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Abstract: Space debris is increasingly problematic and needs active removal, especially in low Earth
orbits (LEO). Paying for the vast cost of the disposal of debris from the situation is still inevitable
even though pivotal technical hurdles have been overcome with the growing maturity of capturing
and deorbiting methods. To this end, a novel geomagnetic energy (GME) propellant approach is
firstly proposed to propel a spinning tethered spacecraft for LEO debris deorbiting, without the
use of expendable fuel and a large-length tether. In this method, the time-cumulative effect of the
interacted torque of the spacecraft’s electromagnet and geomagnetic field is used to accelerate the
rotating system for GME storage, and the space momentum exchange from the angular momentum
of system to the linear momentum of debris is introduced to deorbit the debris for GME release.
Next, an on-orbit directional GME storage mechanism is built, and the corresponding two optimal
strategies are put forward. Both theoretical and simulation results demonstrate that GME can be
stored in the expected direction on any inclined LEO below 1000 km. Deorbiting kg-level debris can
be accomplished within several orbital periods with the existing magnetorquer technology. Finally,
proof-of-principle experiments of the GME effect are performed and elementarily validate the LEO
GME utilization in space.

Keywords: LEO debris deorbiting; geomagnetic energy (GME) propellant; ground proof-of-principle
experiment; LEO GME utilization

1. Introduction

The space debris (SD) problem is becoming dangerous [1]. Earth’s debris field now
includes more than 27,000 cataloged objects larger than 10 cm in diameter, and over 70%
are distributed between 500 km and 1000 km of the low Earth orbit (LEO) [2,3]. Moreover,
an exponential increase in SD will arise from collision cascades among large objects in the
next 200 years, and they pose serious safety threats to operational satellites due to potential
impacts or collisions [4,5]. Therefore, annually removing at least five large SD is suggested
and a significantly urgent task to stabilize the SD environment in LEO [6].

An active removal mission for the large SD usually includes two main steps: a captur-
ing step for the servicer spacecraft to rendezvous with a targeted SD and capture it, and a
deorbiting step for the captured SD to lower its orbital altitude constantly by propulsion
technologies (i.e., an amount delta-V, symbolized as ∆V) and finally remove it to reentry
into the Earth’s atmosphere [7,8]. For the capturing step, many contact capturing techniques
have been proposed in the past decade [9,10], several of which have been applied or demon-
strated in on-orbit flight experiments, such as robotic arms [11], nets and harpoons [12,13].
However, for the deorbiting step, reducing the orbit of the captured SD object to reentry
consumes large amounts of fuel by using conventional chemical or electric propulsion [14].
Even worse, only a piece of SD can be cleaned up in one mission. Consequently, so far, none
of the items of SD has been removed from orbit due to the excessively high costs [15,16].

To improve the cost effectiveness of a removal mission, many propulsion approaches
without the use of propulsive fuel are raised gradually based on the space environmental
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force (including electrodynamic tethers [17], solar sails [18] and drag sails [19]), and space
momentum exchange (i.e., momentum exchange tethers [20]), etc. Nevertheless, after
capturing, the on-orbit deployment of the tether with an enormous length of tens of
kilometers and a sail with a massive area of over ten thousand square meters is still a
technical challenge that is difficult to achieve with the latest technology, limiting their
on-orbit implementation [21–23]. Additionally, the deorbiting times of these methods are
up to several hours, even a year or more, and the number of SD objects removed in a
single mission is extremely limited [24]. The large-scale coupling with long-term deorbiting
indicates that the tether- or sail–satellite collision probabilities are significantly (hundreds
of times) greater than those of satellite–satellite collision [25].

Herein, we focus on a new propellantless approach to SD deorbiting in LEO. For one
thing, we find a way to produce ∆V. A spinning momentum exchange tether propulsion can
convert the spin angular momentum of the SD-spacecraft system to the linear momentum
of SD [26]. The huge space scale and high fuel consumption for the required ∆V have
seriously limited the further development of this momentum exchange form in recent years.
Nevertheless, it is still a potential way to reduce the orbital altitude of SD [27]. That is,
by a rotating tether system, the captured SD on one end of the tether can experience a
continuous acceleration to gain ∆V as long as an enduring angular momentum injection
source is provided [28]. Then, momentum exchange occurs when the SD is released at the
required ∆V, and the transfer of momentum to the released SD will deorbit it to reenter.

