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ABSTRACT

This paper describes the gemneral technique wugsed <o
determine the SIRIO attituds and certain systematic errors,
t he biases, which affsct the onboard éensor measurezgnts.

This technigue is implemznted in tha Attitude
Determination Program (ADP) used at CNOCE for détsrmining
SIRIO attitude.

The ADP producss v=ar accurata attitude and bias
determinations. During the various mission phases, the
accuracy obtained for +the attitudes hes always Leen well
githin mission constraints.

As the spacecraft spin axis has different criertations
during different mission phases, bias determinatican is a
most delicafa task.

The best situa¥ion for bias determination is the
intermediats attitude (INTA) phase, when the attitude liss
halfvay between the orbit co—élanar position and tke orbit
normal position. This situaticn is carefully examineé‘bere.

The results of the bias determinations discussed hers
make it ipqssible to evaluate the reliability of the
determination method and the wuncertainty of the results
obtained in attitude determination, at the present pcint in

the mission.

& 1 INTRODUCTIOK
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Fha SIRIO attitude determination meathod here described is
implemented in the Attitude Determination Program {(ALP), one
of the programs composing the Flight Dynamics System {PDS),
running at CNUCE, which is used for SIRIO flight corntrol.

This paper first describes the technique used to
determine the SIRIO attitude and certain systematic errors
which affect the onboard sensor measurements.

Tha major components of the msthod ar=:

a) the statistical filter used by the program to calculate
the state vector, formed by the attitude components and
by caertain systematic errors;

b) the deterministic method which calculatas the attitude
using <the previously computed systematic =errcrs and
‘which makes 1t ©possible to compara this calculated
attitvde with that calculated previously :

¢} the simulator which, wasing the praviously calculated
state vector, simulates the telsmetry data and zakes it
possible tc ccompara graphically the real data

{transmitted from the satellite) and the simulated data.

In the second part of the paper, we have attempted to
verify the conboard s=nsor performances and the accuracy of
certain mathematical hypothesas usad by the ADP program on
the basis of an »analysis of the more significant mission
p hases.

This verification is necessary as w2 have obser#ed that
the simulated earth width values disagres slightly with thsa
‘values effectively measured and this discrepancy is not

recovarable by a change in the state vector.
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We' have deduced that this fact ~is mainly " due to  the

adoption, in the mathematical model, of a simplifyiﬁq

hypothesis which has been proved to be not completely exact.

The analysis has enabled a bestter estimate of ths

N attitude determination uncerrainty caused by the rrobable

existence of residual systematic errors in the telemectry

A NE

Eeasurenrents.

However, from our =exps&rienca, acquirad ‘during the

mission, and in view cf the considerations made in this
paper, we feel able to atfirm that +the . attitude
determination system glves mors accurate results than those

requirad by the mission specifications.

€ 2 DEFINITICHNS_AND_NOTATIONS

In this papsr spacecraft attitude is denoct=d bty the
- { d,%)) vector, wher=: &= spim axis right ascensicn; $ =
spin axis declination. Only those measuremants which

interest the attitude determination are specified here: the

sun angle Po :the earth width W ; the dihedral angle (ﬁi
(Fig. 1), see reference (1) for a complete descrirtion of
the onboérd‘SQnsors.
The satellite transmits a s=t of data, tha majocr frame,
‘every 16 seconds. The ﬁ s Hy (ﬁc values are obtained fronm
this set of data.
Fig. 1 éepresents the celestial éphere cantered on the
spacecraft. We have:
- A - unit vecteor coinciding with the spin axis;
T - uapit vector coinciding with the narrow field earth

Senpsocr;
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S - ™M"sua vector", unit vactor frem -the Spacecraft to the
sun;
N - ‘"padir veactor®, unit vector from the spacecraft tc the

earth csznter;g

- sun angle, nmsasured by ths appropriate onbhoar

Cu
n
m
=
0
o
1

- nadir anqgle, obtainad from the ephemsris datas
earth sensocr mounting aagla (narrew fieslad) ;

- earth angular radius;

= O e 3 T
i

= warth width as measured from the narrow fielé =arth

senscr;

11
=t
Qu

d}- dihearal angle as measured from th2 narrow fi 2arth
\
SBnscr.

Expzrience has shown that tha mors 1important systematic
sarrors .in attituds dstermination ars: Aﬁ s Ay, A{J , A€ .
I+ is, thus, necessary to r2alizs a matnz2matical mocsl which
will give an estimation of the vactor (&, 8, A[S ’ AY,

Ad), AQ Y, the state vector. This vector will pe always

assumed constarnt in time.

