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PROSPECTS OF A HYBRID MAGNETIC/ELECTROSTATIC
SAMPLE CONTAINER RETRIEVER

Takuma Shibata ∗, Trevor Bennett†, and Hanspeter Schaub‡

Space agencies and companies are evaluating possibilities for a Martian sample
return mission for improving our understanding of planetary bodies within our
solar system. However, the rendezvous docking in deep space requires automatic
navigation and control because it is difficult to communicate with the explorer in
real time. Perspective of a sample container retriever utilizing electro-static force
and flux pinning force is discussed in this paper. The proposed method uses this
electrostatic interaction to catch the Mars 2020 launched orbit sample container
(OS) on orbit. The sample return container has three permanent magnets and the
shape is designed as column to make the weight smaller and get Martian samples
effectively. The proposed retriever must control angular velocity and attitude of
the OS using electrostatic force to fetch. After controlling the OS, it is tugged to
the orbiter and restrained safely using flux pinning effect. The feasibility of the
proposed retrieval system is discussed from the aspect of the required energy and
Debye length requirements. The controller is designed using a Lyapunov function
and Mukherjee & Chen’s theorem and the performance is discussed in this paper.

INTRODUCTION

Returning a sample from a planet provides the opportunity for various insights related to the
formation and configuration of the planet. HAYABUSA succeeded in bringing particles from the
asteroid Itokawa and now space agencies and space companies are looking at Martian sample re-
turn mission1–5 . Unlike the HAYABUSA mission, an explorer can not take a sample using the
touch-down method from a planet such as Mars because of the large fuel requirements to escape
the planetary gravity. It has been proposed that an orbit sample container (OS) is launched using a
Mars Ascent Vehicle (MAV) after Martian samples are collected by the Mars 2020 rover6–8. After
launching the OS to an orbit, a Martian Sample Return (MSR) orbiter takes it back to the Earth and
jettisons the OS protected by an Earth re-entry capsule9–11. However the MSR rendezvous with the
OS is a challenging and unsolved aspect of the current mission architecture. An automatic catching
system is desired for docking with the OS because time lag inhibits real-time communications be-
tween a ground station on the Earth and the orbiter6. To liberalize this difficulty of the control for
the docking, there are ideas to retrieve the OS safely. The MSR orbiter has a camera used to detect
the OS at a distance of 10, 000 km. The OS has an UHF beacon to help to inform the MSR with an
alternate relative range measurement3, 6.
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Figure 1. Hybrid Magnetic/Electrostatic Sample Container Retriever (Courtesy of
ESA for the explorer and sample container photo and NASA for background photo)

A method using a mechanical arm has been considered as one of the ideas to restrain the OS on
Martian orbit12, 13. This system mainly consists of a capture cone and lid. The capture cone lid starts
to close when the OS enters in the capture cone with the relative position controlled by the orbiter.
There is another plan to use the flux pinning effect for catching the OS14. The flux pinned container
that might be used in Mars 2020 mission is designed in spherical shape. Its radius is approximately
0.17 m and it has multiple permanent magnets that allow the orbiter to catch the container with
any attitude using the flux pinning effect3, 5, 14 . However, cylinder shape is more useful because it
provides better packing for cylindrical samples. In addition, this shape of the OS provides a benefit
to the MAV. The cylindrical shape is useful rather than the spherical shape because the OS allows a
smaller ascent vehicle diameter for the same lifted volume or mass. If a cylinder OS is used for the
sample return mission, the attitude and angular velocity of the OS must be controlled for catching
the OS safely. On-orbit debris capture is an area of research that may provide additional methods
and approaches to the on-orbit capture of the OS.

The Magnetic Capture Device has been researched to automatically retrieve the OS15. A magne-
torquer and permanent magnet are mounted on the orbiter. The OS has also a permanent magnet on
the capture axis. The attitude and angular velocity are controlled by the magnetorquer on the orbiter.
To solve the problem of space debris and collision of an asteroid to the Earth, the methods to control
the state of a target have been researched using laser ablation and the coulomb force. Approaching
to space debris may cause a dangerous situation as the space debris is rotating. Thus, control meth-
ods without direct contact have been investigated. Laser ablation technique has been considered as
one of the methods to suspend the spinning rate of a space debris16, 17and an asteroid approaching to
the Earth18 as well. However, the laser ablation is not applicable for the sample container retriever
because of destruction to the OS. In addition, the coulomb force has been considered to control spin
rate of space debris19–21.

