IEEE SENSORS JOURNAL, VOL. 14, NO. 6, JUNE 2014

1867

Getting More Performance from INTA NanoSat-1B
Truncated Pyramid Sun Sensors

Lorenzo Cercos Pita, Segundo Esteban San Roman, Jose Maria Giron-Sierra, Member; IEEE,
Jorge Rivas Barriga, Pedro Domingo de Vicente, and Manuel Angulo Jerez

Abstract—The National Institute for Aerospace Technology
NanoSat-1B Earth orbiting satellite uses Sun sensors as part
of the attitude determination and control system. The sensors
have a truncated pyramidal structure with five solar cells. To
simplify the work of the Sun sensors software, a new solar
cell model is introduced. This model allows for a 160° field of
view, and compared with the usual one is simpler and has a
similar accuracy. This paper proposes a calibration procedure
that estimates the direction of solar cells, once integrated in the
truncated pyramid structure. In addition, this paper proposes
a space qualification method, with the satellite in orbit. This
method does not need a reference sensor, but instead it uses
combinations of groups of solar cells to obtain data bands, so
averaged results can be obtained. Combining the calibration and
qualification procedures, the precision of the Sun sensor improves
from the original +7.5° to +1.8°. With this precision, it was
possible to extend the operational performance of the satellite.

Index Terms—Sun sensor, satellite attitude determination
and control (ADCS), calibration, solar cell modelling, in-orbit
qualification.

I. INTRODUCTION

HIS PAPER introduces calibration and qualification pro-
cedures for multi-cell satellite Sun sensors that provide
an improvement of the sensors performance.

Sun sensors have several applications, on Earth or in Space.
Frequently, the use of Sun sensors on a satellite is related to
attitude control, which is the case of this article.

The results of this article have been qualified with real satel-
lite data from the National Institute for Aerospace Technology
(INTA) NanoSat-1B spacecraft (NS-1B) now in orbit. This
satellite has an Attitude Determination and Control Subsystem
(ADCS) [1], which uses Sun sensors. The satellite is in
heliosynchronous polar orbit. Further details of the satellite
are provided in Section II.

The satellite has three analog Sun sensors, SSA, SSB and
SSC. Each Sun sensor has five solar cells in a truncated
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Fig. 1.

Photograph of the pyramidal Sun sensor.

pyramidal structure, see Fig. 1. Pyramidal multi-cell structures
offer, after suitable calibration, both good precision and large
field of view (FOV). These Sun sensors are described in
Section IV.

As part of its research, INTA decided to develop and test
the Sun sensors for NanoSat-1B. This article corresponds to
calibration and in-orbit verification of these sensors.

There is an on board software for the management of the
Sun sensors. It is called Sun sensor driver. It can demand more
or less FOV from each solar cell, up to a certain maximum
limit. Depending on the satellite attitude, the Sun sensor driver
should select and combine the appropriate Sun sensors and
cells, to determine with adequate accuracy where the Sun is.

Satellites have several operational modes. In the case of
NanoSat-1b, like in many other satellites, there is a Sun
pointing mode, a Nadir pointing mode, and some additional
modes.

When the satellite was launched, the on board Sun sensor
driver was designed to use 120° FOV from each Sun sensor,
to support the Nadir mode. Fig. 2 shows the satellite in orbit
keeping a Nadir pointing for communication purpose.

Fig. 3 shows the coverage obtained by the three Sun sensors
with 120° FOV. The coverage is depicted using a Robinson
projection with longitude [—180°..180°] as horizontal axis, and
latitude [—90°..90°] as vertical axis.
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Fig. 2. Most of the time the satellite should keep a Nadir pointing, in order
to use the antenna for communication with ground.
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Fig. 3. Original coverage of the Nanosat-1B Sun sensors.

The pointing directions of each sensor cell are represented
in Fig. 3 with diamonds, SSA, with triangles, SSB, and with
circles, SSC. The coverage of each Sun sensor is depicted
with a colored patch. The curve in black corresponds to
the Sun trajectory when the satellite is in Nadir mode. It
can be noticed that, in this mode, the Sun is always inside
coverage.