8

3 THE_FILTER IMELEMLENTED IN THE ADP_ PROGRAH
The general wmathematical @methcd used <toc estigate the
state vector is briefly described her=z., ~

Let X, the generic stata vector, constant in time, te
estimatad ard let s be its dimension.

Let XQ'bé an a pricri value of X, and S0 be the 1nvarse
2f the covariancse matrix r=2lative toc the X{ zstimate cf X.

Let Y be ths vector, of dinmension p», of th

it
(4

DI2ASUISNENTS
obtained from the satellite (i.e. ¥ 1is th2 column vector

formed with a p numbsr of sun angle measuremsnts) .
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Lset IC = YC(E,jy(t)) a function, continucus and with
continuous partial d=zrivatives in the neighbcurhocd of XC,
which makes it pessiple te calculates the X measuremenfs as
functicns of <the stats vector X and of the ephsmsris data

Yoty .

In this way, the YC vector r=zmains associated with ths Y

vector which contains the r2al measurements frcm the
satellite, If the Y measuremsznts are without error
(systematic or accid=ntal), ¥-¥YC = 0. iHcwavsar, as errors

ar= normaiiy present, w2 have th= rssiduai vector.ircdicated

by Z=I-1

10

of the ccvariaace

3]

Let W be th2 matrix o x p, th2 invers

matrix relativa to thz Y measursmants,

Let us consider +the following real <£function <c¢f an .=
number of variables:
T T T
P(x):4 2wz +4 (x7-%5) So (X-Xs) (N
N .
the X*¥ vactor which minimiza <he 1(X) function is assumed 35

an astimate of X.

 wh2n X% 1s a scluticn fcr th=

~—

¥* minimizes 1(X

mguation:

PEo B
X

ve must then resolve th=a eguation:

.
DBV Wz + S, (x-%) = 0 ()

We pext suppos2 that ¥ and SO0 ara symma2tric, rositive
definzd ma*trices. Using Taylor's thacrsm for 3, =starting

with X=X0, we obtain:



Z(Z)zz__yc(.x,)-:g_{?‘_(éo) (Z.'Z(o)i O(X-Xo) (u
whare 0(X-X0) 1= a highsr order irfinitesimal with rzspect
to |X-X0| when X<-»X0.

If we indicate as GO the m

st

£rix p X s vreviously

indicatzd as Qﬁé (Zﬁ) dis:aqarainq hiqth ordsr
DX

infinitzsimals, we obtain:

‘Z_(Z)':_Y"Zc (Z.o)-l—G’o?_(o -GOX_ (%)

qli = - Go ()
X o
Supstituting (5) and (6) irn (3), wa optrain:

SGLW (Y - Yo (X6)+ Gy Yo - GoX)s Sy (X-%o)= O

from which=

(61w G, +5,) (¥ -Xo)= Go W (¥ - Ye (o))

so that:

4
X=dot (LW G#Se) G W (Y-%(x))

The result thus obtainad i1s affactes

a1]

%
ry
AR
jo})
o3
i
8]
]
@]
8
o
foed
P)
ad
0

F

t+he linearization of <the equation (2). We, t*thus, uss an
iterative technique: the result obtained X=X1 is assumed as
a new a priori value of X* and this procsss is respeated for
X0=X1. The iterative process is stooned whan th2 differsacs
between tuwc consecutivs vectors is sufficiently reduced.
Thres modzls ar= used most frequently during the mission:
1) Sun anals model;
2) Earth width model;

3} Sun t¢ 2arth amid-scan dihedrai zangle model.



PAGE 7

The table 1 shous the d=pendence of =2ach of rthesz ncdals on
§ +he state vector variables:
- Variakies Models
=== it I
: { | ! | |
| ! 1 l 2 | 3 i
| l | | !
| jmmmm——— = fmmmmm———- f
! , | ' | ‘ ! |
| o | * | = I * |
| | | | 1
- . D R a
i | ! ! 1
I A@ | * ! | |
{ | | I |
Ay B !
| - | i | !
Y { ] | * |
! @ i i ! I
A | ! * | i
{ P | | i |
Table 1
- As an exaumvle, tha first two models ars briefly dszscribsa
- below (¥):
a) sSun angle mcdel: Y= f{.
In order +*tc e¢xpr#ss the YC function, th2 & cemronsats

b)

(*)

refersnce

are indicat=d by {ul, u2, ul3) ané the 3 compcoents oy
(s1, s2, s3), obtainsd from +the =2phemeris dqata. W=

obtain ~

y ‘4( Si+ UySy4UySy) U -st- st 0
CZ-A,%'* CoA u, ;¥ 2% 333) qa- ) ) (‘“J)

(The attitude hers dafipred is thz (ul, w2, u3) ouanitr

vector instead of the (cx,5 ) vector).