A satellite on an orbit is charged up by electron and proton in plasma environment and those
particles can be emitted from the satellite using an electron gun and an ion gun. The potential of the
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satellite and target can be changed by emitting electron or ion. The potential difference between the
target and the satellite enable to control the state of the target. The attitude of the satellite also is
changed by action-reaction law but is maintained by reaction wheels and thrusters on the satellite. It
is mentioned that the coulomb force can detumble the spin rate of a space debris whose size is huge
compared with the operating orbiter20, 21. An experiment was performed to confirm if the coulomb
interaction is useful for controlling the spinning rate of a space debris and the results showed this
method is useful for detumbling22–24.

The proposed system consists of a cylindrical OS and the detumbling method using the coulomb
force as Fig.1. The advantage of using coulomb force is that the OS does not need any actuator.
Simple system is desired for the automatic rendezvous docking phase. In addition, the container is
experienced twice launching and once entry in Mars, therefore complicated system is not favorable.
The OS does not require dozens of permanent magnets because the attitude is controlled by the
orbiter, hence the mass of the OS can be decreased. Furthermore this retrieval system using the
coulomb force can control the attitude and spinning rate of the OS while tugging.

It is assumed that the OS is launched by a small rocket and then a Martian orbiter fetches the
OS using the proposed system on an orbit at 600 km. The orbiter controls the state of the OS to
be desired state with 6 degrees of freedom (DOF). As a problem, the operation for detumbling and
rendezvous docking on Martian orbit at 600 km must be conducted with limitation resource because
of plasma characteristic, which is dense and low energy compared with orbital debris studies con-
ducting in Earth Geosynchronous Orbit (GEO). The achievable altitude of an orbit depends on the
performance of the launcher and it is difficult to send the OS to high altitude orbit such as GEO. To
use the coulomb force detumbling method on this orbit requires an ion/electron gun to operate with
high energy if the orbiter needs high potential to control the target’s state.

The goal of this paper is to explore the feasibility and benefits of the proposed system in terms of
the power, Debye length, and control system. The performance of the proposed system is discussed
under those limitations. This paper consists of six sections. The second section mentions about the
required power to operate this system and the Debye length which are fundamental parameters for
operating the electrostatic force in plasma environment . Required power determines the maximum
potential that the orbiter can use to control the state of the OS. The proposed retrieval system must
be operated in the range of the Debye length because the electrostatic field (E-field) is screened
beyond the range. The third section mentions force distribution between the OS and the orbiter.
This proposed retrieval system utilizes the coulomb force to control the attitude and angular velocity
and flux pinning force which is used to catch the OS automatically in close distance. Lorentz force
affects on the OS and the orbiter because of permanent magnets on the OS. The relationship of
those forces depending on the relative distance is shown in this section. Nonlinear controller design
is shown in the forth section. Lyapunov function is applied to design the controller for the attitude
and angular velocity of the OS. Those results of the controller performance is shown in the fifth
section.

HYBRID MAGNETIC/ELECTROSTATIC SAMPLE CONTAINER RETRIEVER

The MSR orbiter has two electron guns and an ion gun to control the potential of itself and
the orbital sample (OS) target. The potential of the OS is controlled to be constant by getting an
ion from the ion gun on the orbiter. Another ion gun and the electron gun on the orbiter operate
to change the potential of itself. In addition, the orbiter has type-II superconductors and electro-
magnetic coils because the flux pinning effect is used for automatic catching system utilizing flux
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Figure 2. Cylindrical sample container configuration

pinning interface (FPI)25 in the docking phase. The shape of the OS is designed as column and
it has three permanent magnets on bottom of one side in this study as Fig.2. The cylindrical OS
allows to collect a Martian sample effectively compared with the spherical sample canister because
every Martian sample, which are stratum, sand and rocks, are stowed into a cylinder capsule after
the Martian sample is collected by the Mars Exploration Rover (MER). Besides the weight of this
OS can be reduced because only three permanent magnets are mounted. For these reasons, it is
assumed that the cylindrical OS is used for a sample return mission in this paper. This OS has three
permanent magnets on the bottom of one side to benefit the flux pinning effect in the docking phase.
If the OS is used for the MSR mission, however, the angular velocity and attitude of the OS must
be controlled to catch safely using the flux pinning effect. As a control method for the OS, the
coulomb force is used. The control method using coulomb force allows the orbiter to control the
state of the OS which does not need to have any actuators to control the state of itself. The OS is
tugged into the range of the flux pinning effect while controlling the attitude and angular velocity
using the coulomb force. Finally, the rendezvous docking using the FPI operates when the OS enter
into the range of the flux pinning effect. In this section, the fundamental information required to use
the electrostatic control system is given and the limited conditions are shown on the Martian orbit.