After some time with the satellite in orbit, perhaps invited
by the success experienced with the ADCS performance,
new satellite modes were envisaged for extending operational
capabilities based on broader FOV; up to 4z steradians if
possible. Actually, the Sun sensors were able to provide larger
FOV, although larger FOV was not supported by the original
version of calibration and driver.

When a larger FOV was allowed, flight results showed
that a new calibration of the Sun sensors was required.
This new calibration provided also an opportunity to increase
the accuracy and to facilitate new satellite modes. The Sun
pointing mode only requires coarse precision, around 8°, and
the Nadir mode needs precision around 1°.

The use of Sun sensors on spacecrafts dates from long
ago [2]. In recent times, academic institutions started to build
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Fig. 4. Diagram of Sun sensor characteristics and, on top, our requirements
for the satellite Nadir mode and Sun pointing mode.

TABLE I
RESEARCH COARSE-MEDIUM SUN SENSORS

Digital (D)
Type Ref. Analog( A) Accuracy. FOV
Ultra-light [9] A +1.176° 120°
PSD [6] A £1° 116°
MOEMS [10] D +1° 80°
Mini [11] A +0.5° 100°

satellites, and Sun sensors were considered in articles and
inside several dissertations, like [3]-[6], covering testing and
modeling aspects.

There exist digital and analog Sun sensors. Although digital
sensors are usually more accurate, analog Sun sensors are
preferred for some applications. The OLIN-NASA research
group presents a complete comparison between analog and
digital Sun sensors [7] (Shafer et al.). The modeling of analog
Sun sensors current output has been treated in [8].

Sun Sensors can also be classified, according to accuracy,
into two categories, fine Sun sensors (FSS) and coarse Sun
sensors (CSS). Typically the accuracy of FSS is 0.1° or less,
and CSS in the order of degrees.

In general, there is a compromise between accuracy and
FOV. The accuracy degenerates as inclination of the Sun with
respect to the sensor increases. There are pinhole Sun sensors
that have high accuracy and narrow FOV. Other fine Sun
sensors could offer high accuracy and moderate FOV. Pinholes
and other structures could add the advantage of avoiding the
Sun light reflected from the Earth (albedo). As said before,
pyramidal structures increase the FOV.

A synthesis of the above considerations is given in Fig. 4.
The requirements for NanoSat-1B Nadir and Sun pointing
modes are depicted on top of the figure.

A typical Sun sensor structure consists of a box with a slit,
inside the box there are two light transducers, A and B. Each
transducer gives a current proportional to the cosine of light
incidence angle. An almost linear response is obtained using
A-B. Table I includes references from research about slit Sun
sensors in the range coarse-medium.

In this article a Sun sensor with pyramidal structure is being
considered. Table II includes references to commercial Sun
sensors having a similar structure.
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TABLE II
COMMERCIAL PYRAMIDAL SUN SENSORS DATA

Model  Ref.  Accuracy. FOV Structure.
CSS [12]  better than +1.5° (on axis)  180° 4/5 cells pyramid
better than £3° (off axis)
CSS(p) [13] =£1° 180° 2-axis pyramid
BASS [14] 180° pyramid

Among the Sun sensors included in Table II, the closest
to our sensor in terms of accuracy, FOV and structure (trun-
cated pyramid), is [12]. Interestingly this Datasheet, [12], also
specifies the extent of off-axis accuracy degradation.

The Sun sensors referenced in Table II have solar cells on
the four sides of the structure and no horizontal cell on top.
This differs from our design, where there is a cell on top.
The Datasheet [12] indicates that the sensor has the potential
to have a hemispheric FOV and to operate as a null sensor.
As explained in [15], a null sensor is designed to provide
the position of the Sun with respect to the sensor boresight.
When the Sun is acquired on the boresight, the outputs of
all detectors on the four faces of the pyramid will be equal
and differential signals from cells at opposite faces yield zero
output. Reference [14] graphically shows how the FOV of cells
combine for obtaining better than 1° accuracy in +15° around
the vertical axis of the pyramid. Also in [14], several versions
of the structure are included, with a pyramid inclination of
17° for LEO orbits, or 7° for GEO orbits. Some variants of
[12] are available, including one with 5™ detector on top.
By the way, the literature on the Sun sensor [12] comes under
several trademarks, since Moog acquired Bradford, and TNO
transferred its know-how to Moog Bradford; therefore the
sensors described in [12] and [15] share a common design
heritage.

