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Abstract— In this paper, the accuracy of a slew maneuver
performed by the HYPSO-1 satellite is analysed based on the
data received during the satellite’s first months in orbit. The
slew maneuver, during which the satellite turns with a constant
angular velocity over a given target area, is meant to decrease
the ground sampling distance of pixels recorded by the push-
broom hyperspectral imager. We compare the pointing accuracy
when pointing nadir with the accuracy the satellite achieves
when the satellite slews, and also the impact the slew maneu-
ver has on the resulting data products, namely the decreased
ground sampling distance and the increased signal per area.
The selected slew maneuver itself shows a root-mean-square
accuracy of 0.675 mrad/s about the axis of rotation. Analysis of
the images shows that the slew maneuver provides 2.80 times
as many samples per area, and a decrease in ground sampling
distance of 63.6% along track.

Index Terms— slew maneuver, attitude control, push-broom
imaging, ground sampling distance, hyperspectral

I. INTRODUCTION

During a slew maneuver, the body, in this paper a satel-
lite, rotates with a constant angular velocity relative to some
frame. This is in contrast to point-to-point maneuvers, other-
wise called pointing maneuvers or set-point regulation. Var-
ious papers discuss the slew maneuver in theory, see for ex-
ample [1], [2], [3], [4], and [5]. Possible benefits of using
a slew maneuver have been discussed for imaging satellites,
see for example [6]. Slew maneuvers for satellites are usually
deployed for a specific reason, such as the need for a partic-
ular sensor, often a camera, to track an area of interest. The
method can also be used to compensate for the Earth’s ro-
tation, essentially pointing the satellite towards a fixed point
on the ground in a “spotlight mode” [7].

The mission design for the HYPSO-1 [8] stipulates a
single-axis slew maneuver to improve the data gathered by
its payload. The HYPSO-1 CubeSat carries a push-broom
hyperspectral imager as its main payload, which produces
hyperspectral data cubes. The slew maneuver is intended to
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let subsets of the resulting image, henceforth called scan-
lines, overlap with each other along track, so that techniques
such as super-resolution can increase the utility of the down-
linked data [9], [10].

The contribution of this paper is the analysis of data col-
lected during a slew maneuver performed by the HYPSO-
1 satellite. The accuracy of the selected slew maneuver is
evaluated in the context of images taken by the satellite in
the first months of operation. The performance is measured
by looking at raw data from the hyperspectral camera for
two different images of the same location, showing how
the HYPSO-1 slew maneuver can be used to decrease the
ground sampling distance (GSD) and, consequently, increase
the number of samples per area within the target region.

Section II describes the theory and methods used: both the
slew maneuver, including the coordinate frames, and the per-
formance metrics are defined. Section III describes the hyper-
spectral imager of the HYPSO-1 mission and the observation
campaign conducted to obtain the data used in this paper.
Section IV presents the data from the campaign, with ac-
companying calculations and the evaluation. The results are
discussed in Section V, and Section VI concludes the paper.

Fig. 1: The HYPSO-1 slew maneuver. Three coordinate
frames are depicted: the body frame, the orbital frame (the
LVLH frame), and the inertial (ECI) frame. The satellite
moves from right to left in the figure as it images the area
of interest.

II. THEORY

Three coordinate frames are relevant to the slew maneuver:
the inertial reference frame, i, the orbital reference frame, o,
and the satellite body frame, b, see Figure 1. For the satellite



body frame, the axes coincide with the main axes of intertia
of the satellite, with, most notably, the z-axis pointing out
through the side where the hyperspectral imager is pointing.
The orbital reference frame is a local vertical, local horizon-
tal (LVLH) reference frame with the z-axis pointed towards
nadir. The x-axis of the orbital reference frame points in the
velocity direction, and the y-axis completes the right-handed
coordinate system. The LVLH frame can then expressed as

x̂i
o =

vi

||vi|| , ẑio = − ri

||ri|| , ŷi
o =

ẑio × x̂i
o

||ẑio × x̂i
o||

, (1)

where x̂i
o, ŷi

o, and ẑio denote the orthogonal unit vectors for
the LVLH reference frame, ri and vi are the position and ve-
locity vectors represented in the inertial frame, respectively,
and × is the vector cross product, required for completing
the right handed coordinate system.