Debye shielding on the Martian low orbit

When the electrostatic interaction works in plasma environment, the Debye shielding effect oc-
curs. If the interaction between charged particles is considered in vacuum environment, the coulomb
force, related to Laplace potential field, is not interrupted by the Debye shielding effect26–28. How-
ever, the Debye length should be cared for the electrostatic interaction between infinite charged
bodies29–33. The Debye length is important parameter because the E-field rapidly decreases beyond
this length by the Debye shielding effect. The E-field E(r) of a charged body A, which potential is
VA, can be expressed as following in plasma environment using the electron Debye length λD:

E(r) = −∇rϕ(r) =
VARA

r2
e−(r−RA)/λD(1 +

r

λD
). (1)

where r and RA are the distance from the charged body A and the radius respectively. This expres-
sion shows that the E-field decreases exponentially as the distance from the body A becomes bigger
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Table 1. Parameters in plasma on Martian orbit at 600 km

Particle Density [1/cm3] Temperature [eV]
Ion 50 0.63

Electron 20 0.42
Photon - 0.4

than the electron Debye length. The electron Debye length can be expressed as

λD =

√
ϵ0Te

neq2e
(2)

where ϵ0 is the permittivity of vacuum and qe [C] is electron charge. This electron Debye length is
depending on the density ne [1/cm3] and temperature of the electron Te [eV]. This length becomes
longer on orbit with high altitude34, 35 because the density becomes smaller although the temperature
becomes also denser. Therefore it has been considered that detumbling method and formation flying
using the coulomb force are used on GEO20, 21, 29, 36, 37.

However the electron Debye length cares only the electron physics although electron and ion are
mixing neutrally in plasma. This means the expression cares only the case of the plasma physics in
timescales which is longer than the motion of ions38. For this assumption, the electron Debye length
is not useful to estimate the range of the coulomb force for this system. Moreover this electron
Debye length can not take account of the interaction between finite bodies. The Debye shielding
effect can be accounted using Debye Hückel model more accurately. Effective Debye length λ̄D is
proposed to solve the range of the coulomb force for finite charged bodies39. The effective Debye
length λ̄D assumes that the electron Debye length λD is related lineally to the effective Debye length
using the scaling factor σ as

λ̄D = σλ. (3)

This effective Debye length is more accurate than the electron Debye length and can account the
effect of the size and potential of a charged body in unperturbed plasma environment. Hence this
effective Debye length model is applied for the proposed sample container retrieval system.

It is assumed the Martian OS is launched on the orbit at 600 km. The plasma characteristics are
dense and low energy on this orbit compared with high altitude orbit as GEO. This characteristics
make the Debye length shorter distance. The orbiter is approximated as sphere, whose the radius
changes from 0.5 to 4.0 m. The potential of the orbiter is changed from 5 to 55 kV in this calculation
and the dependance are shown in this section. The value of the plasma parameters are referred to the
data observed by the Viking I, MAVEN and MARSIS40–45. Those parameters are shown in Table.1
and used in this paper. The σ is solved as Fig.3 using those parameters. As seen in the Fig.3, the
green surface is the scaling factor σ on the Martian orbit at 600 km. This scaling factor is intricately
depending on not only the parameter of the orbiter but also the characteristics of plasma and currents
generated on the orbiter. Regression analysis is conducted to get easy way to calculate the effective
Debye length using the result of Fig.326 . The scaling factor σ depending on the radius RA and
potential ϕ of the orbiter is expressed as

σ(ϕ,RA) =(1 + ϕ)f(ϕ,RA) + (1 +RA)logϕ (4)

where f(ϕ,RA) is given as the first order polynominal function. The scaling factor σ is derived as
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Figure 3. Alpha depending on the potential and radius of the orbiter approximated as sphere

following expression to fit numerically computed scaling factor σ:

σ =− 2.6221 + 1.758× 10−5ϕ− 5.28× 10−11ϕ2

− 1.73× 10−7Rϕ+ 0.4296R+ 0.7826logϕ+ 0.1434Rlogϕ.
(5)

This Eq.5 is given by multilinear regression model. When the effective Debye length is estimated
on the target orbit for this proposed system, this σ using Eq.5 has tremendous advantage because
the scaling factor σ allows to easily calculate the effective Debye length. This regression expression
is shown in Fig.3 as white line and is evaluated as the coefficient of determination R2 = 0.991.
The dependance on the size and potential of the orbiter is expressed as Fig.4 using the regression
expression. The bigger the radius and potential of the orbiter is, the larger the effective Debye length
is. Although the size of the orbiter is limited by the fairing of a rocket, the effective Debye length
becomes over 10m if the explorer size is allowed by the rocket’s fairing. However, the effective
Debye length is still short distance compared with GEO’s Debye length which is over 100m even if
the potential and the size becomes bigger because of the orbit.

