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- . Abstract

~~ “1 This report studies three Kalman Filter implementations for the de—

orbit/reentry phase of a Space Shuttle Orbiter mission profile. Each

design uses measurements from Global Positioning System satellites to
I

update Kalnian Filter estimates of selected error states and to bound the
‘
S.-

:~ 
Shuttle’s INS error growth. C ovariance ana lysis techniques are used to

compare the performances of 17—state, il—state, and S—state filter de-

signs using a digital computer simulation of a NASA C?r—l Space Shuttle

mission trajectory. A 73—state truth model of the Space Shuttle IMU ,

the Orbiter GPS receiver Master Tuning Unit, and the GPS satellite con—a
stellation is used as a system simulation to exaniin~ the performance of

:~ the design filters. The results are shown primarily in the form of

computer—generated plots of both filter indicated errors and true system

errors versus time. It is concluded from the results that an 8—state

filter design is able to perform well enough to be a primary candidate

for design implementation , an d also that further ref inements are neces-

sary in the user clock model of the design Kalman Filter.

I

I

5-
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• -: A Ki~LMAN FILTER D~ TON FOR THE SPACE SHUTTLE

ORBITER INERTIA L MEASURING UNIT DURING DECRBIT/REENTRY

USING GLOBAL P~~ ITICNING SYSTEM SATELLITE INFORMATICN

I. Introduction

Purpose

This study is an investigation of minimum Kairnan Filter state size

required to achieve specified accuracy from the Space Shuttle Orbiter

(hereafter referred to as the Crbiter) aided inertial navigation system

(Ir~5) d uring deorbit/reentry operation. The Kalman Filter designs stud—

led utilize range and pseud o range—rate measurements from the Air Force ’s

Global Positioning System (GPS) satellites as an updating aid for bound —

j 
~~~~~

- ing the INS’s inherent error growth.

NASA ’s Orbiter uses three KT—70 based Inertial Measuring Units

(IMUs) for its navigation and for provid ing much of its guidance inf or—

rnation during deorbit/reentry. NASA proposes to use a Kalman Filter, a

recursive data processing algorithm residing in the Orbiter ’s onboard

computer, to limit IMU error growth during the deorbit/reentry portion

of the mission. The proposed filter (Ref 10:2.7 and 9s4.4) uses a

pseud o drag measurement scheme to compute a dra g update measurement for

the Kalian Filter during initial deceleration and ionospheric blackout

•1 (Ref 9:4.4 and l0:A.l). This involves computation of a pseud o measure—

nient of drag from the IMIJ accelerometer outputs and comparison of these

measurements to expected values of drag generated from current estimates

• of position and velocity from the IMU and from table look up routines.
S.’ .‘_~~~~.

This was to be the sole updating aid for the INU until after exit from
•I~~
5.
.

1
S
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ionospheric radio blackout. At this time TA CAN and baro altimeter rneas—

urernents would replace pseud o drag as the updating aids for the Kalnian

Filter.

This study investigates the use of GPS measurements as updatin E~

aids for the filter from deorbit ignition onward to ionospheric black-

out, and again after blackout ends x~ther than TACAN and baro altimeter

measurements. Measurements would be unavailable for a brief period

during ionospheric blackout, during which time pseud o drag would be used

to bound the rate of error growth . After blackout end s GPS nieasuremeni~s

would continue until the Orbiter reached 20 ,000 feet above mean sea

level (MSL) when the microwave land ing system (MIS ) would take over.

Except for the period of ionospheric blackout , GPS measurements are the

• sole updating aids used in the filter designs studied .

Deorbit/Reentry of the Space Shuttle Orbiter

The data for the simulated trajectory in this study is from a NA SA—

supplied data tape (Ref 16) for NASA ’s early Orbiter mission G?r—l

trajectory (Ref 8*6). The deorbit operation begins with deorbit igni-

tion, which occurs approximately over Ne w Zealand for this trajectory,

and ends with land ing at Edward s Air Force Base , California (see Fig 1).

Figure 1. 3~~ ce Shutt .o Deor~ it/~~~ i .5 ~’y Trajectory

2
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Deorbit ignition occurs at an altitud e of 727,550 feet. Ionospheric

blackout is not well defined for the L band GPS signals , bu t for this

study is assumed to occur at an altitude of approximately 293,000 feet ,

22 minutes, 11 seconds after deorbit ignition. It is assumed to end at

177 ,500 feet,  10 minutes , 45 second s later, at which time GPS signals

are again available for processing . From this point until the MIS takes

over there is another 9 minutes , 37 seconds during which GPS measurements

are used.

Global Positioning System

The Air Force’s Global Positioning System (GPS) will eventually

provide worldwid e navigation capability to users that are able to receive

signa ls transmitted by navigation satellites currently being tested .

Very accurate position and velocity information will be available for

those users that can process all the information on the GPS satellite

signals and that can select an optimum configuration of four satellites

out of those that are visible to them (Ref 1:18— 19).

The Space Shuttle will be able to use this information to maintain

accurate position and velocity fixes without having to resort to ground—

link information. This information can also be used to place a bound on
I

the error growth inherent in the onboard fl’IU through the use of Kalman

Filter error estimation.

This study simulates a 24 satellite constellation that propagates

in time as actual satellites would (see Chapter III and Appendix B).
r

The simulation employs a satellite selection criterion to obtain a

“best” four—satellite configuration of the satellites that are visible
I

to the Orbiter. Measurements from these four satellites in the

3
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simulation are used to update a simulation of the Kalman Filter estimate

~~ 

‘ of errors being committed by the Crbiter INU and the filter then applies

a correction to the Il-lU itself based on its updated estimate of these

errors.

Assurnotions and Lim itationis

A fundamental assumption of this study is that a radio blackout

period of specified length exists during reentry due to ionospheric

effects. During this period of blackout , GPS signals are not available

for processing. It is assumed that drag update, described earlier, will

be used during this blackout period to limit error growth. Due to

limitations of time and resources , dra g updating was not implemented

in the simulations of this study. Because of this, the performance of

the design filters were investigated in two phases, from deorbit igni-

tion to blackout, and from exit blackout to 20,000 feet.

An initialized c ovariance of errors matrix at deorbit ignition was

supplied by NASA (Ref 5) for position and velocity errors . Initial

conditions on other errors were taken from studies done for NASA by The

Analytic Sciences Corporation (TASC) (Ref 10:2.38—2.40 and 11:2.13—

2.14) as were some of the initial cond itions for the filter. These

initial conditions assume an uploaded navigation fix and an IMU align-

ment by star tracker two hours prior to deorbit, with no GPS measure—

• merits taken until time for deorbit. TASO supplied an initialized

covariance matrix for the position and velocity errors at exit black-

out (Ref 12). The values in the matrix assume GPS measurements until

blackout and the use of drag updating during blackout ( Ref 11:2.23—

2.24).

4
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Even though the Global Positioning System will not be completed

until 1984, a completed system of 24 satellites is assumed . This is be—

• cause the use of test phase GPS configurations has been investigated by

TASC already (Ref ll:Chap 2) and the aim of this study was to investigate

- Kalman Filter design to use GPS signals rather than to investigate the

-- effects of degraded GPS configuration upon filter performance. Also

assumed is the use of a high accuracy receiver on the Orbiter which is

- capable of processing all information available on the GPS signals and

designed for the type of highly dynamic platform that the Orbiter will

be (Ref 10:1.6).

4 Finally , it is assumed that linear approximations to the real world

can be made so that linear differential equation description can be used

-: to form a model of the INU error description. This is not very re—

strictive and should not affect the validity of the study. This will

allow the Covariance Analysis to be used as a tool in designing the

Lalma n Filter. In forming the models that describe the errors , Gaussian
- descriptions and whiteness of noises used in the models are both assumed

so that the errors can then be described as Gaussian, characterized by
-5-

their means and variances.

• Report Organization

This report will present the elements of the study in the following

order by chapter. Chapter II will discuss Space Shuttle coordinate sys—
-l

tenis and transformations. Range and range rate mea.surei:. nts using GPS

will be presented in Chapter III. Covariance propagation equations used

in the simulation are described in Chapter IV. In Chapter V the “Truth
-I

Model” description of the Space Shuttle IMU and GPS is given , and

Cha pter VI describes the }~alnia n Filter designs that were investigated



-
• ‘-
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-
.
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I

- 
in this study. Cha pter VII presents the results of the study and the

conclusions dra wn from these results. Appendix A is composed of the

computer generated plots that present detailed results o±~ the filter—

ind icated filter performance and the true filter performance. Appendix

B presents a general description of the computer program used to per—

form the covariance analysis and a depiction of those portions of the

-
~~~ program unique to this stud y. Appendix C presents filter design param—

I eters recommended in other studies and compares them to the final design

values of this study. Appendix D consists of an addendum presenting

results for the 8—state filter design with a corrected schedule of

specific force to the truth model clock states. It will present per-

formance plots and a discussion of the results .

5 .
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- ::•‘ II. Space Shuttle Co ordinate Systems and Transformations

Reference Coord inate Frames

The coordinate frames of interest in describing the motion of the

Orbiter and the measurements of the GPS range and range—rate are des—

cribed in the following figures and paragraphs. These are the coord inate

frames specified by NASA (Ref 4) and described and used by TASC in NASA

sponsored studies relating to Space Shuttle deorbit/reentry navigation

( Ref 9 :A .O— A. 5) from which the following definitions come.

Earth Centered Inertia l Frorne

The coordinate frame most important to this stud y was the earth

centered inertial frame or ECIF, which will be denoted by a superscript

i. Of course , this is only an approximation to an inertial reference

frame, being attached to the earth , but since it is nonrotating with

• respect to the “fixed ” stars , for short term use it is an adequate

approximation . It is in this reference frame that the navigation calcu-

lations are perf ormed , the GPS simulation is made , and most of the

trajectory data is provided . It can be described verbally as having

the axis positive through the earth ’s spin axis , the X~ axis through

Aries of 1950 , and the Y’ axis comp leting the third axis of the right

hand triad (see Figure 2).

Each of the other reference frames are related to the ECIF frame

by transformation matrices , described in the next sections. The trans—

formation matrices either transform from a frame , x , (T., ) to the ECIF ,

or to a frame , x , 
~~x/i~ 

from the ECIF.

7
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Not e: epoch is the beginning of Besselian yea r 1950

Figure 2. Aries—mean—of—l950, Earth Centered Inertial Frame
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East—l~orth—U~ Reference Frame

-: The local level, east—north—up (ENU) frame is used in this stud y in

the algorithm that calculates which four satellites to use out of the

set of all visible satellites. This frame is best described by the way

I in which it is generated . The up unit vector , II) is described as being

along the Crbiter ’s position vector , RU , from earth center to the vehicle .

The east unit vector , lE is described as the resultant of the cross

‘I 
product of the polar unit vector , lZ~ and the Crbiter pcsition vector,

1W. The north unit vector is then the cross product of lU and lE.

This calculation is described mathematically as follows:

RU
— 

(1)
-

- I RU I

I ) ’
-
. lzi X R U

1E= 1 (2)

lN~~~1 UX l E  (:3)

The direction cosine matrix to transform from the ECIF to the ENU is

then:

= 

~ 2:: w- (4)

9
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Relative Velocity Frnne
- 

The frame which is used to relate gravity deflections and anomaly to

the calculations is the Relative Velocity Frame (v) , related to the

Orbiter ’s earth relative velocity vector. The unit vectors which are used

• 
to define the transform from the V frame to the ECIF frame for computation

purposes are defined by the use of the unit vector lU and the position

vector RU, defined previously, 1VR, the unit vector along the Orbiter’s

I earth relative velocity vector, and VU, the Orbiter’s inertially ref er-

enced velocity. Mathematically, this transform is described as:
S.

• 
VU — WIE X RU

1VR = — — — (5)

~ 
where WIE is the earth ’s spin vector . Furthermore , letting:

1W 1U X 1VR (5a )

the transform is defined ass

$
lU 1VR 1W (6)

2 

_ _ _ _ _ _ _ _ _ _ _
Platform Frame

r1 The fina l frame of interest is the platform coord inate frame , or P
rz ~

--
~:- frame, in which the accelerometer measurements and gyro bias errors are

a-.

10
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- . defined . The Crbiter uses a space stable Il-lU platform , which is defined

at launch , and thus the transform from the platform frame to the ECIF

frame is a simple rotation which remains constant throughout the mission.

The transform direction cosine to go from the P frame to the ECIF frame

was provided by NASA (Ref 16) and is ~iven by

5.5711564 E-l -1.4125705 E-l -8.1833281 E-1

1i/P 
= ~1.41~1~73482 E—l —9.8686101 E—]. 7.1813144 E-2 (~ )

—8.1772438 ~—l 7.8433026 E—2 —5.7—24052 E—l

I

-I

‘p
-a
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III. Global Positioning System

I
‘a Description
a.

Currently the Air Force and Navy are jointly developing a system

that will use signals from a network of satellites to provide worldwide

navigation capability with high accuracy to suitably equipped users.

At present the system is entering a test and evaluation period (Phase I)

j during which a limited number of satellites will be used to prove con-

cepts and evaluate initial designs . When complete (Phase III) the sys-

tem will consist of three major segments which are to be called the

space segment, the user segment, and the control segment. An inter—

mediate period (Phase II) for further refinement of equipment and

evaluation may or may not be implemented depending on need and cost.

i ~~~~~
—

, Completion of the system is presently scheduled for 1984 (Ref 3:4.7).

In Phase III the space segment will consist of 24 satellites

divided into groups of 8 satellites spread out in each of three evenly
a,

spaced , circular , nonsynchronous orbits . The satellites will be in

an orbit of period equal to 11 hours 58 minutes so that each satellite

will repeat a ground track once every 24 hours. The satellites will

use cesium standard clocks to provide a very accurate clock signal

with low drift  characteristics. Each satellite will transmit cod ed

signals with highly directional cha racteristics. These signals will

-i allow a user to determine his own relative position, velocity and

clock error factors by using the information coded into the signals .

The user segment will consist of an L band antenna , an onboard

clock or timing unit , a receiver capable of processing all or part

of the signal available from the satellites, and an onboa rd computer

1 12
I,
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to process the information. When a user’s set is to be employed , it

will scan above its local horizon and automatically select four satel—

lites from those visible tha t will provide the best geometrical confi g—

uration to give the best accuracy (see Appendix B) .  The measurements

received from each of the four satellites selected will then provide a

basis for the computer solution to three components of position plus

the user clock bias factor, and if desired , the solution to three

components of velocity plus the user clock frequency error.

