6 2.0 Not Specilied

A **emu" eniry refers ton negligibly small contribution.
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8  The projected downrange performance, in both
position and velocity, is far more accurate than
called for in the preliminary specifications.

The filter-indicated performance is even better.
Significant contributors are doppler rate bias
error (Group 1), accelerometer biases (Group 2),
antenna motion compensation errors (Group 10),
doppler survey errors (Group 16) and IMU
quantization noise (Group 1).

e The projected vertical performance is within
spec in position, but out-of-spec in velocity.
The filter-indicaied performance is within 20%
of the projected actual performance in position,
but almost 50% off in velocity -- erring on the
optimistic side. The largest contributors to
vertical velocity errors are the accelerometer
misalignments (Group 4) -- contributing
0.26 it/sec compared to a total of 0,39 ft/sec,
against a spec of 0.20 fi/sec. Other significant
coniributors to vertical errors are radar alti-
meter errors (Group 1), doprler onboard rate
bias error (Group 1), IMU quantization noise
(Group 1), accelerometer biases (Group 2),
gravity anomalies (Group 6) and antenna motion
compensation errors (Group 10).

¢ The projected crossrange performance is within
spec in velocity but out-of-spec in position, The
filter -indicated performance, in both position
and velocity, is optimistic -- predicting approxi-
mately one third of the projected actual rms
errors. The largest contributors to crossrange
errors are accelerometer scale facior errors
{Group 3) and antenna motion compensation errors

(Group 10). Other significant contributors are
IMU gquantization noise (Group 1), accelerometer
misalignments (Group 4) and gyro bias drifts
(Group 7).
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e The projected errors in estimating platform mis-
alignments are approximately 0.2 milliradians
for misalignments about level axes, and 2.3 milli-
radians for azimuth misalipnment. The filter-
indicated performauce is congiderably better for
all three axes. The projected rms azimuth
estimation error is larger than the actual rms
misalignment (0,62 mrad) -~ shown as the rss
vertical misalignment at the bottom of the
System B error budget.

Considering all components of position and velocity errors at

touchdown, the list of major contributors includes gyro errors, accel-

erometer errors, and errors associated with all of the external devices

except the baro altimeter. The overall performance projected for Sys-

tem C is similar to that of System A. Significant improvement is probably
possible in crossrange position and vertical veloeity performance, as dis-

cussed in Section 6.

Table 5.3-2 lists the System C Alternative Contributions show-

ing how different assumptions or aduitional error sources would produce
other contributions to position, velocity and alignment errors at touch-
down. Detailed tabulations of the error contribution time histories are
given in Appendix C. For every row in Tables 5.3-1 and 5.3-2 there is
a page in Appendix C, which is a reproduction of a compuier printout page

summarizing important results from one error budget rum.

b.3.3 Sensitivity Curves: System C

This section contains several curves illustrating the sensitivity
of System C performance to variations in major error source statistics,
These curves were produced using the error budget data of Table 5.3-1.
The method of generating the data for these curves is discussed in
Section 5.1,3. Similar sensitivity curves may be constructed for any error
source group for whi: error buiget data is available in Table 5.3-1.
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TABLE 5,3-2

SYSTEM C ALTERNATIVE CONTRIBUTIONS

Error Source

Value

RMS Navigation Errors at Touchdown

Position (ft)

Velacity (ft/sce)

Misalipnment (mrad)

Vertical | Downrango [Crossrange| Vertleal Downrange | CrosBrange | Vertical |Dewmrange | Crossrange
Group 1. Inilial 9 x 9 Covarlance See Section 3.1.3 0.3 0.3 8.9 0.05 0.01 0,65 2,082 0.030 0.028
Matrix {(Position, Velocity
and Alignment)
Initial 6 x 6 Covariance 0.2 0.3 6.2 0,03 0.01 0.58 1,038 0.018 D.024
Matrix (Position and Velocity
only)
Group 15. Radar Altimeter Errors
Bias Eq. {3.1-44) 1.0 _— 0.7 0.01 —_— 0,01 0.001 0.001 —
Eq. {3.1-435) 0.6 0.1 i.4 0.12 0.02 0.01 — 0.002 0.005

Scale Factor

NOILYEOJdEI0D $IDNIIIS DILATVNY THL



THE ANALYTIC SCIENCES CORPORATION

Figure 5.3~4 shows the sensitivity of vertical position and
velocity errors to accelerometer misalignments. The vertical velocity
error does not meet the spec for any value of accelerometer misalignment,
even though this group is the largest single contributor. The combined
effect of all other groups is represented by the intercept of the curve with
the ordinate; it is 0,23 ft/sec, exceeding the spec value of 0.20, The
straight line, representing the contribution of this group alone, shows that
the rms misalignment would have to be less than 30 éec for the effect of

this single error source to be less than the spec value,

Figures 5.3-5 and 5.3-6 illustrate the effects of radar altimeter
markov error and doppler rate bias error, respectively, on vertical posi-
tion and velocity errors. The baseline radar altimeter rms error is
taken to be a function of altitude, as given in Eq. (3.1-43). Thus, the
ratio of the assumed function to the baseline function is used as the inde-
pendent variable in Fig. 5.3-5. This is the largest contributor to vertical
position error -- a ratio of 1.3 causes the total curve to exceed the spec
value. The effects of radar altimeter error and doppler rate bias error
on vertical velocity error are approximately the same, as indicated by the
lower halfs of the two figures.

Figures 5.3-7, 5.3-8, and 5.3-9 show the sensitivity of cross-
range position and velocity errors to three major contributors: antenna
motion compensation error, accelerometer scale factor errors and gyro
bias drifts. In all three cases the velocity error sensitivities are smali
relative to the spec value., The crossrange position sensitivities, how-
ever, are large and the spec camnot be met by reducing any one of the

three major contributors alone.
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5.4 SYSTEM D EVALUATION

The resulis presented below correspond to the trajectory seg-
ment, lasting 796 seconds, pictured in Fig, 2.1-1. The final five minute
portion of the trajectory has the modified altitude time history described
in Section 2.3 -~ ending in a steeper final approach during the last minute,
compared to that used in the ofher three system evaluations. The mea-
surement schedule is described in Section 2.2; it employs a 2 second
interval between updates for 750 seconds, followed by a 0.5 second update
interval for the final 46 seconds. A file of gain values, generated using
the filter covariance program outlined in Section 4.4, has been used re-
peatedly to compute detailed error contributions corresponding to this

trajectory and measurement schedule.

