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LOW—THRUST SOLAR ELECTRIC PROPULSION
NAVIGATION SIMULATION PROGRAM¥ -

by

H. Hagar, Jr., and T. J. Ellér.

Genéral :

_ 'Program.LOGOlis'an interpianétary low-thrust, solar eléctrié-prbpulsion’
miSsion-simulétion program suitable for basic ﬁévigation féasibility-sfudies.
if'employs simple, two-body dynaﬁics to simulate the heliocentric ﬁﬁase (ﬁo n-

" Dbody perturbatioﬁs). Provisions are made to simuléte'uncertaiﬁtiés in the
thrust program in-a féalistic manner, and fo assess the effects of these uncer-
‘ fainties on various navigation»strategies. .One key feéturevis the ability to
configure.the dyhémic model equations in a number of different ways té account
- fér fhe thpusting uncertainties. Several navigation data typeé may be simulated:
-Earth—bésed radaf'range.aﬁd range-rate, and.on—board'celestial observéfiéﬁs-iﬁ-
volving the sun, Earth, and‘a'specified navigafion.star. Aitbough}gravifétional
perturbations of the Earth acting on fhe spaéeéréft are not considered, rotatiénal'
dynimicm of the Larth are modeled to account forifﬁe Sigﬁificant éffects of track-
ing station mot ion .
Several typés ofvinforhation oufpﬁt_ére available. These include detailéd
'numeribal information print output, énd both'printér plot and digital plot
““féeatuves. fﬁrther, a limited oﬁ—line:display Cépabilify ié'availaﬁle for tele-

type and CRT terminal facilities.

*This'researéh‘was_suppérted by the Jet Propulsion- Laboratory under Contract

Ho. 953147,



MATHEMATICAL MODELS

Trajectory Simulation

The'mdtidn of the solar electric propulsion (SEP)vspaceéPaft is assumed
to he govérned by the gravitational-attraction of the sun (which is assuméd to
be perfectly known)}.and the thrust acceleration of tﬁé solar electric propul-
slon system. Purther, random errors in the thrust program are assumed to in-
fluence the spacecraft motion. ~If only the central lorce attfaction Qf Lthe sun

is included, the equations of motion for the SLI' spacecraft are

b=y, veE-—t T : (1)

‘where, as shown in Figure i, r is a 3-vector of heliocentric-position components,
X, Y, Z, v is a 3-vector of héliqcentric velocity components XQ ?, Z; *r| is

the magﬁitude of r; and u is the gravitétional parameter of the sun. T is the
heliocentric thrust acceleration vector éomposed of the deéign thrust acceleration,
Tﬁ? ai'well as thrust écceleratidn érrors ffom avnumber of sources (béam voltage
and cuprent,.grid warpage, deadband control errors, etc.). The heliocentric

components of T, [T, . T :<TZ],‘may be expressed in a vehicle centred frame as

KLY
[T. : T . T_J, where the two vectors are related by
X .y .z ‘ ,
. ’ Y -

TX cos Y —51n‘w 0 I, TX

T =T, | ={sin v . cos oflT | =R{|T (2)
e v v y y ‘
T 0 o 1T | T

Z . 1 "z Z
wheré Y is the heliocentric-qrieﬁtation aﬁgle (see Figure 1).
Randdmferrbﬁs:afe éssumed to bpqur.iﬁ bdthlthe magnitude_of'the-nominal
AAthrust éécelepétion?:a*, as well as in fﬁe'thrusf vector pointing anglgs, Y

and 8 (see”Figupe{l){. Thus; the true thrust acceleration vector, T, differs



from the nominal thrust acceleration vector, T®, in both magnitude and orienta-
tion. The true thrust acceleration, expressed in the vehicle centered reference

frame (x, y, z) is (see Figure 1)