During the slew maneuver, the angular velocity of the
satellite relative to the orbit frame is controlled. This angular
velocity can be calculated as [11]

ωb
ob = ωb

ib − ωb
io = ωb

ib −Rb
iω

i
io, (2)

where ωb
io is the angular velocity of the orbit frame relative

to the inertial frame, ωb
ib is the angular velocity of the body

frame relative to the inertial frame, both represented in body
frame and Rb

i is the rotation matrix from orbit frame to body
frame. The angular velocity of the orbit frame relative to
the inertial frame, represented in the interial frame, ωi

io, is
defined in [12] as

ωi
io =

ri × vi

(ri)⊺ri
. (3)

Equation (3) is changed slightly compared to [12] because
the quaternion between the inertial and the body frame is
available in the telemetry, making it possible to compute Rb

i

directly.
Note that (2) is necessary since ωb

ob is not directly mea-
sured, as the IMU will measure ωb

ib. Using the estimated
position and velocity, ri and vi, in addition to the estimated
values for ωb

ib based on sensor measurements, we can find
an estimate for ωb

ob through the relationships in (2) and (3).
Maneuvers on the HYPSO-1 satellite are implemented using
PD controllers, see e.g. [13].

For the accuracy measurements we use a root-mean-square
deviation (RMSD) measure, for convenience given here as

RMSD =

√√√√ 1

T

T∑

t=1

(xref,t − xt)2, (4)

where T is the number of time steps, xt is the reference
value at the given time step and xref,t is the corresponding
reference value. For the attitude accuracy, the ”root square
deviation” part of (4) is replaced, resulting in

Accuracyquaternion =
1

T

T∑

t=1

arccos
(
|q⊺

t qref,t|
)
, (5)

where arccos
(
|q⊺

t qref,t|
)

is a distance metric on SO(3) [14],
and qt and qref,t are the quaternion and quaternion reference
for a given time step, respectively.

There exist several spatial resolution metrics to charac-
terize imagery [15], [16]. Among them is the ground sam-
pling distance (GSD), which is expected to be decreased by

the slewing maneuver. [15] describes GSD as pixel pitch
projected onto ground plane. Pixel pitch is the the distance
from pixel center to pixel center of two consecutive pixels
in an image. For a push broom scanning system, GSD can
be drastically different in the two dimensions of an image,
along-track and across-track. This paper focuses on along-
track GSD.

III. EXPERIMENTAL SETUP

The attitude control system of the HYPSO-1 satellite,
based on the NanoAvionics M6P satellite bus, is equipped
with reaction wheels and magnetorquers as well as inertial
measurement unit, global navigation satellite system receiver
and startracker for navigation. HYPSO-1 is a 6U CubeSat
(10×20×30 cm) with about 7 kg mass. The reaction wheels
are the main actuators used for attitude control, meaning they
produce the torque required to perform the pointing of the
hyper-spectral imager towards targets on the ground, and to
perform the slewing maneuver. The magnetorquers are used
to de-saturate the reaction wheels. For more information on
the imager itself and its performance, see [17], [18].

There are several ways to change the GSD, for example by
changing the framerate. Here the framerate is kept constant
in order to inspect the impact of the slewing maneuver itself.

Two images targeting the same location are taken. Both
images are captured when HYPSO-1 is passing over the lo-
cation of interest close to zenith. One image is captured us-
ing a nadir pointing maneuver, and the other using a slew-
ing maneuver. For the nadir pointing maneuver, the refer-
ence was given in terms of a unit quaternion as qo

b =
[0.99871,−0.036528, 0.035297, 0]⊺, specifying body frame
orientation relative to the orbit frame. Note that the unit
quaternion is denoted with the scalar part first, followed by
the three components that make up the vector part. Also note
that the pointing is not precisely nadir, but offset by about
5.8◦. For simplicity, the maneuver will still be referred to as
the nadir pointing maneuver for the remainder of this paper.

The angular velocity about the orbit frame y-axis, the ref-
erence for the slew maneuver, is given in terms of initial and
final nadir angle of 10◦ and −10◦. A slew duration of 43.45
seconds yields an angular velocity reference of ωb

ob,ref =
[0,−0.0080329, 0]⊺rad/s. Note that the reference is different
from the nominal slew maneuver defined in [8]. The start
and end attitude of the slewing maneuver minimally affect
the slew as the current implementation moves the transient
periods of the angular velocity response outside the specified
slew duration.