Earth width mcdel: Y=¥ YC is obtainsd frorm =he sphezic
For a completz descrirption of all the oa1oéels ser

(3) .
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triangle TNA as shown in Fig. 1 :

A 1

-4 CoA(efbe)' COA(Y-}AX)COﬂ |

;. y = ZCOA - 11

5 c Aim (Y + By ) Aim " ()

§ ) where, indicating ¥ by (nl, n2, n3), we have:
”)=<b54(ma“1*mi“z+’“a“s) (13)

In order to determine the attitud= and the piases for z
single moasl, at th= same timz, th=r= nmust bs a substantial
variation in tha gecmsitric configuration during tk>

, 1if 9’ is the anqle tetwesrn

(K

e

observation paricd. "herefor

»

+he normais to ths initial and final "coustaut measuyremant®

surfacss, it unust be@B)O. See referanca2 {4) for an accurats

apalysis of <these gsom=2tric conditions during <the various

t

2licate prohlsr of the

)

(]
H)J
bt
o
t
H
O
jar}
-+
o]
ot
f=
N
(o]
W

mission phas=ss ir

(

o state vecror 2stimate acCuUTCAcCY. A huaber of thesz cornditions

- are spacified below.

a) AP can naver pe determin=d, using woadel 1, at tha sacs

time as the attitude. H#Mod=2l 1 can »nly bz us=zd after

and 6 have hesn determin<d using a diffarernt mciel.

b) Oy can be calculated at the sams tims as th2 sttitude,
using model 2, oanly if the oos=rvation oericd includszs
measurema2nts mads both in apoge2 and in perig==.

c) AQ cau bz «caiculated at the same tim= as th2 attitude,
using wmod=l 2, if the observations contain both fv> Y
and 7<:Y’measuraments.

- d) Aq-Dcan orly be calculated at th® sam® Tim€ as <the
attituds in particular mission phases; tkis isg

impossibls in the geostationary ohasa.




PAGE G
I ths transfsr orkbit ghaéé,'f‘CQﬁditicniit)"is 10t

»

verified, therefor=s A}’ cannot be d;tefmined and.1s thus sst
zero. The other stats Vectbf s¢ements can pe well determined
at the sane time'usinq'the measurements cobtained during an
apoges passS.

Aftear apoqee.motor firing, _durinq station acquisiticn
phase (SA), the spin axis is  n&early paralillsli to the orkicx
plane. Under these conditions, spin axis'declipaticr cannct

.d. In this cas=z thz A(P valuz <cttained

fs

be wall dzt

1]

ru

A

ral

]

during the preceding mission phasa and wodsl 3 ars gen

St
A

Y

used for attitude determinaticn.

‘

The best gecmetric configquratien ftor an accurzte tEtias

s

determination {(and the only configuration 3in which all the

¥

-rminsd at the sams time) occurs dering the

i

biases car be det

INTA phase, which 1s characterized bv an =quetcrial, Dearly

KN

circular orbiz, with a rad‘is- V=T Y clesz o The
grostaticrnary radius, and with a spir axis declinztion of
approximativeiy -75 degrees. In this contfiguration alys the
conditions (a=d) =ars varifi=ad.

During geostationary phase, with th= Spln axis ncrmél tc
+he orbit plane, 1t is 1mpossibi= tC d=tarmine %ths attituds
and the Ae at the same tims. Th2 AQ calcuiated during the

INTA phase is thus used and & ,8, AY

v

re deteraianed at th

+
m
)
m

same time using tha earth width modal. When K anié 6 are
kncwn, Af3 is «calculatad using mod2l 1 ana A @ usirg modsl
3.

The conditions (a-d) for the bias d=terainability ar=z, irn
practice, equivalsnt to thes conditions for the ccbovergence

2f th2 cailculus mzthod impiszsented 1n the ADP prograwm. Wh=am



coavargsnce 1s obtain<d undsr cenditicns (a-4), TES result

various wmilission phasss naust bs sz«isfiz4. Ccnszquantly,
anpothar attltude detsrminarion @sthod 1s esserntial <o

& pupapsr o2f ditsrministic astrods ars used to verify the
attitud=s calculatsza using the fil=er.

