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Abstract

A 6U CubeSat for Earth observation in 230-350 km orbits with sub-meter resolution is presented. The proposed Stable and
Highly Accurate Pointing Earth-Imager (SHAPE) system’s attitude determination and control system (ADCS) is composed
of a single momentum bias wheel with magnetic bearings at rotational speeds of 6000—7000 rpm and refined magnetorquers.
Reaction wheels as instability source are absent. The ADCS stabilizes the spacecraft attitude by counteracting the torques
from external disturbances in the thermosphere down to < 1° pointing accuracy and <0.1° instability. The momentum wheel
was sized to an angular momentum of 1 Nms based on the worst-case atmospheric density of the next solar cycle. The
0.5 Am? magnetorquer dipole moment provides with low power consumption, mass and cost, high reliability and sufficient
torque. The ADCS initialisation study revealed three stable start-up modes, while the all-spun state is achieved using a set
of thrusters. De-tumbling analysis show that the magnetorquers reduce the tumbling rates with magnitudes of up to 35°/s
to mean motion values in less than an orbit using a static gain B-dot controller. A 3U camera design capable of sub-meter
spatial resolution at 230 km altitude is presented which complies with the SHAPE spacecraft system design. The instrument
has a single deployable primary mirror enabled by a deployment hinge design with hysteresis < 0.5 p. This payload combined
with air-breathing electric propulsion technology at 230 km nominal altitude boosts the SHAPE system Earth observation
potential down to sub-meter spatial resolution and enables tuning of the mission lifetime by orbit keeping.

Keywords 6U CubeSat - Cutting-edge ADCS - Sub-meter spatial resolution - Magnetic bias momentum wheel

1 Introduction

The trend toward smaller spacecraft yields the miniaturiza-
tion of small and low power instruments, subsystems and
components. Cubesat Earth observation (EO) missions with
high spatial and temporal resolution are increasingly more
feasible and can serve in important EO missions enabling
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environmental studies, defence and disaster monitoring and
response. The size of the spacecraft however limits resolu-
tions to 3—4 m at very low Earth orbits (VLEO) due to the
maximum aperture of 10 cm as imposed by the CubeSat
standard. Currently, spacecraft classified from micro and
larger apply three axis control stabilization to allow high
pointing accuracies in the order of arc seconds. For nano-
satellites and smaller, this is still very complicated to be
achieved in a VLEO due to miniaturization problems of
attitude control hardware, causing unwanted vibrations to
the system. In addition, achieving high resolution at VLEO
is also restrained by the denser atmosphere, exponentially
increasing at lower altitudes. To solve this problem, a solu-
tion has been proposed by the Department of Space Engi-
neering at the Delft University of Technology called the Sta-
ble and Highly Accurate Pointing Earth-Imager (SHAPE)
[1]. This design utilizes a high speed spinning magnetic bias
momentum wheel, providing the spacecraft with resistance
against the atmospheric disturbances. This gyrostat concept
also known as dual-spin stabilization is a classical form of
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stabilization which was prevalently used in the early decades
of the space age. An inherent problem with a single-spinning
platform is that its instrument rotates as well. The devel-
opment of dual-spin spacecraft also called dual spinners
have allowed the separation of the spacecraft (as the name
implies) into two components. One of which is the platform
providing Earth pointing capabilities and a spinning part
called the rotor which gives the spacecraft its spin stabiliza-
tion. This dual-spin concept, applied in the SHAPE system
design, can in principle provide with pointing stability in
the dense atmosphere while allowing its high pointing accu-
racy of 1° and a high spatial resolution in a VLEO mission.
These challenges impose hard requirements and constraints,
and therefore, the attitude determination and control sub-
system (ADCS) is one of its key aspects to its success. The
research objective is to come to a feasible spacecraft design
for SHAPE’s ADCS to achieve a pointing accuracy of at
least 1° and an attitude stability imposed by the payload of
SHAPE with a goal value of 0.1°.