The control segment will consist of four monitor stations located

in the United States arid Guam and an upload station at Vandenberg Air

• Force Base in California. These stations will monitor the accuracy of

each satellite’s signals and the actual position of each satellite.

Once each day, as a satellite makes its closest approach to Vandenberg,

updated clock and ephemeris information will be uploaded to the

satellite.

-I
Using GPS

The way in which the satellites provide the information to the

user will be by transmitting two distinct signals on separate L ‘band

frequencies , giving the time the signal was transmitted plus the
I

satellite position and velocity at that time . By measuring the

Doppler shift in the signals the user will be able to compute a range

rate to the satellite. By synchronizing its clock to those of the

satellites, the time d ifference from signal transmission to reception

can be used to determine range to the satellite. Use of the two

separate L band signals will allow the user to determine the varia —

tion in velocity computed due to ionospheric effects on the signals.

13
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The fact that the satellite will be uploaded daily is an ind ication

that there is some decay in the accuracy of information to be expected

as well as some slight clock drift . The time since uploading will thus

be a factor in the accuracy of the information obtained by the user,

u and so also in the magnitud e of the error committed by using this inf or—

nation. Typical magnitudes of RMS range error are approximately five

feet just prior to upload and approximately one foot just after upload .
• VS

Comparable magnitud es in the RNS range rate errors are approximately

0.003 feet per second just rrior to up load and 0.0005 feet per second

just after upload ( Ref 10:2.8).

*5

I
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IV. Error Covarianc e Propagation Equations

I
-

. Covariance Ana lysis Equations

This chapter presents the basic covariance time propagation equa —

tions . The equations propagate the filter estimated error cova r iance

and the system actual error covariance. The notation used will also be

presented . The derivation of the Kalman Filter is well documented in

j the literature and the references provide two sources (Ref 13:5. 7—5.4 0

and 14:247—261). The actual implementation within the General

Covariance Ana lysis Program (GCAP) (Ref 6) is presented in Appendix B.

The error model equations for the system, or “truth” model, and for the

suboptimal Kalman Filter are presented in the next chapters.

• The Kalman Filter requires a linear or linearized differential

I ~~T equation description of the system. This is acknowled ged to be only an

-‘- approximation to the real world nonlinear model which would be much

more difficult to implement on a digital computer. The system model

used is an integrated simulation of all of the significant errors

committed by the Space Shuttle INU and by GPS . These ~rrors include

both those errors caused by imperfections in the system sensors , such

as gyro drifts and platform misalignments , and also those errors caused

by environmental factors such as ionospheric delay effects and gravi-

tationa]. deflections and anoma ly . The vector of errors , denoted dx ,

is modeled as the difference between the indicated vector of state

variables , denoted by ~, and the true vector of state variables , denoted

by x.

The error state variables are modeled by first ord er linear differ—

entia l equations of the form

15
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d c ( t )  = F(t)dx(t) + G ( t ) w ( t )  (8)

C
-

. where

dx( t )  is the vector of error state variables.

F(-t) is the system dynamics matrix.

G( t )  is a gain matrix.

-‘ w(-t ) is a vector of white noise inputs.

p Since the error state variables and white noises are assumed Gaussian ,

they can be comp letely described by:

1) the mean of the state variable vector :

~~(t ) = E [dx(t ) ]  (9)

I ~~~ 2) the covariance of the state variables:

P(t) = E[(dx(t) - ~~(t))(dx(t) - ~~ (t )) T] (10)

I
3) the mea n of the white noises , which is zeros

E[w(t)] = 0 (11)

and

1 4) the covariance kernel of the white noise inputs:

— t2 ) = ~[~(t 1)wT(t 2 )] ( 12)

~ where £(t1 - t2 ) is the delta function.

I 16
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Linear measurements are available of certain of the state variables

at d iscrete instants in time and are modeled to be of the form

Z(t k ) = H(tk)dx(tk) + v(t k ) (13)

I
generated as a difference between INS and GPS outputs, where

Z(t k ) is the vector of difference measurements.

H(t ) is the measurement matrix.— k
- v(t k ) is a vector of corruptive white noise.

The discrete time corruptive white noise is, as was the continuous

tine w(t), modeled as Gaussian with zero mean and covariance kernel
S

a described as

R(t 1),  t1 =E[v(t i)v( t2)1 2 , .
~1 ~ 

(14)

:~:-. 
It is also assumed that the system white noises and the corruptive

measurement noises are uncorrelated for all tine,

E [w(t1)v(t 2 )T] = 0 , all t1,t2 (15)

.
For notational convenience the reference to the independent van —

able (t )  will be dropped and time dependence will be assumed unless

specifically noted otherwise.

The cova rian~.ie of the errors must satisfy the matrix differential

equation

.

p = F p + pFT +~~~~
T (16)

‘a-.
“
S
.
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:‘: between sample times and it is the solution to this equation that prop—

agates the error covaniance forward in time. In the actual implementa-

tion G is an n x n identity matrix, and thus, in the above differential

equation ~~~~ will be denoted by ~ only .

The Kalman Filter is used to provide an estimate of the errors

being committed by the system. This estimate is corrected at discrete

times by a Kalman “gain” weighted residual, KF(Z  — Hdx) added to the

estimate. At the time of the “update” of the estimate , a correction

is also applied to the system , based upon the filter computed gain.

In other word s, once the errors are estimated and measurements are taken

to correct the estimate , the LMU is driven so as to remove the esti—

mated errors from it also.

Thus the propagation of the estimated error covariance forward

in time becomes more than just a solution to the differential equa-

tion above , but must also includ e the measurement update equations,

which are provided by Kalman Filter theory. Propagation equations

f or a covariance analysis are presented here .

From an initial cond ition of

= E[(dx ) ( dx 0)T] (17)

the covariarice is propagated forward in time , and also between measure—

ment updates by

(18)

At measurement update times the Ka ].man gain is calculated as

18
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= P H TE~~ HT 
+ Rj~~ (19)

where the superscript minuses indicate time at the instant of taking a

measurement and just prior to an update. The covariance is updated
‘S then by

= ~~~

- 
- Kf HP (20)

where the plus indicates as the minus signs above but just after update

incorporation . The Genera l C ovariance Ana lysis Program used assumes

• complete impulsive control over those states which are updated . This

will be discussed further in Appendix B.
.
~.
.

Measurement Underweighting

While the above equations accurately describe the basic Kalman

Filter covariance propagation and update relationships, one change has

‘been made , in accord with the previous studies by The Analytic Sciences

Corporation (TA SC). That change is the incorporation of measurement

underweighting ( Ref 10:2.18—2 .19). This is a modification of the

Kalma n gain calculation as

K = P H TE u HPThT + (21)

‘I
where urn is the measurement underweighting factor and is a scalar

larger than one. The factor used is equa l to 1.2 until the root sum

of the position variances (the square root of the sum of the position

~:i ‘~~~~
‘ covariances, P(l,1), P(2,2) and P(3 ,3) ) ,  is less than 1,000 feet.



‘4

- 
When this occurs , the factor is set to one , effectively turning off

measurement underweighting . The underweighting remains off unless the

-: root sum goes above 1,000 feet once again.

Measurement underweighting is used to prevent the filter from mak-

ing sudden changes in state estimates during initial transient period s

when a new sensor is acquired , such as when a satellite set changes.

This reduces the possibility of filter divergence and will also reduce

filter sensitivity to a single bad measurement (Ref 10:2.18).

‘
4,
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V. S c e Shuttle L-~U and OPS Truth :~cdel

-
. 

Descri~ t~ c~

The de~ i~ n l~:in FIJ .tcr ’$ e~~ cc t cn actua l sy stem performance an d

error ~rowtn is t~e fina l ev-jiuatjon of its effectiveness. It is not

possible , or even desira i~ic , to perform this check on the actual system

durir the ma ny It erat i  er.:; on the various Kairna n Filter parameters. 3e—

ca use of this , a ~i i ~~~ u~ode I cf the actua :L system is used , which is

U referred ~o au ~~ trut ~~~~~ ~\s rent ioned ~n Cnapter IV , the truth

model consists of all the si~rJ.ficant error states In the St~i.ce Shuttle

II-:L and ir~ the 0P3 m~asuro~ on ts.

The truth mod el used in this stud y is a mod ification of the truth

models used in ea rlier stu~ i,es on this problem ( Ref 9:3.2-3.12, 10:4.9-

- 

L~.lr , and l1a~?.U—2 .1’4-) . it is a mod ification in that the state order

U is sot:~e~hat differ ent , certain GP~3 states are modeled in a slightly

dii~crent mann er , and the unique portions of the trajectory used plus

the ultisate aim of the study,  allowed deletion of certain states used u

these previous studies. The deleted states are for e~terria 1 aid s such ~s

TAoA ~: a nd ~aro ,~:! i~e’~er, as well as “aseudo dra g” u~date (it of 9:4.4) ,

which w ere not used in ‘th is stui y.

First , the crr’:r states ~re prese~;ted , followed by a discns~ion of

the truth no’J~ l rs~-sic-ri d ym~ n ias ma~ r±x and the associated proco~-3 noise

covariance h~ r~el. yext ,  the truth model data base , which includes

initial condi t ions and modelin~ values for the covariance pro~~ ;ation

equatio ns , will be discusse’~. The cha pter will be concl~-ded w i t h  a

::~ presentation of the !Iea m ry en en l -ra ~ rix for the treth -rcdei plus th~

,~~~ 
.
-
~
. - ,. associa te~ corrln)t ive r -em~ ii t noise cova r :Larice .

• 21
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gr ~ror States
-

-

Table I definos the error states and number of error sources for this

study ’s truth model. The 73-state truth model consists of 36 LI—related

states , 3 states for ~i’avity deflections and anoma ly, 6 user clocJ~ states

for the Crbiter ~‘ia ster Timing ’ Unit (i:TU), and 28 satellite error states.

These last 22 states are actually a quadrup le repetition of a 7—state

model fo r each of the four satellites used during each update.

Table I: Deorbit Truth T :~eei grror States

3cct~ ~r S+..~’Ls:: h~-’~ ~
‘m . cf Stmtc;~ ~~‘ror 3c’~ :-c e~

A i— ’ ~~~~~~~~~~~~~ ~rrors 3 3-a
4-(, T 0j ~ ç0j ’t y  ~rrors 3 3

B 
— 

7, b haer  0loc~. Ph as e , Freq . 2 _ 2_ — —

A ~~!i r J a t ~ or:~ ‘~~~a1i-:r~nent s 3 
— - .  

3
12—14 ~ccelero:::eter Biases 3 3
l
~

—l 7 gyro  :,~ aa Drifts 3 3
lh-2J ~ther ~‘~U Clock states 4 4

~~-~~~~~ccel. Scale F a c t o r s 3 Y

25—30 Acce l. :•:isali~ nrnents 6 6
(sssym. and N on— orth o~ .)

31—33 \ccel. ~ on—Linearities 3 3
34—36 ~ravity  ]Jeflections and 3 3

.-~nona Iy

37—42 gy ro .ass Un ’ca ia ncss 6 5
(~:—sensitive d r i f ts)

43—45 i~ ro ~sisc’e1asticity 3 3
(~~-- .sensitAve cb’.~fts)

L~~( .?3  ~atci1±tc hrror ; tates 2b 28
_r.~w S, ,’ f l.  -

The sections referenced in Table I refer to the section of the sy~—

tern dynamics matrix which helps to def i ne the models for  the states in

that section (see Figure 3).

22
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System IB’sa wics i-:atrix nnd Process Noise ~:~trix
- - 

The system dynamics matrix will be presented in three sections , as

shown in Figure 3, and listed in Table I. The sections 1~rc-~~ the errcr

states into three main groupings . First , sections labeled A . ,  which

j relate the Ii’I—related states , includ ir c~ the gravity model errors , ::i 11

be presented . Next will he a discussion of the Orbiter kTU error model ,

depicted in sections B., followed by a description of section C , which

contains the GPS satellite error r -iodelc .

17 21~ 45 73
I ,  I —

I~~~~i I
6 I _j
3 A , 2 tt 0

- —a —

~~ 

I--—
~ 

—ab —

~~

17 I

21 1II~I1j T~””F

0 I I 0— I 1) I —
I I
I I

— : I I

45 I
• ‘ - —

~~~~~~- — — i  -r- — -

I I
I I
I I

— 4 I
0 2.

_ _  I
-
, 

Figure 3. System Dynamics i - at r i x
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Figure 4. Nonzero Blocks Within Partitions A and B of
System Dynamics ~-:at r ix

* Figure 4 presents an expanded view of the parti t ions of Figure 3
labeled A , A b , 

~b’ fle, ’ ~~ b’ and 1b. The part labeled contains the

coupling between error states in the A and A sections , which are the
• 

-a -b
IkU related states. The A portions are easiest described by disc ussing

the nonzero blocks labeled S., compon ent by component. bach of the

blocks will be presented in order and defined by their relational
I

functions.

No ta t ion de veloped in previous studies (Ref 9:~~.l—E.20) will be

followed as much as possible . In this regard the following defi nitions

are presented .

‘a-
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‘ = S~ eciti ,c Force vectc-r in P (p la t form) frame (22)

L~3
ri/p is the 3x3 transformation matrix to go from the P frame to the

~CIF (i)  (see Chapter II) . It is used because the platform eiisalig-nments,

accelerometer errors and gyro dr i f ts  are defined in the P frame , while

velocity and position errors are defined in the BCIF frame.

Block S
~ 

relates velocity errors to the position error rates and is

defined as

S
-
~~ 3x3 (23)

Block 
~2 

is defined by

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(24)

where

~ is the ~:revitationa,l consta nt

I is a 3x3 identity matrix

RU is the 3x1 position vector (in ECIF, see Chapter II)

Block S
3 
relates platfoim misalignment errors to the velocity error

rates by

1i/p i; (25)

—
~~

- 

~~
:-

‘- where

-‘a
,
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= f
3 

0 (26)

L~
2 °J

Block relates accelerometer bias errors to the velocity error rates

by

3x3 
(27)

Block couples acceleroaeter scale factor errors to the velocity

error rates by
S

= 1i/p ~~ (28)

where

-‘a

1~~~0~~~1
o J  (29)

S
Block relates accelerometer misalignments to the veiccity error

rates by

‘S
= 1i/p ~ 2

where
,— ‘•; - ‘_ -

~ 1•

‘F 
-

26
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f 3 0 0 0

0 ° I (3’)

L~
_ 0 0 0 f 1

Block S relates accelerometer nonlinearities to the velocity error-7
rates by

3
7 1i/p -~3 (32)

where

0

F
3 

= 0 f~ 0~~

0 

~:2i
Block relates gravity deflections and anomaly to the velocity error

rates through the use of Ti/ s developed in Chapter II, by

= ri/v (3k)

Blocks B , B , &nd B will be described in the next section of this—ab —b
~-, ,- _ _l_c~~~~ er.

Block relates the ~yro bias errors to the pla tform misalignment

error ra tes  by

~-9 -
~~ 3x3

a-—

27
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Block S10 couples the gyro mass unbalancas to the platform nica 2i~’n-

ment error rates sy

~ll ~~~~4 
(36)

whore -

f 0 0 0 0

0 0 f 2 f
3 

0 0 (yr )

0 0 0 0 f
3

4
Block relates the gyro anisoelasticities to the platform misalign-

ment rates by

t~~~~~~~
I

~l1 
= F

5 (38)

where

0

a 0 
~
‘2~

’
3 

0 (39)

LO 
0 f2~~~J

Block 
~l2’ located along the diagona l, relates to the modelin g of

the gravity deflections and anoma ly as first order Cause— ~arkov processes

and is defined as

28
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—R 0 0
du

‘a
. -

- 

~-12 — 
~~~~~

— 0 (40)
dv

- V
- 0 0 —R

dw

where

is the Cr’oiter’s ea rth—relative velocity and

I du, dv , a nd dw are altitud e depend ent correlation distances expressed

in a table lookup routine.