The nadir pointing image was taken on Saturday July 16 at
08:29:00 UTC, and the slewing maneuver image was taken
on Sunday July 24 at 08:30:33 UTC, both in 2022. The target
area for both of the maneuvers on the ground were a part of
the coastal area where Romania meets the Black Sea.

IV. RESULTS

Figure 2 shows the two RGB representations of the hy-
perspectral data cubes manually georeferenced over a topo-
graphic map, with the image taken by the nadir pointing ma-
neuver to the left and the image taken during slew maneuver



to the right. Note the difference in area covered by the two
maneuvers. A zoom-in of a common section of both images
is shown in Figure 3, again with the nadir image on the left
and the slewing maneuver on the right. The images have been
bilinearly resampled to the same scale, and the contrast has
been enhanced to easier differentiate between the details in
each picture.

Fig. 2: Nadir pointing (left) and slew (right) RGB images
overlayed on topographical map (OpenStreetMap).

  2 km

Fig. 3: Nadir pointing (left) and slew (right) RGB images
over the port of Constant,a, Romania. Zoom-in on the im-
ages in Figure 2, bilinearly resampled to the same scale with
contrast enhanced.

Figure 4 shows the ADCS telemetry derived satellite pose
in 3D space. The figure also shows a latitude-longitude grid
representing the Earth with coordinates labels, the satellite
orbital and ground track, the footprint of the images captured
during the maneuver, and lines indicating the pointing direc-
tion during image capture. Note the difference in pointing
direction between the two captures.

The telemetry includes the attitude represented as a unit
quaternion qi

b, the angular velocity ωb
ib, the position ri, and

the velocity vi, all estimated onboard. They are shown in
Figure 5 for the nadir pointing capture. The accuracy for

(a) Pointing geometry of nadir
capture.

(b) Pointing geometry of slew
capture.

Fig. 4: Capture pointing geometry inferred from ADCS
telemetry. Orange: Satellite track in ECI. Green: Satellite
ground track. Blue rectangle: Image ground footprint. Black
lines: z-axis direction at 6 uniformly spaced points in time
during image capture. Light red: lines of constant longitude.
Light blue: Lines of constant latitude.

the nadir pointing maneuver, using (5) is taken during the
maneuver itself, as marked with the shaded area starting at
time zero in the figures. The accuracy of the nadir pointing
maneuver is 0.00114 rad = 0.0653◦, computed using (5),
see Table I.
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Fig. 5: Telemetry from the spacecraft when pointing nadir.
From top to bottom: qi

b, ωb
ib, ri, and vi. Gray area indicates

the time period when HYPSO-1 was recording data.

Figure 6 shows the LVLH quaternion qo
b during the image

capture. To construct qo
b , qi

o is inferred from the attitude
information for qi

b, shown in Figure 5, and the definition of
the LVLH coordinate system in (1).

For the slew maneuver, the telemetry is displayed in Fig-
ure 7. Note that the satellite prepares the slew maneuver by
spinning up to a constant angular rate ahead of the defined
start of the maneuver, thus moving the transient outside of
the image capture period. ωb

ob, the angular velocity of the
body relative to the orbit frame, is computed based on the
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Fig. 6: Attitude information from the nadir pointing maneu-
ver during image capture. Quaternion representing the atti-
tude of the axes of the LVLH frame relative to the inertial
frame qi

o, the attitude of the body axes relative to the LVLH
frame qo

b , and the distance from the reference quaternion
used in (5), given in radians.

telemetry calculated by (2) and shown in Figure 8. Figure 8
also displays ωb

io, albeit given in a different frame than in
(3) for easier comparison to the other measurements in the
figure. Note that ωb

ib and ωb
ob are very similar in Figure 8

due to the magnitude of ωb
ib being larger than that of ωb

io.
The last part of the figure shows the control error during the
image capture period. The accuracy of the slew maneuver in
terms of RMSD between the signal and the reference for the
angular velocity during capture is shown in Table I. It has
three components, one for each component of the ωb

ob vector.
The y-component is the axis around which the slew rotation
takes place. That all three components are approximately the
same magnitude signifies that the satellite manages to hold
the reference in all three axes equally well.
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Fig. 7: Telemetry from the ADCS before, during and after
the slew maneuver. From top to bottom: qi
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vi. Gray area indicates the time period when HYPSO-1 was
recording data.