Let us refer now to ground calibration. In general, the
experimental setup involves rotation of the sensor around a
‘laboratory Sun’, or vice-versa. In the case of slit Sun sensors,
[9] experimentally obtains single cosine curves for transducers
A and B; while [6], [11], and [13], directly get the A-B curve.
These are examples of what will be called, in this article, basic
calibration.

For our case, it is opportune to get a set of curves in a
systematic manner, with azimuth-altitude rotations covering a
hemisphere. It is similar to the experimental calibration in [16]
(Ortega et al.), which has been done at SPASOLAB, at INTA.
Actually, our source of experimental calibration data is the
same laboratory, with the same procedures.

Coming to the main point, the objective of our calibration
task is to be able to determine, in-orbit, where is the Sun,
using the three multi-cell Sun sensors mounted on the satellite.
One of the sources of errors is the fixing of the cells to the
Sun sensor truncated pyramid. At the same time, one can take
advantage of having several cells, to obtain better precision.

During the work with our Sun sensor, it was realized that,
thanks to the combined use of several cells during satellite
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modes, and thanks to the truncated pyramid structure, it was
not necessary to ask more than 160° FOV from each solar cell.
This is an opportunity to devise a simpler cell model, meaning
less computational load.

Once the new model was adopted, a calibration procedure
was also introduced to exploit the set of curves obtained by
SPASOLAB, in order to determine the model parameters.

In addition, on the basis of that multiple-curve procedure,
an optimization method has been formulated for the estimation
of mechanical cell deviations after being fixed to the truncated
pyramid.

After the NanoSat-1B was launched, a qualification method
was introduced for on-orbit checking of the calibration using
eight combinations of the five Sun sensor cells, which yields
improved accuracy.

Hence, the contributions of this article are the following:
a) a new cell model that is computationally advantageous,
b) a more complete cell calibration procedure, ¢) an accurate
estimation of the solar cell directions after its integration on
the sensor structure, and d) an on-orbit qualification procedure
based on analysis of bands, which combines information from
several sensor cells.

The result obtained after in orbit qualification is £1.8°
precision, 160° FOV from each Sun sensor, and almost com-
plete 4z steradians from the complete Sun sensors system.
These characteristics comply with the NanoSat-1B extended
requirements.

The order of the article is the following. The next section
describes the satellite. The third section introduces the new
cell model and compares it with the model in [1]. The fourth
section describes the Sun sensors, their management, and the
new total coverage that has been obtained. The next section
introduces a ground calibration procedure, which includes the
estimation of mechanical deviation of the cells. Then, the sixth
section describes the on-orbit space qualification. The final
section draws main conclusions.

II. DETAILS OF THE SATELLITE

The NS-1B satellite belongs to the R&D Program in the
field of Small Satellites of the National Institute for Aerospace
Technology (INTA) in Spain. It was launched on 29th of July
2009. It is now in Low Earth Orbit, about 700 km from Earth
surface. The inclination angle between the equatorial plane
and the orbit plane is 98°, the satellite crosses over the north
and south poles. The orientation between the orbit and the Sun
direction is fixed, defined by the 10:30 Local Time Ascending
Node.

The platform carries three scientific payloads. Two of them,
[17] and [18], should point to the Earth during experiments;
and the other, a latest generation solar sensor, named ‘Vector-
sol’, should point to the Sun during sensor tests [16].

The communications subsystem uses several antennas:
a) Four monopole UHF, which allows an omnidirectional
communication; b) S-Band patch and a quadrifiliar UHF
helix antenna that need pointing to the Earth’s centre (Nadir
direction).

There is a web site that extensively describes the satellite
construction and the mission [19].
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Fig. 5. The satellite with body frame axes (sbf). Sun sensor A (SSA) is
pointing to +Ysbf, SSB is pointing to —Ysbf and SSC is pointing to +Zsbf.
Notice that there is no sensor pointing to Xsbf.