The process noise s~ ectral density of the mhite noises utilized in

the modeli ng of the ~ravity error states are defined by the desired

steady state values for  the errors modeled here . The values are given by

‘a . V
(41)

is the sta rLda rd deviation of the gravity model error. The effect of

the gravity errors decreases with al t i tude so that at 250 ,000 feet the

• standard deviations have been attenuated by three ( Ref 9z3 . h— 3 .9 ,  7~3.2 1—

3.22).

Pa rt B is defined by the Orbiter ETU quartz crystal clock error

model , shown in Figure 5, also given in the earlier TASC studies (Ref 10:

2 . 2 3—2 . 2 5) .  Figure 6 d epicts the definition of the B blocks and Table II

- defines the states.

‘ ‘
p
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I °-1
~~~ 41t:~~Ht1~

‘~‘/3 ~~j (o) 
[~o~j

-E+~---E~F--
Figure 5. ~,uartz Crysta l Clock ~rror hodel

In Figure 5, the factors labeled and K7 are constants which have

-l 4the va lues 1.01 X 10 and 1 X 10 , respectively. The block labeled

“a ” is the shuttle acceleration along the ma j or thrust axis in g ’s. In

this study “a ” m~s approxima t ed by the acceleration lo~id fac tor along

the x—bod y axis. It is supp lied to the simulation ‘
~
y a ta ble lookup rou-

tine as a funct ion of t i n e  sirLce deorhit ignition , with va1~es for the

table fro~ a 2revious study (lief (
~3,~ 2) . ( See Ch - - p 1 .~’r VU for d iscus—

cion of error in this model . )

The process nois e spectral density er- 10Jcyc -.~ in the simulation is

present ed in ~ j~~i t ion 42 , which mhows the 1ine-~r dependence of U1, 
W
2
,

and w
3 

U~)Ofl eac~ o’,her , i.e., their :o e1aLi~ s.
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Figure 6. Definit ion of B Partition Blocks for System Dyna m ics fla trix

- 2able II: T)~ fi~~itinr- ni ~TU ~rrcr 3-~a t m s  -

gt:-~ to- B : - 

~o.L nt ~on ~-n i t s

7 ~~~~~ ~~rrO~~ ~eet

-
~~ ± Frequency Error ft/sec

-~~~ l~ f ~~ieg f t/sec4

19 b1 LC -
~~t :~~~ Frc—~. Error ft/sec

20 ‘4 Bmr ~~om ?re . sate Error ft/sec2

• 2
21 fa. Acceleration Sensitivity ft/sec /g

—— w, ft/sec
2

— —  L
2 

Whi te Process floises ft/sec

:~ -. 
—— 

- 

ft/see3

- ‘— -
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a.
a.

— 7 8 18 19 20 21

7 4.~6 X ~~~~ 0 0 4.14 X 10
_i 

4.51 X l0~~ 0

0 0 0 0 0 0
• 18 0 0 0 0 0 0

—l 1 1 (42 )
- 19 ‘~- .l4 X 10 0 0 3.77 X 10 4.10 X 10 0

20 L~~~1 ~ 0 0 4.10 x io~~ 4.47 X l0~~ 0

21 0 0 0 -  0 0 0

j whe re

- - - - - 2is in (ft/ see) /sec

- - - 2 2as an (ft/ sec ) /sec

is in ( ft/sec 3) 2/sec

Part C contains the satellite states with each satellite modeled by

using a modifica t ion of the ~TU clock model pius terms for range bias

~~~ 
errors and ionospheric delay effects. This was done because a model for

the satellites was not readily available , as some values are still under

test and eva luation and some values are still classified . The mod ifica—

t .ions to the user clock model were made so that the numbers used t-:ould

be “close” to expected performance values given in the literature

(Ref l0 :2.7-2.-~,3 :5.2-5.l2) .

The modifications led to the use of a five—state satellite clock

model. This is the same comficur at ion as for the MTU model , but with

the acceleraticri sensit ivity state deleted , with two additional states

added t o this t o accoun t f or rnn~ e bia s error and ionosp heric d elay

error. The dynamics moda l for one satellite is presented in Figure 7

as it appears in the system dynamic s matrix. The clock model of

Figure 5 minus the acceleration sensitivity state is art accurate

depiction of the clock portion of the satellite model. Table Ill

I:
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defi nes ~he states and the units of the states. Note th-~t Figure 7 could
- - - 

be any one of the four 7x7 blocks tha t compose block diagona l  C in

Figure 3.

—
- 0 1.0 0 0.01 0 0 0

0 0 1.0 0 0 0 0

S 0 0 0 0 0 0 0

-
. 

0 0 0 — .101 1.0 0 0

0 0 0 — .0001 0 0 0

0 0 0 0 0 0 0

i 0 0 0 0 0

Figure 7. Satellite Dynamics Block Definition

I 
______ ~~-~~in~~ ii: S o l ~ ite Bfatn 

__________

~~~~ Lf -~~: L~e~ c~- i - t i o r .  l : :its

46, 53, 10, 67 CI0CL; Phase Error

~ 47, 54, 61, 68 Clock Frequency Error ft/sec

- - 24~ , 55, 6~ , 69 Aging 3~as a~rror ft/sec
49, 56 , 6), 70 Flicker Frequency Error ft/ sec

50 , 57, (4, 71 Rand om Frequency Rate ft/soc2

Error
l 

~~~~~~, ~~, 6~, 72 Ranr :e ias irror feet

52 , 5 ~~, 6i~, 73 Ionos2heric ~~~~~ Err or ft/sec

Reiterat in~ tha t althoug h the satellite models do not represent a
‘1

d ocumented model for the proposed cesiur - —s t ?ndard GPS satellites , the

2: numbers do give a fair ly representative r -:agnitud e of errors to he

expected by using these satellites . The magnitudes for the modified

clock model’s initial conditions and white noises are ~a.~ically sea l~d

33
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values proportional to the values used in the Orbiter kTU model .  The

::. -
- 

m ajo r error contributions crc modeled in the rang-i bia s error states and

-
- the ionosghoi-ic delay states. Equation 43 gives the process noise spectral

density used in each one of the four satellite mod~L~.

-5 -5

~ . . E-Oy 0 0 4. E— 07 4.5 E—0 9 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

4• ~~07 0 0 4. E-05 4. E 0 7  
- 

0 (~-3)

4.5 E-07 0 0 4. E—0 7 4.5 E—0 9 0 0

0 0 0 0 0 0 0
I

0 0 0 0 0 0 0
a. —

a.
5.

I4ote that the scaling factor used for the standard deviations from the

I-~TU clock ~ode1 to the satellite ~:tod€l was l0 , so that the 1~rccesS

noise ’s spec tra l density differs by a factor of l0~~. The units are the

j 
same as for -~b 

(see Eluatior. 14.2) .

Truth ko~o1 Da ta ~ase

-: The truth model data base includes the initia l conditioi s on the

-~~ ti-uth model states as initialized covariances, th3 associated process

noise spectral densities where apulicable, and the corr upt ive measure-

ment noise strengths, plus any time constants for time correlated states.

I The process noise spectral de nsit ies ha ve been presented earlier.

The initial conditions have been derived froni two basic sources,

as mentioned in the introduction. The initia l conditions a-re presented

-
- ~

-,-;- in Table 1~!.

LI 34
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T~!~~lE? IV: T~ ut. h ~- o ~ Bi ~~~ T~-~ s~ — — I ~ i, -TL -~~d B~ tel] i-e :~

________ ~~C i’)t1O fl Ini ~ i - i

1 Posit ion_X~ * 5, 41? feet

2 Position_Y~* 2 ,3L~4 feet

3 Fosition_ ~
1* 9,332 feet

4 Velocity_X’* 9.863 f ps

5 Velocity_Y’* 3.101 fps
6 velocity_ ~~ * 7.115 fps

7 II TU clock phase 100 feet
B kTU clock freq. 0.01 fps

9—li Platform niisalirn. l.377E—03 rad/axis

12-14 Accel . Biases l.607E-03 fps2/axis

15—17 Gyro Bias Drifts 1.697E—06 rad/sec

13 NTU Aging 3.86E—06 fps2

19 Flicker Freq. Error 20.2 fps

20 Rand om Freq . Err. Rate 1.37 f ps2

2]. Clock Accel. Sensitiv. 0.1 f ps /g
22—24 Aced . Scale Factors 100 ppm/axis

U 25—3 0 Aced . Misalians. 7.272E—0 5 rad(~ 6 co rnp)

31-33 Acc el. Non—Linearity l.089E-07 f ps2/g2

34 Gravi ty Anomal y func t ion of

35 Gravity Deflection altitud e , see

36 Gravity Deflection text , Eq 41

37-42 Gyro -ass Unba lance 3.770E-09 rad/s/g

43—45 Gyro Anisoelasticity 3.770E—09 rad/s/g
2

46—73 Sat clock phase 0.1 feet

Sat clock freq. l.OE—04 fps

Sat Aging 3.86E—09 f ps2

Flicker Freq. Error 0.0201 1 ps

Random Freq. Rate Err. l.39lE—O3

Sat Range Bias 3.5 feet

Ionospheric delay 0.0024 fps
____________ - ~~~~~~~~~~~~~~~~ ..

*i.:ote tha t position and velocity errors have strong cross

• correlations in the inertial frame.

35
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Notes on 3:-~te1lj te ‘ode1In~- v ~ 2-j:s

The method used in choosing -the values for the clock model portion

of the satellite modeling- has been discussed earlier. The filter is

driven by the difference between actua l measurements and estimated

( pred icted ) measurements. The satellite contributed errors reflected

in this difference rema in to be discussed . The errors are modeled in

both the satellite models and in the measurement noise vector, V, and

thus in its covariance kernel , I.

As explained in Chapter III , the time since upload of the satel-

lites by the ground station at Vandenberg is a factor in the accuracy

of the neasurements taken . This is due to the satellite clock drift
I
:~ and satellite ephemeris error (Ref 10:2.7—2.8). Another main error

contribution is the ionospheric delay. The ionospheric delay is re—

~~ 
ported to be of the same order of magnitude as the satellite clock er-

rors (Ret 3 : 5— 10) .

The values used in the truth model assume that the satellites

have not been recently uploaded . The trajectory of the Orbiter during

the deorbit/reentry portion of the mission simulated occurs over almost

one fourth of the earth’s ci rcumference to the west of Va ndenberg AFB .

It is thus reasonable to expect that a large portion of the satellites

used would be those that had not yet been uploaded (see Chapter  iii).

This may not be as true during the post—blackout tine pericd , but this

facto r was not taken into account in the modeling .

With this in niind , the valucs for the range bias and ionospheric

delay states initia l conditions were chosen to reflect values of 3.5

feet and 2.4 X 10~~ feet per second , respectively.

36
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Truth Model Xeasurenemt Natrix and ~easurentent Noise

The truth model measurement matrix reflects the three areas of con—

tribution to error in the difference measurement , which are fl-lU errors ,

• user clock errors , and satellite errors . An advanced design GPS receiv-

er capable of simultaneous measurement processing for four satellites

has been assumed • The Kalma n Filter inc orporates the information as

• eight measurements; four each of position and four each of velocity, or

one of each from each of the f our satellites in use. The primary meas-

urement updating interval used in this stud y was 30.72 second s between

measurement updates. This value was chosen arbitrarily, bu-c to reflect

an interval during which great change in d ynamics would not be encoun-

tered , and one less than the interval in which the satellite constella—

• tion was tested for best geometry . The measurement sequence is

assumed not to start until just prior to deorbit ,

As noted in Chapter IV , the measurements (or more correctly , the

difference measurements) are described by

I
(44)

which is the difference between actua l receiver measurements of range

and range—rate , and the pred icted measurement using INS indicated

values. At measurement update times the filter corrects its estimate

of errors by adding the Kairnan gain weighted residual, KF(Z — Ft d*) ,

to the estimate.

The measurement equation is composed of a set of four pseudo—range

and four pseud o—range—rate equations which are derived in the literature

(Ref 2~14—16, 73—84, and 7:4. 50—4.53) . These pseudo—range equations

~37
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:: ir.clude user clock ahase errors, satellite clock phase errors, satellite

‘ 

- r~ n - e  bIa~; er -ror ;~, a nd satellite e~ hemeri s errors . Terms from user

clock frequency errors , sa tellite clock frequency errors , user and satel—

Lte rand om frequency errors and an ionospheric delay tern are includ ed

in the p seudo—ran~ e rate ec~u.ation. The Orbiter ’s posit ion and velocity

errors are also gncluded in these equations from the L~U position and

velocity states. Satellite ephemeris errors and satellite clock errors

are actually indistinguishable from each other in reception , a nd their

effects are accounted for together. Each equation also has an associ-

ated corruptive white measurement noise tern , part of V, whose

covariarice kernel R is included in the Kalma n Filter equations.