5.4.1 Overall System Performance

Figures 5.4~1 and 5.4-2 present overall performance curves
for System D, showing position error components and velocity error com-
ponents, respectively. The curves plotted represent rms errors due to
the combined effects of all error source groups in the baseline error bud-
get. They were generated by root-sum-squaring individual contributions
at one minute intervals. (These are tabulated in Appendix C.) At TDME’
when the first DME and VOR measurements are made, and at TB A
when the first baro aliimeter measurement is made, the root-sum-square
ealeulation was performed both before and after update. Thus, the large
jumps in certain component errors, which occur at these two times, are
accurately shown. Otherwise, the curves are faired-in over the one-

minute intervals between the calculated points.
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At the time of the first DME and VOR measurements there are
no large increases in any of the position or velocity component errors.
This result contrasts with the other three candidate system evalvations,
in which drag~updating was not used prior fo the end of blackout., The
vertical position and veloeity errors do increase significantly in the next
two minutes, prior to the first baro~altimeter measurement, Examina-
tion of the individual contributions (tabulated in Appendix C) shows that
the major cause of these increases is the set of initial condition errors
caused by non-standard atmosphere during the drag-update interval. The
increase in crossrange velocity error over the first minute is caused by
the VOR markov error.

After the first baro-aliimeter measurement all component
errors appear to be of reasonable size and well behaved. (We are not
speaking here of errors at touchdown, which cannot be judged from plots
scaled as in Figs. 5.4-1 and 5.4-2, Final error performance of System D

is treated in the following section, )

Section 6 contains further discussion of the implications of the

performance curves presented in this section.

5.4.2 Detailed Error Budget

The System D baseline error budget is given in Table 5.4-1,
showing rms estimation errors in position, velocity and platform align-

ment components at touchdown. Each value is the rms coniribution of

the error source or sources indicated in the left hand column; it comes

from a computer run in which the elements of those errors alone are set

at truth-model values -~ and all others are zero. The overall System D
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performance, or root-sum-square values, are given at the bottom of the
table and compared, first with the filter's own estimate of performance
based on its simplified 23-state model of system error dynamics, and
second, with the Shuttle landing navigation specification given in Ref. 1.
Particular numbers have been circled in the positin and velocity error
columns of Table 5.4-1 to focus atiention on major contributors. The
rule followed in deciding which numbers to circle was to include, in any
one column, the largest value, second largest value, etc., until 95% of
the RSS total value was reached. The following general statements may
be drawn from an examination of the System D baseline error budget:

® The projecied downrange performance, in both
position and velocity, is considerably more
accurate than called for in the preliminary
specifications; and, in fact, is more accurate
than filter~indicated performance. Significant
contributors are DME errors (Groups 1, 10 and
11), VOR errors {Group 1), initial condition
crrors (Group 1), IMU quantization noise
(Group 1), radar altimeter errors (Group 1),
accelerometer misalignments (Group 4), gravity
anomalies (Group 6) and localizer bias
(Group 13).

® The projected vertical performance is within spec
in position, but out-of-spec in velocity. The
filter-indicated performance is gquite accurate,
being slightly pessimistic in vertical position and
slightly optimistic in vertical velocity. The
largest contributors to vertical velocity errors
are accelerometer misalignments, nonlinearities
and biases (Groups 4, 5 and 2) and radar altimeter
markov error and measurement noise (Group 1).
Other significant contributors to vertical errors
are IMU quantization (Group 1) and gravity
anomalies (Group 6).
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e The projected crossrange performance is within
spec in velocity, but out-of-spec in position.
The filter-indicated performance, in both position
and velocity, is somewhat optimistic -- predicting
approximately two-~thirds of the projected actual
rms errors. The largest coniributors to cross-
range errors are localizer bias and markov
errors (Groups 13 and 14). Other significant
contributors to crossrange velocity error are
initial condition errors (Group 1),VOR errors
(Group 1), accelerometer nonlinearities (Group 5)

iz

and DME hbias (Group 10).

¢ The projected errors in estimating platform
misalignments are approximately 0.2 milli-
radians for misalignments about level axes,
and 1,2 milliradians for azimuth misalign~
ment, The filter-indicated performance is
accurate in tilt-about-crossrange and some-
what optimistic in both azimuth and tilt-about~
downrange -~- predicting approximately one-
half the projected actual performance for these
two components,

Considering all components of position and velocity errors at

touchdown, the list of major coniributors includes gyro errors, accel-

erometer errors, and errors associated with all of the external devices

except the baro altimeter. Evidently, there are strong correlations

between various ecomponents of error at touchdown. This accounts, for
example, for VOR errors contributing significantly to downrange errors
and DME bias contributing significantly 1o crossrange velocity error.
The overall performance projected for System D is similar to that of
System A, except for the larger rms vertical velocity error. The major
reason for the latter is the steeper final approach trajeciory used in the
System D evaluation. This result and prospects for improving System D

performance are discussed in Section 6.
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Table 5.4-2 iists the System D Alternative Coniributi:ns show-

ing how different assumptions or additional error sources wou:d produce

other contributions to position, velocity and alignment errors at fouch-
down. Detailed tabulations of the error contribution time histories are
riven in Appendix C. For every row in Tables 5.4-1 and 5.4-2 there is
a page in Appendix C, which is a reproduction of a computer printout page

summarizing important results from one error budget run.

5.4.3 Sensitivity Curves: System D

This section contains several curves illustrating the sensitivity
of System D performance to variations in error source statistics. These
curves were produced using the error budget data of Table 5.4~1. The
method of generating the data for these curves is discussed in Sectionb.1. 3.
Similar sensitivity curves may be constructed for any error source group
for which error budget data exists in Table 5.4-1.

Figures 5.4-3 and 5. 4-4 show the sensitivity of downrange posi-
+ion error to variations in the two largest contributors, DME bias error
and VOR markov error, respectively. In both cases the overall periorm-
ance stays well within spec for substantial increases in the assumed error

source rms values.

