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ABSTRACT 
 
We describe a methodology where a fast, lightweight star tracker is attached to a mobile 20-inch telescope and 
interfaced with the control system to provide encoderless pointing, tracking and guiding for any telescope alignment. 
The telescope can be quickly deployed for both science and public outreach without specialized alignment. 
 
We describe field tests with an unaligned telescope, where a simple pre-programmed telescope maneuver enables 
the full telescope misalignment to be determined within a few seconds. The algorithms then continuously provide 
information at 2Hz about the present misalignment, enabling the operator to mechanically align the telescope if 
desired, or to track accurately while misaligned. 
 
After initial alignment calibration, the telescope and star-tracker combination provides an absolute telescope attitude 
that is history independent. This efficiently removes inaccuracies originating from physical and thermal settling, 
drive biases, etc. This feature is especially useful for closed-loop telescope control. This instrument combination can 
also perform open-loop sidereal tracking on an unaligned telescope, by using the current attitude to determine the 
present velocities on the telescope drives. 
 
We present the algorithms and discuss their range of applicability, accuracies obtainable, the rationale for 
performing various compensations and operational limitations. Finally our experiences and results from extensive 
field tests are presented. 
 

1. INTRODUCTION 
 
Mobile telescopes offer the possibility of astronomical observation from remote locations where stationary 
telescopes are not practical. A severe drawback is the typically time-consuming and complicated alignment 
procedure that greatly reduces observation time. Another drawback is lack of alignment accuracy, which reduces the 
quality of long exposures. 
 
A star-tracker has previously been mounted on the back of the secondary mirror, and used to control the UH 24-inch 
telescope on Mauna Kea, creating an optical bench where the orientation between the two boresights remains 
constant [5]. Attitude from the telescope images are found using the publicly available tool ASCfit [4]. Using data 
from simultaneous observations with this telescope and star-tracker at various positions, their relative orientation 
was characterized with high accuracy. We have now realized a similar arrangement with a 20-inch DFM telescope 
mounted on a mobile carriage, where alignments need to be determined quickly each time it is used. 
 

2. INSTRUMENTATION 
 
The Advanced Stellar Compass (ASC) [2] developed at the Technical University of Denmark, is a three-axis attitude 
sensor optimized for aerospace, consisting of a fast digital camera with an 18° field of view, a small control 
computer and full-sky bright star catalog (Fig. 1). Stellar patterns imaged at up to 5 Hz by the camera are 



autonomously matched for Right Ascension, Declination and Roll at accuracies up to 1 arcsec. The attitude output 
can be determined in any reference frame while the mount is tracking or slewing at several degrees per sec. 
 

 
Fig. 1.  The Advanced Stellar Compass Star-tracker 

 
The DFM 20” telescope [3] is a small mobile telescope mainly used for outreach purposes offering a 4-meter 
effective focal length (Fig. 2). It is controlled by a computer program, whose interface allows external setting of the 
track rates of the two drives in the range –4°/s to 4°/s. 
 

 
Fig. 2. The DFM 20'' telescope mounted on the custom built cart in the car park of the IfA Hilo building 

 
The DFM 20-inch telescope has been mounted on a custom cart built in the IfA machine shop with air-filled wheels 
for suspension and jacking screws for stability. This cart enables rapid and easy deployment from within a covered 
building to an open area, providing an easily accessible and stable alignment platform for the telescope drives, and 
significantly reducing setup time. 
 

3. OPERATION 
 
The star-tracker (fig 1) has been mounted on the back of the secondary mirror of the 20” telescope (figure 1), such 
that the boresights of the two instruments are coarsely aligned (Fig. 3). The procedures described are designed for 
operation on the northern hemisphere only. Equations covering the southern hemisphere can be developed 
accordingly. The two telescope drive axes are expected to be orthogonal. An application for determining 
orthogonality deviations in the telescope drives is discussed later. 
 



 
Fig. 3. Top view of telescope with star-tracker camera head mounted on secondary 

 
3.1 Inter-Boresight Calibration 
 
Since the goal is to obtain pointing accuracies in the arcsec range a three-axis inter-boresight calibration is 
performed between the instrument boresights prior to testing. The result of this calibration is a rotation matrix from 
star-tracker coordinates to telescope coordinates with arcsec accuracy.  
 
This inter-calibration is found prior to observing from combining star-tracker output with the attitude found from a 
telescope image. This attitude can be found using the publicly available package ASCfit [4]. Alternatively, the 
boresights can be accurately aligned mechanically by adjusting the ASC mount to display exactly the coordinates of 
a bright star imaged in the telescope. 
 