The measurement matrix is of the form

• — 
6 7 8 19 45 52 59 66 ~~1 I i i  1 0 ’  I I I I

H~. ‘ 0 I I D I I
•. ~) ~~~~~—i 1 -, I,-. ,‘-.~~ I 

—

5~.- ..l_ 

~ 
_L~~ I ‘ ‘ I

3 I i -r~~~~~~~ o : r r i ~~~‘ 2. ‘ I4
~~~

2 I i L~~~~~~~~
.0ii L L 4 J

‘ 5 ~i ~ I 0 I
— - 

~~~~ I 0 I I 
1 D 1

C s)~-~ I ~ 
— ir. 01 1 I —

B I .  U
. ._ _ L_ ~

_ _ _ _
~~~_ L _ _ 4 - _ 0 _ _ L ~~~_ -

a 7 I i i  1 0 1 I~~~:-~_, 
~ 0~~~~ I 

~ 
I I D

8 ~~4 I l~ 
— 

~) .0lI I i ! I ~~

Where the blocks are each described by

-5 -5
i r s .  i r s .  i r s .

X j  
_ _ _  _ _ _  

0 0 0

( 1 4.6 )
ir s. irs. irs .0 0 0 X j  y 3  _ _ _
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and lr . a -. in the unit vector comoonent in tha .th di rection to tha ~th
i j

satellite in the inertial frni~e ( i ).

The block labeled D and repeated four tines in H~, is given by

r~ 0 0 0 0 —l
2 = 1  I (4? )

-I_U —l 0 0.Ol 0 0

These blocks cou~-ie -the appropriate satellite errors to either position

or vclocL-b y sta -b~ s du ’~~rg~ measurement upda tes.

The covaria nce ~ of the c orruptive measurement noise is diagonal ,

with values used , aga in , from earlier studies (i~ef 1112.14) , given by

-• 2 . 4. -( 12 f-L ) for each of the ~our range error equations and (0 .0~ f t/see)

for the four range rate error equati ons .

r.

a..
‘a

- 
-

I

:a.j
S
a .
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VI. Kalnan Filter Design

-: Basis for  Kalma n Filter

The Ka irna n Filter is based upon a reduced order model of the system

truth model , described in Chapter V. I’iajor error states of interest are

-: mode led in the filter, and the uninodeled errors from the system are taken

into account by changes in the ;~‘ay the major errors are modeled . This is

of ten done either by adding white noise to a state model , or by complete—

ly cha nging the state model , such as by changing from a bias model to a

first order Causs—F.arkov process. The filter is imp lemented in a reduced

ord er , or subopti ina l, model so that it ca n be used practically for online

estimation and correction of the error states of interest.

As explained in Chapter IV , the filter makes corrections to the real

~~~~~~

- world L~S, and in the simulation corrections are made to the truth model.

Based on these assumed corrections, the Ka lnia n Filter also corrects its

own estimate of the error states. The corrections are based upon meas—

urernents taken from an aiding source external to the IMU at discrete

times, which in this study is the GPS receiver. The source should have

good long term information cha racteristics to offset the IN$ ’s poor long

ten cha racteristics, while taking full adva nta~ e of the INS ’s good

“short term ” cha racteristics.

In the INS , the do mina nt mod e a f fec t ing INS characteristics is the

84 minute “Schuler Pendulum ” oscillation period . Significant errors may

arise when this mode is observed , especially at quarter period intervals.

It is thus over a~ period short in relation to these intervals that the

‘
4 INS exhibits its good short term characteristics. GPS, on the other hand ,

may present “n oisy” measurements over a short term . Taken over a period

4-0
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long enough for the INS to exhibit error growth however , the character—
- 

istics are quite good .

Filter Description

The Kalman Filter error states used in this study are a subset of

the truth model states described in Chapter V. Information on filter

states used and initial design values is based largely upon earlier

studies (Ref 91Lk. 1~L4..9, 10:L4.. 5~L1..9, and 1122.10—2.12), which in turn

refer to NASA filter specification.

a.
.. Based upon the suggested designs of these earlier efforts , an

initial design of a 17—state filter was implemented. Tuning was accoin—
S

pu shed on this 17—state model. Based upon insight gained from the

perforniance of this design, an 11—state filter and an 8—state filter

~~ 
were also implemented , and the results compared to the performance of

- ~- the 17—state design. Since this study examined the use of GPS measure—

ments both prior to and after blackout in two phases , the design of

the filters was accomplished in the region prior to blackout, and then

performance was examined in the region below blackout. Only the 11—

and 8—state filters’ performances were examined in the post—blackout

region because of the 11—state filter’s performance being so close to

the 17—state filter’s performance in the pre—blackout time frame.

The error states utilized in the 17—state design are listed in

Table V. The ord er of the states was arranged with an eye toward

removal of the last six states for imp lementation ~~the 11—state filter.

Likewise , remova l of the next three states led to the states used in

S the 8 state design . This was also the reason that states 7 and 8 were

removed from states 18—21 in the truth model portion dealin g with the

4-’
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L
Table V. Kairnan Filter b rror States and Initial Cond itions

~: 
~~~~~~~ State Description Standard Deviation

1 Positjon—X1 1,330 feet

2 Position—Y1 6 ,339 feet

3 Position—~~ 20 ,507 feet

4- Velocity—X’ 20.931 feet/sec

5 Velocity—Y1 6.52 5 feet/sec
6 Velocity—Z1 15.235 feet/sec

7 Clock Phase 1,200 feet 

- - - - ~~~~~~~~~~~~~~~~~~~~~~~ 
0
~9~~~~~ L~~~ 

9—11 Platform Misalignments 2 .753E—03 rad
12—14 Accelerometer Biases l.70E—03 feet/sec

2

15—17 Gyro Bias Drifts 1.697E—07 rad/sec

MTU . The particular arrangements of which states to drop in going from

one design to the next were again based upon the previously mentioned

-
~~ TASC studies for NASA (Ref 9:4.1—4.4, 10:2.37—2.4-0, and 1112.10—2.12).

~~~ The values used in each filter design are discussed in the sections

dealing with each individual design. Since the initial conditions did

not change from design to design for the variances of the error states,

they are oresented in Table V for the 8— and li—state designs also.

The initial conditions for the position and velocity states were

originally given in a separate coordinate frame not used in this study

(Ref 11:2.11) . The transformation of the entire 6x6 initial position— 
-

velocity covariance, including cross correlations, was performed by

computer using a transformation matrix provided in the references
-I

(Ref 9:A.3). The resulting complete 6x6 (lower triangle only) initial

covariance f or this, as well as the post—blackout phase is presented

in Appendix C.
a

The design parameter values derived from the efforts of this study

will be presented next along with an explanation of why they were
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chosen. The performances of each of the three filter designs will be
- 

presented and compared in Chapter VII. 1~5 mentioned earlier, the designs

used are ba sed lnr~e1y upon studies done for  NASA by TASC ( Ref 9 :4.1—4.9

and 11:2.10—2 .12). The suggested filter design pa rameters from these

• studies are summarized in Appendix C and compared there to the fina l

design parameters from this study.

17—State Filter

The design of the 17—state filter and its “tuning ” led naturally

to the designs of the 11— and 8—state filters. Genera l comments about

- the method of design and tuning of the 17—state filter, especially as

it relates to the first 8 states, will apply to the discussion of the

other two designs as well.

- 
The first 17 states of the system truth model are modeled in the

- filter. Where the models used for  these 17 filter states differ from

the truth model , attempts have been mad e to account for the effects of

-; the unmodeled error states upon these 17 states. This has been done

- 
in three genera l ways .

First, the initial covariance matrix was changed for some states

- . to reflect a greater uncertainty in the knowled ge of the state’s condi—
a
-: tion. This is important if the f i l ter design is to be genera l, as the

real world error states may not be as small as -the values that have been

assumed for the truth model in -this study. If the filter begins by
4

underestir~a ting the system errors, the performance may not be such that

system errors are bound ed and divergence of system errors may occur.

Second , the effects of some unniodeled states have been somewha t
a

added thr -oi~;r-i I rn~ ses in the strength of process noise on some states. 

— ~~_ ~~. ~~. ~. - ~~. ~~~~~~~~~~~~~~~~~~~~ .. ~~~~ ~~ - -. .~~~~~~~ 
- 

~ . ~ - -~
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This can be especially effective if the missing state can be approximated

• 

- 

by a bias.

• Finally , in two of the groups of states, the accelerometer biases

and the pla tform misalignments , the sta t e m odels have been changed from

zero order models with inputs from other states, to first order Gauss—

Markov process models (l~ef 9 : 4 .5) .

Specifically, the modeling changes for the various states are as

‘ follows. The position error model remains the same as the truth model

except for the increase in uncertainty reflected by the increase in

initial conditions. The velocity state’s error model is changed by both

an increase in covariance and the addition of process noise. The proc-

ess noise helps to compensate for the effects of truth model states 22

through 36 , missing in the filter. Clock state 8 is modified so that

it too has driving corruptive white noise. As mentioned above, the

model for the platform misalignment error states is a first order Gauss—

Markov process in the fi lter. It has a very large time constant (not

infinite) with driving white noise inputs from the gyro bias drift rate

errors. The accelerometer bias error states are modeled as first order

Gauss—~arkov processes too, with shorter t ime constants and driving

white noise inputs. The models for the gyro bias drift error states

are unchanged from the truth model.

These results are shown in Figure 8, the filter dynamics matrix,

and Table VI , which gives num erical va lues for the time constants

and defines the va lues for the process noise covariance matrix ,

assumed diagonal. i~ote in Figure 8, blocks without entries indicate

zero—fill  for tha t block.

4 Lih
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.
Table VI. i?—Stete Filt-c~: Des sPa meters

:~~~~~~~~~~~~ -~~~~~-~ ~~~~~~~~~~~ ~~~~~~~~ r-:s ~~ssj t :
J~ 3 — — ——
4,5 —— 0.1076 (ft/sec) 2/sec

6 -- 0.08 (ft/cec )
2/sec

• 7 Infini ty 10.0 ( ft ) 2/sec
8 Infinity 1. X l0 ’ (ft/sec)

2/sec

- 
9—il 2.4 X i0~ sec 1.524-2 X ~~~~~ ( rad) 2/sec
12~114. 60 sec ~

- .6335 X l0~ (ft/mac )‘~/sec

:-~ 15—17 —— ——
a
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Note tha t state 6 has a different value of noise spectral density
-
. 

than states 4 and 5, the other two velocity states. Since the velocity

state computations are p~rf creed in the inertial reference frame, the

geometry of’ the Orbiter’s reentry profile can give some insight into the

reasons for having a difference. Note, in the filter dynamics matrix

(Fig 8), and also in the system dynamics matrix (Figs 3 and 4 and ~qs

25-33), that the velocity errors are quite dependent upon the vehicle

sensed specific force. For the C?r—l trajectory, the heading is

primarily east—west. Translated to the inertial frame, it can he said

that the primary velocity components of the Orbiter’s inertial velocity

vector will he in the X1 and direction. This will also be true of

the Crbiter acceleration vector’s primary components. Thus, larger

errors are to be expected on the and Y1 velocity channels. Since

~~~ 
smaller errors are expected on the Z1 velocity channel, to estit~ate

those errors better, a smaller is required for that channel.

Note that this is true only for this trajectory and would certainly

not be true for a polar orbit reentry. however, it can be expected that

the nature of the Space Shuttle missions will be quite structured , and

it should be stra ightforward to extend this idea to other missions.

S Whether the extra accuracy frcm the better estimation of individ ual

cha nnel velocity errors would be worth the effort that would be re-

quired , is not within the scope of this study.

The noise spectral density values for states 7 and 8 are quite high

compared to sur~;ested values in TASC studies (Ref 11:2.11) (see Appendix

C). The values were developed iteratively while “tuning” the filter to

• estimate more closely the observed errors in corresponding system states.
a
d ’--

The system states for the clock were affected by the acceleration

46
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sensi tivity state , ‘~-~hich couples in the component of’ longitudinal
.• ‘

- ‘-:- acceleration on the shuttle (see truth model discussion, Chapter V)1

-
. This component increases gradually prior to blackout, until at blackout,

its effect is seen in a high level of error in both states 7 and 3. The

high values for the strength of the process noises here are to force the

filter to estimate these error levels more correctly over a broad range.

This is discussed more fully in Chapter VII in the results section .

The values f’or the process noise spectral density for states 9—li

were also the result of an iterative process. They are related to the

choice of initia l condition for the misalignment states in the filter,

ch osen to be twic e the ini tial misalignment assumed for correspond ing

states in the truth model. These values, along with the presence in

the filter of the gyro bias states allowed the performance of the

- filter to closely approximate that of the system.

The time constant velue, initial conditions and noise spectral

density for states 12—14- are ss~-~csted values from an earlier TA SC study

I (Ref 9 :4. 5)  is wt’.ich the modelin~ of these states was addressed .

Including these states, as ‘~e1l as st-mtes 15—17, can be seen more as an

aid to model the velocity errors ard platform misaligr~ments correctly

than to estisate the ac i~rur etc~’ biasas amd gyro bias drifts correctly.

This is because th~~ ~~~~~~~~~~~ ~ias’~s, a long with the p]a t-forri mis—

alignments , r r’es~r~t a -a~ or c~-~- c-r ccntrirution to the velocity states.

.4 The gyro bias drift:; contri~utc n~ -n~ ficantly to tse platform rnisal!e;n—

rnent.s and th is , a1:~o to ~h- ; ve?ccit errors (Ref 9 :5 .7). Thus , by add—

ing the last nix ~;t~tes, the node]inF~ cf the velocity arid platform mis-

alignment states h i ’~c ~:~~~n ridde more com:~ ete.

a.
. - - 

- 
-

a.

-‘a.

4-7

‘a
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I : ~, The measuren :snt matrix for the filter is identical to the left 8x3

portion of the nyste ::  measurement matrix. It does not change from filter

desi;:n to filter desI~rr . !Ecjuation 4~ describes the matrix.

H‘a fi 
I 1

— a I
i

‘I Hf 
- (48)

i i
- H~3 1 

1-—-----
I I l

I 1

I ~~ Where, as in -the truth model measurement matrix, the partitions 
~~~~~~~

. con-

tam vectors to each of the 4 satellites being used , and are described

by

I

lr s. ir s, ir s. 0 0 0
HfJ a - J  X L ~ _ _ _  

z ,~ 
J

(49 )

-: I 0 0 0 lrs, irs . l r s . I
4 X 3  y J  Z 3

and lr,s. is the unit vector component in the ~
th direction to the ~th

- J - J

satellite, given in the inertial frame.

