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AN ATTITUDE PREDICTOR/TARGET SELECTOR 
Bruce M. Sharts

National Earth Satellite Service

ABSTRACT. Accurate determination and prediction 
of the vehicle angular momentum vector is crucial 
to many satellite programs, particularly those 
that require the interpretation of satellite 
imagery.
A geostationary operational satellite program 

that services customers in near real time requires 
a spacecraft navigation capability that minimizes 
the number and/or magnitude of control pertubations 
to the orbit and attitude states. The accuracy 
of one's attitude determination and prediction 
process will profoundly affect this requirement.

The satellite mission may require that the 
vehicle be controlled to within some tolerance 
about a preferred attitude, i.e., orbit normal, 
ecliptic normal, or equatorial normal. Based on 
regular measurements of the angular momentum 
vector, a mechanism will be described for making 
attitude predictions and for optimizing the 
selection of attitude control targets for a geo­
stationary satellite.

1. INTRODUCTION
The geostationary satellite program of the National Earth Satellite 

Service (NESS) involves spin stabilized vehicles that detect and transmit 
environmental imagery in the infrared and visible spectral regions in near 
real time. For these vehicles, the angular momentum vector is determined 
from the imagery.

At geostationary altitude, the major cause of precession of the vehicle 
angular momentum vector is solar radiation pressure. Given an attitude 
observation data base and an ephemeris for spacecraft and Sun, one may
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make attitude predictions and target selections for long-term maneuver 
management.
Adequate short-term attitude predictions may be made by using the 

recent rate of change in the usual polar coordinates, right ascension and 
declination. The procedure is obvious; however the rate terms are, in 
general, no longer valid when the navigation analyst exercises attitude 
control by repositioning the angular momentum vector to a more optimum loca­
tion. This procedure, therefore, cannot support an attitude control function. 
The navigation analyst requires an attitude predictor that can predict 
for extended periods from an arbitrary starting location.
Since the predictor described herein is based on empirical attitude 

data, it is desirable to examine attitude solutions for quality control.
Having passed accepted standards, the solutions are added to a permanent 
attitude data base from which predictions are made.
The present NESS geostationary satellites exhibit a maximum daily pre­

cession magnitude of 35 arcsec and a minimum of 9 arcsec. On this scale, 
the polar coordinate system does not lend itself nicely to displaying 
one or two weeks of attitude solutions for the purpose of quality control 
and trend analysis. The navigation analyst requires that the attitude 
data points and corresponding predictions be displayed in a coordinate 
system of very high resolution. Such a coordinate system is the mercator 
coordinate system (described in detail in CSC 1973).

2. MATHEMATICAL MODELS
This section describes the fundamental coordinate systems and transform­

ations used in the attitude predictor/target selector. Some coordinate 
transformations are defined as part of the model descriptions.

2.1 Coordinate Systems and Transformations
2.1.1 Inertial Equatorial Coordinate System
Figure 1 illustrates the inertial equatorial coordinate system (Xi,Yj,Zi). 

The Xj-Yj plane is the equatorial plane. The Xj axis points toward the 
vernal equinox; the Zj_ axis points north. The Yj axis is such as to 
complete the orthogonal set. This coordinate system is referenced to the 
true-of—date epoch.
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North poleZI

Center of the Earth

Equatorial plane

Figure 1.—Inertial equatorial coordinate system.

Figure 2.—Polar coordinate system.
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2.1.2 Polar Coordinate System
The polar coordinate system is derived from the inertial equatorial 

coordinate system by extending the latter out to the celestial sphere.
One may identify uniquely any point on this sphere by its right ascension 
a and declination 6. a is measured in the right-hand sense, in the 
equatorial plane, from the vernal equinox. The range of a is (0,2tt, . 6
is measured from the equatorial plane, positive north and negative south, 
in a meridional sense. The range of 6 is (0,+tt/2). Right ascenion and 
declination are thus analogous to longitude and latitude on the Earth.
Figure 2 illustrates the polar coordinates of a vector.