Tnz252 mathods give  an attitud: value for =2ach . telemstry

frame. &3 the informaticn containad in a fram« is rséundant,
the different methods us= diffsrant subsets of the fraamse
cContznz. It this way, =ack m=thod cvroduc=ss a different

attituada valus {cbrair=d Dy the fram= ty frame

s

o
<
RY]
'y
a1}
[N
=

«Q

resulcts).

The differsnt behaviour of ons ksthcd with resp=sct to ths
othars may, in scue casss, landicats wvhich dats subsst should
be contrclléd for wrong data.

In practicz, four nmetheds are ussi. Tha takble 2 shktows the

A0

O

telemstry data utilized by each m=thod {%*) :

(**) The dk data 1s utilizad both by <the filtar
satnematical models and Dby the deterainistic m=2theds. I
SIRIO, =2ver when borth the narrow _fiald sensors see th
zarth, oniy on2 cf tham gives the ; data, 1.=. the senso
seeing the bigg=r earcth width.

Thus, the telamerry data cannot be fully explcited as
data frowe only ons s2nsor at time can Lta utilized.
Consequ=2ntly, diffsr=znt methods, nct described in the takls,
put used successfully 1n other missions, <canact ke used
ners, as th=2ss a=2thods utilize ths 2arcth wid+h &nd +hs

dihedral a2ngle mesasur=d from both senscrs at the sacze time.
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Taonls 2

As an =xeawmpls , a hris=f Jd-scription of the s=soné m=2Thnenq

¥y

is given.

1

For each teslzmetry fraas, q 13 Jd=termined frcm the

8}

spherical triangl= IN¥A, (Fig. 1) using th:s equation:

C‘D“Ce"’af’) = con (Y+8y)corm v am (Yt Ar) coad Aime (13)
cata; B
h

= a ris

o]
rr
n

m

ct
1)

W hars e 1s optained from <the satelli
ana Dy  nave bzen previouasly calculat=d usirg -
statistical filter.

The qn value, ortained frcm the *tz2lemsttv dfeta, is
utilizei in this mwmethod ornly irn order to T=2sclve the
ambiguity arisirg in =expressing th2 equation (13) with
Cespect to q , Thus 1t 1s unnecassary to know th= 4?; velu=

with great orzcision. Tharsfcre, 1in the prece=dinc tabls,

~
o
iw
'
\\
o]
L
)
jan]
ot
O
- .
®
’13
v
o)
=
rr]
H
Q
[
-

the secona method is no wAa

we see that the attitude liss

o]
rs
v
O
e}
]
o
=
=
e
QO
(=
o=
w
n
(ol
jo
k9
=

v

vector (obtainea frocao the <=phem2rifes) as its axis ani
con= angl= of 2 n.
Siuwultaneously, th=z attitude vector liss on another cone

which has thas S v=ctcr (known from whs =phemerides) as ixg

1]



axis and a cone angle of 2(»B+-Aﬁ) ( ﬁ is the =un argle
measurement givaa by telsmatry and Jf3 has Eb=zen previously
determined using the filter).

The attitude is thus determin2d from the intersecticn of

=

the two cones. Twe attitnde valu=s ares obtain=d for each

Lae

telemetry trams. This ambiguity -~is suitably =liminated
Tapeating the piocess fcr a large nuaber (aktout 250) of
frames, selecte=d from the whols orbit. Orly one of ths tuwe

her

rt

attitude valuss vrerains constant in time (for fur
axplanaticn on thils process sse referance {(3)).
A

The attituds accuracy is verifizd not only ty =2

comparisoz c¢f the detsrministic values with the sStatistical

n

filter values, but above all by a graphic contrai.
Plotting the X  and D  values obrained using the
determainistic methods varsus time, curves shculd ba

obtained, which, apart from disparsion du2 to e&ccidental

)

errors, are siraight iines parallel toc thz abscissa ezxis, a

v

the attitnde must Ppe constant during the measursmert period
(Figs. 2, 3).

If the curves sheould bshava diff=rantly, thare au

n

Tt k

m

somz systematic residual error. Orne: of the basic hyrothasszs
of our mathsmatical mcdels 215 that systematic =TIGILs 3ars
constant 1n time. This hypothesis is sufficiesnt for our
purposes even thocugh 1t is not completz2ly exact, as it wiil
be shown below.