The first target of ADCS is to determine the current attitude
of the satellite. In the case of NS-1B the attitude information
is provided by the Sun sensors and a magnetometer sensor
[20] that measures the Earth’s magnetic field. The attitude is
determined with the TRIAD method [21] (Shuster & Oh). This
method uses the sensor measurements in Satellite Body Frame
(SBF), and combines it with information provided by the
World Magnetic Model 2010 [22] and a Sun vector direction
model [23] to obtain the satellite attitude with respect to the
Earth Centered Inertial (ECI) frame.

Fig. 5 shows the place of the three analog Sun sensors,
SSA, SSB and SSC, on the satellite. These sensors points
to +Ysbf, —Ysbf and +Zsbf directions respectively. Each
sensor consists of five solar cells. For larger coverage, SSC is
rotated to avoid alignment of some of its cells with others of
SSA and SSB.

III. SoLAR CELL MODEL

The solar cell is normally modeled with the Lambert’s
cosine Law. If the light incidence angle, a, is large it is
necessary to include correction factors as in (1).

I (a) = fshade (@) SRef (@) Imaxcos (a) (D

The fspaqe factor models the shade produced by the struc-
ture over the cell. The fr.r factor models the reflectance
effect. A detailed investigation of the reflectance effect, and
associated problems, is [24] (Balenzategui & Chenlo). Model
(1) will be denoted as the usual model in the subsequent text.

Most times the fspqq40(a) factor is obtained considering
the sensor geometry. After the shade effect is corrected, the
reflectance effect can be modeled, and this is frequently done
with polynomial fitting. In our case countersinking has been
applied around the cells to avoid shadows within the FOV, so
fShade(a) =1L
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Fig. 7. Comparison of Sun cell models, including the Lambert’s law (points),
the usual model (continuous curve), and the new model (dashed curve).
A zoom is made, since the usual model and the new model are very similar
in the 0°..80° range.

Therefore only frer is needed and can be fitted by a
polynomial of fifth degree, with good result. Fig. 6 shows
our polynomial fitting of reflectance experimental data, data
which are obtained in Fig. 7 by subtraction of Lamberts’ law
and data from laboratory measurements.

Notice that the fitting range is o =
corresponds to 160° cell’s FOV).

In practice, the use of correction factors leads to the
management of large tables, which is cumbersome for the on-
board computer in charge of real time tasks. A simpler and
easy to compute method is now introduced.

The new model proposes a linear relationship between the
cosine of the incidence angle and the intensity generated:

0°<a<80° (2

0°..80° (the 80°

I (&) = (Ipax — o) - cos (a) + Io;

The curves I versus a corresponding to the usual cell model
and the new proposed model are plotted together in Fig. 7. A
zoom has been made in a part of the curves to show that they
are very similar, so it is difficult to distinguish them. Fig. 7 also
includes the Lambert’s cosine Law for comparison purposes.

The Sun sensor driver will directly use the cosine of the inci-
dence angle, and so it is convenient to consider the modeling
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Fig. 8. Precision comparison of the usual model (left hand) and the new

model (right hand).

error in terms of error in the cosines. Fig. 8 compares these
errors when using the usual model (left plot) and using the
new model (right plot). Better results, with smaller standard
deviation, are obtained with the simpler model.

Looking in more detail, it can be observed in Fig. 8 that,
compared to the usual model, the new model is better at large
intensities (small ), and it is similar at low intensities, which
corresponds to o = 80°.

By using the new model, the voltage obtained from the cell
with linear electronics can be written as (3).

V (a) = Gain - cos (a) + Vossser 3)

Therefore it is easy to relate the voltage with the cosine.

IV. TRUNCATED PYRAMID SUN SENSORS

The Sun sensor cells used in NS-1B are gallium arsenide
photocells with coverglass for space environment, with 20%
efficiency, manufactured by CISE (Italy). The response of a
solar cell, in terms of current, depends on the captured light
irradiance. This irradiance is described by the Lambert’s cosine
Law. The current generated by the cells are lineally translated
to voltage by simple electronics.