Figures 5.4-5 and 5.4-6 show the sensitivity of vertical posi-
tion and velocity errors to variations in accelerometer misalignment and
radar altimeter markov error, respectively. The baseline performance
is within spec in position, but out-of-spec in velocity. Accelerometer
misalignments are the major contributor to vertical velocity error at
touchdown. However, even for zero accelerometer misalignment the

velocity error remains out-of-spec due to the combined effect of the other
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error sources. An rms misalignment accuracy of 20 Sec or better is
required fo make this single coniribution less than 0.2 ft/sec, the spec

value,

Figures 5.4-7 and 5,4-8 show the sensitivity of crossrange
position and velocity errors to localizer markov and bias errors,
respectively. The baseline performance is well within spec in velocity,
but out-of-spec in position. In order for the combined effect of these two
major contributors to be within spec both would have to be reduced to

approximately one-half their baseline values,

Summary — Projected overall position and velocity component
errors have been plotted versus time for the four candidate systems.
Detailed error budget tables and sensitivity curves related to contribu-
tions at touchdown have also been presented. All four systems are shown
to be out~of-spec in crossrange position error and vertical velocity error
at touchdown. System B is zlso slightly out~of-spec in downrange posi-
tion and velocity errors at touchdown. The following section summarizes,

compares and interprets these results.
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6. SUMMARY COMPARISON AND DISCUSSION

In this section the results of the four candidate system evalua-
tions are summarized, compared, interpreted and discussed. Overall
projected performance at touchdown is compared in a single table, which
also lists the dominant error sources for each system. The general
implications of these touchdown-point comparisons as well as compari-
sons of performance at earlier times of interest are reviewed. Related
groups of error sources are then taken up one at a time, and their dif~
ferent contributions to system errors are conirasted and explained.
Finally, the choices of filter states are reviewed and possibilities for

improving performance through software modifications are discussed.

6 1 OVERALL PERFORMANCE COMPARISON

Table 6,1-1 presents a summary of the projected rms touch-
down errors for the four systems. The table is divided vertically into
four major sections corresponding to Systems A, B, C and D, respec-
tively. The top two rows in each division are the overall system per-
formance projections taken from the bottom of the Base line Error Budget
tables given earlier., Numbers greater than the preliminary specifica-
tion values given in Table 1.2-1 represent out-of-spec performance and
are boxed-in. The rows labeled "filter performance ratio' relate the
filter-indicated performance, based on the filter's covariance calcula-

tion, to the projected system performance, based on the higher-dimensional
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TABLE 6.1-1
COMPARISON OF PROJECTED SYSTEM ACCURACY AT TOUCHDOWN

Vertieal Downrange Crassrange
SYSTEM A
" RMS Errors, og | Position () L2 28.7
Velacity (ft/sec] 1.07 0.49
Filter Performance | Position 1,00 1,04 0.69
Ratio, a}./9g Velocity 0.73 0.84 0.69

Dominant Error Sources

Glide Slope Errers

Accelerometer
Misalignments

Radar Altimeter
Errors

Cyro Bias Drifts

Localizer Errors

SYSTEM B —
Positi t 2.2 9,
RMS Errors, og osition ()
Velocity {ft/sec ¥ 0.34 3.60 0.89
Filter Performance | Position 0.64 25 0,45
Ratio, op/ag Velocity 0,95 s 0,29

Dominant Error Sources

Radar Altimeter
Frrors

DME Errors

DME Errors

Localizer Errors

Dominant Error Sources

SYSTEM C

: 2,6 3.0 [2o.0}

RMS Errors, og Position (ft)
Velocity (ft/sec) 0.21 1.01
Filter Periormance | DPosition «0. 81 0.20 0.35
Ratio, op/og Velocity 0.54 0.29 0.33

Accelerometer Doppler Rate Accelerometer Scale

Misalignments Bias Errors Factor Errors

Errors

Accelerometer
Nonlinearities

Radar Altimeter Aecelerometer Antenna Motion
Errors Biases Compensation Errors
SYSTEMD
Position (ft) 2.2 23.5
RMS Errors, gg
Velocity {ft/sec) 0.62 0.57 0.44
Filter Performance Position 1,09 2,30 0.68
Ratio, op/0g Velocity 0.81 2.34 0.68
Accelerometer DME Errors Localizer Errors
Misalignments
Dominant Error Sources Radar Altimeter VOR Errors

[ denotes out-of-spee performance.

»

ORIGINAY, pa
A
ar POOR QU. Aﬁf’]}?
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fruth model covariance analysis. Values less than unity indicate opti-
mism on the part of the filier, The other entries list the dominant
(single largest or two or three largest) error sources -~ those making
major contributions to vertical, downrange or crossrange errors at

touchdown.

The most striking feature of the results summarized in
Table 6.1-1 is that all four systems are cut-of-spec in crossrange posi-

tion and vertical velocity. While System B is also shown to be out-of-

spec in downrange position and velocity, this is not of great concern, as
discussed below. First, we discuss the two components which have con-

sistently emerged as troublesome,

The projected crossrange position errors for the three con-

ventionzal navaid systems (A, B and D) are approximately equal and are

all dominated by the same error sources -- the ILS localizer errors.
This is true despite the presence of independent crossrange data, coming
from the second DME station in Systems A and B, and from the VOR data
in System D. These independent data sources are not nearly as accurate
as the localizer data and, therefore, do not really help in reducing cross-
range errors at touchdown. A related observation is that Systems A and
D perform only marginally better than System B, even though the former
include a state corresponding to correlated localizer errors. The state

estimate is not accurate because of the lack of accurate, independent data,

In summary, the crossrange performance of these conventional navaid sys-

tems is only as good as the localizer da.ta;* sophisticated software tech-~

niques are not likely to change this result,

The projected crossrange posifion error for System C, the one-

way doppler system, is 10 to 20 percent higher than that of the other three

*
The use of some independent source of accurate data, such as precision
ranging systems, would of course be effective in reducing the error.
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systems. However, when the major contributors (accelerometer scale
factor errors and antenna motion compensation errors) are considered,
we find that there are gepuine possibilities for improvement through
careful software design; these are discussed later in this section and in
6.2 and 6.3. In other words, the candidate system with the largest pro-
jected crossrange error is the one most likely to be able to achieve the
spec, given sufficient filter design improvement effort. We note, also,
that a one-way doppler system based on two or more ground beacons,
rather than the single station of System C, is likely to be capable of much
improved crossrange performance, On the other hand, a potential short-
coming of the one-way doppler scheme, especially a single-station ver-
sion, is that it may not work well with a "straight-in" approach. That is,
the spiral approach path used in this evaluation may produce important
correlations which account for the system's relatively good crossrange

navigation performance.