In ord=r to astermine the presancs of constant residnal
errcrs by obssrving the plots of th2 detarministic methods,
t he agsometric configuratinn must show a sufficient veriation

Auring the m=sasuriement period.
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F
(33

In ai

§

ferent sitnuations, a constant SITOT ¥i1l havsz
different effects. as all date;miniszic mathcés have
singular pecints, the presance of systzmatic erroré leads, 1in
+h2 neighbcurhocd ¢f these points, to verv irr=aqular

behaviour 1irn the curvss,

o]
¢
n
(@]
rh

¥isten

it}

Using +the graphic controi, howesver, ths=

=

n

residual systematic errors is easily varifiad, but preci

rt

identification o the 2rror is much more difficult. It is
particulariy difficult to establish whether a residnal
constant systamatlc 2rroer 1s presant or wh2ther a systsmactic
ertor is slightly variakls instead of constant as presumsz4.

It is, thus, advisabl=s to uss the de:erﬁinad State vector

to simulate the tsilemetry data and toc ccmpatr¢ thase

simulat=d data with ths real ones (zransmitted frecm th=

€ 5 ANALYSIS GF_A_PARTICULAE MISSION_PHASE

1Y)

The stimated state vector &lemsnits ar=s utilized to

simulats the telemetry data. A4 graphic comparison can be
mads betwean the simulatsd data arnd thes measur=d dzta. If
+ha measured values ars found randomlv distributsé around
+he simulated curve, ¥e& can r[sasonably exclude the tressence
of residual systematic errcrs on *the m#asurem=nts. Fer
axample, Fig. 4 shows the dispersicn cf th? measured earth
vidth values arcund the simulatzsd valuses assumed as the
reference leval. The fac* that the measursd dava do nozx
distribute randcmly arcund the simulated deta, indiceatss tkhe
presencz of a residual systematic error; this meay be.A€ .

To analyze thls 1last  phencmencrn, ws have consicsred a
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part'of the INTA data{see section 3), where a lcng telemetry
perisd 1is available, where an accurate state vector
detarmination has been mades anpd uhére the meésured sarth
width changes sufficiently so that the pheromanorn can be
observed (Fig. 5).

Thus, 1if +the ® and 5 values ar= ws2ll kncwn, the
disagreament between the measured and simulatzd ¥ valuss can
be calculazted frcom the functional rsiation:

aW: W sp . Y By '
QAP Dy (14)

and sincs ﬂy’:o has alrsady been deot

I
a)
=
'..l..
13
m
Q

with goad

approximaticn, we can urita:

[}

W
bp= Bv/3Y

0 (15)

¥ith

4 2 ime fin ping 2 )

The calculated bse values havs pewn rthterpolatesd wi=a =z

L)

fourth degree pciynomral and plottad, zen . mimes magnifizd,
in a polar coosrdinate system (Fig. 6), in cord=ar to visuali=ze
how the Earth is "sesu" by th# narrow fi=ld s=nsor.

Th:s disagresment hetvaen tha simulated dexs srd tkha
measured ones, see Fig. 6, is dﬁe above all to thz2 fact that
the initiai hypcthesis AQ =constant 1s not completely exact.
A certain despendence of A(? on W has been verified.

The pressnce of this non-constant Syst2matlc errcr is the
most iimiting elszment in attituds determination accuracy.

#2 have seen that Ap determination raquires a tzlemetry

period with an adequate earth width variation. Heszver, in
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this case <th2 inexactitude of the mathamatical hypothesis
that Ae is constant for all measures1ents is mora svident.

During the geostationary phase, with an aguatorial
circular crbit ard & spin axis daclination of =89.9 degrees,
the sarth width is almest constant and it is not possiktle tc

use the secend model tc find Ag ’ which:must, tharefore, te

and for all, to +the known value dsztermined

1]

fixed, onc
during the INTA phasea. AsS Af’ is, to some eXtent, a
function of W, it must be fixed to. that value which most
closely ccrrespcnds to the 2arth width value msasured during
+ he gsostationary phase. )

An error in the Ae 3stimate affects systematically the
attitude valusz (abovez all ths declination value, bkscsuse the
right ascsnsion is nsarly undazfinad).

As a result cf this analysis, ths attitude Jdeterminaticn

stimated to b= about 0.03 d=grees ( O°

m

uncertainty has Leen
value) , even thouch, Lecause c¢cf the accuracy of the results
and thelr continucus succassion in time, this estimate can

be retained as tco prudent.
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