As depicted in Fig. 9 each Sun sensor is made with five
cells [25]. At least three cells should be used to be able
to determine the Sun direction. In our case the performance
has been improved by using five cells, which provide redun-
dant information (this is especially valuable in the case of
satellites).

Multi-cell analog Sun sensors offer several advantages,
namely: a) large coverage could be achieved; b) the albedo,
that could reach 30% of irradiance, can be avoided; and c) it is
possible to evade shadows caused by antennas or other devices.

At least three cells {Ci, Cj, Ck} are needed for obtaining
the Sun vector. As shown in Fig. 10, the normals to these
cells form a basis {Ni, Nj, Nk} that can be used for the
representation of the Sun vector.

According with (3), the cells will yield a set of voltages
{ Vi, Vj, Vk} corresponding to the projections of the Sun vector
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Fig. 9. Sun sensor truncated pyramid structure, with five cells. The Sun
sensor (SS) axes are also represented.

A
Sun_ "Iy,

Fig. 10. Sun projection on cell normals.

on the normals:

Vi Gain; 0 0 Ni Voffset;

Vil= 0 Gain; 0 Nj | -Sun+ | Voffset;

Vi 0 0  Gaing Nk Voffsety
“4)

where Ni, Nj and Nk are row vectors and Sun is a column
vector.

If the normals are not coplanar, it is possible to obtain the
Sun vector as follows:

_ 1
A\ (G O 0 Vi| |Voffset
Sun= N] . 0 W 0 . V] — Voffsetj
Nk 0 0 #mk Vi Voffsety

(5)

Fig. 11 shows a top view of the eight combinations of cells
that can be used to obtain the Sun vector direction with one
Sun sensor.

Four of these combinations, denoted as group B in Fig. 11,
provide an almost orthogonal matrix in (4). The matrix pro-
vided by the other four combinations, group A, are not so
orthogonal and give direction representations more sensitive
to any error. The direction determination results obtained with
group B are better than the results obtained with group A.
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Fig. 12.  Sun sensor coverage.

B combinations have less contribution to coverage, but they
yield better accuracy and added redundancy.

In contrast with other truncated pyramid Sun sensors,
designed as null-sensors, our measurement principle is differ-
ent, and so our truncated pyramid has less inclination in order
to obtain more redundancy, more overlapping among cell.

Fig. 12 shows the coverage that can be obtained with one
Sun sensor for 160° of FOV by cell.

Fig. 12 is included here for illustrative purposes. Notice
however that in Fig. 12 the normal vectors to the three
cells shown are coplanar, and that this is not useful for the
determination of the Sun direction.

It is desired to get 47 steradians FOV around the satellite.
For this purpose it is possible to perform combinations with
the 15 cells (54+5+5) of the three Sun sensors. With the 160°
FOV of each cell, a good, near to 47 coverage is achieved.
Fig. 13 shows how it is obtained.

The three plots on top of Fig. 13 shows the coverage of
each SS. The larger plot at the bottom shows the result of
combining the three SS. Only a small region, at bottom center,
remains undetected. Most of the coverage, 92.8%, is based on
three or more cells.

A difficulty associated to large FOV and the use of several
cells is the accumulation of errors. For this reason, calibration
of the cell normals should be accurate.

When using cells from different sensors, the number of
3-cells combinations becomes quite large. However, an off-line
study of the best combinations for Nadir pointing concludes
that with 16 combinations it is possible to cover almost 4z
steradians with redundancy.

Fig. 13. Coverage of the Nanosat-1B Sun sensors, based on the information
fusion of 15 cells.

The list of cell combinations is ordered by priority, bearing
in mind albedo, coverage and orthogonally criteria. In Nadir
pointing mode the priority order is the following:

1- Some B combinations of SSC, which are more orthogo-
nal and in Nadir pointing are protected from albedo by
the satellite structure (Fig. 18).

2- Some B combinations of SSA and SSB,
the best coverage with good orthogonally.

3- Some combinations that use cells of different sensors to
complete the coverage gaps.

4-Some A combinations that ensure redundancy. This
redundancy allows for escaping from albedo and shad-
owing situations. Redundancy to avoid shadows is crit-
ical for SSC, due to the configuration of antennae.