A unit vector expressed in polar coordinates may be transformed to 
inertial coordinates by

W(X,Y,Z)I
cosa cos 6 
sina cos 6 

sin6
2.1.3 Sun-Spin (QES) Coordinate System

This coordinate system is constructed from the inertial vector to the 
Sun and the vehicle angular momentum (spin) vector. The unit vector to 
the Sun lies along the S axis. The Q axis is an extension of the unit 
vector defined by the operation

q = W X S ,
|w X s|

where W is the spin vector defined in the last section. The E axis is an 
extension of the unit vector defined by

E = S X Q .
Figure 3 illustrates the QES coordinate system.
A vector in the QES system may be transformed into the inertial system

by

[M] QES where [M] QES

2.1.4 Mercator Coordinate System
As with polar coordinates, a vector in the QES system may be defined in 

terms of two angles, theta and phi. Theta (0) is measured in the right-hand

4



Sun

Figure 3.—QES coordinate system.
sense about the S axis, from the E axis to the projection of a vector 
onto the Q-E plane. For the purpose of prediction, the initial spin 
vector Wq is a known state at a known time. Wq and the Sun vector at 
that time Sq will form the epoch (QES)q coordinate system. In that 
system, 0q = 0. The -Q axis is an extension of the unit vector in the 
direction of Sq X Wq. Predicted spin vectors are expressed in the 
(QES)q system to calculate

N. = 1
S0XW1 
|S0 X wj

0^ may then be calculated, 0^ = cos^C-Q • N^).
Phi (<f>) is the colatitude of the Sun, the angle between the spin vector 

and the line-of-sight vector to the Sun. <p is calculated as 
<f> = cos^CW^ . S^). n/2 -<p = u is the Sun angle, or solar latitude
relative to a plane normal to the spin vector.
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Figure 4.—Mercator coordinate system.
North toward Sun

Mercator
meridian

East

kABS.

Figure 5.—Mercator projection. 
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The mercator coordinates of a vector are defined by 0 and by Xabs = -In
i *[tan(cj>i/2)], where = cos • SQ) and VL is expressed in (QES)q.

Xabs is t^ie mercator latitude and has the same polarity as u. Note that 
Xabs not defined when the spin vector is parallel to the Sun vector.
Figure 4 illustrates the angles that make up the mercator coordinates.
2.1.5 The Mercator Projection (CSC 1973)
Figure 5 shows two spin vectors, separated by a small precession angle, 

pointing out of the mercator projection plane. The precession direction 
has taken a heading angle ip measured from a direction toward the Sun.
With this definition of heading angle and knowledge that solar radiation 
pressure is along -S, it is clear that ^ = (3/2)tt. The heading angle ip 
may be thought of as the spin angle from the Sun vector projection onto 
the spin plane to the torque vector produced by radiation pressure.
2.1.6 (QES)f Coordinates
When attitude observations are added to the permanent attitude 

data base, one bit of information in each attitude record may be the 
quantity,

cos ^"(W^ . W_^_^)

A plot of t vs. time will produce a waveform similar to that shown in 
figure 6 and will repeat itself essentially on an annual cycle. One may 
fit easily a polynomial to this data to obtain x as a function of time.

(CSC) 1973) discusses thoroughly the use of u, t*, respectively, in 
a transformation from a given QES coordinate system to a final QES system 
such that the final spin vector is known. In this case, the final spin 
vector is the desired attitude prediction. Figure 7 illustrates the rotation 
angles and the initial, interim, and final coordinates. For clarity, the 
interim and final S axes are not shown. Note that the first two rotations 
orient the axis normal to the predicted precession plane. The final

*(CSC 1973) uses k in a maneuver model instead of x.
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Figure 6.—Seasonal precession due to solar radiation pressure, 
(theoretical vs. observed).
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Figure 7.—Wf transformation.
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rotation through the angle x precesses the initial spin vector into the 
predicted spin vector. This is the unit vector along the axis.

The requirement is to express Wf in the QES coordinate system from 
which it precessed. The transformation for this is

[M]

(Wf^QES ^xijiu [■]- where [M] ^ = [M] T [M] ^ [M]u and

[1 o 0"| Tcosip 0 -sini|fl j"l 0 0 1
0 cosu sinu , [M] = 0 1 0 I , and [M] = 0 cost sinxL
0 -sinu cosuj Lsin^ 0 cosifrj LO -sinx cosxj

2,1.7 (QES)^ to (QES)q Coordinate Transformation
Using the transformation of the last section, one may express the first 

attitude prediction in the (QES)^ system. If inertial coordinates are 
desired, recall the transformation of section 2.1.3. To further propagate 
the attitude in time, one transforms a current Sun vector into the (QES)q 
system. This vector, along with the just found, is used to form a 
(QES)^ coordinate system. A transformation [M]q to the (QES)^ system is 
defined as

formula

where the (QES)^, k = 1,2,3 are the (QES)-^ coordinate vectors expressed 
in the (QES)q system.

