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The capability of orbit control has not been demonstrated yet in the pico satellite regime.
However, this functionality will enable CubeSats for advanced future scientific and industrial
applications as a satellite’s orbit would not exclusively depend on the insertion by the launcher
any more. Additionally, cooperative missions of several small satellites with the capability to
keep and change their relative position become feasible. In this study, a variation of the
directive adaptive guidance algorithm has been simulated for an acceleration in the order of
10% m/s?, which corresponds to the use-case of a NanoFEEP propulsion system on a pico-
satellite. Formulas for the implementation of the algorithm in equinoctial orbital elements are
given. In the simulated regime mainly semi-major axis and eccentricity correction result in an
appreciable change.

Nomenclature
semi-major axis
in-plane thrust angle (pitch)
attitude determination and control system
out-of-plane thrust angle (yaw)
classical orbital element
directive adaptive guidance
eccentricity
earth observation
inclination
Lagrange planetary equations
orbital element
power processing unit
right ascension of the ascending node
argument of perigee
true anomaly
radial-circumferential-normal
University Wiirzburg Experimental Satellite

! Department of Computer Science VI11: Robotics and Telematics, kramer@informatik.uni-wuerzburg.de.

2 Student: Master in Space Science and Technology; Pouyan.azari@uni-wuerzburg.de.

3 Department of Computer Science VI1I: Robotics and Telematics, bangert@informatik.uni-wuerzburg.de.

4 Professor and Chair; Department of Computer Science VII: Robotics and Telematics,
schi@informatik.uni-wuerzburg.de.

1

The 35th International Electric Propulsion Conference, Georgia Institute of Technology, USA
October 8 — 12, 2017


mailto:kramer@informatik.uni-wuerzburg.de

I.Introduction

INCE the proposal of the CubeSat standard in

1999 the satellite class has emerged from their
initial academic purpose to a whole new industry
themselves. Several technologies, like e.g. different
communication systems, attitude determination and
control systems (ADCS), and Earth observation
(EO) nowadays count to the state-of-the-art of pico-
and nanosatellite technology™2*. With the on-going
miniaturization in different fields of terrestrial and
space industry the number of applications for these
systems continuously increase. With upcoming
missions for cooperative small satellites, one major
technology which still has to be demonstrated on a
pico-satellite scale is propulsion®. Furthermore, & % s
those missions often have Earth observation Figure 1. This figure shows a CAD rendered image of
purposes, such that the valuable space at the center UWE-4 with its four thruster heads in the CubeSat bars.
of the satellite or the outside panels is needed for the
payload and cannot be occupied by the propulsion system.
The University Wirzburg Experimental (UWE) Satellite series has put several satellites into orbit since 2005. All
UWE satellites follow a roadmap towards formation flying. With the successful in-orbit demonstration of ADCS
capabilitites on UWE-3'# an important step towards this goal has been conducted. The following satellite UWE-4
aims at the in-orbit demonstration of a miniaturized Field-emission electric propulsion (NanoFEEP) system®
developed by TU Dresden, which is integrated as part of the satellite bus. For the demonstration of orbit control
capabilities a directive adaptive guidance (DAG) algorithm® has been implemented and simulated making use of
Orekit’.

1.UWE-4

The UWE-4 project as a single unit CubeSat
project aims on the one hand at the education of
students by giving them hands-on experience with
satellite technology and on the other hand at the
technical objective of demonstrating an electric
propulsion system in-orbit. After the successful
operation of UWE-3 for almost four years, the
design philosophy will also be used in UWE-4. An
important lessons learned from previous missions
was to implement a system with a high degree of
modularity in its architecture in order to account for
the participation of students in the form of thesis or ~ Figure 2. This figure shows an integrated NanoFEEP
project works. The UNISEC standard bus® offers  thruster in a CubeSat bar.
this modularity and additionally a high degree of
flexibility in the positioning of the single subsystems within the CubeSat structure. It also already implements
redundancy in the communication and power supply lines. This redundancy concept is extended by a redundant
electrical power system, on-board data handling system and radio communication subsystem.

In order to account for the integration of the propulsion system as part of the satellite bus, one thruster head will
be placed at the end of each CubeSat bar as can be seen in Fig. 2. The power processing unit (PPU) for the thrusters
is developed by TU Dresden as a standard subsystem within the UNISEC bus standard and therefore can be integrated
easily. The thruster heads will be connected to the PPU using high voltage cables. This strategy enables to use the
propulsion system for 2D attitude control around body x- and y-axis and for orbit control purposes. Additionally the
valuable space within the satellite and the outside panels stays unoccupied and can be used for payload in future
missions.