FTK [sin Y cos 8
-Ty = al - cosy - , (3)
T sin y sin 0

- where a = a* + 8a. The acceleration error magnitude is simulated by da =
Sao sin wt +v'ua where 6éo and w are constants and where the random variable,

u > has the statistics E{ua} =0, E{dg} = og . For the design missioﬁ, T is
assumed to be of constant'magnitﬁde along the vehicle centered y-axis and the
nominal values of the pointing anglés,'y and 6, are assumed to be related as
shown in Figure 2.a.v The radius of the circié is the maximuﬁ deviation, sin y =
-of the thrust vector from the_ndminal posifion;vit represents deadbaﬂd pbinting
errors.. Thé quantity d = s(t—tb) is the distance of the tip of the thruét
vector frém fhe point where it last touched the boundary, Y. The réte, 5, is
simulated_aé a COpstant plus an additive noise component; t is the current mis-
sion time, aﬂd ty is the time at which the_boundary.was laét encouﬁtéred. .The
angle, ¢,'isbsampled from a uﬁiform distribution U(-.0708, .866). 1In addition,
purely random components are added to g, Y, and 8. With theée assumptions,

Eqé. (1) can be integréted to obtain the simﬁlated true trajectory. (Figuré 3
shows the trace of the tip of the thrust acceleration vector és projected onto

the local x-z plane.)

Models for Error Compensation

. In the subsequent discussion, it is assumed that the thrust acceleration

‘can be separated into modeled and error components, i.e., T = T# + m(t) where

“m(t) is a 3-vector of thrust acceleration -error components. The errors, m(L),

Yo
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are approximated by e(t) where e(t) satisfies one of several possibie first-
“order or second-order differential equationé. The values of e(t) and -any un-
. specified parameters in tHe‘differential equations which deséribe e(t) are
estiﬁated simuitaHEOUSly with the position and yelocityicomponents. -Six models
are available for use as approximations for m(t). ‘See Tables la and 1b.

| .Modél.oﬁ In this'modél an arbitrary state noise covariance matrix, Q,
" 1is added to the differential equation governing the sfate errorﬁcoVafiance.
The Q—métrix compensates for the'process noise and is used to méintain a ppsitiVe
définite errof_covariance matrix. The differential equations for the state vector,

xT = [rT VT], are

BE

' Whefevu is afréndﬁm S—Vector with the'g_priofi statistics.E{u} =0, and.
E[u(t)uT(r)] = q(f)é(térj,' This.model éorresponds to a‘value‘of MODOP‘= 0 or
MODOP 5 1. (MODOP = 1 not'fully imﬁlemented, do ééz;use).. See Table.lﬁ for the
‘fofmvof state noise covariance lqgic. | -
Model 1. The thrust acceleration error compohéntg are approximated by a

Fipst-order Causs-Markov process. The differential equations for the state

T L S ' '
vector, X] = [ v! € nT ar BT], are

. . u
r=v , V= - r + S(e)

~ | |r|3

n . . :

t=-la] e+ A= u & = B=u ()
. e n‘ n > = Uy o B} o
. BT , o ‘ ‘ o

. Qheré-u€5»un, u s and u, are random processes with the following a priori .

B .

statistics

Hug) = 0 Bluy(up (D], (080 L tele,n,a,8)



(In the program, selection of this model corresponds to a véiue of the parameter,
MODOP = 11.) The function, S(e), is defined in Table la.

ﬂgggiig.‘ This model also employs a first-order Gauss-Markov process to
approximate the.tﬁrust.acceleration epror.éomponepts. The form is slightly dif-
ferent, employing fewer vafiablés (and hence, has less flexibility), to yield the-
T2 ot v el al] |

‘differential equations for the state vector, X

(6)

Ll
1}

-[~a-d €+ u. & =u

where u, and u are random with
. a _

E{uQ} = o, E{Ug(t)UE(T)} = qz(t)é(t—T) . le{ega}

(This model chreépohds to a Valﬁe of MODOP = 21.)‘ Again, S(E)vi5 defined in

Table la. Thé matrix ffaxj? is diagonal and its- elements are tﬁose of the vector,

a; This modél is basically'théAsame as Model 3, except that the appfoﬁriate state

error covariance terms must be set to zero.’ | |
Model 3. Thé thrust»acceleration efrpr componehts arehapproximated by th

' fifst—order Gauss-Markov processes. The diffeféntial equationé for fhe state

T

vector, X = [rT VT. ET nT aT

BT], are

L S(e,n)

f\ZV N \.]':—
|3

™.
1t

—FQJ'§+u€ , G =u

(7)

f=-MBdn+u , B
- n

where u , Upe U > u are purely random with
€ o

B
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Bt} = 0, Bluy(©u (D) = q,6(t-1) , fele,n,a,p)

(This model corresponds to MODOP = 21.) The vector function, S(e,n), is defined
in Table la.. The mafrices, T a-J and [~B-l, are diagonal.matrices whose diagonal
elements form the components of the vectors, a and B.