2 SHAPE: a highly stabilized VLEO S/C
design

2.1 Systems engineering and requirements

The SHAPE’s ADCS design was inspired by the limitations
of spinning large spacecraft designs of the 60 s and 70 s like
Ulysses and Cluster. The directional stability of the spin-axis
of those S/C being restricted mainly by spacecraft structural
instabilities. For a VLEO EO Cubesat spacecraft design a
stable S/C structure is required beside strong means to coun-
teract the disturbances from the thermosphere. Therefore,
we introduced a magnetic bias momentum wheel internally
equipped with thrusters and broad-band dedicated nutation
liquid dampers beside actively controlled magnetorquers.
SHAPE performs its EO mission equipped with the ANT-
3A, a plug-and-play CubeSat camera design developed
by the Delft University of Technology. This push-broom
instrument with an optimized rectangular aperture, a spa-
tial resolution of about 4 m and a SNR of about 90 can be
achieved at an altitude of 350 km for Earth observation in
the visible spectrum (450-700 nm). The size of the payload
is 10x 10% 30 cm (3U). To accommodate the remaining sub-
systems an additional 3U CubeSat volume has been added.
Initially for symmetry purposes, both 3U modules are placed
5 cm away from the momentum wheel, as shown in Fig. 1.
This 6U CubeSat design shown was the earliest version. As
a follow-up the bias momentum wheel has been resized by a
refined trade-off down to a solid Aluminium disk with radius
of 8 cm, thickness 1 cm and mass 570 g. This size com-
plies with a single CubeSat unit and enables full integration
within a 6U S/C. Other disk geometries and materials enable
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Fig. 1 Preliminary design of SHAPE [1]. Top view showing the
photo-voltaics layout

a further decrease in size and symmetry in its placement
within the S/C. For the nominal and maintenance design
phases, nutation damping is a prerequisite under the condi-
tions that the nutation angle exceeds 0.1° and at products of
inertia of 10% of the moments of inertia.

The total mass of the system including the momentum
wheel was estimated to be approximately 8 kg including
the attitude control subsystem (ACS) mass budget of 800 g
with 500 g for the momentum wheel. Additionally, power
budgets of 6 W and 11 W have been appointed to the ADCS
subsystem for nominal and non-nominal mission operations,
respectively. The cost of the ADCS have been estimated at
22% of the total budget. SHAPE’s orbit will be a noon-
midnight sun-synchronous orbit (SSO) with an altitude of
230-350 km.

Launch opportunities to the specified orbit altitudes are
null or very limited. Therefore, the de-orbiting strategy to
achieve a minimal operation orbit altitude of 350 km shall
be either ISS deployment and natural decay until final orbit
altitude is achieved or a launch to a higher altitude using pro-
pulsion to de-orbit. From this preliminary point, the attitude
control system is designed in a top-down approach.

In VLEOQ, the thermosphere contains a low density of
molecules. However, these affect the S/C ADCS perfor-
mance strongly as proven by [2] and [3]. Firstly, the ambient
thermospheric temperature of 900—1600 K is relatively high.
The molecule density is very low but its changes throughout
the thermosphere are significant up to a factor of ten due to
the solar flux and magnetic indices. The pressure related to
the temperature and density variations behaves compara-
ble. Once these changes in the thermosphere are defined,
modelling gets possible. The temperature and densities were
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calculated by means of the NRLMSISE-00 model. In com-
bination with the Sentman equations [3], it was possible to
calculate the lift and drag coefficients of each panel of the
CubeSat design, as shown in Fig. 2.

2.2 System design and payload pointing accuracy

Dual-spin-stabilization [4] is quite a challenge using spin
and 3-axis control simultaneously. The pitch spin stabili-
sation is provided by a large momentum wheel placed in
between two 3U CubeSat elements. Using a large enough
angular momentum, the disturbances of the environment
can be overcome. Magnetorquers are added to accomplish
3-axis ADCS control. A refined magnetorquer system design
is designed in collaboration with Hyperion Technologies in
Delft. The design incorporates a control loop design over

Magnetic
Index

Fig.2 Preliminary design of
SHAPE [1]—thermospheric

simulator delivering the drag
(Cp) and lift (C;) coefficients

the specific orbit accounting for the B-field variations and
the anomalies at the poles. The lower the VLEO orbit the
stronger the effect of the magnetorquers becomes due to
the increase in the B-field strength of the Earth’s magnetic
field. However, these 0.5 Am? torquers are not strong enough
to provide with the major inertia axis spin-up as required
in the ADCS acquisition phase. This will be dealt with in
Chapter 3 which deals with the basic elements of the ADCS
system design.