5- Extra combinations with one or two cells are included
for degenerate modes to solve small areas not covered
by three cells.

which obtain

In run-time the basic cycle of the Sun sensor driver is the
following:

1- Normalize the information from the cells using the
inverse of equation (3).

2- Discard cells yielding out of limit signals. This limit
is pre-computed for the expected solar light intensity.
Signal higher than max-limit means albedo, and lower
than min-limit means shadow.

3- Next cell combination is selected from the list. A vector
is built with the voltage signals from selected cells.
Applying equation 5 a Sun vector is obtained.

4-The Sun vector magnitude is calculated. Magnitude
higher than max-limit means albedo, and lower than
min-limit means shadow.

5-If the Sun vector magnitude is accepted, the measure-
ment is made available together with a quality flag. If it
is not accepted, the driver goes back to 3, and the next
relevant cell combination is evaluated.

A more advanced version of the driver improves step 4
using redundant information from the sensor. This version
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Fig. 14. Experimental setup, with a 2-axis positioning system that rotates
the the Sun sensor around the artificial “Sun,” located beyond the top of the
image. In this case the Sun sensor is suffering shadow and albedo effect.

projects the Sun vector on a fourth cell associated to the
combination used. If this projection agrees with the cell signal
the Sun vector is albedo and shadow free. This confirmation
is necessary because albedo and shadow are complementary
effects. Fig. 14 shows a photograph of the experimental setup
used for validation of driver. A non constant execution time
of the driver requires an extra-functional verification, which is
explained in [26].

V. CALIBRATION PROCEDURE

The calibration included a ground experimental work with a
suitable setup, similar to the description given in [16] and [27]
(Evans & Whetten). The results were used for establishing the
parameters of the new cell model.

In our procedure a halfway step has been included to
estimate mechanical deviations after the solar cell integration
in the sensor structure.

It is important to apply to the Sun sensor the same type of
light that the sensor will receive from the Sun while in orbit,
with Air Mass Zero (AMO). The experimental environment
for AMO conditions has been provided by the SPASOLAB
(Space Solar Cell Test Laboratory) of INTA. This Laboratory
has been certified by the European Space Agency (ESA). The
experimental setup includes a 2-axis positioning system, which
projects a collimated beam from any “Sun” angle with respect
to the Sun sensor.

Fig. 15 shows the voltage data obtained from the Sun sensor.
The Sun sensor has five cells, so the figure shows five data
surfaces. Each data surface is measured with respect to roll
(0) and pitch (@) of the sensor. When the roll and pitch are
zero, the Sun sensor points to the Sun.

Initially, a basic calibration of the sensors was done by
fitting a cosine to the curve crossing the peak of the surface,
which can be taken as the normal to the cell.

1873

Fig. 15.

Voltage collected from the five cells of Sun sensor A.

After that, once the satellite was on-orbit, a new calibration
procedure was introduced, as described next.

The Sun vector direction associated to roll and pitch angles
(0, @) is obtained with the rotation matrix (6):

cos(p) O sin(p) 1 0 0
R@,¢p)= 0 1 0 0 cos(f) —sin(0)
—sin(¢) 0 cos(p) 0 sin(d) cos (@)
0
Sun=R@©O,¢9) | 0 (6)
1

where Sun is the unitary vector pointing to the Sun.
The calibration uses the incidence angle with respect to the
cells, a, which is obtained with (7):

o = arccos (ﬁcell . Sun) @)

where 7.y is the unitary vector normal to the cell.

There are infinite positions of the Sun sensor corresponding
to an angle of incidence, a conic symmetry. For a perfect
cell all these positions will give the same voltage. In our
real cells this could be not completely true. A way to collect
the related data is to take pairs of roll and pitch values, take
the corresponding voltage, compute the corresponding angle
and plot voltage versus angle of incidence (V-A plot). Fig. 16
shows the grid of roll and pitch values, and the V-A plot.

The method just explained captures more information than
the conventional basic calibration.