Power requirement to operate the proposed retriever

Ions and electrons must be emitted with enough of power to leave from the E-field of the MSR
orbiter because those particles can come back. The orbiter in this study has two ion guns and an
electron gun to change the potential of the Martian OS and the orbiter. One of the ion guns is
directed to the Martian OS to shoot ions. The other ion gun and electron gun are used to control
the potential of the orbiter. The orbiter is charged up by several factors in plasma environment34, 35

. Currents caused by several factors flow on the OS and the orbiter as well and those factors are
divided into the way to charge of a body in plasma, which is divided by primary charging process
and secondary emission. The primary charging process is caused by not only plasma environment
but also photoelectron from the solar activity. Electrons, ions and photoelectrons come into the
body in plasma and those action causes for generating currents on the body. In addition to the
primary charging process, secondary electron emission occurs when ions are absorbed by the OS.
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This secondary emission occurs when the primary ion, which is shot from the ion gun on the orbiter,
is impacted into the potential barrier of the OS. Then secondary electrons are emitted by the primary
emission. It is assumed that the potential of the OS is maintained to be constant and the potential
of the orbiter is only controlled. Those currents generated by the impact of those particles can be
expressed numerically. Those expressions are shown and required power to operate the proposed
retrieval system is estimated in this section.

Photoelectron current is generated on a body A which receives energy of sun light. This photo-
electron current can be expressed as

Iph(ϕA) = jph,0A⊥e
−ϕA/Tph ϕA > 0

= jph,0A⊥ ϕA ≤ 0
(6)

where ϕA is the potential of the body A, Tph is the temperature of the photoelectrons, and A⊥ =
πr2o , which ro is radius of the sphere as the orbiter, is the cross sectional area exposed to solar
radiation. jph,0 is the photoelectron current and depending on the distance from the sun as46

jph,0 = j
′
ph,0

(
re
rm

)2

(7)

where rm = 1.5 AU is the distance between Mars and Sun, re = 1.0 AU is the distance between the
Earth and Sun and j

′
ph,0 is the photoelectron current on a orbit around the Earth. As photoelectron

current on the orbit around the Earth is assumed as 20µA/m235, 47, the current on the Martian orbit
is derived as 8.9µA/m2. From this result, the photoelectron current is defined as 10µA/m2 in this
paper.
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Electron current is modeled as48

Ie(ϕA) = −Aqneωe

4
eϕA/Te ϕA < 0

= −Aqeneωe

4

(
1 +

ϕA

Te

)
ϕA ≥ 0

(8)

where A = 4πr3o is the surface area of the orbiter, q is the elementary charge, ne is the density
of electrons and ωe =

√
8Te/πme is the thermal velocity of electrons. Mass of electron is me =

9.11× 10−31 kg.

Ion current is modeled as48

Ii(ϕA) =
Aqniωi

4
eϕA/Ti ϕA > 0

=
Aqiniωi

4

(
1− ϕA

Ti

)
ϕA ≤ 0

(9)

where ni is the density of ions, ωi =
√

8Ti/πmi is the thermal velocity of ions. mi = 1.67×10−27

kg and Ti are the mass and the temperature of ions respectively.

Electrons must be emitted from the orbiter with enough of energy to intrude in the potential barrier
of the OS. When the OS receives electrons emitted by the electron gun on the orbiter, the electron
current Itr,2 flows. This electron current on the OS is depending on the energy of the electron gun
Etr and the both potential of the orbiter ϕo and OS ϕs. The current Itr2 is modeled as follow:

Itr2(ϕD) = −δItr qϕs − qϕo < Etr

= 0 qϕs − qϕo ≥ Etr
(10)

where Itr is the beam current operated by the orbiter. δ is the efficiency of the transfer and this
coefficient is dealt as 1.0 in this paper. It is assumed that the parameter of the ion gun’s energy is
depending on the potential of the orbiter and can be expressed as the condition of the Eq.10.

Secondary effect current flows on the OS when it receives ions from the orbiter. This current can
be calculated using following expression as49

ISEE(ϕ) = −4YMID(ϕD)K ϕA < 0 and Itr > 0

=
Aqiniωi

4

(
1− ϕ

Ti

)
ϕA ≥ 0 or Itr < 0,

(11)

where

K =
Eeff/Emax

(1 + Eeff/Emax)2
, (12)

and
Eeff = EEB − q(ϕs − ϕo). (13)

YM is the maximum yield of secondary electron production and Emax is the maximum impact
energy, which values are depending on a material,. In this study, it is assumed that aluminum is
used for the material of the OS and then YM = 2 and Emax = 300 eV.