The system requirements are listed in Table 1 and briefly
elaborated on its rationale whereas necessary. Note that the
definition of system in this context is regarded as the attitude
system. The first requirement (S.1) is the main objective for
the momentum wheel design. There are multiple methods
in which the pointing accuracy requirement can be derived.
This can either be related to solar panel pointing or orbit
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Table 1 Key ADCS requirements and constraints

Code Requirement

Rationale

S.1  The ADCS shall have a pointing accuracy better than 1°

S.2 The S/C shall operate in the altitude range 230-380 km

S.3  The pitch bias momentum wheel (MW) shall use magnetic bear-
ings

S.4  The MW shall be spun-up with TU Delft resistojets

S.5  The S/C shall operate in a noon/midnight SSO orbit

S.6 The camera modulation transfer function (MTF) shall be larger
than 52% at the Nyquist sampling frequency

S.7  The MW maximum radius shall be less than 14 cm and preferably

comply with the CubeSat format
S.8  The S/C system shall be have no single point of failure (SPF)

S.9  The power S/S shall be able to deliver a peak power of 11 W dur-

ing non-mission operational modes
S.10
mission operational modes

S.11  The MW mass shall be less than 500 g

The power S/S shall be able to deliver a peak power of 6 W during

Targeting, small overlapping, coverage and technology demonstra-
tion

Minimal lifetime of 6 months and payload resolution

Sustained rotation of the (MW throughout its mission

Technology demonstration

Power requirement and payload requirement in the wavelength range
450-650 nm

Image quality requirement as part of the MTF budget
To fit the MW design within in two CubeSat units including a mar-
gin for an adjusted P-POD design (if required)

Reliable operation without interruption
Allocated power budget

Allocated power budget

Allocated mass budget

manoeuvres, but in general this is raised from the require-
ment related to the main payload.

There are three drivers for the pointing accuracy require-
ment S.1 given above in Table 1:

1. Position the observational target within the field of view
(FOV).

2. Reduce overlapping with a previously imaged location.

3. Demonstrate high pointing performance for CubeSat
missions.

The operational altitude range defined in requirement
(S.2) is determined from the orbital decay. To sustain
approximately 6 months of mission operation, a CubeSat
should initiate its mission at around 380 km. This is due to
the high atmospheric drag present at VLEOs inducing an
exponential drop in altitude. Furthermore, this altitude is
required for a spatial resolution of less than 4 m. To have a
sustained momentum wheel rotation, the wheel is spun upon
magnetic bearings to minimize friction and S/C instabilities
throughout its lifetime (S.3). The momentum wheel, as a
totally decoupled subsystem, will be spun-up once (blow-
down system) with a set of TU Delft resisto-jets for technol-
ogy demonstration (S.4) [5]. The magnetic bearings require
a minimum of 5000 rpm of the momentum wheel to func-
tion. A value of 6000-7000 rpm is expected to sustain a
value above the minimum velocity throughout the lifetime.

To elaborate more on the pointing accuracy requirement
(S1), the effects of linear and sinusoidal motion, and jitter
on the modulation transfer function (MTF) have been deter-
mined to comply with requirement (S.6). While the sensor is