The associated corr’~ptive measurement noise matrix does however,

change from filter design to filter design. In all designs it is 3x8 and

- 

diagonal, and the sane values repeat for the corruptive noise on the

filter ra ri i~e error measurement strengths for each of the four measure—



-I

- - 
nients. The same is true for the ran~-e rate measurement errors. The 17—

-
‘ state filter measurement noise strength values are given in the following

equations.

a Rf i  = 800 (ft)
2 (50)

Rf~ 0.05 (ft/sec)
2 

(51)

I
11—State Filter

A 17—state filter presents more computationa l burd en to the onboard
I

computer tha n is allowed by ~~~ for the Kalrna n Filter function. Thus,

an 11—state design is, at present, the proposed filter to be used with

GPS as an external aid (Ref 11:2,10). There is a significant saving in

‘ V . onboard computer workload by using an il—state filter instead of the 17—

state design. This savings is seen in the numbers of storage words, and

~: the number of’ adds , multiplies, divides , etc., that must be done for each

-. iteration .

The 11—state design parameters were developed largely from insight

gained in the tuning process for the 17—state filter. The process noise
I

spectral densities for this design are listed in Table VII. The initial
a.

cosditions and t ime constants remained the same as those given for the

17—state filter (see Tables V and vi).
0

Notice that the process noise spectral density of the velocity error

-
~~~~ 

states remain the same as in the 17—state dns ign .  There d oes not seem to

be a significant need Icr any change in this ~~rameter. The design

philosophy employed is conservative in estimating the errors on these

‘a
,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 
•
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-
~~ .
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Table VII. ll—~ta-te Fi~ter Frocs~s Yoise Seectral Density

State Value

1—3 0.0

4,5 0.1076 (ft/ sec) 2/sec
- / 26 0.08 (ft 1sec) /sec

7 10.0 (ft) /sec

~ See Equation 52

9—fl 
- 

1.557 x 10_la 
( rad) 2/sec

j channels and also on the clock states. This is due to observed d iver-

gence tendencies in the system error states. The level of noise

strength is actually higher than is required to compensate for unmod-

eled (in the filter) error states. Thus, the level of noise spectral

density used in both the 11— and n—state filters for the velocity chan-

nels drives the velocity errors in the filter’s pre—upda-te estimates to

~
— approximately the same level as in the 17—state design (see discussion of

results, Chapter VII).

The noise spectral density for state 7 is the same as in the 17—

state filter, for the manic reasons. It was desired to use the same value

as in the 17—state design for state 8 in the 8— and 11—state filter clock

models also. However, this va]ue, in conjunction with the measurement

noise strengths chosen , resulted in numerical difficulties due to initial

transient conditions. This problem was overcome by changing both the

process noise spectral density for this state and the measurement noise

strengths or. both the position and velocity measurements grad-sally from

values which did not cause problems, to values which equaled the values

used in the 17—state filter. These changes in values, as functions of

time, t,  since the initial time , to, are reflected in the following

set of eauations.

50
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3.0 x l0~~ t — t < 85 sec

i 
= 3.0 x ‘(ft/scc)

2
/sec t — t < 130 sec (52)

1.0 x l0~~ t — t > 130 sec

10,000 t - t < 35 sec

Rfr  
= 1,000 ( f t ) 2 t — t0 

< 130 sec (53 )

- [ 800 -t — t > 130 sec

I
—2

-
~ 2.5xlO t — t < 8 5 sec

H1 
= 3.5 x io 2 

(ft/sec)
2 

t — t < 130 sec (54)

5.0 x io
_2 

t — t > 130 sec

The time intervals chosen slowed the convergence of the filter and

~ system error states to a steady state condition sufficiently so tha t the

a 

- 

transient problems were eliminated .

The noise spectral density for the misalignment states needed sli~-ht

a’-

- 

increases due to the removal of the gyro bias error states which directly

contribute to the corresponding errors in the system model.

In the post blackout time period , the same basic design is still

valid • Because error buildup during the time of radio blackout (and

thus, no GPS measurements) is quite severe (Ref 11:2.15), when the GPS

measurement sequence is reinitiated there is again the possibility of

-: transient problems . Because of the error buildup, the initial conditions

-: are somewha t changed . The first 8 states have 7ro~~gated without benefit

of the high accuracy of GPS measurements for 10 minutes. Even though

• d rag upd ating is assumed to be used , its effect is only to slow error
I

growth by 1/3 (Ref 9 : 5 . 4—5 . 5) .  Finally,  the longitudina l component of

51,
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a acceleration on the Crbiter falls off significantly during the blackout

period (Ref ~: 6 3) ,  which sharply reduces its forcing effect on the errors

in states 7 and 8 of the truth model.

a.-’ The initial conditions for the filter position and velocity states

in the post blackout Line period come from one of the TASC studies

(Ref 11:2.15). The entire 6x6 (lower triangle) covariance for these

states is ~iven in. Appendix 0. The square roots of the diagonal elements

c-f the covariances are presented in Table VIII. The process noise spec-

tral densities renai.i the same on all states except on state 8.

Table VIII. Post Blackou t Init~ ’1 Conditions , 3— and il—State Filters

S-Late I n i t i~ l S tandard Deviation
1 1O,~)j feet

2 5,074 feet

-: 3 10,135 feet

~~~~~~
- 4- 31.85 feet/sec

5 18.82 feet/sec

6 29.01 feet/sec

7 1,200 feet

a - - 
2. O feettsec a

9—11 2.753 x l0~~ r~dians

The high iniLial condition on state 8 reflects error buildup prior
I

to blackout as yell as durin~, the blackout region. Because the longitu—
a.

dina l acceleration has decreased during blackou t however, as the filter

begins estimating the error on this state, corrections are applied to

the truth model. These corrections can now cause a decrease in the errors

because the longitudinal acceleration effects, coupled through the

acceleration sensitivity state of the truth model are so reduced . In

order to prevent the numerical difficulties during the transient

conditions mentioned earlier , and to prevent . the filter from reducing

I
52
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its estinate of the error too rapidly for state 8 (which could result in

a 
underestimating the truth model error sta te) ,  time varying va lues for the

noise spectral density for state 8 and the measurement noise strengths

were again apnlied . These values are summarized in the following set of

equations.

X l0 5
~) It — t < 85 sec

= 6. X l0~~ (f t/sec) 2/sec t — t < 130 sec (55)

3. X l0 5J It — t > ~~0 sec

I (io 1ooo a) It — t < 85 sec

Rf 
= 1,000 (ft)

2 
t — t < 130 sec (5 6 )

1 800 1 1 t — t > 130 sec
I 0‘I V ’

r2. 5 X l0~~ (t — t < 85 sec

~fv ~‘5 x io 2 (f t/sec)2 
~~ - < 130 sec (57)

• ( 9 . o x 1o 3 I t _ t o > 130 5e0

:~ The measurement noise strengths used allow the filter to heavily i-reight

I the GPS measurements and to apply as much of the accuracy available in

the measurements as possible.

8—State Filter
-I

The 8—state f i l ter  needed no specia l tuning effort to achieve per-

formance comparable to that of the 11—state design. Limits of time and

resources precluded any work other than investigation of the performance
S
::~ ~~~~~~~ 

of a filter derived using the design parameters of the 11—state f i l ter ,

53
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minus the three misalignment states. Thus the discussion of the li—state

c “- design parameters applies for this section as well. This is not alto-

gether unreasonable, since as was stated earlier, the noise spectral

density on the velocity states presents a conservative approach. Be-

cause of this, the effect of the misalignment states on the velocity

channels in the filter is minimized in the 11—state design. This can be

seen by comparing the computer plots of the 11— and 8—state designs in

appendix A , for both regions of operation, above and below b)ackcut.

Baseline Fiit~r

A fina l run was accomplished for comparison purposes with an “opti—

mal” baseline filter. This was performed by operating a filter based

upon the truth model within the Covariance Analysis structure. Since

this is a filter design which completely models all error states, it

will demonstrate the best possible performance by a Kalman Filter design.

This is somewhat misleading because the GCAP software assumes

complete impulsive control of the states being estimated by the filter,

and this is, of course, impossible. However, insight can be gained

into the performance of the actual suboptinial design filters by comparing

their performances with that of this baseline filter.
a

I

-a

‘p.

5 .
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VII . Results and Conclusions

-
~~ 

‘a.-:-

C Results

This section presents the observed filter performance, which is an

e~~mination of how well the filter was able to control truth model error

growth in the states being estimated • The computer—generated plots in

Appendix A will be the focus of the discussion, since they allow trends

of control or of divergence to be seen at a glance.

! As briefly noted in Chapter V , the assumed model of the specific

force schedule on the longitudinal axis of the Orbiter for the clock

model was modeled incorrectly. Due to a misinterpretation of a graph
S
— In creating the table lookup routine for the specific force schedule

(Ref 8:63,82), the pre—blackout region had a specific force schedule

a beginning too early and building to too high a value. The post—blackout

region did not have enough specific force. Unfortunately, this error

was not discovered until the study was complete. The results of this
- error are not serious enough to invalidate the basic conc lusions of

p
this study, but trends of the achieved performance values are in error.

The basic effect has been to make the pre-blackout results much more

pessimistic than they should be , and to make the post—blackout results
.

much too optimistic. The performance of the filter is not in question,

but the performa nce in the regions for which the results are presented

needs to be examined in the light of the above information.
S a

An attempt is being made to correct this deficiency in the study by

providing a more correct schedule of acceleration load to be coupled to

the clock frequency and phase error states by the acceleration sensitiv—
S

ity state. The results of this effort will he implemented on the 3—

state filter desi~ n , and the performance of this design will be examined

.55
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under these more correct conditions. When complete, the results will be

— summarized and attached to this report as an addendum. Meanwhile, the

results of this study will be presented as a function of the assumed

model. See Appendix D for correction addendum.

The results are presented in four sections, which follows the same

arrangement as the plot presentation in Append ix A. The results of the

“Baseline” design, or optimal 73—state filter implementation, will be
a 

presented first. Next the performance of the 17—state filter design will

be exa mined , including a comparison of its performances under two updat—

ing rates. In the third section, the performance of the 11—state filter

design will be presented for both the pre— arid post-blackout regions of

Brnployment. Finally, the 8—state results are discussed and compared to

the previous designs for both time periods of operation. Note that the

17—state design was implemented only in the pre—blackout region, because

the li—state filter was able to perform so well in comparison in that

same time period.

The plots present a side by side comparison of the filter indica-

ted performance of the system error states being estimated , with the

actual system error on those states. For each filter design7 the per—

forinance of states one through eleven were plotted , except for the 8—

state implementation, for which only the first eight states were graphed.

Ontlmal Filter
-I

As discussed in Append ix B , and Chapter VI, an imp lementation of all

73—states in a filter mechanization within the software structure used is

unrealistic. This is due to the assumption of comp lete impulsive control

~~~~ ~~~ at update intervals, over the states being estimated . However, the

implementation does give some insight to levels of performance that may

- 
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-~ possibly be achieved in other designs.

The most important state in the truth model affecting the accuracy

the simulation was able to achieve was the acceleration sensitivity

state in the clock model . Its effect is seen largely in the plots of the

system clock frequency error, and to a lesser extent in the clock phase

error plots. -

The effect of complete impulsive control in the optimal filter can

clearly be seen here by examining the plots of the clock phase and fre—

- quency error (Figures 9 and 10). There is no great corruption of per-

formance as the modeled longitudinal component of acceleration increases.

This is because internal states in the clock model are reset at update

times. This is really not physically possible. Thus, to the extent that
a.

this occurs here and in the satellite model portion of the truth model

j Q~ (which states are obviously impossible to reset), this portion of the

simulation is not realistic.

The results here, however, can be used to identify trends and to

indicate some absolute limits in accuracy. For example, the plots of

velocity error (Figures Th.—l6), and of misalignment angles (Figures 17—

19), very clearly indicate the results to be expected as real world

• specific force increases toward the end of the pre—b].ackout period.

The inability to estimate the misalignment angles because of lack of
a -

sensed specific force after deorbit thrust cuts off is also evident.

• This knowledge is usefual in interpreting the results of the actual f li-

ter design implementations in the following sectioxv~.

17—State Filter
S

a:: The 17—state results s’ rved to set a level of performance from an

initial filter design tha t was expected to provide the “best” results

57
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of the designs implemented . Two updating periods were implemented ; one

update every 30.72 seconds (determined by integration step size), and

one update every 15.36 seconds.

For each filter design (17-, 11— , and 8—state), the performance of

the user clock phase and frequency error states was due to virtually

identical model implementations, and thus the discussion in this section

is applicable (in the pre—blackout region) to other sections as well.

As stated in the previous section, the most important factor in the

accuracy achievabl-~ was the performance cf the user clock. Specifically,
- -‘a

::::: the response of the user clock model to the assumed longitudinal compo—

nent of acceleration was important in th.~ results achieved on the veloc—

ity and position channels. Recall tha.t the acceleration sensitivity

state couples this component of acceleration to the clock frequency

~ Ci error state, which in turn drives the clock phase error state. System

performance a.t update times depends on these two states and thus will

vary with the level of the longitudinal acceleration component.

Because of the buildup of this acceleration component, it wa,s in—

possible to choose time invariant filter parameters that would allow the

filter to correctly estimate clock frequency over the entire time period.
‘a

Thus a compromise ectim~tion level was chosen (see Figures 22—23). Note

tha t the fi l ter beg ins by “overestimating ” the true error. This is to

say that the filter—indicated error is larger than the actual error

being committed . This will be termed a conservative design when d one

intent ionally. As the acceleration model builds u~ the filter—indicated

error is very close to the system error for a time; and then as the time

period approaches blackout, the error grows and the filter is “under—
~~~~~ a~~~~a

estimating” the actual error, or indicating less error than is actually

being committed . Even during this period of underestirnation the filter
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is still applying positive correction to the system error at update pen —

ods, and is bounding the error quite well. The peak error observed also

corresponds roughly to the highest level of acceleration expected during

reentry operations on the longitudinal axis (Ref ~:63).
a It is evident that a filter design with tine invariant parameters

for the clock frequency error model is incapable of estimating clock

frequency error well over the entire range of acceleration levels expect—

ed. The level chosen here is a practical compromise. This does, how-

ever, suggest that benefit could be gained with an acceleration depend—

ency for pa rameters , notably -~~~~ a rid Hf for the velocity states. This
8

will be discussed further in the Conclusions section.