For another, the search for the angular momentum source mentioned above is required.
On-orbit experiments of electrodynamic tethers and studies on magnetic propulsion have
demonstrated that the external natural magnetic field around the Earth can be a significant
“propellant” resource for satellites in LEO [16,29]. Immersed in the Earth’s magnetic field,
the “propellant” can be used to produce a net torque on an electromagnet (i.e., current-
carrying loop) carried by the deorbiter spacecraft, and the torque tends to turn the loop
into alignment with the magnetic field [3,30]. Obviously, a sustained torque is exerted on
the rotating tethered spacecraft-debris system when given active electromagnets, and spin
up the rotating system continually. Therefore, the time-cumulative effect of the magnetic
torque, namely the geomagnetic energy (GME) effect, can become the angular momentum
source. What is more, the acceleration process requires no expendable fuel, and the tether
length is dramatically reduced, compared with that of momentum exchange tethers and
electrodynamic tethers.

In this paper, a novel approach to LEO debris deorbiting is proposed based on the
GME effect of an electromagnet and the space momentum exchange of spin angular
momentum to linear momentum. Based on the active control strategy of the electromagnets
we proposed, the external torque acts incessantly on the spinning tethered spacecraft-SD
system to harvest the angular momentum. The absorbed angular momentum of the system
is then transferred to the ∆V required for deorbiting when the SD is released in the right
direction. Additionally, the proposed approach relies on the energy derived from sunlight
instead of expendable onboard fuel. Over time, it can build up considerable stored angular
momentum and has no saturation for removing the SD with different ∆V required. In
particular, the biggest advantage is that the present approach does not require on-orbit
operation after capturing a SD, and can deorbit a 10 kg SD within days through a tether
with a length of 10 m to 100 m. The space length of the above tether-based methods often
reaches several to tens of kilometers to deorbit a LEO SD within months to years. The
drag-augmentation-based technologies require on-orbit operation after capturing a SD, and
the deorbiting process can last for up to years, greatly increasing the collision probability.
That is to say, it is the first propellantless deorbiting approach that does not have the
disadvantages of the previous methods. Herein, to clarify the feasibility and on-orbit
realizability of the proposed approach, we establish the mechanism of GME storage and
treat the storage and deorbiting capability for SD in LEO. Simulations for mechanism
verification are carried out. Then, the system modeling and control are investigated
to develop a ground experimental system. Finally, we complete the proof-of-principle
experiment for an elementary verification of GME utilization in LEO.
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The main contributions of this paper relative to others are as follows:

1. A novel GME propellant approach to LEO debris rapid deorbiting is first proposed
based on the time-cumulative effect of torque produced by a magnetic moment of
spacecraft interacting with the Earth’s magnetic field. It can significantly reduce
removal costs. Additionally, the method is characterized by low dependence on
spatial scale and effective control mechanism and strategies.

2. A mechanism of on-orbit directional GME storage is built for the deorbiting spacecraft.
Two energy storage strategies are further developed, and they can be flexibly selected
according to the orbit of space debris for obtaining ∆V.

3. The GME harvesting, exchange, and storage are experimentally achieved with a novel
self-developed ground system, and the LEO GME utilization in space is elementarily
verified. It demonstrates that the proposed GME propellant approach has remarkable
engineering realizability.

2. Geomagnetic Energy Propulsion Approach
2.1. Definition of Coordinates and Orbital Parameters

As depicted in Figure 1, the geocentric inertial system OXYZ, the orbital frame
OsXoYoZo, and the geomagnetic distribution coordinates OsXmYmZm are defined here
to describe the spacecraft-debris deorbiting system. Origins O and Os are the mass center of
the Earth and spacecraft, severally. The X axis is directed toward the vernal point Y, while
the Z axis is the Earth’s rotation axis in a positive direction. The Yo axis is aligned with the
opposite direction of the normal of the orbital plane, and the Zo axis is directed from the
spacecraft to the Earth’s center. The axes Xm and Ym point to the geographic north and east,
respectively. The third axis X, Xo and Zm complete an orthogonal right-handed system.

Ascending 
node

Perigee

Equatorial 
plane

ϒ, X

Y

Z

O

Os

Xm
Ym

Zm

Xo

Yo
Zo

Ω
u κ

Descending 
node

α i

Figure 1. Definition of coordinate systems.

The orbital parameters are defined here. i is the orbital inclination. α is the right
ascension. Ω is the right ascension of ascending node. f is the true anomaly. u is the
argument of ascending node. κ = α−Ω is the projection angle of u on equatorial plane.