Model 4. The thrust acceleration error components are approximated by a

second-order Gauss-Markov process. The differential equations for the state

T T T T T T .T
vector, X' = [r v e n a B ], are
. . Y
rP=v , v = - r + S(n)
| NE
€= -[fode-CBJIn+u (8)

where U U, and ug are purely random processes which satisfy the a priori
statistics

Efu) = 0, Elu, (0w (D) = q,(0)8(t-1) ,  ele,a,8)

(This model corresponds to MODOP = 12{)v The vécfor, S(n), is defined in
Table la. [~a-] and [~B-] are diagonal matrices whose.diagonal elements form
the components of o and 8.

Model 5. The thrust acceleration error is approximated by a slightly
different form for the two first-order Gauss-Markov process. The differénfial

: T '
equations for the state vector xT = [rT e nT o BT] are

r=v , Vv=- L S(e,n)
e
o 2 N
al O' 0
¢=-10 a2 0le+tu , G =u (9)
2 ) € o
0 0 o
-, _
B2 0 0
n=-10 B%. 0Oln+u 7B = uB
0 2
0 53
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where Uc, u U, s ug are purely random with

n’

E{ul} =0 , E{uz(t)uz(T)} = ql(t)d(t—r) , fef{e,n,a,B}

(This model. corresponds to MODOP = 22.) S(e) is defined in Table la. The
elements of a; and Bi are the elements of the vectors, a and 8.

The Vector Function, S

In all models, the.function, S, may be defined in one of three ways, de-
pending upon the value of the program paramefer, KSW. (See also Figure 1.)
Table la is a crosé—reference matrix showing the form of § for various values
éf MODOP and KSW. (KSW is also called KAX in the program.)

Observations

Observations for the orbit determination process consist of range, ol

range-rage, 0; and three celestial anglés, Ai, defined below.

Al = sun-vehicle-planet angle
AQ = star-vehicle-planet angle
AS = sun—vehicle—star angle

The true and nominal state vectors are used to compute the true and nominal ob-
servation values. Further, fhe true obsefvations_are corrupted by adding white
néise to the dﬁterministically computed values. The randém components are ob-

- tained hy sampling from known Gaussian distributions. If each observation,
specified generically as @, is‘made at disérete times, ti, the observation-state

relationship can be expressed as

2, = GQ(Xi’,ti) v, - ' | | (10)

, 1s assumed to have the a prieri statistics E{vQ } =0

Q1 N

The observation error, v
, i

. E Ry, 8, where §. is the Kronecker delta.
i j 1 lj' 14 ‘
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Earth Ephemeris

The Earth's orbit is assumed to be circular, an assumption not unreasonable
in light of other model dynamics employed. The position and velocity of the

Earth is determined from the following equations:

Y = mod (wEt , 2m)
XE = C cos ¢
YE = C sin ¢
(11)
vV =2¢C Wp
XE = -V sin ¢
YE =V cos ¢

where C 1s the mean Larth-Sun distance (see Figure U4.).

Tracking Statlon Motion

Figure 4 shows fhe'coordinate frames and variables used in defining
“motion of.(up to three) tracking stations, due to the Earth's rotation. The
Larth is assuﬁed to rotate at a constant rate; noAprecession or nutation is
accounted for. From the figure, the tracking station position and velocity in

heliocentric coordinates are seen to be:

- 5 _ - L - . - Lo
! + . X
XS \S Xg 1 0 0 D. cos (¢‘¢01) .
= ;! = ’ . -si ] + + Y
YS \S + YE 0 cos e -sin e Di sin (¢ ¢oi? £
g z ! 0 0 sin € cos € z 0
el [ s
L4 L1t L J L
nx—h r).(“ —D ir ' Q si ;
Xy g -D. sin ¢i (R cos € + w) +4zSi sin €
vy | =iy . )
< Yy t | D; cos ¢l ( + w cos ¢)
Z 1o D, cos ¢, w sin ¢
LS.t . _ 1 1 n