: The clock phase error plots (Figures 20 , 21) show tha.t , even though

a tendency exists for the errors on this state to grow, the filter is

~~ 
able to bound the error growth adequately. The filter’s estimation is

somewhat conservative to allow for the error growth tendency, and thus

overestimates the system error over most of the range .

The effects of the performance of these two states is seen in the

filter performance on the position and velocity error states. The posi—

tion states performance follows very closely that observed on the clock

S phase error (see Figures 24—29) in shape and in magnitude. Similarly,

- - the velocity state’s performance (see Figures 3 0—35) is strongly influ-

enced by the user clock frequency error state. An example of how the

f filter copes with this influence can be seen in the plots of filter—

indicated and true error for the y~ velocity error (Figures 32 and 33),

which is the worst case performance in all designs.

S 
-
~~ - -  

The estimation is initially very conservative. The systern~error

states on the velocity channels is actually corrupted during measure—

‘ a -a a

.
. a..
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inent updates at certain points as the clock frequency error grows . The
- .~~~~a filter, of course does not have knowledge of this with its simplified

model, yet continues to apply a correction to the velocity errors as a

“steady—state ” is reached at each level. The overall effect is to

bound the error. The rapid growth of the error on the velocity states at

the end of the period is due to the increase (actual) in specific force

as the orbiter enters the atmosphere . The filter is still able to

apply strong corrections at update periods in response to this error

growth.

Another effect ol’ the increase in specific force is the ability of

the filter to estimate misalignment angles more effectively. The mis—

alignment states (see Figures 36—41) performance is not affected much

(if a t all) by the clock states. The filter’s estimate of errors on

a - these states is very conservative, estimating much more error growth

: than actually occurs in the system states. As mentioned in the discus—

sion of the baseline (optimal) filter, after deorbit thrust is cut off

(
~ 
4 minutes after deorbit ignition) until specific force mounts as

atmospheric drag builds the filter is unable to estimate misalignrnents

to a great degree. This is reflected in the relatively flat area on the
a true error plots for these states. As specific force grows, however,

the filter is able to estimate these errors more effectively and is thus

able to apply strong correction to the rnisalignrnents.

Implementation of a faster updating rate is shown in the next series

of plots (Figures 42—63). By using an updat e rate which was twice as

fast, only minima l benefits in terms of accuracy were achieved , as seen

by comparin3 these plots with the previous set. Table IX compares the

~~~ 
‘a

’
a~ values for selected system error states at the next to final update

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~ . a a~~a~~a. a a~~a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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before blackout, Pre— and post—update values are presented for both the

j 15.36 second and the 30.72 second update periods. ~Ihether the extra

computational load would be worth the gains in accuracy are subjects for

further study.

Table IX: 17—State Slow and Fast Update Rate C orri -oa rison
a-
: 

- 

System (True ) Error .td ~eviation

17—State Filter, t = t + 1351 sec

Uod ate = l).~-~ 3-~- -~ ~~~~~~ = ~~~~~~~~~~~~ ‘— SC
State t 

_ _ _ _ _ _ _ _

2, y1 Position Error (feet) 23.7 ~44.3
15.6 24.3

a-
a- 5, ~(1 Velocity Error (ft/sec) 0.91 

— — —— — — 1.11 — — — — —
0.88 1.14

2 , Clock Freq Error (ft/sec) 1.20 l.9~
0.74 0.97

10, Y~ kisalignment (radians) 8.99X10~~ i.i5XlO~~‘~; .llXl0 2.16Xio~~

A f inal, interesting piece of information that can be gleaned from

these performance plots is the effect of the particular satellite con—

steliation in use upon accuracy. This effect is most apparent in the

plots for state 1, X~ position (Figures 24, 25). Several instances of

stronger than usual corrections to system error are immed iately apparent,

especially at t 430 sec, 670 sec, 920 sec, and 1350 sec. These

correspond to times at which the satellite selection algorithm switched

to a new set of four satellites, based on CDOP considerations. This

4 shows dra matically that the choice of satellites can have a significant

effect upon the accuracy tha t can be achieved using GPS measurements.

li—State Filter

The 11—state design was derived , to a large degree , from the design

parameters of the 17—state filter. Much of its performance is there—

6].

_________________ ‘ a 
aa



fore very similar to that of the 17—state filter (see Figures 64—85) .

The major insight gained is that the effects of states 12—17 can be

adequately compensated by state noise additions. As a matter of fact,

the plots for the pre—blackout region show that better estimations of

the misalignment errors was achieved in this design (see Figures 80—85).

This resulted in the 11—state design providing slightly better perform-

ance on the velocity channels at the end of the region, when the mis—

alignment states were rapidly changing. Other differences are so

quantitatively small that they will not be summarized • Because of this

fact ,  of the two designs, only the 11—state design performance was

examined in the post—blackout region.

In the post—blackout region (see Figures S6~l07) the modeling

(incorrect, see chapter opening discussion) of the longitudinal compo—

J ~~ nent of acceleration on the Crbiter as signif icantly decreasing, allowed

the filter to apply large corrections to the clock frequency and phase

errors (see Figures 80—83). This allowed substantial improvement over

the pre—blackout region performance. Actually, this performance is

more to be expected during the pre—blackout region with correct modeling

of acceleration inputs to the clock. In contrast, the perf orma nce of

4 the system observed during the simulation of last half of the pre—

blackout region would be the expected performanc e in the post—blackout

region.

4 The real world levels of specific force, sensed by the fllU allowed

significant corrections to be applied to the misalignment states (see

Figures 102—107). Their effect on the velocity errors was reduced to

- - - 
a great degree. Several periods at which the Shuttle is making cor—

rection turns in its trajectory become apparent in their effect upon
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the ability o± the filter to app ly large corrections to misalignment

-~~~ a ‘. 
states. This is due to increases in specific force in all d irections

during these turns.

The effect of the reduction in the misalignment errors may not be

read ily apparent until the 11—state results are compared with the 8—

states results. This will be discussed in the next section.

-: 8—State Filter

I Surprisingly, the performance of the 8—state filter is very close

to that of the 11—state filter. Before discussion of the plots is begun,

a comparison of results on selected states between the li—state and 8—

state designs will be presented . The numbers quoted will be for the

:~ error state values, after the next to the last update is performed for

- 
both pre—blackout and post—blackout reg ions. These are given in Tables

U ~~~ Xand XI.

Table X~ Pre—3lackout Com narison of 11— and 3—State Filter Performance

- System (True ) Error $td Deviation
t = t + l 3 5 l sec

l1—St;it:~ ~‘i:’t~ -~’ —~~ ______________

— + - a~State + +

2, Y3’ Position Error (feet) 42.7 42.2
2L 1 .~ 2~.1

5~ ~~ Velocity Error (ft/sec) 0.96 0.q3
1.13 1.13

8, Clock Freq Error (ft/sec) 1.94 l.~4

10, yP Nisaligrament (radians ) 1.24X10 3 1.40Xl0~~’ -

l.O~xlo 
-) l.40x10

‘a-

h a ,
‘a
~~~~~ ’

THIS FAG~E I-S BEST QUALITY FBACTICAB~~
~~ ~~~~ 10 ~~Q
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Table XI~ Pcs+, —~ 1~ck ot ,t Co~’~~ isor. of 11~ o n-f ~—S~Rte Fil~e~ P~-~for:~~nce

System (True) Error Std Deviat ion

t = t + 5 5 3 sec

ll—St~te t’~i±~- -~r —
~~~~~~~~

- --  
____________

State t 
__________ ___________ ____________

2, Y1 Position Error (feet) 7.3 22.1

------~~~~~~~~~~~~~~~--“ ___ _ ~~~9
_ _

~~~
5, Y1 Velocity Error (ft/sec ) 0.091 1.36

0e046 0.047

8, Clock Freq Error (ft/sec) 0.020 0.020
0.1-01_c.

10, yP ;‘iisalignment (radians) 1.06x10 4 
L’ 

1.33X10~~i.oixi~~~ i .j ~xio 3

First of all, notice that the primary differences lie in the magni—

tude of misalignment ang les and in the t~ values, in the post—blackout

region. The performances after updates, at t~, are virtually id entical.

-: Also, the pre—blackout region results indicated very little difference

~~ existed between the two design performances. This is because of the

real lack of specific force inputs to the INII and thus to the filter,

:: and thus the previously discussed inability to estimate misalignments,

until the end of the period. The short period over which correction

to the misaiignments does occur in the 11—state filter is not long enough

for the effects to be seen in the velocity and position errors. In a

sense then, the filter implementations are almost identical for much of

-: this time period .

This is not true in the post—blackout region. A quick comparison

of the plots for the 8—state filter performance (see Figures 124—139)

for the post—blackout reç~ion with those of the 11—state filter (see

Figures ~6—l07) ind icate several differences, especially in the velocity

: ~-;.: states. The plots show, and Table XI confir”’s, that after updates have

taken place, the values for the two filters are very close, except for

6L+
a’
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the misalignment states. It is this difference in misalignment state
- 

error values that is responsible for the large difference at pre—update

time periods. The value of estimating the misalignment angles in the

post—blackout region can be seen in its effect of reducing the rate of

error growth on the velocity states, and thus on the position states

also.

On the other hand , the high accuracy of the GPS measurements pro—

I vides a post—up date level of accuracy that gives the 8—state filter the

a’ ability to provide an average level of error on the position and veloc-

ity states which is quite good. With the corrections to the clock model

acceleration input these numbers will worsen somewhat, but will still

: be acceptable.

- 
. C onclusion

-
- 

There are two main conclusions that this study has provided. These

ares

- : • There is a need to model filter parameters for the clock frequency

error state with a sensitivity to longitudinal axis acceleration.

The 8—state filter design can perform at a level which will ad e-

quately bound error growth in the INU.
I
- These two conclusions will ‘me discussed separately in the next few para—

graphs.

Even though the acceleration modeling for the input to the clock

sensitivity state is in error regarding the time at which it is applied ,

the levels mode led w ill be encountered at other points in the mission

profile. Thus, the filter will be called upon to deal with essentially

the conditions presented , except at d ifferent times in the profile.

Because of this, the f ilter perf ormance on the clock frequency error

a
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- state can be seen to be a compromise. If the filter parameters, 
~~~

(the filter noise spectral density f or state number 8), and Rfv (the

measurement noise strength for the pseud o—range—rate measurements) were

made to be dependent on the longitudinal component of specific force,

the filter estimate would better be able to reflect the true error condi—
L

tions. The variation around the estimation level chosen for the design

of this study would not have to be great to provide much improvement in

I the performance observed.

:~: This study has demonstrated that the 8—state filter is able to per-

form adequately over a wide range of cond itions. The effects of not

estimating the platform misalignments during the short time period after

blackout (and also during blackout) have the effect of slowing conver-

gence for the velocity error states, and through them, the position

g error states also. The system and filter are not as sensitive to spe-

cific force inputs as when the misalignments are estimated. These fac-

tors do not affect performance as much with the high accuracy GPS meas—

j  urements as they might with other, less accurate external aids.

For this reason, the 3—state filter should be given serious

consideration as the design choice during deorbit/reentry operations,

S when GPS is used as an external aid. With the improvements that may

be possible with better estimation of clock frequency errors, the 8—

state design should provide INU accuracy well within required limits.
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Appendix A

Computer Generated Plots

This appendix will present the computer generated plots of the f ii—

ter performance. There will be seven sections, or one section for each

filter implementation. First will be the baseline or 73—state optima l

filter plots. Next will be the 17—state filter with 30.72 second update

-: period , followed by the 17—state filter with a 15.36 second update pen —

od. Fourth will be the li—state filter design plots for the pre—blackout

time period , and then the 11—state filter results in the post—blackout

region. Sixth will be the 8—state filter performance plots in the pre—
I

blackout region, and finally, the 8—state filter design plots in the

post—blackout region.

Note that position and velocity results are referenced to the earth

centered inertial frame (i) ,  clock errors are absolute and are not

referenced to any frame , and misalignment ang les are referenced to the

platform (p) frame . For each section , except for the baseline filter

plots , each page will present a side by side comparison of filter m di—

cated error, ~~~ for a particular state with the true system error,

a- dx . , for that state. The baseline filter plots, the 17—state filter1
plots , and the 11—state filter plots will each present results for states

one through eleven. The 8—state filter results will be given by plots

for states one through eight .
I
-‘ a

73—State Optimal Filter

The following 11 plots (Fi gures 9— 19) show the performance of a 73—

state optima l filter imp lementation. Only one plot for each of the

first 11 states is shown because the filter and system would have the
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same performance , given the same initial conditions. This is because

the filter would be using a near perfect model of the system.
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:~ . 17—State Filter, Slow Undate Rate

( -
‘ The following section presents the performance plots for the 17—

State Filter. These plots a-re for states one through eleven, and

represent a simulation with a 30.72 second measurement update period.

The first time point for which data was taken uses 120.55 seconds as

reference or t (o) .  The data end s at assumed blackout , or 1482.71

seconds.

I

4

‘ c i’

I

4
a-

‘I

I

a-’...
-
~~ 77



_1~ a- — — -. -‘ Th a- ‘a ~S — ‘a- — —a- —a- ‘a ,~ —

a- .

FILTER CLOCK PHASE ERROR—FTc ‘~0’~~~~ ~ 7~~~
1O’ ~ 7~~~IC 3

a - —‘a-

C--
• -~> ;,

0

I -:

SYSTEM CLOCK PHASE ERROR-FT
0 

a- I P a- I 11111° I I I I I±~~J
!0 I I a- a- a - a - a - ! ’~~ a- a- a- a- a - a -~ !0’

~ IL~~
- 

_ _ _

a- .
- 

________

ID-
a- a ______ ______

‘— ‘a- -——-

— - 8

-I.
.

a-

77



-

~~ a

- a--a-I

F I L T E R  CLOCK FRE O ERR OR -FPS

C 0 ’ 
_____  

‘f ~~7~~~~~O’
I— 

_ _

-
~~~~~~~~~~~~~~~

-
- SYSTEM CLOCK FREO ERROR-FPS

1O~~ ç 
~ ~~~7~~~I0 ’ ? ~~~~~~~~ ? ~ ~;Th~

- — _ _ _ _ _ _ _

a —~~~ 
—

- 0~~~ —
‘--a--

Ii ~~~~~~~~~~~~~~~~

4.. ~~‘I. ~~~~~~~~~~LA! - a-a-~~ a-,.’ ~, ,., a- ~~~ - a. 
‘a



- a-_ ,~~~ 
j~~~ .q ~~~~~~~ a- a--~~ —-~ ~~

-
~
ç-- --a- ‘.-a-~ ” a-”1~~a-~ ~~~~~~~~ Q~~~~~~’T .r ~~~ ¶T .~ .