Although the projected vertical velocity errors exceed the spec

for all four candidaie systems, System A comes close -- exceeding the
prelimi- 1y specification value by ten percent. The System A filier
generally strikes a good balance between glide siope data, IMU data and
radar altimeter data, as shown by the fact that elements of all three are
major (therefore somewhat equal) coniributors to vertical errors. The sen-
sitivity curve of Fig.5.1-4(b) shows that a tighter IMU hardware specifica-
tion, reducing the allowable rms accelerometer misalignment, could reduce
the projected overall vertical velocity error at touchdown essentially to the
spec level -- with no other changes. ¥ may also be possible to gain im-
proved vertical performance by filter design modifications, as suggested
in Section 6.3. Since System B consists of the same hardware elements

as System A, it is of course possible to reduce its errors to the level
shown for System A through the addition of filter states and proper choice
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of filter parameters. A careful comparison of the two error budgets
indicates that only a few additional states are needed, as discussed in
Section 6.3. Conversely, quite a large number could be safely omitted
from the System A filter.

Before discussing the vertical performance of Systems C and

D, we make the following general observation. Radar aliimeter errors

a1+ a dominant source of vertical errors for &1l four candidate systems.

Since the radar altimeter is a direct source of vertical data, it is clear
that any given level of vertical navigation accuracy is possible if this
data alone can be made sufficiently accurate and if the filter is designed
to place sufficient weight on it,

Vertical velocity errorc are also a problem for System C, the
single-station one-way doppler system. Acceleromeier misalignments
and other IMU error sources contribute to vertical velocity errors toa
somewhat greater degree than for System A. Con:ments already made
about improving vertical velocity performance also apply to System C.
That is, a tighter IMU accelerometer misalignment spec, better radar
altimeter performance and filter design m.»lifications (discussed further

in Section 6.3) can all be significant.

Comparison of the projected touchdown performance of
System A and System D, shown in Table 5. 5-1, shows that the only im-
portant difference is in their vertical velocity accuracies, The System D
rms vertical velocity error is nearly three times that of System A, There
are two reasons for this difference: the lack of glide slope measurements
in SystemD and the steeper final approach path used in the SystemD evalua--
tion. The steeper path affects vertical velocity accuracy in several ways.

The radar altimeter measurements begin later in the flight, there are less of
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them and they are on the average less accurate (since the assumed rms
error is a function of altitude, as given by Eq. (3.1-43)). Also, since

the vertical velocity is changing more rapidly, the filter is less able to
estimate it accurately from the sequence of vertical position measure-

ments. An additional filter covariance calculation was made to gain in-
sight into this problem (see Section 4.4). The results indicate that the
steeper approach path is probably the major cause of increased vertical

velocity error for System D. This is perhaps the most .egative finding

of this study -- calling into question the ability of the new Orbiter con-
figuration to be landed safely and automatically with conventional navaids.
To do so requires that the radar altimeter accuracy be considerably

better than assumed in our baseline studies.

The projected downrange performance for the th”ee systems

using high-dimensional filters (A, C and D) are well wi‘,in specs.
System B, which includes a 6-state filter, is slightly out-oi-spec in both
downrange position and veloeity accuracy. Since DME errors are the
dominant contributors to downrange errors for System B, it seems clear
that the addition of two DME bias states, as included in System A, will
provide the necessary improvement. (This point is amplified in

Section 6.2.) MIT/DL persomnel have reported on simulations of a
6-state filter which satisfies the downrange specification. This is ac~-
complished by proper selection of assumed measurement error variances
to achieve more nearly optimal mixing of glide slope, DME and radar
altimeter data. They have also simulated further improvements through
the use of additional states, such as DME bias. In summary, meeting
the preliminary specifications for downrange performance does not appear

difficult for the hardware combinations considered in this study.
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The remainder of this section is devoted to a summary of

points related to earlier portions of the trajectory. The drag-updating

procedure, assumed in the System D evaluation, takes places during the
blackout portion of the trajectory and has a substantial effect on the

"initial conditions" of the post-blackout portion. An obvious benefit to
System D, as compared to Systems A and C, is evident in the error time
histories of Fig. 5.4-1, as compared to those of Figs. 5.1-1 and 5.3-1.
The initial errors are smaller and do not experience large increases -~
due to incorrect correlation assumptions -- 2t the time of the first ex-
ternal measurements, A more subtle benefit involves the accelerometer
scale factor errors (discussed in Section 6.2)which lead to incorrect azimuth
alignment estimates in Systems A and C. This effect is absent in System D
due to the changed initial correlation matrix. The inclusion of drag-
updating, particularly in the case cof System C(one-way doppler) shonld

lead to significant improvement in crossrange error at touchdown.

A significant advantage of the VOR/DME measurements used
in System D, compared to the two DME stations used in Systems A and B,
involves the avoidance of filter initializafion problems., These are

numerical problems which can arise when large navigation corrections
are made. Situations of poor measurement geometiry, such as when all
of the accurate measurements are associated with a given "direction” in
state space, are particularly vulnerable. Nonlinear effects can also play
a role in these difficulties -- for example, when an accurate range mea-~
surement is made in the presence of large uncertainties in perpendicular
directions., Filier initialization problems have not occurred in generating
the four baseline error budgets reported herein, using linear covariance
methods. Others, however, have reported such difficulties in nonlinear
simulation work. It is clear that the "angle~range' data from a single
VOR/DME station always provide ""good geometry" while the "range-range"
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data from two DME stations provide relatively poor geometry in the early
stages of the trajectory and for the station locations employed in this
study. The position error time histories for System D plotted in

Fig, 5.4-1 reflect this geometrical advantage in the '""midcourse" portion
between t = 5 minutes and t = 10 minutes. The errors are consistently
low in this region as compared to those of the other three sysiems pre-
sented in Figs. 5.1-1, 5.2-1 and 5.3-1.

As discussed in Section 5.1,1, System A has a problem involv-
ing large vertical errors just prior tc the time of the first radar alti-
meter measurements. The problem is associated with mis~estimates of
platform tilts about level axes. System B apparently avoids the need for
accurate platform data of this type by putting more faith in the baro
altimeter in this region. System D minimizes the problem by actually
having better tilt estimates in this region. This is apparently another
advantage of the good geometry of the VOR/DME measurements.