2.2 Attitude Predictor
Assuming that solar radiation pressure produces the attitude precession 

observed, one may integrate an arbitrary angular momentum vector stepwise 
in time. To summarize section 2 thus far, one creates an epoch (QES)q 
coordinate system, uses the angles u, \jj9 t to calculate an attitude

A A Aprediction at time t^, uses and expressed in (QES)^ to form (QES)., 
and uses u-^, Ti to calculate W-^+i for the next integration cycle. The 
navigation analyst may use the attitude predictions to effect quality control 
on attitude observations taken subsequent to Wq• Periodically, one may 
update the attitude data base with acceptable observations, so that the x 

polynomial will be current.
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2.3 Target Selection
One task of the navigation analyst is to control the vehicle attitude 

to within a specified boundary about a preferred orientation. Proper 
control management may require that the number and magnitude of control 
maneuvers be as small as possible. Typical preferred orientations were 
mentioned earlier. The following discussions will assume an orbit normal 
attitude; however, the model is easily adapted to other preferred orientations.

The basic goals of the target selector are to determine when a control 
maneuver is necessary and to select the target attitude such that the 
time to the next control maneuver is maximized. Spacecraft ephemeris and 
the attitude predictor are used to achieve these goals.
2.3.1 Orbit Normal

The spacecraft ephemeris will give position and velocity vectors at 
specified time increments. In this case, the unit preferred attitude 
vector is

w - -isi-,

where R and V are position and velocity vectors, respectively.
2.3.2 TAR Coordinate System

This coordinate system will simplify the target selection process. 
Figures 8 and 9 illustrate the preferred attitude, its boundary, and the 
TAR coordinate system.

The R axis is an extension of the WN vector. The T axis is an extension 
of the unit vector from the operation,

T =
"nxzi 

x zi'

where ZT is the unit vector along the inertial Zj axis. The A axis is an
•*” A A A

extension of the unit vector defined by A = Wpj X T.

10
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Figure 9.—TAR system. T
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A vector in the TAR coordinate system may be expressed in the inertial 
system by the transformation,

V \

2.3.3 Attitude Boundary
The satellite mission may dictate the preferred attitude and the maximum

allowed deviation. 3 • In this case, the boundary is a cone about
9 max

of half-angle 6maxm o -v
At the time of each attitude prediction W , one interrogates the spacecraft 

ephemeris to calculate (W^)^ as in section 2.3.1. At this time, the
deviation is 6^ = cos W ). By definition, when 3^ $max> a

IN
maneuver control condition exists.
2.3.4 Target Search
The TAR system is constructed from (W^)-^ which exists at the time the 

increasing 3 arrives at the boundary. As in the last section, the target 
attitude will be biased from (WN)^ by an amount, 3 = 8^^, such that 3 
will decrease. Since the target attitude will have an R component equal 
to that of Wj_ expressed in the TAR system, it is sufficient to illustrate 
the target search area in two dimensions as in figure 10. The view is 
down the R axis.

Stai
sea]

Tai
are

+ tt + a.i, .bias

W± (g increasing).sin (Bmax

bias

T

Figure 10.—Target search area. 
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The remaining two components of may be approximated by the negative 
of those of For a comPuter program, it is useful to bias the
initial search to one "side” of (-W^)t,A as s^own in figure 10. One 
then steps through the target area seeking the starting vector that will 
maximize the time until the next arrival at the boundary.

Any precession of the preferred attitude is accounted for in section 2.3.4.
3. RESULTS

Figures 11 and 12 show plots of attitude predictions and corresponding 
observations in mercator coordinates. The data shown span a period of 
about three weeks, during which the only perturbation to the angular 
momentum is assumed to be solar radiation pressure. With these plots, 
the analyst is able to observe the following:

a. Individual solution fit relative to the observed and predicted 
trend. (See figure 11, data point 7.)

b. Biases due to updated orbital parameters used in the attitude 
deterministic process. (See data points 8 & 12, figure 11, and 
7 & 11, figure 12.)

c. Biases due to modeling errors, unmodeled perturbing forces, i.e., 
gravity gradient, magnetic fields, etc.

The plots shown are with respect to an epoch QES coordinate system based 
on the attitude measurement of April 12, 1979. The worst-case error of 
prediction to associated observation is 0.0089 degrees for data point 7 
on April 24, 1979.