@ Springer

activated for measurement, linear motion can cause a smear
on the image as the spacecraft is traveling along the Earth’s
surface. This direction can be assumed to be aligned to the
spacecraft’s orbital velocity. In general, rotational motion
of the Earth contributes to a small transverse motion which
is negligible. Sinusoidal motions associated with periodic
disturbances such as nutational or resonance S/C platform
motion, result in image blurring. Similarly, random high
frequency motion reduce the image quality. The frequency
and amplitude of the jitter are however superimposed and
a probabilistic approach is usually taken to determine the
MTF. The MTF for these cases are defined by [6] and have
been elaborated to derive the ADCS rotational requirements.
Other MTF contributions which impact the image quality are
the effects of particles in the atmosphere which are harder
to estimate. Instead, the required MTF value related to the
ADCS was approximated based on two reference optical
payloads: Hyperion [7] and GeoEye-1 [8]. At visible wave-
lengths, the Hyperion payload was given a requirement
value >20%, while pre-flight MTF measurements showed
a value of 20-29% depending on the wavelength and field
of view angle. For GeoEye-1, the system MTF was found
to be 14%. On basis of this a system target value was taken
of 15% for SHAPE and a desired value of 20%. The 52%
payload value is relatively high, since the square sensors
consume already about 63% of the MTF budget. To ensure
that uncertainties are within specification, an additional
50% MTF contingency has been taken in addition to the
payload MTF. The MTF analysis given by [6] was used to
determine the target and desired MTF values for the ADCS
to be 58% and 77%, respectively. Regarding the baseline
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altitude #=350 km and a GSD of 4 m a compliant dwell
time 7=0.55 ms is taken. The maximum allowable angular
deviation in the instrument nominal pointing is approxi-
mated by k.GSD/h with k within the stability range 18-26%
of the pixel size. This results in a value of 3 urad for the
target value, while the maximum allowable angular veloc-
ity becomes 5.5 mrad/s. These values become 2.1 prad and
3.8 mrad/s for the desired value. It should be noted that these
values correspond to the pitch axis, since the MTF due to
linear motion is not applicable to the other two axes. The
difference however is less than 5%, and therefore, for all
axes, the maximum allowable pitch angular velocity is taken
as the general angular velocity constraint driving the ADCS
subsystem design.

2.3 Tuned payload and ADCS design

The SHAPE S/C operates within a lifetime of approximately
200 days without active orbit keeping followed by a rapid
descent. Research and development towards air-breathing
electric propulsion technology (see Fig. 3) may enable mis-
sions in very low earth orbits in the range 150-200 km at
extended lifetimes with orbit keeping. This option is being
studied together with our partner Stellar Space Industries
in Leiden. As will be pointed out later in Chapter 3 four
thrusters are also needed to boost the major axis spin-up
option of the SHAPE system in the early ADCS acquisition
commissioning phase.

The ANT-3A instrument design offers [1] a 4 m reso-
lution at an altitude of 350 km which improves to 2.6 m
at 230 km altitude. The baseline ANT-3A VLEO opti-
mized design was achieved using an Off-Axis Modified
Ritchey-Chretien Telescope in combination with two cor-
rective lenses which enables a rather compact design solu-
tion (Table 2). The research and development of advanced
hinges together with ADS Leiden and Dutch Aerospace

Fig.3 Airbreathing electric propulsion technology in the altitude
range 150-200 km being developed at Stellar Space Industries in
cooperation with Hyperion Technologies B.V. This preliminary
design shows the air-intake (left) and the electric propulsion unit
(right)

Institute (NLR) as partners is another key research area to
enable deployable optics. This solution to enlarge the effec-
tive aperture in combination with the 150-200 km orbits
enabled by air-breathing electric propulsion technology can
in principle push the spatial resolution down to sub-meter
resolution using a SU-6U CubeSat spacecraft.

The required pointing stability of the SHAPE S/C plat-
form to ensure sufficient image quality imposed a pointing
accuracy of 1.0° to operate this payload design [1].

3 Attitude determination and control
3.1 Bias momentum wheel sizing

An extended ADCS top-down study was performed with
basic elements, as shown in Fig. 4.

The momentum wheel sizing is based on the maximum
solar cycle #25 impact mass density impact, as shown in
Figs. 5 and 6, taken on the datum with the lowest lifetime at
95% confidence. The date of this predicted occurrence is at
the 237th day of the year 2023 and the spacecraft is expected
to have a lifetime of 169 days. For this particular orbit propa-
gation, the density and torque profiles are shown in Fig. 6 by
the blue coloured curves. The predicted atmospheric densi-
ties for the 95% and 50% confidence intervals showed a large
deviation yielding in lifetime differences of more than half
a year. Due to the exponential increase in aerodynamic dis-
turbance torque over its lifetime, the design point located at
90% into the lifetime was taken. It was found that the mass
of the momentum wheel could be reduced by 400 g and the
radius by 2 cm assuming a disk-like structure. The selec-
tion of this lifetime was made in consideration of: possible