The following sections take up individual groups of error
sources, one at a time, and discusses and compares their effects on the

four candidate systems,

6.2 COMPARATIVE INDIVIDUAL CONTRIBUTIONS

6.2.1 IMU Errors

Gyro bias drifis are major contributors to downrange errors
for Systems A and B and significant, but relatively minor, contributors for
System D. The System B contributions are somewhat larger than those
of System A (21.4 ft and 1.11 ft/sec compared to 17.8 i and 0.85 ft/sec),
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even though the System A filter weights IMU data more heavily during the
final approach. Examination of the detailed resulis and comparison with
the contributions of initial errors (given in the Alternative Error Con-
tributions, Tables 5,1-2 and 5.2-2) shows that these effects are not
primarily associated with the drifting that occurs during approach and
landing, but are related to the "initial" platform tilt (at 130, 000 ft) caused
by drifting during the major portion of the one-rev mission. The better
performance for System A is Cue to its estimation of platform tilt. The
actual rms tili-about-crossrange is 127 Sec (System B Error Budget;
0.637 mrad), while the rms estimation error is 4 Sec (System A Error
Budget; 0.018 mrad). On the other hand, System A's estimates of the
drift rates themselves are poor and do not help. (They don't hurt either
hecause the filter "knows" that these estimates are poor, as shown in
Table 4.1-2,) Gyro bias drifts are zalso significant contributors tc cross-
range errors for System C (3.8 ft) and B(2.0 fi). The filters of Systems A,
C and D do a reasonably good job of estimating tilt-about-downrange, which
helps to hold these contributions down. For these three systems the azi-
muth misalignment is a greater factor in producing crossrange error at
touchdown, and System C(one-way doppler) is affected the most. Other
significant, but not serious, effects of gyro vias drifts involve vertical

velocity errors in Systems A and C. Gyro mass unbalances (g-sensitive

terms) also produce significant, but not serious, vertical errors for

System A.

Accelerometer misalignments are dominant contributors to
vertical velocity errors for Systems A, C and D (0.10, ©.26 and 0.36 ft/sec,
respectively). The key to understanding these effects is the realization

that there are six independent misalignment components, two for each in-
strument, resulting in a nonorthogonal triad of sensitive (input) axes.

Therefore, although the ovientation of the (initially) level instrument
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sensitive axes may be well known, the vertical accelerometer sensitive
axis direction will not be. This resulis in an incorrect résolution of the

- horizontal deceleration existing prior to touchdown, producing vertical
velocity and position error growth. Between measurements these eiffects
are about the same for System A and System B. But, the overalil effect
on System A is greater hecause it places,more faith in the compensated
IMU outputs. (The same is true for Systems C and D.) This faith is
based on the 18 states of the filter which relate directly to the IMU.
Sophisticated as this 18-state model is, it does not take nonorthogonality
into account, Possible approaches to improving the filter in this regard
are discussed in Section 6,3. Other significant, but not serious, effects
of accelerometer misalisnments involve downrange errors for Systems A

and D, and crossrange errors for & stem C,

Accelerometer scale factor errors contribute to crossrange

errors in a dominant way for System C and significantly for System A
(5.0 and 1,8 ft respectively). Examination of the detailed results shows
that this effect is due to a mis-estimation of azimuth misalignment. The

azimuth estimation error due fo this one error source group is 1.688
milliradians for System C, compared with a total acival azimuth mis-
alignment of 0,620 milliradians due to all sources, as shown in the

System B error budget. Apparently Sysiems A and C would perform better
if they ignored their own azimuth updates. System D, on the other hand,
avoids this problem because of the altered initial correlations due to drag-
updating. The scale factor errors also produce significant, but not sericus,
contributiong to vertical and downrange errors for Sysitem A,

Accelerometer noniinearities produce negligible effects for the

first three systems, but surprisingly large effects for System D. The

vertical velocity error contribution (0.24 fi/sec) is among the dominant
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ones for this system. This result is apparently related to the stsep
approach path and more abrupt flare maneuver associated with the new

configuration.

Accelerometer biases are majcr contributors to vertical

velocity error for System D (0.21 ft/sec) and significant, but not serious,

contributors for Systems A and C, in both vertical and downrange direc-

tions. The size of the contributions compared with those of other signi-
ficant error sources indicate that these systems generally strike a good
palance between inertial errors and external measurement errors. At-
tempts to estimate the accelerometer biases in Systems A, C and D are
not effective. (In a one-g flight condition the level biases are not dis-

tinguishable from tilts and level axes, It is only maneuvering accelera-
tion which provides any hopt. of separately observing the accelerometer

errors.)

IMU Quantization produces significant effects for Systems A,
C and D; most notably the crossrange position error (3.4 £t) for System C.
These are the systems with high~dimensional filters. They place more
faith in IMU data than does System B, and are therefore more affected by
the quantization. This faith is justified because of their betier knowledge

of platform tilts about level axes.

The interpretation of the accelerometer scale factor effects
given above and further examination of the detailed error budget tables,

leads to a set of implied reqguirements for initial azimuth alignment accu-

racy. In order tohold the IMU contribution to rms crossrange error at
touchdown to approximately 2 feet or less, the initial rms azimuth mis-
alignment should be approximatelv 2 milliradians for conventional navaid

systems and approximately 1 milliradian for a single station one-way
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doppler system., These requirements relate to conditions at the start of
the reentry phase and apply regardless of the method used to achieve

alignment prior to reentry.

6.2.2 Conventional Navaids

DME bias errors are the dominant source of downrange errors
for System B (59.2 ft and 3.13 ft/sec) and significant rources for Systems
A and D. This result clearly stems irom the fact that DME biases are
not estimated in the System B filter while the other filters estimate them
quite effectively, The detailed results in Appendix C for System A,
Group 10 show that the rms estimation errors for the DME filter states
are 292 and 294 feet for Stations 1 and 2, respectively, compared to actual
rms bias errors of 285 feet. This implies that the filter effectively cali-
brates the DME biases with errors of seven and nine feet. It is ob-
viously useful to calibrate Station 1 (the station directly under the
approach path) with this degree of accuracy, since this station provides
the only good measure of downrange position in the final 20 or 30 seconds
before touchdown. If is interesting to note that the DME noise ontribu-
tions for Systems A and D are greater than for System B, This reflects
the fact that, having calibrated the correlated portion of DME errors, the
higher ~state~size filters can (and should) put more faith in these mea-
surements -- striking a good balance between the effects of the residuval
DME error and other error sources. The DME biases also contribute in
a major way to vertical errors for System B, and in a sign:ticant, but not

serious way to crossrange velocity error for System D. The latter effect

is an illustration of the correlation previously noted between downrange
and erossrange errors in the System D (VOR/DME system) evaluation,



h

—

THE ANALYTIC SCIENCES CORPORATION

DME scale factor errors are major contributors to vertical
errors for System B (0.3 ft and 0.19 fi/sec) but relatively minor con-
tributors for Sysiems A and D. This difference is a resulf of the lack
of DME error states in the System B filter and the dynamic interaction

between downrange and vertical errors in the final approach pnase.