In this study, it is assumed that the potential of the OS is maintained by achieving the net current
balance on the OS. The ion gun on the orbiter operates to make the potential of the OS to be positive
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Table 2. The required total power to operate the hybrid sample container retriever
Particle Transfer External Total power

Itr = 0.91 mA Iex = −5.89 mA
ϕs = +10kV Etr = 20 keV Eex = 10 keV 77.1 W
ϕo = −10kV Ptr = 18.2 W Pex = 58.9 W

(i+ ) (i+)
Itr = 0.91 mA Iex = 102.9 mA

ϕs = +10kV Etr = 0 keV Eex = 10 keV 1029 W
ϕo = +10kV Ptr = 0 W Pex = 1029 W

(i+ ) (e−)

and constant. For this assumption, the ion guns must operate to meet following conditions for the
positive potential of the orbiter:

Ie,s + Itr2,s = 0. (14)

As the potential of the orbiter is positive, the ion current Ii, the photoelectron current Iph and the
secondary effect can be neglected. If the orbiter’s potential becomes negative, then the currents
balance expression is written as

Ie,s + Ii,s + ISEE,s + Iph,s + Itr2,s = 0. (15)

In addition, the ion and electron guns to control the potential of the orbiter also must operate under
the following condition:

Iex = −Itr − Iph,o − Ie,o − Ii,o. (16)

The ion or electron gun must emits the current Iex for controlling the potential of the orbiter. The
power to transfer the ion and emit electrons and ions is function of the beam energy and transfer
current of the ion gun on the orbiter:

Ptr =
Etr|Itr|

qb
. (17)

If the radius of the explorer becomes bigger, then the higher currents are generated by collision
of those particles. This means the higher total operation power for the ion gun and electron gun
is required to control the potential of the orbiter and the OS in plasma environment. In this paper,
the radius of the orbiter is defined as 1.0 m, the maximum potential, which the orbiter can use, is
±10 kV and the relative distance between the orbiter and the OS is 3.0 m which is in range of the
effective Debye length. The shape of the OS is column shape as Fig.2 and the height h and radius
rc are defined as 0.3 m and 0.05 m respectively.

Then the current, required power is calculated as Tab.2. As seen in Tab.2, the maximum total
power is estimated roughly 1029 W under the condition of the size and the maximum potential.
The different polarity of those charged body is desirable because the attitude of the OS must be
aligned to the orbiter. Therefore, it does not occur that the potential of the orbiter becomes the
maximum and positive potential if the potential of the OS is positive potential. It is expected that
the maximum power can be reduced when the potential of the orbiter and the OS are +10 kV. The
property is discussed in the section about the control results in this paper.

FORCE DISTRIBUTION BETWEEN THE MSR ORBITER AND THE MARTIAN OS

The coulomb force and the flux pinning force are utilized to fetch automatically the Martian OS
in the proposed method. The pinning force acts in close distance although the force is depending
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on the parameters of a type-II superconductor (SC) and permanent magnet (PM). This force be-
haves repulsively before external magnetic flux intrudes into SC which is cooled below the critical
temperature because of the Meissner effect. Once external magnetic flux is pinned in the SC, the
force works as retentive force. This effect allows to maintain the relative state between the material
generating magnetic flux, which is PM in this paper, and the cooled SC with more than 6 DOF pas-
sively. The coulomb force is used to control the relative states between the OS and the orbiter before
catching the OS using the flux pinning effect. Lorentz force affects , however, because the OS has
three PM and is approaching to the orbiter with velocity. This section shows the calculation model
for those force to definitize the distribution of the forces in the effective Debye length between the
Martian OS and the MSR orbiter.

Pinning force

Frozen image model is used to estimate the pinning force50, 51 . Two images, which are called
frozen image and mobile image, are used to estimate easily the pinning force as Fig.5. Those
images are generated when the SC is cooled below the critical temperature, which the temperature
is depending on the kind of the SC. In the case of YBaCuO, the temperature is around 93 K. In
other words, the pinning force is calculated using two images which are generated at equilibrium
point in this numerical model. This pinning force works when the relative distance between the PM
and the SC is changed. This model assumes that the pinning force is the sum of the magnetic force
affecting between the pinned PM and the magnetic field generated by two images in the SC. Mp,
Mf and Mm are the magnetic moment of the PM, frozen image and mobil image respectively. The
relationship of those magnetic vectors is defined as Mp = Mf = −Mm if only vertical motion
of the PM is considered. The magnetic moment vector is expressed as Mp = r2pπhpmz where the
radius rp, height hp and magnetization mz of the PM. The magnetic force between the frozen image
and the PM Ff is expressed as14

Ff = µ0∇(Hf ·Mp) (18)

where the magnetic field generated by the frozen image Hf is

Hf =
1

4πr3f

{
−Mf +

3(Mf · rf )
r2f

rf .