* Also refer to NASA’s “State of the Art of Small Satellite Technology”: https:/sst-soa.arc.nasa.gov
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I11.Directive Adaptive Guidance algorithm

The DAG algorithm has been presented first in 2011 by Ruggiero, Pergola, Marcuccio and Adrenucci® and is based
on the determination of the thrusting angles at each moment of the orbit in order to create the highest possible rate of
change in the desired classical orbital element (COE). The thrusting angles are given in the radial-circumferential-
normal (RCN) body frame, where « is the in-plane angle (pitch) and  is the out-of-plane angle (yaw), such that the
thrusting vector can be written as in Eq. (1).

. fr _[cos(B) sin(a)
fioe = fol= |f| cos(B) cos(a) (1)
fr sin(f)

In particular, the analytical expressions for the variations of the COEs are derived from the Gauss form of the
Lagrange planetary equations (LPE). In order to change several orbital elements simultaneously, a possibility for the
combination of the thrusting angles is described. For this purpose an adaptive ratio is introduced as described in

Eq. (2).
Toe = (0€¢ — 0e)/(0e, — 0ey) )

In Eq. (2) oe, oe;, and oe,, are the instantaneous osculating, target and initial value of the specific orbital element
(oe). For the purpose of this simulation the osculating element had to be changed to the mean element, since the target
orbit lies in the range of the oscillations of the instantaneous osculating elements.

The combined thrust for the change of several orbital elements is originally calculated using Eq. (3)

’f = Z(l - 5(060 Oe))roeﬁ,oe (3)

where §(oe;, oe) describes the Kronecker delta and stops the control of the respective orbital element, when the
target is achieved. This has also been altered to an e-vicinity region of the target orbit.

The magnitude of the change of an oe due to thrust applied to the satellite varies within an orbit. Therefore, the
authors describe the introduction of maneuver efficiencies making use of the Gauss form of the LPE. The maneuver
efficiency is defined as

doe/dt (4)

Mloe = (doe/dD)],,
Using this formula a cut-off value can be defined, such that thrust is only applied for the change of an oe, if a
certain maneuver efficiency is met and otherwise the satellite coasts for some arc of the orbit.

Introduction of equinoctial orbital elements

However, the COEs have the intrinsic drawback of singularities in Q and o for circular and equatorial satellite
orbits. For the purpose of an implementation, which can be used as basis in the long run, it should also cover the
special cases of circular orbits, which are targeted in future missions®. Therefore the algorithm has been implemented
using non-singular equinoctial elements'®, as defined in Egs. (5).

a=a
P, =e sinw
P, =e cosw

Q, = tan(i/2)sin 5)
Q, = tan(i/2) cos 2
L=w+86

with g=w+0
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In these equations L describes the true longitude. The only remaining singularity occurs for retrograde equatorial
orbits, which are not targeted here. Additionally rendezvous and docking is not in the focus of this study, so only the
top five equations of Eqgs. (5) are important.

The optimal thrusting angles a and S can be computed in equinoctial elements as described in Table 1.

Table 1. This table shows the optimal thrusting angles described in equinoctial elements.

Orbital Element Pitch a Yaw B
a tan~1((P,sin(L) — P, cos(L))/ (6) 0
(1 + P, sin(L) + P, cos(L)))
P, tan~1(—((1 + P, sin(L) + P, cos(L)) cos(L))/ | (7) tan"'(—B/A) t
(P; + (2 + P; sin(L) + P, cos(L)) sin(L)))
P, tan~(((1 + Py sin(L) + P, cos(L)) sin(L))/ | (8) tan~3(D/C) %
(P, + (2 + Py sin(L) + P, cos(L)) cos(L)))
Q. 0 /2 - sign(sin(L)/
(1 + P;sin(L) + P, cos(L)))
Q, 0 /2 - sign(cos(L)/
(14 P;sin(L) + P, cos(L)))

IV.Simulation

For the purpose of the implementation of the DAG algorithm the Orekit simulation framework has been used. This
simulation makes use of a 10" degree gravitational attraction model*! and an atmosphere model*? in order to include
the perturbing forces which are at the level of the thrust acceleration.

Due to power restrictions of a single unit CubeSat and the specific impulse behavior of the NanoFEEP propulsion
system®® a maximum thrust of only approx. 7.9uN can be produced continuously during the mission. With a total
satellite mass of approx. 1.33kg, this leads to a total acceleration of approx. 6um/s?, which is almost two orders of
magnitude below the test case of the original paper®.