The VOR system is employed in System D only, The VOR

maikov error is a significant contributor to crossrange error for that

system and is listed as a dominant contributor to downrange errors,

The latter contributions (11.0 £t and 0.32 ft/sec) are not serious; they
are listed as dominant sources unly because the overall system down-
range performance is very good ~- there are no large contributions com-

pared to the spec values. VOR measurement noise also produces signi-

ficant, but not serious, downrange and crossrange errors for System D,

The ILS glide slope bias is a dominant coniributor to vertical

errors for System A and a siem ficant but much : aialler contributor for
System B. The glide slope markov error also produces larger contri-

butions for System A than for System B. This is actually a fault of the
System B filter which should give more weight o glide slope measure-
ments, striking a better balance between glide slope ard radar altimeier
errors. The glide slope errors also produce significant, but not serious,

contributions to downrange errors for Systems A and B.

Localizer error contributions, whether modeled as second-

order markov processes or bias errors, are remarkably similar for the
three conventional navaid systems; even though the System A and D fil-
tars include a localizer error siate and the System B filter does not.
The crossrange position coniributions due to the second-order markov

error nre 5.9, 6.9 and 6.2 ft for Systems A, B and D, respectively. This
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result reflects the fact that localizer error is essentially unobservable
in the postulated situaiion -- there is no independent source of accurate
crossrange measurement, and the filter is forced to ireat localizer mea-
surements as unbiased. These coniributions can only be reduced by im-
proving the 1L.S sysiem itself -- not by filter design changes.

6.2,3 One-Way Dopialer Errors

The doppler beacon is included in System C only. Doppler rate

bias error is lisied as a dominant contributor to downrange errors (1.8 it
and 0,15 fi/sec) and a significant contributor to vertical velocity error
(0.09 ft/sec), The former are not important since they are very small
compared to the downrange specification values. The postulated rapidly

varying rate bias error (30 second ccrrelation time -~ Group 10) is not

a significant confributor. It is of interest to note that if the postulated
rms value were scaled up to maich that of the slowly varying component
(400 second correlation time -- Group 1), the system error coniributions
would be approximately the same for both sources. Thus, it is not at all
critical for the correlation time selected for this error state by the filter
designer o be an accurate representation of the real-world error charac-
teristic,

The antenna motion compensation error is a dominant contri-
butor to crossrange errors (5.6 ft and 0.65 ft/sec) and a significant con-

tributor to vertical and downrange errors. The effect on crossrange
err-irs at touchdown is similar {o that of the accelerometer secale factor
errors discussed previously. During banking maneuvers, when the mea-
surement errors are significant, the filter mis-interpreis the observations

and develops a plitform azimuth alignment estimation error. (Note the
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1.171 milliradian entry in the System C error budget.) This persists
into the final approach phase and leads to significant crossrange errors
through a mis-resolution of the deceleration prior to landing.

6.2.4 Altimeter Errors

The baro-altimeter errors produce negligible touchdown errors

for System A, C and D and significant, but not serious, downrange and
vertical errors for System B. It is worth mentioning again (see

Section 6.1) that System B out-performs System A, in the region just
prior to the siart of the radar altimeter measurements, because it makes

more use of the baro~altimeter measurements.

The radar altimeter errors are dominant contributors to

vertical errors at touchdown for all four systems. This is an anticipated
result since the radar altimeter is a direct source of accurate vertical
data in the final approach phase. Significant contributions to downrange
errors are also produced for Systems A, B and D, the conventional
navaid systems. As mentioned previously the larger vertical velocity
contributions for System D appear to stem from the steeper final approach
path associated with the new aerodynamic configuration.

6.2.5 Survey Errors

The assumed rms value of all survey errors used in generating
the baseline error budgets was 1.0 ft (for each of three components). In
most cases this produced an easily predicted result such as the 1.0 to
1.1 ft crossrange errors due to localizer survey error for Systems A, B

and D, or the 1,0 ft downrange error due to doppler beacon survey error
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in System C. The only significant touchdown error contributions due to
survey errors are the downrange position errors (7.1 and 14,4 ft) due to
glide slope survey errors for Systems A and B. Examination of the de-

{ailed computations associated with these results shows that most of these
coniributions stem from the vertical component of survey error. The
implied requirement is that the glide slope antenna should be surveyed-
in carefully encugh fo insure that the accuracy assumed herein is met,
particularly with respect to the vertical displacement from the runway

level.

6.3 FILTER DESIGN

This section contains comments and svggestions pertaining
o the design of the filters which form a part of each of the candidate
systems. Many of these comments have been mentioned or implied
in preceeding sections; some are mentioned below for the first time. First,
it should be noted that this investigation has not been a filter design study
per se, Such a study would involve successive calculations with specific
filter states added or deleted, and would be aimed at reaching a snecific
recommended sub-optimal filter design for a given hardware combination.
However the detailed resulis of this study, along with their interpre-
tation, do provide many usefu! insights and inputs to such a design eifort.
This is especially true with respect to the comparative results for Systems A
and B, which have identical conventional mavaids (in the hardware sense)
but very different filter designs. In fact, the System B filter was de-
liberately chosen to have only six states (the minimum conceivable num-
ber for this application) in order to make this comparison as useful as
possible -- to indicate what additional states are most needed to achieve
performance comparable to that of the 24-state filter of System A,
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Based on the comparative individual error contributions dis-
cussed above some or all of the following filter states could usefully be
added to System B:

e 32 DME Error States (definitely one for Station 1,
probably one for Station 2 also)

¢ 1 Radar Altimeter Error State

® 9 Platfe~m Level Tilt States

The Station 1 DME error state is clearly useful in bringing downrange
errors within spec. It is not so obvious, from the results presented,
that the Station 2 state is needed, but it may be important to have both
states included in order to achieve the kind of calibration accuracy in-
dicated in the System A resulis for either one. There may also be good
reason to include both when consideration is given to failures and re-
dundancy management questions. The addition of a radar altimeter error
state probably will reduce the radar altimeier contribution to vertical
velocity error for System B. On the other hand, if the suggestion re-
garding a vertical acceleration error state given later in this section is
followed, this extra state may not be needed. The addition of the level
tilt states will clearly reduce significant gyro drift contributions to down-
range and crossrange errors. The resulting improvement in overall
perfornance may or may not justify these additions. Perhaps the best
argument for including them is that the gyro drift rate specifications, for
this kind of one~rev pure-inertial-navigation (prior to approach) scenario,
could be relaxed.