" where w is the Earth spin rate, @ is the orbital angular rate of Earth, and

' ‘ . . .th .
¢i = wt + ¢oj’ and where the subscript, 1, represents the 1 station.



at the initial time.

sin ¢

+ v for the 1

13

z
b
Ys.” %s.7 Vs,

the geographic rectangular station coordinates x
i i i i

is the right ascension of the i h station

th station; ¢D
i i
The obliquity of the ecliptic is e; in the program

. are coded directly

L9174

= .3979 ... and cos g =

Figure 4. Earth Ephemeris and Tracking Station Géometry

rilter Equations
The differential equations described by any of the above models may be

written in the following vector form to obtain the equations of state:
_ X = F(X,t) , X(to) = X (13)
The extended form of the Kalman-Bucy filter is used to obtain the state estimate.

and the associated state error covariance

That is, given a previous estimate, Xk~l’
the estimate and error covariance at time, tk; are obtained from the

: matrié, Pk—i’



following equations:

sl

ot .

where A(t) = 3F(x,t)/dx and

appropriate non-zero submatrices of the state noise covariance, Q.

H

(1 - Kkajﬁk ,

14

(14)

- S v 1
K " 3GQ(X}<, tk)/axs and Q‘E{Qa qea- qna qa’ QB}, the



Program Description

dain Frogram - LOGO

The main program provides the controlling logic for driving the overall
progrém; All problem input and batch mode control parameters are input here.
Initialization of program options, and associated logic flags and éarameter
values are set. Plot option logic is set and the plot subroutine is called (on
proﬁlém termination). Progrém results are saved on a separately specified output
file for later use as inputs for continuation of problem at hand.

Language |

FORTRAN IV

List of Subroutines used

'//OUTPUT \

PATH
UPDATE -
MOTIbN
7FORTRAN v < ACCEL - j These are explained in this report
| AMATRIX
HMATRIX.
OBSERV
\GAUSS j
MINIPLT plotting routine for UT.plotfing system
RANF UT2 system library; generates uni form r%ndoﬁ sequence
MSAB 4 matrix multiplication- C = AB
COMPASS - { MSABT matrix multiplication e apT
MSATB matrix mﬁltipliéation . C= ATB
IPRINT, available for error meésages from the above 3 roufines

15
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Control Cards:
READPF <number> NAV RMS
REWIHD NAV RS
RUN TX I=NAV
COPYBF RIS LGO
SETCORE  ZERO
L,GO

Computing System

CDC 6600, UT—2.0perating System

Inputs
Input parameter values are entered under both formatted and NAMELIST input

(READ) statements.v They are explained in Table 2..
Outputs

"All input parameters are printed immediately after being read. Upon comple-
tion of problem computations, selected variables are plotted (positién, velocity,
etc.) depending upon the plot option selected. Also, all iﬁput parameter values
‘are saved on outpuf file TAPEl, and can be subsequently used, if desired, as the
input source for a léter continuation run. This SeQueﬁce occurs at the end of
each run; in order to use TAPElL aé a new input file, it must be saved as a
permanent fils, or punched‘on cards.

Units

Any set of enginéering units may be employed. All computation and dutput
~are done in the -selected set with one exception. The choice of Earth radii and
days as unitsﬂof distaﬁce.and time results in compﬁtation and print output in
these units; however, plotting is in kilometers and seconds.

iﬁput File Setup

Basic problem input data is entered via the NWAMELIST INPUTS whose elements

are listed in Table 2. Since the data is via NAMELIST, any unspecified parameters
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are automatically assigned values of zero if the SETCORE zero control card has

been used. Figure 5a shows a-samﬁle data deck setup for the case where the a priori
state error covariance matrix is diagonal. Figure 5b shows the setup for non-zero
elemenfs in the a priori error covariaﬁce. Note, in this case, the addition of
NAMELIST APCOV, with elements made up of the array, P. Further, the array, STERCOV

in NAMELIST INPUTS, must be zero in order to read in APCOV. (See Table 3.)

