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1. Introduction
This document specifies the coordinate system for the Mark IID Star Tracker 5000 and
the coordinate transformations used in converting maneuvers from the ST5000 frame to
the rocket or spacecraft frame.
We rely heavily on the notation and definitions of “Spacecraft Attitude Determination”
edited by James Wertz. This is a great book. Most importantly, we use the word
“attitude” here to refer to a 3x3 matrix of direction cosines that describes the orientation
of a body frame with respect to a reference frame.
Note that, strictly speaking, the 3 Euler angle rotations extracted from the attitude matrix
are order-dependent. Of the 12 ways to extract Euler angles from an attitude matrix, we
choose the 1-2-3 (X-Y-Z, or Yaw, Pitch, Roll) decomposition, leaving Roll last. For
small angle maneuvers the order dependence is small, but for larger ones the Yaw
maneuver must come first, then Pitch, then Roll.
The ST5000 grabs a frame (the acquisition, or reference, frame) and identifies all the
point sources in it. These are used to determine the attitude of the ST5000 with respect to
the FK5 reference frame. When the acquisition is complete, the ST5000 enters a loop in
which additional frames (called tracking or disturbance frames) are taken. For each
disturbance frame, a comparison is made between where the stars are now, compared to
where they were in the reference frame. This is expressed as an attitude, or disturbance,
with respect to the reference frame.
The ST5000 provides its reference and disturbance attitude, both in its own reference
frame and that of the ACS, in serial telemetry. These four items are expressed as
quaternions. In addition, the ST5000 provides analog error signals in one of three ways:

1. Remove the disturbance
2. Remove the disturbance and center up on a previously-selected bright star
3. Remove the disturbance and center up on a given Right Ascension, Declination,

and Equatorial Roll.
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2. Axis Definitions
The ST5000 uses a right-handed coordinate
system defined by the CCD chip readout. X is
in the direction of increasing horizontal
readout (left to right on the video output), and
Y is in the direction of  increasing vertical
readout (top to bottom, on a standard monitor).

Z = X cross Y (2.1)
is into the monitor, or in the look direction of
the CCD.
We label our X-axis “Yaw” and our Y-axis
“Pitch”, so that

Roll = Yaw cross Pitch. (2.2)

3. Rotations and Movement on the
CCD

The stars imaged in a ST5000 frame (the tangent plane) can be represented as unit
vectors in a 3-D coordinate system centered in a unit sphere. The tangent plane is tangent
to this sphere, and the stars imaged by the ST5000 form an ensemble of unit vectors
clustered tightly around the ST5000’s Z-axis. A rotation about +X causes the Y-
coordinates of the stars to increase; that is, they move towards higher Y, or later readout
time in the vertical direction (columns), on the CCD. A small rotation in +Y causes X-
coordinates to decrease; they move towards lower X, or earlier readout in the horizontal
direction (rows), on the CCD.

€ 

R(+x) = y2 − y1 (3.1)

and

€ 

R(+y) = x1− x2 . (3.2)



4. Matrix Definitions
We define the following matrices (in alphabetical order):
•  

€ 

AD : Disturbance matrix. This is the small movement that has occurred since the
reference frame was taken. The current ST5000 attitude in the FK5 system is 

€ 

ADAR

•  

€ 

AG : Guide Star offset. In the mode where we’re centering up on a bright star, this is
the attitude of the boresighted star with respect to the reference attutude. The inertial
FK5 attitude of the guide star is 

€ 

AGAR .

•  

€ 

AM = R(Z)R(Y )R(X) : ACS Alignment matrix. This describes how the ST5000 is
aligned with respect to the ACS axes. E.g. the ST5000 might be side-looking, or rear-
looking. This matrix is used to express the attitude and analog error signals in the
frame of the ACS.

•  

€ 

AR : Reference matrix. This is the attitude of the ST5000 with respect to the FK5
Equatorial Coordinate System as determined by the Lost-in-Space algorithm.

•  

€ 

AS = R(Z)R(Y )R(X) : Experiment Shim matrix .. This applies a small perturbation to
the ST5000 attitude before applying

€ 

AM .

•  

€ 

AT : Target attitude. In the mode where we’re centering up on pre-programmed FK5
coordinates, this is the desired target attitude (RA, Dec, and Roll) with respect to the
FK5 system.