Based on the comparative individual contributions discussed

ahove there are two places where major System A coniributions are signi-

ficahtly larger than the corresponding Sysiem B contributions. These are:
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o The contribution of accelerometer misalignments
to vertical velocity error (0.10 ft/sec -- note the
even larger contributions for System C and D).

e The contribution of accelerometer scale factor
errors to crossrange position error (1.8 ft --
note the even larger contribution for System C).

A brute-force approach to the reduction of the accelerometer misalign-
ment effect would be to add three additional filter states representing the
nonorthogonality of the triad of accelerometer sensitive axes. A simpler
approach would involve the use of an artificially high value of velocity
state noise in the vertical direction. This would effectively result in less
weight being given to the IMU vertical accelerometer outputs, and more
weight given to the glide slope and radar altimeter measurements. A
third approach, which might be the most fruitful of all, is given later in
this section. The contribution of accelerometer scale factor errors to
crossrange position error is aimust entirely due to the mis-estimatie of

azimuth misalignment. Systems A and C would per form better if they did

not attempt to estimate the azimuth component of misalignment., Alter-

natively, there may be value in maintaining the azimuii: estimation as part
of 2 failure detection scheme, for example, but in omitting the IMU com-
pensation associated with it as long as it remains within some reasonable
level, It should be recalled, also, that when drag-updating was included

in the System D evaluation, no appreciable azimuth misalignment or cross-
range error was caused by the accelerometer gcale factor errors. Thus,
the entire matter is largely a function of initial correlations as determined
by events prior to the end of blackout.

Based on a detailed examination of the error budget calculations
for the first two systems it appears that System A landing performance

would not suffer if the following states were omitted from its filter:
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¢ 3 gyrodrifts

® 3 accelerometer scale factor errors
¢ 3 accelerometer biases

¢ 1 ILS localizer error

& 1118 glide slope error

These states do not appear to help or hurt the System A performance in
any serious way -~ see the discussions in Sections 6.2,1 and 6.2.2. (1t

is recognized that the gyro and accelerometer states may be useful in other
mission phases. It is also possible that they can be useful during approach
and landing as part of a failure detection scheme.) The above statements
apply equally well for System D. That is, the nine IMU sensor error
states and the ILS localizer error state could be omitied without appre-

ciable effect on touchdown performance,

It is possible that the nine IMU states can also be omitted from
the System C (one-way doppler) filter without loss of accuracy, but the

calculations presented in this report do not provide suificient evidence to
justify such a claim. It is clear that for a single-station one-way doppler
system there is no advantage in including two separate doppler rate bias
error states, since they are not separately observable, (For a multiple-
station doppler system, however, separate states for each station plus an
added state for the onboard clock error do make sense, since ali are
theoretically observable.) The large contribution of antenna motion com-
pensation error to crossrange position error for System C can be reduced
by one or both of two approaches. First, the error can be reduced at the
source simply by designing a highly accurate compensation scheme,
Second, the contributions could probably be reduced by underweighting the

doppler measurements whenever unusual angular mc.lons occur,
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A possible method for reducing vertical velocify errors of all

the sysiems considered is o incorporate a vertical acceleration error

state. This suggestion does not follow from the resulis presented in this
report, A vertical acceleration state was used in the NASA/Ames

INS/PRS aircraft landing test program (Ref. 21), It was also included in
the Shuttle landing design study discussed in Ref. i4 -- also based on a

set of PRS (Precision Ranging System) transponders aiding an inertial sys-
tem. The purpose of this state ig to compensate for the effects of vertical
accelerometer errors and gravity anomaly errors. It is expected that this

state would be useful, also, in compensating for the vertical accelerom-

eter misalignment (nonorthogonality) because of the fairly steady decelera-

tion (approximately 0.2g) during the terminal approach. With a state cor-
relation time of about 2U seconds there should be a good opportunity to ob-
gerve this combined error source while the accurate radar altimeter and
glide slope measurements are being filtered. Systems A, C or D could
create such a state simply by reducing the correlation time associated with
the vestical accelerometer bias error state. System B would, of course,

require an additional filier state.

As stated in Section 6.1 the radar altimeter accuracy will deter-

mine the ultimate vertical navigation performance achievable by the kinds

of systems evaluated in this study. The sensitivity curves show,
however, that none of the four systems studied can meet the preliminary
vertical velocity spec (0.2 ft/sec), no matter how accurate the radar
altimeter is if the filter designs are not modified. (The curves plotted
are the "fixed filter" type of sensitivily curves.) Thus, if hetter accu~
racy can be obtained in radar altimeter measurements, it is necessary

o use lower measurement variances, etc. in the filter in order for it to
place sufficient weight on this good data. In this instance the critical

factor is not so much 2 matier of which states are used, but the
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parameter values associated with certain state or measurement sta-

tistics.

- A similar comment can be made concerning the parameters

l associated with the baro altimeter state used in Systems A, CandD.
The navigation error time histories for Systems A and B reveal an
advantage for System B in the trajectory portion just prior to the start

: of the radar altimeter measurements., As discusse1 in Section 6.1,

‘ System B apparently makes petter use of baro-altimeter data in this

: region. System A would probably benefit from using a more realistic
expression and values for its correlaied altimeter error state. For

- example, an expression combining a bias térm and a scale factor term
i (error proportional to altitude) should result in & more proper weighting
.- of data than that of Eq. (4.1-10) if reasonable parameters, such as those
i used in the truth model, are used.

In summary, it appeare that software modifications alone cannot

cause the systems studied to satisfy all of the preliminary specifications
tabulated in Table 1.2-1., None of the candidate systems can meet the

vertical velocity spec unless the radar altimeter accuracy is superior to

that assumed in our iruth model. Given sufficient radar altimeter accu-

racy, the filter design details discussed above will be very important in

achieving performance within spec. Similarly, the conventional navaid

systems are inherently limited in achievable crossrange position accu-

racy by the correlated errors of the 1LS localizer, but careful atten-

e —t - X -
e e [ [T

tion to filter design details is necessary to keep other contributions to

..-H.A_.._,,-q

crossrange error small by comparison. In the case of the single-station

one-way doppler system it appears that software improvemenis alone are

! potentrally capable of reducing rms crossrange error at touchdown to

within the specification value.
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R . CONCLUSION

" 7.1 SUMMAEY OF FINDINGS

Fou:r cand1date Janding nav1ga’c10n systems for the Space Shutt]e
Orblter have been evelua.ted in deta.ll Three of them are conventlona.l