The start orbit of the simulation is defined using COE of the UWE-3 satellite approximately 1.5 months after the
launch at 1% January 2014 midnightS. The target COE are defined using COE' of the FirstMOVE satellite from TU
Munich** from the same time, which was deployed from the same deployer in the same launch vehicle in a low-earth
orbit. This scenario simulates the compensation of the relative drift between the satellites. The e-vicinities as stop
criterion for the correction of the COE is defined as shown in Table 2.

Table 2. This table shows g-vicinities of the COEs as stop criterion for the simulation.
COE a[m] e [a.u.] | [deg]
g-vicinity 100 0.0001 0.0573

A. Single element correction

At first the alteration of a single COE making use of the DAG algorithm is shown in Fig. 3 — the evolution of the
other COEs is not considered at this moment.

It can be seen that the semi-major axis the semi-major axis is changed quite fast. Already after approximately 6
hours the desired value is reached consuming only 5.1mg of propellant. This is the most important COE to be altered
for the purpose of relative drift compensation.

The progression of the corrected eccentricity clearly shows an alteration in the desired direction. However, the
acceleration of the propulsion system is in the range of the gravitational perturbation. Thus the eccentricity reaches its
target value faster than naturally, but it needs almost 30days to perform this change and consumes 321mg of
propellant.

TA=—(1+ P;sin(L) + P, cos(L)) cos(L)sin(a) + [P, + (2 + P; sin(L) + P, cos(L)) sin(L)] cos(a)
B = P,(Q, cos(L) — Q, sin(L))
1€ =1+ P;sin(L) + P,cos(L)) sin(L)sin(a) + [P, + (2 + P; sin(L) + P, cos(L)) cos(L)] cos(a)
D = P;(Q; cos(L) — Q sin(L))
8 a=7021.418%m, e = 0.00860, i = 97.8727deg, Q =76.8852deg, ® = 68.1705deg, 6 = 343.8483deg
Ta=7021.057 km, e = 0.00902, i = 98.4456 deg (altered for the purpose of this simulation)
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Figure 3. This figure shows the evolution of semi-major axis, eccentricity, and

inclination with the DAG algorithm for single element correction (solid blue) in

comparison to their natural progression (dashed).

0

The effect of orbital element correction is even smaller for the inclination. In this case the target value cannot be
reached before the satellite runs out of propellant after 93days. For the purpose of illustration only the progression
for the first 30days is depicted.

Figure 3 clearly illustrates the necessity to integrate the effect of orbital perturbation into a simulation at this small
thrust accelerations in order to achieve realistic results. The gravitational perturbation models can be used to
understand the similar magnitude effect of thrust and zonal harmonic terms. The J3 term of the Earth’s gravitational
model results in a variation of the inclination in the order of

de 9
Jaijs| ~ 10052 ©
S
whereas the propulsion systems effect on the inclination is only in the order of
deg (10)

|digpy| = 107° s

The effects of the J2 term of the Earth’s gravitational field and the thruster respectively on Q and ® are shown in
Table 3. For this reason it can already be estimated that this COEs will not be effectively altered. Thus the simulation
results are omitted here.

Table 3. This table shows magnitude of the effects of J2 and the propulsion system on Q and o respectively.

Classical orbital element

Effect of J2 term [rad/s]

Effect of propulsion system [rad/s]

Q 107 1078
(0] 107 107°
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B. Combined element correction

The last chapter clarified that only semi-major axis and eccentricity experience an appreciable change due to the
maneuvers. For this reason the combined element control of this two COEs has been simulated and is depicted in
Fig. 4. The start and target orbits are the same as in the previous chapter. However, the sum of Eq. (3) now comprises
of two orbital elements.
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Figure 4. This figure shows the evolution of the semi-major axis and the eccentricity
for combined element correction (solid blue) in comparison to their natural
progression (dashed).

It can be seen that the semi-major axis converges after approx. 1.3days to its target value and afterwards only
corrects the eccentricity, which subsequently reaches its target value after approx. 29days and consumes only 322mg
of propellant. This result shows that the combined correction of both elements is more efficient in terms of mass and
time than the sum of the correction of the single elements.

V.Conclusion

The simulation results presented in this paper show, that the DAG algorithm in conjunction with an acceleration
in the order of 10-%m/sZis capable of changing the semi-major axis, the eccentricity and the inclination of a spacecraft
in low-earth orbit. This can be used in order to compensate the relative drift of two satellites which are deployed from
the same launch vehicle.

In order to optimize the guidance algorithm for the application of relative drift compensation, the natural
progression of the orbit of both spacecraft can be included in the future.
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