TITLE (3 cards)
EOR

CONTROL CARDS

Figure 5a. Normal Deck Setup

EOF

NAMELIST APCOV

TERCQV=18%0,

AMELIST INPUTS
TITLE (3cardsg) 4
EOR

CONTROL CARDS

Figure 5b. Alternate Deck Setup
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On-Line Feature

The on-line feature of the program is primarily that of presenting a
running display on an assigned CRT terminal. Selection of the on-line feature
is done by assigning a negative value to the parameter, PB, in NAMELIST INPUTS.
Each time the output routine is entered, a colon, :, is displayed indicating
readineés to receive a keyboard input. The keyboard input is one of the digits,

0 through 7; their meaning is shown in Table 3.

K/B Input ' Definition
0 Return and continue problem computations
1 Print state deviation
2 Print state vector
3 ‘ Print tﬁrust acceleration (local frame).
4 | Print error covariance trace and RSS
5 B Print observation error and H-matrix
6 Discontinue CRT display gfterAnext 0 enteréd
7 Revise problem termination time to the current
time plus one integration step

Table'S. On-Line Feature Keyboard Inputs

Print Output

Printed output data éonsists of true (simulated) and nominal (estimated)
state vector and‘staté vector deviation, Earth,stéte vector; error covariance
. state noise covariance, filter gain, observations, observation error, and the ob-
servation matrix, d (observation)/3 (state). A sample block of print is shown in

Pigure 6.
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Flow Diagram

Figure 7 is a functional flow diagram of the main program logic.
Variables _ |

Tables 2a and 2b define the NAMELIST INPUTS and APCOV parameters. Tables 4
%hrdugh.lu define the labeled common blocks (there is no blank COMMON).V,Table 15
defines those internal variables not contained in Tables 2 through 14. These
intefnai Vafiableé are iﬁ aiphabetical order. |

' Subroutine QUTPUT

This subroutine provides the logic for controlling print output as well as
the on-line CRT display logic. Data to be output is communicated to the routine
via iabeled COMMON. TFigure 8 is a functional flow diagram of the subroutine.

Subroutine PATH

Subroutine PATH performs the nuﬁerical‘integration of the equations of
motion, and stores the data pdints for plotting. Two orders of integrators are
available: FPourth-order Rﬁnge—KuttafGill, and second-order Runge-Kutta. The
type of integrétor-is specified by thé ”hard—coded” ?alue of the parameter, IGO.

IGO = 2, Second—Order~Runge;Kutta

Yipp = Yp t Ely;etidh

) - N h.
=y; t G t,) »f(yi’ti)]Q

Yi+1

160

4, Fourth-Order Runge-Kutta-Gill

e, =1 - /375 c = -(2-+ 3/V2)-

1 5
Cy = -2 % 3v2 Cq =2 4 V2
cy = 2 -‘/5 c, = 1/6

ey =1+ 1/V7 cg = -1/3
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g, = f(yi’ti)

i
N o

y =y;te

[ 8 T EGtL)
2
2 y =y cl(g2 - gl)h
8] T %281 T 38

g2 = f(§’ti+£)

y o+ cu(g2 - gl)h

<
"

81 7 %581 T %68

gy = £yt,y)
Yiqp T+ (cq8y + cgydh

Figure 9 is a flow diagram of the numerical integration logic flow.

lSubroUtine UPDATE

Subroutiné UPDATE computes the Earth‘ephemeris data and tracking station
motion, provides the logic éontfolling computation of the obéervafions and ob-
servation partial derivatives, and computes the filtered state estiméte; Figure
10 shows a geheral logic flow for this routine.

Subroutine - MOTION

In addition to calling subroutine ACCEL, which computes the dynamic accelera-
tions, the.model'compehsatioh differential equationé are évaluated. Furthér, the
error covariance m;trix_différential equation ié-evaluated. Figupe 11 is 2 fiow'
diagram of the éorrésﬁonding logic. See also Table 1.