}
(19)

The position vector rf and rm between the PM and the images can be expressed as

rf = r − rFC + 2(a · rFC)a, (20)

rm = 2(a · r)a, (21)

where r is the position vector between the PM and a point located on the surface of the SC, rFC is
the position vector between the PM at initial position and the point and a is the unit vertical vector
on the surface. Finally, the pinning force Fp is expressed as the sum of the magnetic force between
the PM and each image:

Fp = Ff + Fm. (22)

If three permanent magnets are put on the bottom of the OS as vertexes of the equilateral triangle as
Fig. 2, then the vertical pinning force can be written easily as52

Fpz =
9µ0M

2
z

2π

[
1

{2(zi + z)}4
− 1

(2zi + z)4

]
. (23)

This expression is used to estimate the pinning force affecting on the OS.
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Figure 5. Frozen image model

Lorentz force

The lorentz force FL,s works on the charged body by the external E-field Es and the magnetic
field Bm from PM on the Martian OS. The force affected on the OS behaves as

FL,s = −qo {Es + v ×Bm} (24)

where qo and v denote the charge of the orbiter and the relative velocity between the MSR orbiter
and the OS. In this paper, first term −qoEs of Eq.24 is called as the coulomb force and second term
−qo(v ×Bm) is called as the magnetic force. Multi Sphere Model (MSM) is used for calculating
the coulomb force affecting between the OS and the orbiter19. The coulomb force can be calculated
using Finite Element Model(FEM). However, FEM takes time to estimate although FEM have high
fidelity23. MSM model assumes the charged body as mass of spheres and calculates the electrostatic
interaction between the charged bodies constructed by those spheres. In this calculation, the orbiter
and the OS are assumed as one sphere and three spheres as Fig.6. The spheres constructing the OS
are dubbed as sphere1, 2 and 3 in this paper. The potential of each sphere qi is interacted with others
and the interaction can be defined as following:

ϕi = kc
qi
Ri

+
m∑

j=1,j ̸=i

kc
qj
ri,j

(25)

where ϕi is the potential, kc is Coulomb’s constant, Ri is the radius of a sphere i, and ri,j is the
distance between center of the sphere i and j. ri,j is defined as ri,j = rj − ri where ri and rj are
the position vector from the center of the total body, which consists of those spheres, to the sphere i
and j respectively. Eq. (25) can be rewritten using Position Dependent Capacitance (PDC) CM as

ϕ = kc [CM ]−1 q (26)
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where

[CM ]−1 =


1/R1 1/r1,2 . . . 1/r1,n 1/r1,B

1/r2,1 1/R2
. . .

...
...

...
. . . . . .

...
...

1/rn,1 . . . . . . 1/Rn 1/rn,B
1/rB,1 . . . . . . 1/rB,n 1/rB

 . (27)

The charge of each sphere depending on the potential is given using Eq.(26). The coulomb force
affecting between the OS and the orbiter can be expressed as

Fc,s = kcqo

n∑
i=1

qi
r3i,B

ri,B. (28)

Forces distribution

The relative velocity between the Martian OS and the MSR orbiter is assumed as v = [0, 0, 10]t

m/s for calculating the Lorentz force. The radius, height and magnetization of the PMs are 0.01
m, 0.01 m and 7.41 × 105 A/m respectively and three magnets are mounted on the OS. The result
of the force distribution map between the OS and the obiter is shown as Fig.7. As seen in Fig.7,
the pinning force becomes dominant in the region C and coulomb force becomes bigger than other
forces in the region A. The magnetic force can be neglected although the force is affected between
the orbiter and the OS in all of regions for simplicity. In region B, the coulomb force is smaller than
the pinning force. This means the coulomb force can not control the OS from initial pinning point
after the PMs on the OS is pinned in the SC. If it is required that the position of the OS is changed
after pinned, the electron magnetic coil, which is mounted on the orbiter for the FPI docking system,
must be operated.

The pinning force might become smaller than this result calculated by the frozen image model
because the process to intrude the external magnetic flux into the cooled SC. There are two ways to

12
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Figure 7. Force distribution

generate the flux pinning effect, which are called as zero field cooling (ZFC) and field cooling (FC).
FC is the way that a SC is cooled below the critical temperature while external magnetic flux is
intruding in the SC. ZFC is the way that external magnetic flux is forcibly intruded into the SC. This
frozen image model can estimate the FC pinning force rather than the ZFC pinning force. However,
the magnetic flux generated by the PM is pinned in the cooled SC in the way of ZFC in this system.
It is known that the FC pinning force becomes bigger than ZFC pinning force, therefore the region
C might become smaller region than this result. The characteristics of the pinning force of ZFC and
FC are not different so much, so this frozen image model was used for simplicity in this calculation.
The coulomb force dominantly affects in the distance over 1.5 m in the region A of the Fig.7. To
simplify the control the state of the OS, it is considered that the distance between the OS and the
orbiter is fixed at 3.0 m which means that magnetic force and the pinning force can be neglected as
the controller is activating.