Let a rotation matrix [1] consist of 3 orthonormal vectors: x, y and z each describing the direction of the local axis in 
a global coordinate frame. Let Mst be the star-tracker output rotation matrix describing the boresight orientation in 
J2000. Let Mt be the telescope orientation found from an acquired image using ASCfit (also in J2000). A matrix 
defining the rotation from Mst to Mt (or Mt given Mst as reference frame), Mibc can be found from: 
 

t
T

sttstibc MMMMM == −1
 

 
The telescope setup must (obviously) be pointing the same direction while Mt and Mst are obtained. Due to the 
optical bench mount shifts in Mibc will be marginal over time wherefore a calibration on yearly basis is sufficient. 
 
The 3-axis telescope attitude can now be determined with arcsec accuracy from the subsequent star-tracker attitudes 
by using 
 

ibcstt MMM =  

 
3.2 Telescope Alignment 
 
From the mounted star-tracker continuous and accurate information about the telescope 3-axis attitude is available. 
This information can be used for a fast, accurate and reliable alignment of the telescope drives. Since the inter-
boresight calibration has been performed in advance, all star-tracker measurements are automatically converted into 
telescope attitudes prior to application. Since each measurement is a 3-axis attitude, only two measurements are 
required. The following procedure is used to establish a full rotation matrix describing the drive misalignment. 
 

1. The telescope is pointed roughly at zenith by moving the drives. Since the telescope alignment is unknown 
this operation may be carried out manually. The telescope attitude is recorded, denoted Mzenith. The 
timestamp at this measurement is recorded in addition, and acts as reference time for the drive reference 
frame and subsequent measurements. 

ASC Camera 
Head 



2. The telescope is slewed a few degrees “west” using the RA drive. The telescope attitude is recorded, 
denoted Mwest. 

 
Throughout the alignment procedure, the telescope tracking is disabled, since the additional compensation for 
tracking would add complexity to the computation. The full misalignment can now be determined from the two 
attitudes: Mzenith and Mwest. First of all a compensation for the sidereal drift between the measurements is performed 
on Mwest, simply by rotating it according to the timestamp difference. Next, the direction of the telescope drive 
“north” axis must be the rotation axis between the two attitudes. First the rotation matrix Mnorth is found: 
 

[ ]Twestsidzenithnorth MtMMM ⋅∆−⋅= )(  

 
where the Msid term compensates for the sidereal motion between the measurements of zenith and west. Next the 
rotation vector of Mnorth is found: As a consequence of the orthonormality the rotation axis must be the Eigenvector 
of Mnorth corresponding to the Eigenvalue 1. Alternatively, the vector can be found as described in [1]. Let this 
vector (in normalized form) be denoted vnorth. Since this determination can result in a vector pointing south, the sign 
must be chosen such that: 
 

0>⋅ zenithnorth vv  

 
is satisfied, where vzenith denotes the pointing direction (2-axis attitude) of Mzenith. Since vnorth is the J2000 direction of 
the telescope north axis, the angular misalignment αalign can be found from 
 

[ ]T
align v 100)cos( ⋅=α  

 
In order to achieve a continuous observation of the misalignment, a 3-axis coordinate orthonomal frame must be 
defined for the telescope drive. The north axis has been chosen as the 3rd axis, the rotation of the north axis 90° 
through zenith is chosen as the 1st axis, and the 2nd axis is chosen to complete the right hand triad. The 2nd axis, v2, is 
therefore found from: 
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and the 1st axis, v1, is found from 
 

northvvv ×= 21  

 
An orthonormal rotation matrix, Malign, describing the telescope drive 3-axis position in J2000.0 can now be defined 
as: 
 

[ ]northalign vvvM 21=  

 
Initially, the transformation between the telescope boresight and the drive north Mt,d is calculated. This 
transformation is fixed throughout the alignment phase, since all telescope drives are disabled. 
 

[ ] align
T

tsiddt MMtMM ⋅⋅∆−= )(,  

 
where Mt is the current telescope attitude. The current attitude of the north drive axis, Mdrive, can now be found from 
subsequent telescope attitudes, by applying the transformation: 
 

dttsiddrive MMtMM ,)( ⋅⋅∆−=  



 
In order to get a continuous altitude/azimuth representation of the misalignment a regional reference frame Mreg is 
defined such that zenith is north pole. Such reference frame is obtained, when the initial zenith measurement is used 
as basis for the frame, i.e: 
 

zenithreg MM =  

 
All representations in the regional reference frame are compensated for sidereal drift between the time of the 
measurement, and the timestamp of the frame (the zenith attitude). 
 
The drive north axis orientation in the regional frame, Mreg,drive, can now be determined from the telescope attitude in 
J2000 by: 
 

drive
T

regdrivereg MMM ⋅=,  

 
The target north axis orientation in regional coordinates, Mreg,target, is simply the orientation of north in J2000.0 (unit 
matrix), transformed to regional coordinates 
 

T
reg

T
regtargetreg MIMM =⋅=,  

 
where I is a 3x3 identity matrix corresponding to the definition of the north axis attitude in J2000. Conversion of 
Mreg,drive and Mreg,target into a regional azimuth/altitude representation can now lead to a simple continuous 
determination of the required residual alignment. 
 