Subrout ine ACCEL

The true (simulated) and nominal accelerations (gravitational and thrusting)

are computed according as the parameter, JP, equals 1 or 2, respectively. "~ This
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includes both the gravitational and the thrust accelerations. For the nominal
acceleration,.the coordinate system used'depends-upon the value of the parameter,
KSW;
KSW = 1 , Heliocentric rectangular éoordinates
2 , Local rectangular coordinates
3 Loéal angular coordinates
Figure 12 is a flow chart of the subroutine.

Subroutine AMATRIX .

The partial derivatives of the state differential equations are computed.
The forms of the derivatives depend on the coordinate system (KSW = 1, 2, or 3),
and on the type of equations used to model the nominal thrust acceleration errors

(MODOP = 11, 12, 21, 22). Figure 13 is a flow diagram'for the subroutine.’

Subroutine HMATRIX
The partial derivatives of the observations are computed and provided to
subroutine UPDATE for use in the filter equations. Figure 14 is the flow diagram.

Subroutine OBSERV

The observations (range, range-rate, sun-planet angle, star-planet angle,
and/or sun-star angle) are computed. Both the true and nominal observation values
are determined. Tigure 15 is the flow diagram.

Subroutine GAUSS

This routine provides random samples from a standardized normal (Gaussian).
distribution.

‘Subroutine MINIPLT -

(See Department of Aerospace Engineering library documentation. )
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KSW

sin €, cos €

2 3
€ T* + Re T+ + R[a*+cl] cos €,
sin €, sin €4
T + sin (52+n2) cos (€3+n3)
€+ n ." T*% + R[e + n] R[a#+el+nl] cos (eytn,)

sin (€2+n2) sin (e3+ne)

sin £€_ cos €4

2
n T®* + Rn ‘ T% + R[a*+el] cos ¢,
sin ;2 sin eq
T®* + sin (62+n2) cos (§3+n3)
€ + n T% + Rfe +.n] RLa“+el+nl] _ cos (82+n2)

sin (€2+n2) sin (€3+n3)

Table la. Selection Matrix for Vector Function, S




MODOF MODEL with IQ = 0 Noise Mapping Matrix
— pu -~
0 0 - f’zAf’+f’AT+FQI’T IR
- - - T r= !
1 -0 P = AP + PA" + Q I
I
11 1 - -
- B T T cos ¥ ~-sin Y
12 1 F = AP + PA" + TQr
. R =|sin ¢ cos
21 2 or3
0 0
22 5 -
Table 1b. Logic

State Error and State Noise Covariance

24
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Code Dim | Type | Text Description
WEARTH 1 ‘R We Orbital angular velocity of the Earth
AU 1 R C 1 Astronomical Unit (a.u.)
FROBE 18 R X Initial value of stafe vector to be estimated
(1) - (6): Position and Velocity, X Y 2 X Y Z
(7) - (24): ey ey egmy My Ny 0y @y 0y By By By
PROBER 6 R Initial state vector errors in position and velocity
GSUN 1 R B Gravitational parameter of the sun
THTART 1 R Initial time
TSP 1 R Final (problem termination) time
TRANGE 1 R Range observation interval»
FRNGRT 1 R Range rate obser&ation interval
I'SNPLT 1 R Sun-planet angle observation interval
TSTRPLT 1 R Star-planet angle obsefvation interval
TSNSTR - 1. R Sun-star angle observation interval
THRSTAX 1 R a® Nominal value of thrust acceleration
THROTER L R (1): Ffequency (cycles/sec) of sinusoidal acceleration
error variation
(2): Tercent of nominal thrust acceleration magnitude
“to be used as magnitude crror
(3): Standard deviation for random component of
thrust acceleration error magnitude
(4): Standard deviétion (radians) for‘random'component
of thrust acceleration pointing.error
ACCELER | & | R Not used |
PLATFEZ | 6 R ot used
STERCOV 18 R f P Initial values of diagonal elements of error covariance
STNSCOV 18 i R ; Q Constgnt~values of diagonal elements of state noise
| ; % covarlance
MODOP jﬁ L E 1 g ‘Model option selection pafameter

Table 2d,_NAMLLIST/INPUTS/
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Code Dim | Type Text ' Description

MODOP 21 - Model 3

0, 1 - Model © MODOP

MODOP 11 - Model 1 MODOP

12 - Model 4.