—‘- - -‘ v- — ‘ -  - “~!‘ ~ “ a-”’ “a- “‘wT- “ a -  -a- ’ -w —a- — —a- —a-

EST. POSITION ERROR—X-PEET

- 

~~~

°

E; 
~~~ ~~~~~~~~~~ ~7~~~1O ’ ? ~~ ~ I ~

- ‘

TRUE POSITION ERROR —X—F EET
0 a- a- I P I I I it’ I a- I I I I l It ’  ~

‘ 
I I I I I I II1~~ I I I I I I II

- _ _ _ _ _

‘ - 2
‘
a ID

— 
-I aI - —a

V rei
a- a-I

— CA _a-,
- - rn .~.-

-. —0
— a ~2~’

- “ a
~‘-- ——

- ~~~
0.

-
a 

~~ —U ,

a-a 
— _ _• &

a-
I 

~~ _ _  a-a a
I—.

10



EST. POSITION ERROR—V-FEET - .

?~~~~f~~ ~?~?11’~ ? ~ f~ ~ 1?~ i1’~~ 
? 

~ I ~ 97~~1’~ 
—

‘ rn 
_ _

-‘ Cfl.4
a-. - rn~

C’0
~~~0

N O

TRUE POSITION ERROR—V—FEET
— I p a- I I 111110 I I I I I ~~~ a- a- a- a- I I  I f _1~~’ I a- I I

- I—i

a -‘- a F:~~~~4
~~~0- 3-~ fa-q

- ,a-~ rn~~
- 

C’0
‘.--‘

- 
~~~0a Q

- ,-‘~ a
4 N~
- -a-I Do

L

- - :.a.:...,.~.:a-.%:. ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- “~~~~

-a-.

.
~a-’ H-

ESI . POSITION ERROR— I—FEET
0 

I l a -  I I I I a -11 0 a- I I I I I a - a - 11 ~ I I I I I 11110 j~~ I I P I I 
Ca

— a-”
,

c - TRUE POSITION ERROR— I—FEET
0’ ~I0~ 10! t O ’ ~0’ ia-C’I I a - I a - I l l  I a- I I I i a- I~ I I 1 1 1 1 1 1 1  a- I I [ L I I ’  I I a- I I P I I

(
•

rn
‘-I

-
- a’

a- rn~
-
a - :

0

•
-U,

0

0 _
2

‘
-a- :- .-

- ‘ -

~~ ‘
a- ada- •

~~~~~~
a- a- • \ a -a- a- a - . ”

~~~~
” a- ” - ‘a-- i



ESTI. VELOCITY ERROR—X- FT/S EC -a--a-.
‘—-- 

,., 1a~~ ~ 
~ 

E 6,~ a 1O ’ 2 ~ ~ ~~~78~ ,10~ ~ ~ f ~~ 7~~1.0

C~~ 3 
_ _ _ _ _ _ _

‘a rn .’- 
_ _ _ _ _ _ _ _ _ _‘

a-
’. C’0 ____________

—a -—— -a--—

, 
_ _ _ _ _ _ _ _ _a Do 

-

_ _ _ _ _ _ _ _ _ _ _ _ _

-0 ’ _ _ _ _ _ _ _

-- 0 
_ _ _ _ _ _ _ _ _ _ _ _ _ _

—-—— ---—-‘—~~~~~

‘a-

‘-a-; ” 0 _______________________

0

TRUE VELOCITY ERROR—X- FT/SEC
t a - a -  0~ I a- I I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ( a- I I 1 1%

~3 ~~~
-

- - C’) 4~~
•- t~ 3
- - h~

°- .~- ~ rn~-

~~) _o
0

- a- - -‘a-i a
• ~‘a-) ——.~ Do’

~~a
-
—
- 0 0

• -
‘ 

a
a-
-
- C)

.‘a:
I,

0~~ a-

• ci 
_ _ _ _ _

>4 0

-a -.

I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a-

. - ’. .a -\
~~

’a
.~~~~~~~

’ - ’ ,”
a a-~-



EST. VELOCITY ERROR— V—FT /SEC
? p 1 5 3 4 ~ ~~7~~~~ 0’ —

~~ CR.., 
_ _ _ _ _ _ _ _ _

—

~~~~~~~~~~~~~~~~~

a- ~~~~ _____________ —
a- ‘ a ______________

a ‘-- - ----a-
a __________________

• a- - — —‘=-=--• — ___________________________Do- ~~~~~~
— -

- _U, —-~ - - -~~~~- • _____________________________- - .) 0 ~aa-

-‘ — ‘ 
a - 

______

— ________________

— ID’ ______________________________

I 
-

TRUE VELOCITY ERROR— V-FT/S EC
.~~0 ’ ? ~ I ~~~7f ~ I O •’ 

~ ~ 5~~789 1O ’ ? ~ I

0 —4p—a
- ~

a- 3a-
-

a -i liia ’ h-a- ~~a-2 ~~~~~
a- .. rn-~ ’

C’0- “-a-- - —o
a-~ Do-

C)

~~ 0
I ci

>~

I
. a

’..-
- a

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



a- - - - a~~~ ‘ 4 a- a- I ‘a I • aj
a-~ ‘ar ‘~~~‘. 

a- a- a-, a-
~~~ a - p a - ~ ~ ~~~~~~~ a - ç. ~~~ ~ -

- ‘4

EST. VELOCITY ERROR Z FT/SEC ,a-~ -
-

1O~~ ~ ~~~~s 8~~ 9 ,1o ’ ç s  
~ 

2 f ~~~~~~~~

TRUE VELOCITY ERROR—Z -F1VSEC
! ,~

_,) 
0 ’ I a- 1 I p t 1 I 1 1°~~~~~I 1 1 1 1 1 1 1 10  I I I I~~j I I !0 a- I I I a- I I I~~~

°

- 
—
, 0 

_____________

~~~-:~~~
• -

-~~~~~~
- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ,a- ’i~~~a- ~~~~~~~ 

. .., -
~~

a- .
~~~~~~~~



a-,’a-”[’~• a ’- a a- a- ’ ”' ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

*
-‘a

EST. ATTITUDE ERR O R—X— RRO IRNS a1O~ a - :

~~~~a- fi .18 0.,24 0. 32 0.40 0 4 8  0.56 0.64 O..72

i r: —e
I -

~~ 3m
C-- - ‘2 CA -.,ja- — ~~~~

- ) 0
a
-

-
- a
I -- — -a-.I ~~ ‘ Do’

a
~~ 

0

ci- 
—

- — 1,1
• ci ~

,

a
a

‘
a-

-
, H-

— TRUE ATTITUDE ERROR—X-RR OI RNS a10~I 
- 

‘
~~~ .a-~~04 0.08 0. 12 0.16 0 2 0  0.24 0.28 0.32

- 
0 (

a-—~ ,~~~
H ID

- -4
rn

a. — CR__I
—
.

-• -

—‘ ‘_ _ _,_) — e
-
. 

C

~~, a
1 a-~ — —- Do

a- CL’
-
a C)

______ _____________  ~~~~~~ _________  ____ _____



UNCLASSIFIED DEC 77 AFIT/GGC/EE

r
I Nfl •flfl I

_U 
_ _  

-I__U’
_ _

__
_ _ __ _

_
_ _

_U!
_ __

_ _

__UI



- ,. - . - . - .—. . 
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~.

. .. 
~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ r~ ~~

-
• ~~~ ~~~~~~~~~~ ~~~ . - - ..-

10 ~~~
_____  

L 
~~~ 11 2.2

_ _ _ _  L 
36

L~

IOOJ~=
11111 125 11111 ‘ — ~ 11(11

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STAND ARO S- 196 3-A

.

.

p

~~~~~~~~~~~~~~~~~~~~~~~~... ,
- 
,- . 

.‘- ‘- ‘~ .~ 

— 
.~ (



EST. PTT ITUOE ERROR—Y-RRO IRNS h O.’
I p.24 0.32 0.40 0.48 0.58 0.64 0.72 0.80

P0’

~~~ a
~~~ a

(a’

• —a

- . •; m~~

I - Do
~C) aa

,~ (A
a

I
~< a
C

I

TRUE RITITUDE ERROR—Y- RROIRNS *tO ’
• H p.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32

fo.

a

-I-

~
•-

~ ~.

C
• .

•‘J — —Do

~ a• a

‘a— a
I c~. a _ _ _

• I_i
0

77



-
s

- EST. ATTITUDE ERROR—Z-RROIRNS itO ’ •

~L ..P.16 0.24 0.3~ 0.40 0.40 0.56 0.64

- 
- •

‘a._
-4~,

~ 
—a

-~• ~~

CA-3
‘.

C’0

.

~~~

N) 5
_ )  

_
p..

Do
0~~~~~~~

C1

-

.
5. 

‘.

.

TRUE ATTITUDE ERROR—Z-RROIRNS ‘lO ’
0.09 0.12 0.16 0.20 0.24 0.28 0.32

h~ r’i~~—

~~ —o
0
•o -
~~~ S
r\J

• • -UI
C) 0a

• —

if

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~ 

• ~ d - f ~• 
- 

~~. . - .5



•
.
• .

- •- • ‘-• ‘ •  ~~
- - • • •

- .
~.
- .•

- .-•
-. ‘

•
- • . .

• 17—State Filter, Fast UDdate flate
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This section presents the performance plots for the 17—State Filter

with a taeasurenent update period of 1536 seconds.
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11—State Filter, Pre—Blackout

‘S The following plots depict the performance of the 11—State Filter

:-~ design for the pre—blackout portion of the simulation . Data points are

the same as for the 17—State Filter. The measurement update period was

30.72 seconds.
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11—State Filter , Post-Blackout

- 

The performance of the 11—State Filter for ~.he post—blackout portion

of the simulation is plotted in this section . Initial data i-as taken at

21. seconds and final data was taken at 270k. seconds. The measurement

update period was 30.72 seconds.
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8—State Filter, Pre—Blackout

The 8—State Filter’s perform ance during the pre—blackout portion of

the simulation is presented by the following plots. Update rate and time

points are identical to those of the 11—State Filter.
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The following series of plots shows the performance of the 3—State

Filter design for the post—blackout part of the simulation. Update

- rate and time points are identical to those of the 11—State Filter in
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Appendix B

-
5-.

5. 5 Description of Computer Progratns Used

c~ 
Software

~: This appendix discusses the important aspects of the software used

~ 
in this study. The primary program was The General Covariance Analysis

:~ Program (GCAP) (Ref 6), which was developed by personnel of the Air

:: Force Avionics laboratory at Wright—Patterson Air Force Base, Ohio as

! a tool to aid in Kalman Filter design. Because of the special nature

:: of the simulation of the GP~3 satellite constellations required in the

: m odeling , the software was mod ified by the addition of several sub—

.
4 

routines. The added software was taken from another pro~rarn , developed

~: 
by personnel from a different branch of the Avionics Laboratory to aid

~~

- 
.

5- 
in GPS receiver design, called an Integrated GP~/Inertial (IGI) sirnula—

- - 
S ‘ tion. These additional subroutines provided the simulation of the 2L1.

~: satellite GP3 constellation, the selection algorithm which examines

I 
‘ visibility and “best” satellite configuration, and the mea surement

-
‘ 

algorith~n which provides Orbiter—to—satellite vectors for each of the

:: satellites chosen.

: ~ach of these two programs is well documented (Ref 6, 15, and 17),

~ 
and thus, neither detailed description of the software or software

:~ listings will be provided. Instead , discussion will be limited to

:: gene~~1 descriptions of program organization special features, and a
I
T discussion of the satellite visibility and selection algorithm. The

~: appendix will be closed with a short discussion of the implication of

,.: using a program that assumes complete impulsive control over estimated
I
-: Z-:~- states.
•1~

5-
.5

a
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~E
.
~ GCAP

~~ 

_
_..

S
. GOAP was designed as an efficient imp lementation of the covariance

:: analysis equations. It takes maximum advantage of the sparse nature of

: filter and system dynamics matrices, measurement matrices and noise

:- covariance matrices. An executive routine controls the operation of

.
~ 

the program from initialization to final output.

-j: Once the program is initialized , a single subroutine for integration,

I utilizing a fourth order Runge—Kutta integration routine, propagates the

:- covariances of the filter and system forward in time. Elements of the

dynamics matrices, noise covariance matrices, and measurement matrices

:E are calculated by one subroutine for the filter and a separate one for

:
: the system. The filter and system each have separate subroutine groups

:: which perform the measurement update function, called from the integra—

I ~~~~ 

tion subroutine. The filter subroutine groups controlling updating

i~ compute the Kalman ~ain matrix, K1~, and correct the filter’s estimate

:; of the error states. The system subroutine groups, on the other hand ,

j utilize the filter computed gain matrix to perform an update of the sys—

:‘ tern errGr states which were being estima~ed by the filter. The program

S is completed by various input and output subroutines, and subroutines

-

~~ 

which perforr~ t~ e n~cha~ ical functions of n~atrix multiplication, in—

:- version , t~3rspo~~tion , etc., specialized for both sparse anJ full

:: rr atr lce C: , S~~ 
- - i~~ a1 opt~ or.s —i re ~vailable to the user, dealing with

~~ prir ’tr.7 1~ ~ ~1’-’’ in~-~ fw~ctions , ~nd the frequency with which each is

: perfor’~ied . . ~~- ?ro~ra. p~rfcr~s one complete cycle of integration, up—

- - date an’i O!4tp~J ‘-f r  t~~ fil’er, and then ;~OeS back and d oes the same

~ for  the sy~~ e: , aft~ r Jhlch the entire cycle repeats. Figure pre—

~
‘ 

~~~~ sents a :er~er~t1izr~4 f~ r~ct1or~-~1 block diagra~n for the organizat ion of

the pro~rani.

lL~

s -.- -~~~.
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INITIALIZATION fl TEGR-~TICN FILTER UPDATE SY3TE~ UPDATE
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~ 
Figure lL~O. Generalized Functiona l Block Diagram for Modified GCAP

: ~ A
- 

The subroutines added to GCAP from the Integrated GPS/Inertial sun —

; ulation software perform the GPS satellite simulation functions. The
I

~ 
primary subroutine of this group generates the 24 satellite constella —

~S 
tion and propagates it forward in time. This subroutine calls another

.5 which examines the total set of satellites to decide which are in view

: for the Orbiter. A satellite is in—view if it is 100 or more above

~~~~~~ ‘ 
the Orbiter’s local horizon. After the “in—view” set of satellites is

: ~ selected , the set is tested iteratively to decide which four satellites

l14~5

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~



~

5
. 5 5 5 5 ~

.5 from the set will provide a geometrical conf iguration that will provide
~-:~ the navigation solution with the best accuracy.