3.3 Unaligned Tracking  
 
The previous section describes the telescope alignment procedure using star-tracker measurements as input. The 
telescope and star-tracker combination, however, also offers the possibility of performing observation on an 
unaligned telescope, by changing the track rates continuously according to the current attitude. The field rotation, 
however, will increase as function of the misalignment as a consequence of the two-axis drive. 
 
First of all, the orientation of the telescope drives must be established, following the 2-step procedure described in 
the previous section, yielding an orientation of the drives in J2000, Malign. Subsequently, when a telescope attitude, 
Mt, is available it is first transformed into the drive frame, yielding Mdrive,t. 
 

tsid
T

aligntdrive MtMMM ⋅∆−⋅= )(,  

 
The telescope attitude within 1 sec, Mt+1s, is extrapolated from the current attitude by rotation at sidereal rate and 
transformed into the drive frame, yielding Mdrive,t+1s: 
 

tsid
T

alignstdrive MstMMM ⋅+∆−⋅=+ )1(1,  

 
By conversion of Mdrive,t and Mdrive,t+1s into RA and declination the rates can easily be determined. By applying these 
rates to the motor drives continuously the telescope boresight will track at sidereal rate and unaligned observation 
can be performed. 
 
3.4 Unaligned Guiding 
 
The guiding procedure covers closed loop telescope guiding using the star-tracker to measure the current orientation. 
The target attitude, Mtarget, is a rotation matrix defined in J2000 as a target RA, a target declination and a zero 
rotation. The attitude can be formed by rotating a unit matrix positive around its 3rd axis according to the RA, 
followed by a positive rotation around its 2nd axis according to the declination: 



 

)90()( targetytargetztarget DecMRAMM −°⋅=  

 
 The representation of Mtarget in the drive frame, Mdrive,target can be found from: 
 

targetsid
T

aligntargetdrive MtMMM ⋅∆−⋅= )(,  

 
The current telescope attitude is also converted into the drive frame, yielding: 
 

tsid
T

aligntdrive MtMMM ⋅∆−⋅= )(,  

 
By conversion of Mdrive,t and Mdrive,target into RA and declination the required distances on each drive can be 
calculated. If the results are combined with the rates calculated from the unaligned tracking procedure, a simple 
proportional regulation will be sufficient to guide the telescope without any bias-terms. 
 

4. COMPENSATIONS 
 
In order to enable accurate absolute pointing a number of effects must be considered. These types of compensations 
have not been included in the measurements performed. 
 
4.1 Atmospheric Refraction 
The orientation determined by the star-tracker is based on an acquired digital image. Since the star-tracker does not 
carry information about the local properties, such as air mass and geospheric location, no autonomous compensation 
for atmospheric refraction is performed. In order to enable accurate operation away from zenith a refraction model 
must be included. 
 
4.2 Aberration 
The star-tracker is able to perform autonomous compensation for aberrational effect, originating from the geospheric 
motion and revolution, if information about absolute time and geo-centric velocity is made available. For telescope 
guiding purposes, however, an orientation relative to the actual star field is preferred. Compensation for aberration 
effects should therefore not be performed on the star-tracker orientation, at least as long as the inter-boresight angle 
between the telescope and the star-tracker is relatively small. 
 

5. RESULTS 
 
The algorithms have been implemented in a console program that interfaces directly with the telescope control 
console over a serial line. 
 
5.1 Telescope Alignment 
The console program commanded the motion from zenith going west. After 2 degrees of motion, it was stopped and 
the telescope drive orientation was automatically calculated. Subsequently, the alignment residual was calculated in 
an azimuth and altitude representation at 2Hz, and output in the console. 
 
The continuous output of the alignment residual given in delta azimuth and delta altitude enabled a quick motion of 
the telescope, until the alignment was satisfactory. Fig 4 shows the error between the drive north axis and the true 
north pole throughout the alignment procedure. 
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Fig. 4. Left: Polar plot showing the error between the drive north pole and the true north pole in degrees during 
alignment. The blue cross marks the final position. Right: Logarithmic plot of absolute error between drive north 

pole and true north pole in arc-seconds during alignment 

 
The azimuth alignment was performed by manually rotating the telescope cart, while the elevation alignment was 
performed be jacking up the one end of the telescope cart. The achieved accuracy is therefore far from that 
theoretically possible. Fig .5 shows a screen dump of the console with the final misalignment after the alignment. 
 