NONLINEAR CONTROLLER DESIGN

Equation of motion for the sample container retriever

It can be said that only the coulomb force affects on the OS in yellow region of Fig.7 if the relative
distance can be kept. It is assumed that the orbiter uses thrusters to maintain the relative distance
for simplification. The coulomb force is used to control the attitude and angular velocity of the OS

13
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in this paper. The torque to control can be expressed using MSM as

Lcx = −kcqB

n∑
i=1

qi
r3i,B

ri × ri,B (29)

where ri,B is rB−ri and rB is the position vector from a sphere of the OS to the orbiter. The torque
with respect to x axis is calculated as Fig.9 using the expression. The simple torque is modeled by
referring the result of the coulomb torque as

Lx = γf(ϕ)g(θx) (30)

where f(ϕ) = ϕ is a function depending on the potential. g(θx) = sin2θx expresses the dependance
of the torque on the angle θx. γ is a scaling factor and depending on the sign of the potential as

γ(sign(ϕ))

{
γn ϕ < 0
γp ϕ > 0

(31)

This scaling factor γ is always positive, but the value is changed by the sign of the potential. Two
dimensional rotation motion is considered in this paper, and then the motion of equation is given as

Ixxθ̈x = Lx (32)

When it is considered that only the electrostatic interaction is affecting between the OS and the
orbiter, the Euler’s equation can be written as following expression by substituting the modeled
coulomb torque:

Ixxθ̈x − γf(ϕ)g(θx) = 0. (33)

The controller is designed to converge the angular velocity and the attitude of the OS to be zero for
this proposed system.

Stability analysis for the controller

In this section, the stability of the controller is discussed. The controller must make the state of
the OS to be zero, which means θx → 0 and θ̇x → 0. The Lyapunov function is used for designing
the controller and understanding the stability. The Lyapunov function candidate is designed as

V (θ) = ln(1 + sin2θx )
γϕmax

β
+

1

2
Jxx θ̇

2
x (34)
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Figure 9. Coulomb torque calculated by Multi Sphere Model when the relative dis-
tance between the OS and the orbiter is 3.0 m

where θ = (θx, θ̇x). This Lyapunov function V (θ) is 0 when θ = 0 and V (θ) ≥ 0 for the range of
±90 deg as seen in Fig.10. When the attitude of the OS is beyond this range of ±90 deg, following
sequence must be conducted:

θx(t+ dt) = θx(t)− 180 θx > 90

θx(t+ dt) = θx(t) + 180 θx < −90
(35)

The first derivative Lyapunov function is given as

V̇ (θ) = γ

[
ϕmax

β(1 + sin2(θx ))
+ f(ϕ)

]
θ̇xsin(2θx ). (36)

The Mukherjee and Chen’s theorem (M&C’s theorem) is used for the controller which allows the
attitude and the angler velocity to be asymptotically stable. The first derivative Lyapunov function
V̇ (θ) always should be negative definite or semi definite to make the system asymptotic stable ac-
cording to the M&C’s theorem. Then the controller for this retrieval system is designed as following
to make the first derivative Lyapunov function V̇ (θ) ≤ 0 :

ϕ = −ϕmax

β

(
g(θx)h(αθ̇x) +

1

1 + sin2(θx)

)
(37)

where α and β are the gain for this controller and the scaling factor. h function is written as

h(αθ̇x) =
tan−1(α ˙θx)

π/2
(38)

Two subsets are defined as Z1 = {θ|θx = 0} and Z2 = {θ|θ̇x = 0} to analyze the stability of the
controller using the M&C’s theorem. When the second derivative Lyapunov function is considered
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Figure 10. Lyapunov function

in those subsets V̈ (θx ∈ Z1) and V̈ (θx ∈ Z2), the function goes to zero. This means the Lyapunov
candidate meets the asymptotic stability condition of M&C theorem. The third derivative Lyapunov
function is given as

...
V (θ ∈ Z1) = −16γϕmax

π

{
θ̇3xtan

−1(αθ̇x)
}

(39)

...
V (θ ∈ Z2) = −4αγ3ϕmax

πJ2
xx

{
sin4(2θx)

(1 + sin2(θx))2

}
(40)

The third derivative Lyapunov function
...
V is locally negative definite, hence it can be said that the

controller can make the system to be asymptotically stable. This designed controller is used for
aligning the attitude of the OS and the performance is shown in next section.