Table2 Design parameters of the optimized ANT-3A camera con-
cept

Parameter Value

Size 10x10x30 cm (3U)
Mass 2kg

Power 2W

Focal length 612.5 mm

Rectangular/80 X 60 mm?
4 m @ 350 km altitude

Aperture shape/dimensions
Spatial resolution

Field of view (FOV) 2.6°

Swath width 16 km @ 350 km altitude
Number of cross track pixels 4000

Pixel pitch 7 pm

Sensor optimized bandwidth 400-700 nm

Optics optimized bandwidth 450-650 nm

Signal-to-noise ratio (SNR) 89

MTF at Nyquist frequency Iryquise>52%
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Fig.5 Solar flares and predicted impact values for solar cycle #25
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control actuators, mass constraint of the wheel, maximum
and minimum of half orbit requirement for maintenance
and nominal operations, respectively, to optimize the Earth
observation time. Assuming that the momentum wheel is
made out of Aluminium, it has been estimated to have a
radius of 8 cm, a thickness of 1 cm and a mass of 570 g.
This resulted in a 1.0 mNm required momentum driven by
the criterion to sustain half the orbit of continuous mission
operation.

An magnetic bearing design was chosen to allow the bias
momentum wheel to spin freely without vibrations. This
condition is optimized by the addition of passive liquid
dampers which are tuned and incorporated in the design to
attenuate residual vibrations [9]. This nominal spin condi-
tion minimizes also the vibrations which are transferred
to the satellite structure. At the spin start-up ball bearings
are used to ensure smooth rotation until an angular veloc-
ity of about 5000 rpm is achieved. At this angular speed
the bearing switches to the magnetic levitation mode
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Fig.6 Worst case disturbance profiles for solar cycle #25 max case at 230 km altitude
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Fig.7 SHAPE integrated momentum wheel propulsion concept with-
out the nutation liquid dampers

using a centrifugal control [1]. The design angular veloc-
ity is 7000 rpm to increase rotational stiffness and guar-
antee a final velocity of 5000 rpm at the end of the mis-
sion life. WiFi controlled propulsion is applied to spin up
the momentum wheel to 7000 rpm. Two MEMS resisto-jet
thrusters, designed by the TU Delft, are incorporated into
the momentum wheel design [5]. Each thruster being con-
nected to a tank of bio ethanol, while two redundant tanks

are interconnected. The momentum wheel can be spun up
to 7000 rpm in less than 40 h. This happens once, the pro-
pulsion system being a blowdown system. The integrated
momentum wheel propulsion concept is shown in Fig. 7.
The power subsystem sizing of the battery took a pre-mis-
sion phase into account mainly covering the boot-up of all
subsystems and the de-tumbling phase. Due to the fact that
a slip ring could not be installed in the momentum wheel to
provide power to the propulsion subsystems, an additional
battery was installed in the momentum wheel. This battery
provides with enough power for the thrusters of the propul-
sion subsystem. The magnetic cleanliness is an important
issue which needs special attention but is regarded to be
solvable. The magnetic bias momentum wheel system devel-
opment is a common project led by the TU Delft together
with TNO and Hyperion in Delft.

3.2 Attitude determination and control

The conceptual spin-up strategies of the SHAPE platform
are depicted in Figs. 8 and 9.

The main results from the extended simulations and
research considering multiple spin-up scenarios are shown
in Fig. 10 and Table 3. Locking states have been taken into
account. Table 3 summarizes the main results for spin-ups

| Acquisition Mode

Sequential Spin

‘ Concurrent Spin l

Open Loop | | Closed Loop l

| Full Spin

| | Partial Spins |

I Major H Intermediate ” Minor |

Fig.8 SHAPE conceptual spin-up strategies with MW =(bias) momentum wheel

Fig.9 SHAPE conceptual spin- H
up strategies being sequential or
concurrent

S

(a) Sequential Type

S F S
l l
(b) Concurrent Type
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Fig. 10 SHAPE acquisition mode: sequential spin-up about the major axis with passive nutation damping

Table 3 Final nutation angle after sequential spinup

Spin type Damping Locking state(s)  Maximum
(Y/N) (Y/N) nutation angle

[°]