 
Fig. 5. Screen dump of console showing the misalignment in the I/O panel 

 
5.2 Unaligned tracking 
 
For a mobile telescope, it is time-consuming and unnecessary to achieve accurate alignment. The unaligned tracking 
procedure was verified by deliberately placing the telescope system in an unaligned position. The drive orientation 
(misalignment) was established by commanding the telescope 2 degrees west. The required tracking rates were 
subsequently calculated at 2Hz from the attitude output from the star-tracker. Fig. 6 shows a world plot of the star-
tracker output during the 2 minutes of unaligned tracking. The plot shows, that the telescope boresight remained 
fairly constant during the test (drift 4 arc-seconds over 2 minutes).  
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Fig. 6. World plot of the star-tracker output during unaligned tracking 

 
During the sequence, the required motions in RA, declination and rotation was calculated. Since only the RA and 
declination could be updated by the telescope, a residual field rotation was present. Fig. 7 shows the calculated 
required motion decomposed in the three components. To prove the versatility of the capability, we have also 
successfully verified tracking when the telescope N-S axis was aligned approx. E-W. 
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Fig. 7. Plots of the required track rates [arc-seconds/sec] in RA (left), declination (mid) and rotation (right) 

 
5.3 Unaligned guiding 
 
The guiding functionality was verified by once again locating the telescope in an unaligned position and 
commanding the initialization sequence, yielding the telescope orientation. The guiding function was enabled, which 
offered a combined slew and guide. The target position and the current position was calculated continuously taking 
the sidereal drift at the given position and alignment into account. The residual motion was commanded to the 
telescope drives.  
 
During the test different targets was commanded, which enabled automatic slews to the required positions. Fig. 8 
shows a world plot of the telescope boresight position during the test sequence. The left graph shows the full guiding 
sequence with the three targets marked with blue circles. The right graph shows a zoom of the second target being 
approached and maintained. The bottom graph shows the absolute pointing error in arc-seconds during the entire 
guiding sequence. 
 
With this mode, object coordinates can be entered into the RA/Dec target entries. The telescope slews there and 
acquires the object in the cassegrain field. The new feature is that this can be done accurately and repeatedly on an 
unaligned telescope. 
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Fig. 8. World plot of the star-tracker output during unaligned guiding. Left: The full guiding sequence with the three 

targets marked with blue circles in degrees. Right: Zoom of second target being approached and maintained (in 
degrees). Bottom: Log graph of the absolute error during the measurements (in arc-seconds). 

 
Fig. 9. shows a screen dump of the console, showing the target and the current errors 
 

 
Fig. 9. Screen dump of the console program during guiding 

 
6. CONCLUSION 

 
A star-tracker has been mounted on the secondary mirror of a small mobile outreach telescope creating an optical 
bench maintaining their relative orientation. The functionality of this setup has proven to be extremely efficient for a 
fast and accurate telescope drive alignment. An alignment error of 0.5° was achieved after a few minutes. Since the 



telescope is used for demonstration purposes only, this accuracy is by far sufficient. A higher accuracy can be 
achieved, by development of a more sophisticated mechanical alignment device. 
 
Additionally, experiments were carried out performing sidereal tracking on the unaligned telescope, using the star-
tracker measurement to set and update the tracking velocities continuously. The system maintained the current line 
of sight for a long period of time, with a small pointing drift in the range of 30marc-seconds/sec, supposedly due to 
either mechanical/thermal settling of atmospheric refraction. 
 
Finally, experiments were carried out performing closed loop guiding at different targets using the star-tracker 
output. The targets were approached and maintained with high accuracy. 
 
The combination of a star-tracker and a telescope has proven to be highly efficient in telescope setup and tracking. 
 

7. FUTURE APPLICATIONS 
 
Absolute orientation knowledge about the telescope position relative to the telescope drives, as offered in the 
telescope and star-tracker combination, can be used in a high variety of applications. The procedures described in 
this paper are only a short subset of this extensive list. The following applications are ideas that easily can be 
realized with the current setup. 
 
7.1 Telescope Drive Non-Orthogonality 
The initial alignment determination was established from a motion in RA alone, expecting that the telescope drive 
axis were orthogonal. If motions in RA are combined with motions in declination, high accuracy characterization of 
the drive orthogonality deviation can be achieved. 
 
7.2 Local Orientation Dependency 
Shifts in the telescope mirror cells dependent on the local orientation can cause deviations in the apparent telescope 
boresight. By combining orientations of telescope images with star-tracker measurements in a large number of 
orientations, a regional characterization of this effect can be established. This characterization can be included in the 
conversion algorithm from the star-tracker to telescope boresight to increase the pointing accuracy further.  
 
7.3 Non-Sidereal Tracking 
The star-tracker can optionally be set to output positions of celestial objects that are not recognized as stars, such as 
planets, comets, satellites, etc. This information can be used as guiding information to the telescope, in order to 
perform closed loop non-sidereal tracking.  
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