This is done by testing for the best “GDOP” possible from the in—

view set. GDOP is an acronym which stands for “geometric dilution of

precision”. It is defined as the ratio of the position error statistics

to the range error standard deviation with the condition that all sat—

ellite range m easurem ent errors are considered uncorrelated with equal

standard deviations (Ref l!ll). GDCP depends only on the geometry of

the relative positions between the satellites and a user and does not

depend on the range error.

Once the optimum set of f our satellites has been selected it is

not necessary to perf orm this test again until the relative positions

of the Orbiter and satellites have changed by some amount that makes :

~5p~ another set of form better. The pro~’razn provides the option of setting

how often to test for in—view and GDOP conditions. The high velocity

- of the Orbiter during initial deorbit operations (25,000 fps) required

this test to be performed fairly often. The interval was set in this

study to perform this test every 6l.L~- seconds, or every other update

period. This is approximately once every 255 nautical miles of Orbiter

travel.

The measurement subroutine is called at each update interval during

both filter and system update operations. In turn, it calls the satel—

lite generation/propagation subroutine to an entry point which bypasses 4

the in—view and selection portions and only pro~~gates the four chosen

satellites forware in time. After this, the measurement subroutine

calculates the Orbiter to satellite vectors and returns them to the

GCAP updating sequence. The set of subroutines is completed by a group

11+6
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, of inversion, multiplication, and transposition subroutines.

-
S 

Impulsive Control

~

- As mentioned earlier, the GCAP implementation assumes impulsive

~ 
control over the estimated states. This means that error corrections,

-:• applied only t o software in the filter case, are assumed to be applied

:: instantaneously to a physical condition, in the case of the system. An

:~ example would be position/velocity indicators, or even more to the

:. point, the platform niisalignments. These physical corrections necessar—

:: ily take a finite about of time. Bias levels must be changed and phys—

-: ical movement must take place. This may take a significant portion of
4
~: an estimate period if the c orrection is large, as during initial tran—

~ 

sients. By the time the correction is performed , the error state may

.: 
~ ~ have propagated forwa rd significantly past the corrected level of the

1-: error state.

: Another problem is the assumption by GCAP that the GPS receiver

‘ -
‘ clock is corrected by feedback. This requires the addition of an

: algorithm which will send estimated errors to the GPS receiver inforrna —

-

~ 

tion processing algorithms , whic h would accomplish this feedback furtc—

•: tion.a
In this study, the changes in those states which represent phys-

ical errors are small. Thus, total impulsive control assumptions are

not thought to present signif icant errors in the analysis, especially

in the steady state, and the results are assumed valid .

I

-
I
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Appendix C

S ‘ Filter Para meter Presentation and Comparison

T: This appendix presents values for filter ~arar aeters and initial

:: covariances for filter and truth nodel position and velocity states. No

~ 
attempt is made to explain differences between TASC suggested values and

~ values used for filter parameters in this study. The TASC suggested

E~ values are from a previous study for NASA (Ref 11:2.10—2.12).

:- Table XII : Comparison of TASC Suggested Filter Process Noise and Meas—
5

- urement Noise Strengths with Final Study Values, 11—State
: Filter

~ 
Proce~ 3 ~ oiCe :;~ ectrai JJ~~!C~31t~~

:- State Descri~tion L~~jts T_S\3C : 3tud y

: Position ft7sec —— I ——
: x, Y Velocity (ft/sec)

2
/sec 0.1076 i 0.1076

i ~~ 

z Velocity (ft/sec )
2/sec 0.1076 I 0.08

~ 
Clock Phase f t2/sec 0.1 ~ 10.0

~ 
Clock Freq (ft/sec)

2
/sec 3.0Xl0 5 g

: , : ~~~~~~~~~~

~ 
: ~~~~~~~~~~~~~

~ ~isa1i-~-t --~ent5 (rad)
2
/sec 1.037Xl0”10 1.56X10”10

~ 
:‘ easure :n~ r-t Noise Strength,:~ 

;L;’u~o:~:ia;3; 
— — 

(feet) 10,000 —— l’4~+ 10,000

i I 1,000

•: I 800

~ 
Pseud o—Ra n~e—Rate (ft/sec)

2 .0025 I 0.025

: I 0.035

I 0.05
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:~ .- - ~ Table XIII: Full Lower Trian , 1e of 6x6 Initial Covariance ;~L3trix , Poci—
5~~ 

~:~
-.:— - tion ~nd Ve1oci1~3r ~3tate~ , at Deorblt It~~itior5, Filter

C ~ 

— 
1 2 3 4 c

:: ~ 
1.76~ Xl0~

:: 2 —7,607X107 4.018x107
- - 0 q

: 3 —2 .65~X10~ 1.l36xio’
~ 4.205x1o

’

! 14~ 2.462X104 —1.098X 104 —3 .838X104

:: 5 —6.706X103 2.991X103 l.014.-5X104 —1.l63Xl02 4.258x101

~ ~ 
1.772X10 ’’~ —7.9~O3X10

3 —2.761X10
4 

3.O7~4-X10
2 

—~.~?2Xl0
1 2.~ 21~10

2

I Table XIV: Full Lower Trian, 1e of 6x6 Initial Covariance Matrix, Posi—

~: — 
tion arj a 1Jeloejt\r States, at D~orbit Ic~nitjcn , Truth ~‘ odel

: — 
1 2 13 i-i. 5

: 1 2.931-4-X10”

Si 2 ~l.1+61xlo7 3.039x106

:~ 3 —4.965X107 2.506Xl07 2.708Xl07
5. 45 14~ 14. 1a,- 4 —5.393X10 2.745X10 9.287X10 9.728X10

~ 5 l.649X1C~ —~.0l4Xl0
3 —2.791X104 —2.913X1(? 9.6l5Xl0

0

I ~~~~~

-
‘ ± ~~~~~~~~~~ 1.923X104 ‘~.705X10

4 
~.896xl0

1 —2 .079X101 5.062X101

:‘ Table XV: Pu],? Lower Trian~le of 6x6 Initial Covariance Matrix , Posi—
-a t ion and ‘/e1ocii~v StRtes, at ~xit—3 1j ekout ., F’i l-her

~ : ~ . 
2 

~3 4 5 6

~ 1 l.17L~X10~

:: 2 —3.072X107 2.575X107

: :3 3.212X107 —3.397X10
6 l.027X108

.
5

~ 4 1.213X10-’ _5.412Xl04 —l.~91Xl0
5 1.O1L!.X103

~ 5 -3.30~Xl04 1.~ 74X104 5.150Xl04 -2.l36Xl02 3.543Xl02
:: 6 ~.7i~~x:~o

4 
_,

~~~~~ 
-~no~ ~~~~~~~~~ 3.l0~X102 

-5.957X10’ 2.L~15XiO
2

‘

~~ 

Table XVI : Full Loirer Triang le of 6x6 Initial C ova ria.nce Natrix , Posi—
-S tion arid Ve.Locii-v States, at E~xit—31~ckout , Truth ~ode l

~ : :i ~ ;~ 3 L~, 5 ()

~S. 1 2.391710’

IS

, 2 1.010L107 6.626x1o7

~~ ,~~~~.. 3 _2.99L~X106 
J.l’, ’~~_SG0 7.0~~Ll06

~ 

s:- - - 
4 5.599X1(? 3.0O~X10

4 -7.805Xl03 2.07~Xl0
1

:: 5 2.672X104 l.474x105 —2.846X104 9.0f~1kXl0
1 

5.246Xl0
2

-: 6 -1.0(2x104 -~~ C1X10~ 1.6~7X10
t
~ -2 .76],X 1~

1 -1.3~~ X102 5.~ 2(~Xl02
I —

-: 11+9

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~



-S 
‘ .

‘-S S~~~~S ~ 5 “~ ~~~~~ S ’ S 
‘
~ ~ •

‘ S
~~S

’
~~
’ ‘

~~
‘ 

~~~ :-‘;. -:.
~ — .-- -‘:-‘ : -- 

. ~ 
a ’S ’ 

~~~~~~~~~~~~~~~~~~~~~~~ 
‘ , . ~~‘ l . ‘~s. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —‘ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

5,

- 
•
5

_
’ 

Appendix D

Addendum: Results After Model Error Correction

‘- Corrected Specific Force Schedule 
•

‘ 

~s mentioned in Chapter VII, an error was made during the original

~ 
study in modeling the longitudinal component of’ specific force on the

orbiter, affecting the quartz crystal clock frequency error of the

Master Timing Unit (MTU) model. This appendix presents the results of

S using a correct model for this specific force schedule. This is impor—

tant , since the specific force model provides the primary effect on GPS

clock accuracy , which in turn influences the accuracy tha t can be

S 
achieved at  update times on both position and velocity estimates. The

.; effects are dep icted by plots of the performance of the 8—state filter

: . 
designs described in Chapter VI in both pre— and post—blackout regions

S 
of operation.

‘ 

- The corrected specific forc e schedule applied to the clock model is

sunrnarized as follows. During the deorbit ignition period there is an

application of thrust for approximately four minutes, followed by a

: period of free fall during which there is little specific force. As the

: Crbiter enters the atmosp here specific force slowly builds in response

~ 
to atmospheric dra g, commencing approximately two to three minutes prior

: to the beg inning of assumed blackout . :\t exit from blackout , the 1~ng i—

~ tudir5al conponent of specific force has increased to approximately 0.008

: €;. It continues to build until reaching a peak of approxinately 0.56g,

: at about four minutes prior to landing, and then rapidly decreases. At

:5 
‘ the end of the simulation, when the Shuttle is at 20,000 feet MEL, the

level of specific force is 0.3 g (Ref 8:63).

The deorhit/reentry portion of the mission is one of high, almost
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constant deceleration, once atmospheric entry is accomplished. This

S ~~
S’ causes a constant increase in the quartz crystal clock model frequency

: error, and also in the clock model phase error.

-a. -

:~ Filter I~odifications

‘ 

Due to very limited time and resources with which to accomplish

: this correction, no extensive retiming was attempted . At the same time,

~ 
however , it is felt tha t only minimal gains could be made with extensive

retuning. As explained in Chapter VII, the effect of the error was

S mainly to interchange the cha racteristics of the pre— and post—blackout

•: regions of operation. Thus, the filters were only modified basically

—~ 
by ir~terc~ianging values of noise spectral density for the f ilter clock

-
~ 

frequency error state and for the filter measurement noise on the

~: ~ 
pseud o range—rate measurements between the pre— and post—blackout

S ~~ ‘~ec’ions (see Pg 51 and 53 for cnmparison).

: This is summarized for the pre—blackout region as follows :

5-i ~ 3.0 X l0~~~~ ft - 

~0 85 sec

~ 

~~~~~ 
— 6.0 X lo~~ (ft/sec)

2
/sec .~ t — t0 < 150 sec (58)

: 3.0 X 10”~ [t 
— t0 > 150 sec

~: (0.025 ft — t0 < 85 sec

0.035 (f t/ sec)
2 t — t < 130 sec (59)

0.009 t — t > 130 sec

The va lues used for these quantities in the post—bl ackout reg ion were:

I 
- 
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: , -:-- (3.0 x l0’~~
’
~ (t — t0 < 85 sec

-
‘5

- 1 3.0 X ~~~~~~~~~~ 
( 

2 1 t - t ~ 130 sec

~‘-f8 _ -:~ ~ (ft/see) /sec 
° (60)

1. 0 x l 0 -5’ t — ~ b < 42O sec

I - 

8.0 x lo 3J ~ t : 420 sec
: 0.025 t - t0 < 85 sec

I Rfv 
= 0.035 ( ft/ sec)2 t — t < 130 sec (61)

S 

0.050 t — to > 130 sec

; In all cases to is the time at the beginning of the region of operation,

either pre— or post—blackout. As expla ined in Cha pter VI , the values

are changed gradually to prevent filter corrections from driving truth

: model covariances negative due to numerics during the initial transient

~~~~~

- period .

: it ±~ not intended that these values be taken as final values for

: an implernentable design. They should rather serve to indicate possible :

levels of achievement and starting points for final refinement.

, : Corrected Filter Performance

~: The filter performance will be discussed inì reference to the per—

~ 

f ormance plots for the pre—blackout region (Figures 141—156) and the

.
5. post—blackout region (Figures 157—172). Much of the discussion in

~: Chapter VII is applicable here, and thus only major differences will be

~ 
pointed out .

~ 
In the pre—blackout re~rion , the la rgest d i f fe rence  is tha t the ~y s—

P

~ tern perfcrn~r4ce is ‘Cuch better behaved on alm ost all states, especially

‘ .‘~~~~- the filter clock frequency error state (see Figures 111 and l~~). Only

slLrht irrprovement is noted in the position error states. ThIs suggests
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a desirability to consider using a different model for the filter posi— :~_ _ ,5. tiori error models — perhaps by adding pseudo noise to these states. In

the present form the achievable accuracy in the position error is tied

strictly to the accuracy achieved in the velocity error states. The

velocity error states show much improvement over the earlier results

(see Figures 121, 123, 154, and 156), due mainly to the improvement in :~
the clock frequency error state, noted earlier.

In the post—blackout region , the results indicate the effect of the

acceleration sensitivity in the quartz crystal clock model. The overall

interpretation is still that the 8—state filter performs very adequately

in bounding error growth for all states, supporting the conclusiens

drawn earlier. The system clock frequency error especially is adequate—

ly bounded , so that its effects are minimized (see Figure 160). A

chP 
filter utilizing specific force dependent parameters, to describe the

strengths of m easurement noise and process noise which affect this state

should provide even more benefit, however. The position and velocity

error states show only slight degradation from the performances of the

earlier portions of the study (see Figures 128—139 and Figures 161—172).

This is pro~~bly due to the influence of actual specific force upon the

filter’s velocity estimates. This enables the filter to estimate the

system velocity errors better, compared to the pre—blackout region in

which specific force was largely absent.

Co nclusion

This appendix supports the conclusIons drawfl in Chapter VII, These

are tha t the 3—state f i l ter should be a viable candidate for a GPS—

~~,
- .‘, aided reentry filter,  and tha t specific force dependent filter param—

‘a

eters should be investigated for the GPS filter clock model.
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