TABLE I: Accuracy measurements for the two maneuvers.

Capture Accuracy
Pointing 1.14 mrad

Slew [0.6347, 0.6752, 0.4551]⊺ mrad/s

−0.1

0.0

ω
b ib
[r
ad
/s
]

x

y

z

−0.001

0.000

0.001

ω
b io
[r
ad
/s
]

x

y

z

−0.1

0.0

ω
b ob
[r
ad
/s
]

x

y

z

−10 0 10 20 30 40 50 60

Time since image capture start [s]

−0.001

0.000

0.001

ω
b ob
,r
ef
−

ω
b ob
[r
ad
/s
]

x

y

z

Fig. 8: From top to bottom: ωb
ib from telemetry, ωb

io from
(2) and (3), ωb

ob from (3), and the control error ωb
ob,ref−ωb

ob.
Gray area indicates the time period when HYPSO-1 was
recording data.

Figure 9 shows the GSD along track in the center of the
swath for the pointing and slewing captures. Noise in the
sensors translates into noise of the GSD estimation. Table II
shows that the area covered by the image taken during the
nadir pointing maneuver covers more than twice as large
an area as the image taken during the slewing maneuver.
Table II also shows the mean GSD over all scan-lines. The
decrease from 321.6 m to 117.0 m signifies a 63.6% reduc-
tion. The fourth column in Table II shows how many pixel
samples are contained in the region bounded by the orange
rectangle shown in Figure 2, containing an area of 192 km2.
The region contains 64.3% less samples for the image taken
during pointing compared to slewing. The increased density
of pixels correlates with an increase in the signal, or the
amount of light collected, per unit area.
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Fig. 9: Ground-sampling-distance along the scanning direc-
tion for nadir pointing and slew maneuver.



TABLE II: Figures of interest for the two captures.

Capture mean GSD ca. Area [km2] Pixels in region
Pointing 321.6 m 13726 1825

Slew 117.0 m 4959 5117

V. DISCUSSION

There are several steps used to acquire the data presented
in this paper, giving us four possible error sources. The four
stages are 1) generating a reference, 2) estimating the atti-
tude, 3) controlling the attitude towards the reference, and
4) possible error sources related to the hyperspectral im-
ager. The first error source, generating a reference, might be
slightly offset compared to our desired reference if the model
we use to calculate where we want to point is not accurate
enough. In addition, the time where the maneuver starts has
to be specified: while a small error here might give a large
deviation in the image, it would not change the accuracy
results we got using the performance metrics introduced in
Section II, as they are indifferent to what scene that the im-
ager captures. The control system will not be able to control
the satellite towards the reference attitude exactly, but with
an error that is required to within a small bound, see [8].
The same can be said for the estimated variables. There is a
possibility that error source 4), errors with the imager, also
influences the final images. However, these errors should be
static, meaning that they should be identical between the
various images. Error source 1) can possibly vary depending
on location.

Using the results from the telemetry we can see from the
accuracy of the pointing maneuver and the slewing maneuver
that the ADCS manages to control the satellite towards its
references, making error source 3 small. As the images show
what we expect to see, we may conclude that the compound
errors from the four mentioned sources are small.

The basic idea behind the concept of operations for the
HYPSO-1 satellite is that it performs a slew maneuver such
as the one performed in this paper to acquire push-broom
hyper-spectral images. From the results in this paper we can
see that the attitude control objectives are met with some
accuracy during the duration of the image captures. The dis-
tance from the reference attitude for nadir pointing is, as
shown in Figure 6, very low, making it a good comparison
for the slew maneuver when looking at the science results. As
Table II shows, the mean GSD of the slew maneuver is de-
creased by 2/3 relative to the image taken during the pointing
maneuver. This measure sets a limit for how much the image
can be improved by post-processing algorithms, and thus it
can be argued that the use of this slewing maneuver helps
increase the limit for how much information can be gathered.

VI. CONCLUSION

The slew maneuver of the HYPSO-1 satellite performs
well according to the accuracy measures used in this paper.
Moreover, the slew maneuver increases the number of pho-
tons that are detected per area of the hyperspectral image, by
decreasing the GSD. This suggests that the slew maneuver

produces images that can be exploited through image restora-
tion, deconvolution, and super-resolution image processing
algorithms (e.g. [19]) to increase the utility of the HYPSO-
1 data products.
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