When the cells are added to the Sun sensor structure, slight
mechanical deviations could appear, so the real normal i
is not the expected. This causes a loss of conical symmetry in
the obtained data. The transformation just described (Fig. 16)
detects this problem in the form of dispersion of curves. For
instance, the left plot in Fig. 17 shows the data obtained from
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Fig. 16. Data transformation: (left hand) the grid of roll-pitch values, (right
hand) the V-A plot.
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Fig. 17. Normal direction estimation: (left hand) before optimization, (right
hand) after optimization.

one of the cells; the plot zooms in a part of the curve to
highlight the dispersion.

An algorithm is devised to minimize this dispersion. The
algorithm is a systematic search of the normal to the cell
in order to minimize the standard deviation (8) between the
transformed data and the linear solar cell model (3).

N
Z (Vl - VModel)2
o = i=1 = (8)

In particular, the algorithm iterates the next steps:

1- Generate a new cell normal direction, 71ej;.
2- Transform the data surface in accordance with the new
incidence angle, equation (7).
3- Fit the parameters of the linear solar cell model to the
transformed data (3).
4- Evaluate the standard deviation (8).
Since the solar cell deviation is usually small, the search space
can be limited in order to reduce the number of iterations.
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Fig. 18. The satellite structure blocks the albedo’s influence on the SSC in
the qualification orbital window.

Fig. 17 shows the processed data before and after the
calibration process. Notice that the standard deviation has been
reduced by a factor of 3. The remaining dispersion must be due
to other non-modeled effects, like for instance non-isotropic
behavior of cells.

In the particular case of cell (1) the described optimization
procedure has detected a deviation of 1.47°, which is not
negligible. It was the case that similar results have been
observed with the remaining cells.

VI. SPACE QUALIFICATION

Due to scheduling pressure, the NS-1B was launched with a
basic calibration. The improved calibration procedures already
described, were applied to the data previously gathered during
in-ground calibration, while the satellite was on-orbit. Once
the signals obtained in orbit by the Sun sensor driver were
useful, a space qualification task was initiated.

A series of on-orbit experiments have been done for eval-
uation of the new calibration. One of the targets of the
experiments has been to minimize the perturbations due to
Earth’s albedo. For the qualification of SSC, the Sun pointing
data have been recorded during an orbital window in which
the satellite’s body blocks the albedo, as depicted in Fig. 18.

For SSA and SSB the qualification experiments do a point-
ing to the Sun with these sensors. In these cases, the albedo
is not totally blocked by the satellite’s body, Fig. 19.

As depicted in Fig. 19, the part of the FOV suffering albedo
is around 10°, being at the border of the 160° cone: therefore
the corresponding perturbation is small.

The ideal situation would be to have another, more accurate
attitude sensor or Sun sensor, to take it as reference. The
“Vectorsol” payload cannot be taken for this role since it is
now under study. Therefore it was not possible to use other
reference than the Sun sensors themselves. The redundancy of
the Sun sensors provided the opportunity to get a judgment
criterion.

As said before, each Sun sensor has five solar cells. If these
are combined in groups of three, one obtains eight differ-
ent configurations giving eight values of the Sun direction.
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Fig. 19. During qualification experiment for SSA and SSB, the albedo is
not totally blocked by the satellite structure.
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Fig. 20. On-orbit results with a coarse calibration. The left plot shows the

Sun vector components obtained by the eight cell configurations. The right
plot shows the relative angle associated to each of the eight configurations;
group B is better than group A.

A reference Sun vector is computed as the mean of these
eight values. The relative angle between each Sun vector
with the mean provides an estimation of the Sun sensor
precision.

Fig. 20 shows on-orbit results with coarse calibration for
SSC. The left hand plots show the three Sun vector com-
ponents (SSd) obtained with the eight cell configurations.
A darker curve has been added, in each of the SSd, to
show the average of the eight experimental curves. This
darker curve is almost coincident with the data curves of
group B, so these curves cannot be distinguished. Here the
reflectance model and the single curve calibration (the basic
calibration) have been applied. The right hand plot shows the
relative angle between each Sun vector and the mean Sun
vector.
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Fig. 21. On-orbit results with the complete calibration procedure. Both left
and right plots depict the same kind of information as in Fig. 20.