As in section 2.1.6, the navigation analyst may decide to downgrade the 
quality of data point 7 when adding this data set to the permanent 
attitude file for subsequent predictions.

Figure 12 is a repeat of figure 11, excluding data point 7.
Table 1 is a listing of polar and mercator coordinates and the error 

between the observations and predictions shown in figure 11. The date 
line contains the observation, if one exists. The next line contains 
the prediction for that date and the error. Because epoch is the starting 
point for predictions, there is no prediction listed for epoch.

4. CONCLUSION
Navigation analysts in NESS have been using the described attitude 

predictor/target selector for about 3 years. It has become an invaluable
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tool in the maneuver management process. Table 1 shows the short-term (3 
weeks) prediction accuracy. With this accuracy, the navigation analyst 
has confidence in scheduling attitude maneuver dates, times, and targets 
for several weeks in advance.

The precession behavior shown in figure 6 is typical of all vehicles in 
a given series. Therefore, for a new vehicle in the series, the analyst 
need only couple one attitude solution to the precession history of any 
prior vehicle to make reasonably accurate predictions and target selections. 
For the first vehicle of a series, the analyst may use the predicted 
precession behavior supplied by the satellite vendor. Figure 6 shows 
such data supplied by Philco—Ford (Lehner 1971).

5. REFERENCES
CSC, 1973: Synchronous meteorological satellite (SMS) maneuver control

program (SMSMAN) task specification. Computer Sciences Corporation, 
Washington, D.C.

Lehner, J., 1971: Revised solar pressure analysis. Intracompany
correspondence, Philco-Ford Corporation, Palo Alto, Calif.

Table 1. Observations/predictions of figure 11

Data point
(figure 11) Date a XABS Error

(degrees)

1 (Epoch) 790412 349.06383 -89.52718 -0.139650 0.000000

790413
349.91462 -89.53127 -0.139650 0.008199

2 790414 350.69731
350.77231

-89.53666
-89.53537

-0.139677
-0.139652

0.016462
0.016362 0.0009

3 790415 351.67814
351.63708

-89.54093
-89.53947

-0.139677
-0.139657

0.025519
0.024545 0.00015

790416
352.50914 -89.54359 -0.139664 0.032705

4 790417 352.74312
353.38867

-89.54464
-89.54771

-0.139665
-0.139673

0.034865
0.040871 0.0059

5 790418 353.81468
354.27587

-89.54973
-89.55183

-0.139679
-0.139684

0.044810
0.049022 0.0041
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Table 1. Observations/predictions of figure 11 (Cont'd)

Data point 
(figure 11) Date a 6 XABS 0 Error

(degrees

6 790419 354.64518
355.17097

-89.55475
-89.55596

-0.139709
-0.139698

0.052907
0.057161 0.0042

790420
356.07416 -89.56009 -0.139714 0.065288

790421
356.98567 -89.56423 -0.139732 0.073399

790422
357.90574 -89.56836 -0.139753 0.081492

790423
358.83458 -89.57250 -0.139776 0.089564

7 790424 359.47345
359.77245

-89.56795
-89.57664

-0.139671
-0.139801

0.092466
0.097614 0.0089

8 790425 0.79449
0.71958

-89.57786
-89.58077

-0.139777
-0.139829

0.105203
0.105642 0.0029

9 790426 1.48801
1.67624

-89.58361
-89.58491

-0.139844
-0.139858

0.111918
0.113639 0.0019

790427
2.64269 -89.58904 -0.139891 0.121611

10 790428 3.61065
3.61919

-89.59204
-89.59317

-0.139906
-0.139925

0.129169
0.129550 0.0012

11 790429 4.76412
4.60602

-89.59650
-89.59729

-0.139943
-0.139962

0.138327
0.137454 0.0013

12 790430 5.58700
5.60347

-89.59565
-89.60141

-0.139902
-0.140000

0.143776
0.145325 0.0057

13 790501 6.69080
6.61182

-89.60211
-89.60553

-0.139981
-0.140042

0.152904
0.153155 0.0034

14 790502 7.10388
7.63139

-89.60444
-89.60963

-0.140009
-0.140085

0.156247
0.160948 0.0063

15 790503 8.66761
8.66248

-89.61141
-89.61373

-0.140090
-0.140131

0.168276
0.168697 0.0023
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