NSINOF 1 b1 ' Not used

0BSCOV 5 " R R,. | Nominal observation error covariance (elements 1-5
correspond to the elements for TRANGE, TRNGRT,
TSNPLT, TSTRPLT, TSNSTR, respectively) -

TOBSCOV | 5 _- R True observation error covariance (elements cor-
respond to those above (OBSCOV))

STAR 3 R Unit vector pointing to navigation star

DTINT. 1 R h integration step size

IPRNT 5 R Print frequency for:each observation type

UNMOD 12 R ' Initial values ofvmodel compensation paraméters

IPLCTYP 1 I | Plot type flag: Values_may be any number of digits
: from 1 to 7, in any order. Thus, 127 or 271, etc.

results in plots on printer paper, teletype, or CRT,
and microfilim. :

Codes are: .1 = line printer; 2 = teletype; 3 =
12" paper, ball point pen; 4 = 12" paper ink pen;
5 = 30" paper ball point pen 6 = 30" paper ink
pen; 7 = 35 mm fllm '

TOBS R . Initial times for each observation type

TUP 1 R " | Flag for controlling initial observation processing-:
' TUP < 0. - Process first observation(s) at initial
- ~ time prior to integrating first step
TUP.> 0. ~ Integrate first step then process observations

TMAXTIT 1 1 ST Not used

:E _ 6 R - 1 E(L) contains age~weighting-pafameter, 1 <5<,
' ' if desired. E(2)-E(6) not used.

KAX - 1 S '.l Flag controlling coord*nate system for compensatlng
: ' ' : models:

1 Heliocentric rectangular coordinate (X Y Z)
2 Local rectangular coordinates,(x y z)
3 Local angular coordinates (¢ y 0)

| KSW
1 KsW
KSH

W

b et ey -

Table 2a (Cont'd.)
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Code Dim | Type Text Description
IQ Not used
KAGE 1 I Flag controlling age-weighting suboptimal filter
- KAGE < 0, use suboptimal age-weighting (not used)
PB 1 R On-line control parameter
PB < 0, employ on-line display
JPLOT 1 1 Not used
AUX 6 R Auxiliary acceleration error simulation parameters
(1) = s (rate of motion of tip of accel. vector)
(2) = y (max value of y specifying boundary)
(3) = 6 (initial value of 6; updated at each Yy contact)
(#) = ¢ (initial value of ¢, direction of accel.
(5) = Ty (standard deviation of the noise in- 6)
(6) = OS.(standan deviation of the noise in s)
BETA 5 R Not used
bzT 18 R Not used
S 3 R 28 Z~component’ (geographic rectangular coordinates) of
tracking station
D 3 R D. Vx2 +y2,
i si “si o
W Y R w_,$ .| w(l) = Rotational angular velocity of Earth;
. E’"o1 s . . ; .
w(2)-w(4) = Initial angular displacements of tracking
stations R
' Table 2a. (Cont'd.)
code Dim | Type Text Deécription
P 18,18 R Complete 18 x 18 a priori state error covariance

matrix (3 2 4 elements). If this NAMELIST is used -
MAMELIST/INPUTS/ must precede /APCOV/; the array
STERCOV must be zero, otherwise /APCOV/ will not

Foe: Pcad

Table 2b. NAMELIST/APCOV/
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Read
Problem
Title

Read NAMELIST
INPUTS for
problem
parameters

'PRINT
Problem title
and NAMELIST -INPUTS

Non-
diagonal
error covariance

Yes

(IP..=PTEST=0
ii

No

V

READ
NAMELIST
APCOV

Initialize: state
vector, observation.
error covariance, plot
interval.

CALL PATH

Simulate vehicle

trajectory and
navigation performance

Figure 7. Main Program - LOGO

>] 4]
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" Write
new input
"file for
-continuation
of run

Convert plot
values to
km and sec

Inputs
in er and
days?

No

v

CALL MINIPLT

Plot desired curves

via printer, Cal-.
| Comp, and/or micro-
film as specified

Figure 7. (Cont'd.) :



" Yes

Print

observation
data only?