The worst case of relative angle can be regarded as a
measure of sensor precision (9).

.. SSd  §sd
Precision = max{ acos| — - —— )
i |SSd| [SSd|

where SSd is the mean, and i = 1.8.

According with the results shown in Fig. 20 the Sun sensor
precision is about 7.5°. In the right hand plot there are two
bands, one of the bands corresponds to configurations of three
cells that obtain results near the mean (group B), and the other
band corresponds to other three cells configurations with worse
results (group A).

Fig. 21 shows on-orbit results obtained with the new cali-
bration procedures for SSC. According with these results the
Sun sensor precision is now about 1.8°, much better than the
precision of the above method. Now the two error bands come
near. This justifies the effort to estimate the normal vector of
each cell. The sensitivity to errors remains the same for groups
A and B, but the error itself has been reduced.

The data shown in Figs. 20 and 21 correspond to the
experiments with the SSC, so there is no albedo influence.
Hence, the improvements that have been obtained are due to
the new calibration process.

VII. CONCLUSION

One of the sensors commonly used for satellite attitude
determination is the Sun sensor, which gives the direction of
the Sun. High precision digital Sun sensors provide limited
FOV and could be expensive. On the other hand there are
cheap analog Sun sensors with less precision but wider FOV.
Analog Sun sensors are usually considered for coarse deter-
mination and to recover from lost in space situations.

In this article, in house analog multi-cell Sun sensors made
by INTA were employed. Three Sun sensors were installed on
the satellite, to constitute a complete Sun detection system.

The article introduces a new solar cell model, and cali-
bration and space qualification procedures that allowed for
a significant improvement of the multi-cell Sun sensor per-
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formance. Both the model and the procedures could be used
in more general contexts, not only in our satellite.

The new solar cell model has a simple expression, and
it is more convenient from the computational point of view.
It allows for 160° FOV.

The Sun sensors were mounted on the NanoSat-1B satellite.
The satellite was launched with only a basic coarse calibration
of the Sun sensors, prepared for 120° FOV. The precision was
+7.5°, see Fig. 20. Once in orbit, the successful results of the
ADCS suggested to extend the functionality of the satellite,
introducing new operational modes. It required larger FOV.
Re-using the in ground experimental data, and introducing the
new model and calibration procedure described in this article,
a cell 160° FOV was possible, and a re-calibrated Sun sensor
driver (in software) was uploaded to the satellite. With the
new Sun sensor it was possible to introduce a new space
qualification method, which combines eight groups of solar
cells, so data are averaged and the precision becomes £1.8°,
see Fig. 21.

The analog Sun sensors made by INTA have a truncated
pyramid structure. With this structure, using three Sun sensors
fixed in suitable positions on the satellite body, and taking
advantage of the 160° FOV of the solar cells, it is possible
to obtain almost 4z steradians total FOV, which supports the
new operational modes of the satellite (it is important to always
keep track of the Sun). Each Sun sensor has five solar cells.
One of the fabrication difficulties is that solar cells, once fixed
to the pyramid structure, may show directional errors. The
new calibration procedure introduced in this article is able to
estimate and correct these errors. A co-lateral benefit is that
the fabrication stringent requirements may be relaxed a bit, so
it would be not necessary to use expensive machinery.

A qualification method, based on data bands, has been
proposed. The method takes advantage of redundancies of
the sensorial system, so no additional sensor for reference
is needed. This method could be used on any sensor system
with inner redundancy; for instance, we have employed it for
redundant magnetometer systems.

From a more general point of view, this article shows
improved ways for exploiting the geometrical characteristics
and redundancy provided by the truncated pyramid structure
with five cells. A simpler, linear model of the cell can be
used. A calibration procedure can be used to detect cell
misalignments. A management of the sensor, based on groups
of 3 cells, can be devised for considering bands and obtaining
higher precision. This management takes into account the
avoidance of albedo and shadows.

Next steps of our research will try further improvements,
considering now that the integration of the Sun sensors on
the satellite body, and the deformations caused by launching,
could induce some added deviations. The idea would be to
repeat a cell by cell calibration using on orbit data.
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