The boresight maneuver 

€ 

AG  is formed using

€ 

R(+x) = y2 − y1 (4.1)

and

€ 

R(+y) = x1− x2 (4.2)

where (x1, y1) represents the center (370, 230) of the ST5000 sensor.
The desired attitude change is then

€ 

AG = R(+y)R(+x) . (4.3)



5. The Quaternion Outputs
The inertial attitude of the ACS is given by

€ 

AACS ≡ AM ASA
ST , (5.1)

We use the symbol for equivalence in Eq. 5.1 because this equation defines the alignment
matrices 

€ 

AM  and 

€ 

AS .

The ST5000 measures its inertial attitude 

€ 

AR  using its Lost-in-Space algorithm, and its
current disturbance 

€ 

AD  from that attitude by comparing tracking and acquisition frames.

€ 

AST = ADAR . (5.2)

The inertial attitude of the ACS is given by

€ 

AACS = AM ASADAR . (5.3)

The ST5000 forms its instantaneous attitude by combining two measurements (see Eq
5.2). If we wish to know these two measurements in the ACS frame, we see that

€ 

AACS = AM ASADAR = (AM ASADAM
−1)(AM AR ) ≡ AD

ACSAR
ACS . (5.4)

The ST5000 encodes 

€ 

AR  and 

€ 

AD  as single-precision quaternions in its standard telemetry
packet, and encodes 

€ 

AACS  as a double-precision quaternion in the special ACS packet.



6. The Analog Outputs
The ST5000 provides analog error signals for use by a control system like the Aerojet
Mark IV ACS. The voltages represent errors in an error-nulling system, such that a
positive move about an axis produces a negative voltage.
The ST5000 supports three modes of control:

1. Remove the disturbance to maintain the reference attitude.
2. Remove the disturbance and acquire the attitude of a bright star in the field.
3. Remove the disturbance and acquire an inertial attitude via pre-programmed

target coordinates.
In these modes, we are controlling the attitude of the experiment.
To simply remove the disturbance and maintain the reference attitude (with “track target
0” selected), we want to know what small angle update 

€ 

AU
ACS  to make in the ACS frame

to restore the ST5000’s reference attitude:

€ 

AR = AM
−1AU

ACSAACS . (6.1)

Using Eq 5.3 and solving for 

€ 

AU
ACS  we have

€ 

AU
ACS = AM AD

−1AS
−1AM

−1 . (6.2)

To move to a guide star (with “track target 1-8” selected), we want to know 

€ 

AU
ACS  such

that

. 

€ 

AGAR = AM
−1AU

ACSAACS (6.3)

Solving for 

€ 

AU
ACS  we have

€ 

AU
ACS = AM (AGAD

−1AS
−1)AM

−1 . (6.4)

We use parentheses in Eq. 6.4 just to highlight the fact that the two included factors are
related to each other through the reference image. Note that the inertial attitude 

€ 

AR

implicit in Eq 6.3 cancels out in Eq. 6.4, showing that Lost-in-Space is not required for
“guide star” mode.

To move to a pre-programmed target (inertial mode), we want to know 

€ 

AU
ACS  such that

€ 

AT = AM
−1AU

ACSAACS . (6.5)

Solving again for 

€ 

AU
ACS  we have

€ 

AU
ACS = AM (AT AR

−1AD
−1AS

−1)AM
−1 . (6.6)

Here, the 

€ 

(AT AR
−1) factor computes the difference between the reference and target

attitudes. This same factor appears in Wertz Eq. 18-43a, p. 605. Our Eq. 6.6 has more
factors because we include an explicit disturbance removal 

€ 

AD
−1 that Wertz has already

combined into 

€ 

qO , and we include the coordinate transformation relating the tracker
frame to the ACS frame.



Each of these modes (Eqs. 6.2, 6.4, and 6.6) results in 

€ 

AU
ACS , which represents a small

differential motion in the ACS frame. We compute the error voltages by decomposing

€ 

AU
ACS  into Euler angles in the sense of 1-2-3 (yaw, pitch, roll), convert the angles into

voltages, and then load the voltage commands into the digital-to-analog converters in the
ST5000. We leave the roll correction last (in the Euler sense) so if we happen not to have
roll correction, the other two axes will still be controlled correctly.
Note that the ST5000 will start generating disturbances before the Lost-in-Space is
finished, i.e. before 

€ 

AR  is known. During this time, the ST5000 will use Eq. 6.2 and just
remove the disturbance while waiting for LIS to be done. There will be a discontinuity in
the analog outputs when the ST5000 switches from Eq. 6.2 to Eq. 6.6.