Print

Time o _
State deviation
State vectors (true &
‘test)
Acceleration errors

(true & test)
Earth position & velocity
Thrust acceleration (true
& test) - ' -

Sub-
optimal
filter em-
ployed?

Print
Suboptimal
| filter
parameters

Print: state est.
error covariance,
subtraces and RSS

Print: State
noise covari-
ance

. Figure 8. ' Subroutine OUTPUT

Print:
observation , A
data - - :



(RETURR)

Display
"ready for

“input,':
(colon)

;Accept K/B
(keyboard) input

- _ GO TO ‘ .
21 22) @ ’ @ ' , | ;30) |
Display | | } Display o Set TEND -
state subtraces ‘ . to current
deviation , . and RSS Time+one step
Display . : .| Display _ ' '
state |- observation . @
vector | v : ' error
‘Display ' | | Set on
Thrust . line. (PB)
Accel. control=0
v .\L

Figure 8. . (Cont'd.)



ENTER
(ewTeR)

fnttialine

Observation
step; set-up

integration
coeff., set IGO

- Yes

CALL UPDATE

=X Simulate and
process an
observation

Set new
Observation

Time

CALL MOTION

Evaluate
dynamic equa-

|tions at current|

state

Save points

for plotting
~according to
plot increment

Integrate
equations
one integra-
tion step

Figure 8. Subroutine PATH
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Yes Print
- dependent &
independent
variables

Curren
time=new

CALL UPDATE

Simulate and
process an
observation

Figure 9.  (Cont'd.)



(ENTER)

Initialize
internal
arrays and
counters

Compute
Earth position
and velocity

Determine
current obs.
type and
next obs. time

LI

No

Determine
position of

JJth station

Figure 10. Subroutine UPDATE
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vehicle
visible from
JJth station

N
© glsg

Compute true.(simulated)
and nominal observation
values

Compute
observation

partials;
and HPHT

Determine

. Yes .
suboptimal - suboptimal
filtery Filter paraim-
eter value:
o |
Complete computation of
filter equations employing
suboptimal parameter as
may be required
Process observ., o
compute state |. . oo '
. estimate and . 5{::]
update state
vector :

Figure 10. (Cont'd.) .

0



CALL OUTPUT

Print output
parameter
values

6bs. rangé
and/or range-
rate, and is
JJ<number
stations

have more
obs. to process
t this time

Figure 10. (Cont'd.)
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MoDoTP

MObhOP

MODOP

"

1]

1"

11

21

(ENTER )

Initialize,
set
flags

CALL ACCEL

Compute true
accelerations

CALL ACCEL

Compute
nominal
accelerations

seneral
- first order
model ?

No

Yes

Diagonal
second order
' model ?

No

é=-F o Je-[B-dn

h=c

~ 2
Diagonal
first order
models ?

No

e=-[a-Je

f=-[~B8~In

N

Figure 11.

Subroutine MOTION
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2

diagonal
first order models
with non-neg

Yes e=-[ q‘z;\]g

MODOP = 22 fe [ B2
© » A=-[ 82.In

CALL AMATRIX

Compute, A, partial
of state differential
equations wrt state

Form error co-
variance differ-
ential equation,

P=AP+PAL

Add state
noise covariance

P=P+Q

No Compute
I-matrix

\

Add state
noise co-
variance
p=p+QrT
(velocity
terms only)

Figure 11. (Cont'd.)



Nominal

Compute nominal
thrust acceler-
ation term

(ENTER )

{

Compute

2-body
gravitational
accelerations

—
—

True

4

Compute true
thrust accel-
eration term

\

Add thrust
acceleration

term to grav.

accel. term

{ RETURN)

Figure 12. Subroutine ACCLL
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100

(ENTER)

/

Initialize

Y

GO. TO

200

300

% o
ax %

400

56

8X,/3x
d,/9x

Figure l4. Subroutine HMATRIX.



Compute
range, p

and/or range-

Compute
range-rate
0

planet <

o -
Xl.

1

Compute star-
planet and/or
star-sun <s,

AQ, AS

| sun-planet

Compute

<, Xl

PFipure 15. Subrouline OBGERV
HULY
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