Minor axis N N 59

Minor axis Y N 5

Minor axis Y Y 4.5

Major axis N N 0.6

Major axis Y N 0.005

in the acquisition phase about the minor and the major axis
with the largest moment of inertia with and without passive
nutation dampers. The sequential spin-up strategy about the
major axis in the acquisition phase, as depicted in Fig. 9, is
most promising. This is shown explicitly in the simulation
results of Fig. 10. In about 0.6 orbit the angular moment
H is stabilized along the pitch axis which is shown in the
momentum sphere analysis results of the right picture as
well. The all-spun state is achieved using a set of thrust-
ers. This choice was taken as magnetorquers were found
not capable to deliver sufficient torque. A dipole moment
of 0.5 Am?* was chosen for reasons of low power consump-
tion, mass, cost, and high reliability while capable of pro-
ducing sufficient torque. From the de-tumbling analysis, it
was concluded that the magnetorquers are able to reduce
the tumbling rates with magnitudes of up to 35°/s to mean
motion values in less than an orbit using a static gain B-dot
controller.

Damping to attenuate nutation is integrated in the ADCS
design. In the nominal and maintenance ADCS phases,
damping was found to be necessary under the conditions
that the nutation angle exceeds 0.1° at a product of inertia of

@ Springer

10% of the moments of inertia. This angle corresponds to a
transverse momentum of 1.7 mrad/s which is a considerable
part of the attitude stability margin, target value 5.5 mrad/s
and desired value 3.8 mrad/s (derived in Sect. 2.2). Due to
the asymptotic stability properties, transverse momenta of
1.5 mNms can be damped to minimal values in less than
0.1 orbits. This is especially significant if the momentum
wheel is unbalanced, producing an undesired torque and
parasitic angular momenta. The major axis showed very
low nutation angles after completion which is critical as
otherwise the system loses its pitch controllability due to
the effect of gyroscopic coupling. During the spin-up, an
unbalanced momentum wheel can cause dynamic imbalance
to the system for which it can be captured in a so-called reso-
nance trap. If the system is captured, the nutation angle will
increase violently. The effects of momentum wheel’s static
and dynamic imbalances causes high internal disturbances.
To reduce these, the spacecraft requires very strict mass
positioning of subsystems. The momentum wheel suspen-
sion subsystem is also required to have isolators to damp the
high frequency disturbances induced by imbalance.

4 Conclusions

The SHAPE platform has a high potential for VLEO mis-
sions down to 230 km (and possibly lower) enabling sub-
meter EO spatial resolution. However, the low TRL levels of
the deployable camera concept and the magnetic momentum
bias wheel obstruct the further development at this moment.
In a strong commitment with the Dutch space high-tech
industry the research and development on these issues is
pursued. Meanwhile, considerable progress has been made
in the scope of a deployable camera concept to enlarge the
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aperture. A novel CORE hinge design with an deployment
hysteresis smaller than 0.5 p has been developed at the TU
Delft supported by Airbus Defence Systems in Leiden. This
value is comparable with the hysteresis performance of the
James Webb Space Telescope secondary mirror hinges [10].

The ADCS study has shown that the sequential major
inertia axis spin-up in the acquisition phase is the best can-
didate for the ADCS initialisation. Damping allows to mini-
mize the nutation angle and is, therefore, decided to be inte-
grated into the ADCS design. This is especially significant
if the momentum wheel is unbalanced, producing an unde-
sired torque and parasitic angular momenta. The major axis
showed very low nutation angles after completion which is
critical as otherwise the system loses its pitch controllability
due to the effect of gyroscopic coupling.

The majority of stringent requirements resulted from the
effect of momentum wheel’s static and dynamic imbalances
causing high internal disturbances. To reduce these, the
spacecraft requires very strict mass positioning of subsys-
tems. The momentum wheel suspension subsystem is also
required to have isolators to damp the high frequency distur-
bances induced by imbalance. Under the assumptions that
these motions can be damped, SHAPE is expected that at the
design point of 280 km altitude can achieve 1° pointing per-
formance and fulfil the attitude stability (MTF) requirement
values under worst-case conditions. These assumptions have
to be verified by further thorough analysis on basis of com-
pliant top-down and bottom-up system engineering budgets.
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