" f’-alt:tmeters aldlng a glmbeled inértial eystem through a Kalman filter. One

also aldmg a gmbaled mertlal system through 4 Kalman fllter Compre-
o hens:we truth models representlng all potentlally 51gn1f1oant sources. of
. error ha.ve been formulated and. used to generate detalled error budgets '

and sensﬂ:w:.ty curves.. Ta.ble 6 1- 1 summamzes overa.ll performance a’c -

2 :.:i.touchdown Ior the four candldate systems

“_reeults are as follows

. "’-:?_Vertloa.l velomty and crossrange p051t10n errors A I
ocat touchdown oresent the only difficult cha.llenges R
to the design of a system of sufficient terminalk - Wi
-aceuracy. The projected errors for all four- can- NI

components ol

*The 'Vt‘:.'(‘tlf.‘a.l velocﬂ:y problem has been made much-, R

- “more difficult by the steeper approach path of the -~
. new aerodynamic configuration (assumed in the ke
= fourth candidate system: evaluation). The ultimate -
,;;;:*verucal performance,: for the kinds of systems BT
© - ‘studied herein, depends on ‘the radar:altimeter.

Wi :_:-._.»___aceuracy achlevable. RMS measurement errors

“of less than 1 0 t are requlred m the term;mal

~navaid sys’cems using combinations of DME, VOR, ILS and baro and radar .~ ..

B o employs a: smgle one-way dopplef beacon and baro and. radar altlmeters, o

S The ma]or fmdmgs, based on 1nterpretatmn of the deta.lled e .

ditate syetems are out-of— pec in these two ]“ Sl
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®  For the conventlonal navald systems the ¢ rossrange
-+ performance-at touchdown is limited by the ILS
localizer érrors. RMS errors of less than =~
1.0 milliradian are required -~ less than 0,5 milli-
.. radian if the error is a true b1as or slowly va:rymg o
S _correlated error. - R ) o

SR B 4 appears ihat the smgle—stahon one—way doppler ‘ _
- gystem could be made to satisfy the crossrange spec . -
by software modifications alone. However, given.a
o "siraight-in" approach this sysitem may noi: work
~..well at all, Onthe other hand, a multi-beacon

“doppler system should work well with. any tra.;lectory S -

g land prov1de better accuraCY as well

R A There are mgmi‘:tcant advanta.ges in employmg a
v gingle VOR/DME station rather than two DME
.. . gtations. These adetages relate to the’ ﬁlter =
- vinitialization phase and the "midcourse’! approach
-'-phase, not pr1mar11y to touchdown accuracy.

L3 .-';-:There are mgmflcant adva.ntages in. employmg the

‘_drag—update procedure prior to the end of blackout

‘(assumed in the fourth system evaluation), This -

procedure results not only in smaller initial errors v

j:i'.%fbuu prevents ‘erroneous: a.mmuth estimation errors < .

.. related to, 1111t1a1 correlatlons emstlng pr:.or to the ' .‘ o
"dragmupdatmg S , S SR

A _etter‘locatxon .for-the one-wa,y'doppler beacon
:*would be 6,000:to10, 000 feet from the nominal

“in the evdluation ‘described inthis report, - This = R
would cause the sudden large reduction in down- B
~range error 1:0 occur at an ea.rher tnne., S .

The 11111:13.1 azxmuth mlsahgnment at the startrof
- 'the entry phase should have an rms value of
2,0 milliradians or.less for the conventional.

-a single-station one-way doppler system -- in
“order to hold the IMU contribution to termmal
‘rossrange error to 2. i} feet or. lessa -

~touchdown: pomt rather than the 3280 feet assumed T

' havaid systems and 1,0 milliradians or less for - b
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¢ A rcductmn in the rms accelerometer m1sa11gn~
- ment error to something less than the 40 et
asstmed herein would be helpful in reducing
" terminal vertical velocity errors for all the
. cand1da.te systems studled :

A number of comments and sugges’uons regardmg the ch01ce of
o filter states and fllter design para.meters are given in Seetmn 6.3. Com-
R -parison of the three conventmnal navald systems si:udled indicates that a,
I _- good sub—optlmal ﬁl’cer for the approach and land:mg phase Would include
S = apprommately 12 states. A s:f.mllar num'ber is probably approprlate for
_ the one-way doppler system, a.lthough addlhonal states related to accel~

o _ferometer errors may be necessa:ry. In general sofi:ware ‘modifications

I SR alorle cannot cause the systems studied to satlsfy all of the prehzmnary
R ' f Specnﬁcatmns tabulated in Table 1.2-1. But, if sufﬂcmnt sensor accu-
f “racy,’ ‘especially m the radar altlmeter measu_rements is available, care-_ _

ful attention to the filter design details d1scussed will be vital in ac}uevmg o |
_.._,::-the fu]l potentlal of the overall system hardware and in av01dmg Varlous N
p rhfalls uncovered mthe course of th1s Studyo B

.7 g RECOMMENDED ‘E‘UTURE STUDIE:S

tis recommended ’chat unm.la:r: detalled error budgets be

L _.:-generated for acidr{:lona.l ca.ndmate systems of m’cerest These can mclude, o L

| E ",.'_-'for example multl—statmn one—way doppler sys%ems mmrowave landmg
?-;.‘systems and naV1gat10n satelhte based sysl:ems, The stud1es should be .

§ eﬂended backwards in tlme to mclude the blackout portmn of the entry .
B o tra]ectory, thls 1s necessary to obtam 2 proper accounting of
: S '.correlatlons between il truth model states durmg drag—updatmg Slmllar i
= stud1es related to other Space Shuttle nusswn phases such as boost and

7 rendezvous are also desirable. ... -~
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- The genefatioo of dretai' led error budge%s:;ijresented 1n this report ”
pr ovide a useful starting point for a filter d951gn improvement eff.ort |
| 'leen such an error budget based ona comprehenswe truth model of about
80 states ‘one can define a "reduced state" apprommate truth model of per-
B haps 30 states Whlch account for most of the total system error. This
reduced state model can then be the. bas:Ls for a set of expemmental cal-
culations m which filter states, filter design parameters ‘groyad antenna
o 1ocatlons tra.]ectory, _etc are varied. Once a "good" de51 n is approached
~the demgner can verify its performance using the full 80 sta1 e truth model.
It is recommended that such a fﬂter 1mprovement effort be conducted for |

- “whatever _s.ystem_ or__sys_tems__ emerge as lead__ng__ca.ndzdates.
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