RESULTS

The initial angular velocity ω0 and attitude θ0 are set as 5 deg/s and 10 deg. The gain for the
controller α is 10000. The controller can converge the attitude into the range of ±5 deg in 19550
s, which is approximately 5.4 hr in Fig.11 [a]. As seen in Fig.11 [b], the angular velocity is also
converged in the range of ±0.02 deg/s in the same time. Although the attitude can not be completely
converged in zero, the pinning force might catch the OS because the pinning force works with any
attitude of the OS if the magnetic flux can be intruded into the SC on the orbiter. The error of the
attitude ±5 deg is not huge error, therefore the force is enough to catch the OS in space. In this
simulation, the potential of the OS is maintained as positive using the ion gun on the orbiter. To
direct the bottom of the OS to the SC on the orbiter, the negative potential of the orbiter is desirable
when the potential of the OS is charged up as positive. This controller is working to direct the
bottom of the OS to the orbiter because the potential of the orbiter converges to negative value
as seen in Fig.11 [c]. The potential of the orbiter does not require to use the maximum positive
potential as Tab.2. As this controller works, required maximum potentials are −10 kV as negative
and 2.1 kV as positive respectively. Then the required power can be rewritten as 51.0 W when the
potential of the orbiter is same value and sign with the potential of the OS as positive. Although the
coulomb torque affects between the orbiter and the OS is small in Fig.11 [d], the retrieval system
can control the attitude of the OS sufficiently. According to the Mars 2020 mission report, the
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Figure 11. Numerical calculation results of the controller

orbiter has big solar array panels (SAP) which the area is 15 m2. In this paper, the orbiter has been
approximated as one sphere in the sense of the MSM. If the SAP can be designed using a material
which can allow charging up, then the convergence time might be shorter than this results because
the coulomb torque working on the OS increases.

The relationship between the convergence time tc and the required maximum power Pr is shown
as Fig.12. The required power for the positive potential of the orbiter is smaller than the negative
potential because the retrieval system does not require positive potential operation so much if the
potential of the OS is maintained as positive. Therefore the maximum required power Pr is the
power when the potential of the OS is opposite sign of the potential of the orbiter. The relationship
between the power and the time to converge the attitude in the range of ±5.0 deg is shown as Fig.12.
The relationship has strong nonlinearity. Regression analysis express the relationship between the
maximum required power and the convergence time as Regression analysis solves the relationship
as

Pr = 111.10 +
588.73

sinh(tc)
− 30.0log(tc). (41)

If the orbiter can be charged up with high potential, the convergence time becomes shorter. This
regression expression is useful to estimate the convergence time with the power which the orbiter
can use. The expression matches those point with the coefficient of determination R2 = 0.999.
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CONCLUSION

Although the proposed OS retriever might be used for other planet’s sample return mission, this
paper focused on a Martian sample return mission. The possibility of the hybrid sample container
retriever was discussed in this paper. The sample container can not be launched to high altitude or-
bit because a small rockets should be used, hence there are some limitation to operate the proposed
system to get the OS automatically in space and those were shown. The effective Debye length be-
comes small because of the plasma characteristics. The purpose of this system, however, is to fetch
the OS automatically, hence few meter of the Debye length is enough to control the state although
the orbiter must approach the OS in this range of the effective Debye length. In addition, high power
is required to control the potential of the OS and orbiter as well to control the attitude and angular
velocity of the OS because the operation is conducted on low altitude orbit. Maximum potential
that the orbiter can use is severely limited because of the required power. The designed nonlinear
controller can make the attitude and angular velocity of the OS to be converged under those limited
condition. The time takes 5.4 hr to ready for getting the OS safely and automatically. The angular
velocity and attitude are converged in the range of ±0.02 deg/s and ±5.0 deg respectively in the
time It is enough to catch the OS using the flux pinning effect. To direct the surface having per-
manent magnets to the orbiter, however, maximum positive potential is not needed for the orbiter
if the potential of the OS is always positive. Then the maximum required power could be rewritten
as 51.0 W. The relationship between expected convergence time and the maximum required power
was shown. The attitude and angular velocity can be rapidly controlled using the designed con-
troller if the orbiter can use bigger power for this operation. MSM model was used calculating the
electrostatic interaction between the OS and the orbiter, however the orbiter is approximated as one
sphere in this paper. The orbiter has big SAP in the Mars 2020 mission, therefore the convergence
time might be shorter if the SAP consists of a material that allows charging up well. Those effect
must be investigated to improve the time for the proposed retrieval system.
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