The conversion matrix of geomagnetic distribution coordinates OsXmYmZm to orbital
frame OsXoYoZo is given by [31]

Rom =

 sin i cos κ
√

1− sin2 i cos2 κ 0
−
√

1− sin2 i cos2 κ sin i cos κ 0
0 0 1

 (1)

2.2. Deorbiting Principle

To deorbit a LEO debris, an amount ∆V is required to decrease the semimajor axis of
SD item, namely altering the perigee height into the dense atmosphere to drag the SD to
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reenter. Assuming the initial orbit of SD is an elliptical orbit, the minimum ∆V for changing
the perigee altitude is given by Equation (2).

∆V =

√
2µRp1

Ra
(

Ra + Rp1
) −√ 2µRp2

Ra
(

Ra + Rp2
) (2)

where Ra is the apogee altitude of the initial or reentered orbit. Rp1 and Rp2 are the perigee
altitude of the initial and reentered orbit, severally.

The following will expound on how to solve for the above ∆V by the GME propulsion
approach. Current loops mounted on a satellite body generate a magnetic dipole moment m,
and then the magnetic torque resulting from the interaction between m and ambient
magnetic field will act on the spinning tethered spacecraft system. The magnetic torque is
given by

τ = m× B (3)

where τ is the magnetic torque. m is the magnetic moment carried by the spacecraft, and B
is the geomagnetic field intensity.

On the one hand, according to Equation (3), the strength of τ depends not only on
the magnitude of m, but also on its orientation relative to the direction of B. A debris–
spacecraft configuration is formed after capturing the targeted SD, as depicted in Figure 2.
Then, based on the knowledge of the direction of ambient magnet field, the orientation of
the m mounted on the rotatable deorbitng part is actively controlled to act a continuous
torque on the system, thereby accelerating the rotatable deorbitng part. This accelerating
effect can be gradually accumulated over time for the growth on the angular momentum of
system, and is defined as the GME effect given by

E =
∫ NgTo

0
τdt (4)

where E is the accumulated angular momentum. To = 2π

√
a3

µ
is the orbital period. a is the

semimajor axis, and µ = 398600.4× 108 m3s−2 is the geocentric gravitational constant. Ng
is the cumulative number of To.

-Capturing

-Spacecraft-debris configuration

-Spining and accelerating

-Continuous GME accumulation
-Conversion of GME to ΔV

-Tangential release of GME

-Deorbiting

Debris

ΔV

-Reentry

ω
ω

Earth

Spacecraft

Figure 2. Deorbiting principle of the GME propulsion [32,33].

On the other hand, the angular kinetic energy E is exchanged into the linear kinetic
energy through the deorbitng part, and is further stored for the linear velocity increment
∆Vg of SD. As presented in Figure 3, the debris–spacecraft configuration system is simplified
as a dumbbell model [34], where the two are considered a lumped mass, and they are
configured by a rigid deorbiting part with a length of Lc and without mass. Then the
moment of inertia (MoI) Ic, the system about its mass center (i.e., the rotation center
in Figure 3), can be obtained and is the sum of MoI of the spacecraft and debris, i.e.,
Ic = msL2

s + mdL2
d. The influence of the gravity gradient torque, aerodynamic drag torque,
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etc., is ignored here. From Equation (4), the angular momentum change of the system
propelled by the magnetic torque τ (Equation (3)) satisfies the following equation according
to the integral form of angular momentum theorem [35].

(msL2
s + mdL2

d)ω = E (5)

where ms and md are the masses of the spacecraft and debris. Ld and Ls are the rotation
radii of the debris and spacecraft, respectively, and Lc = Ld + Ls. ω is the rotational angular
velocity vector.

Debris
Spacecraft

ω
Lc

Ls Ld

Rotation center

Figure 3. Dumbbell model of the debris–spacecraft configuration system.

Then the ∆Vg by GME propulsion for Ng orbital periods can be obtained.

∆Vg =

∫ NgTo
0 m× Bdt

mdLc
(6)

When ∆Vg ≥ ∆V, the SD object can be released in the reverse tangent direction of
the flying orbit. The debris will finally reenter due to the dense atmosphere, and the LEO
debris propellantless deorbiting activity is completed.

In a word, the whole deorbiting process is the LEO GME harvesting, exchange, storage,
and release. It can be seen from Equation (6) that deorbiting debris in a LEO can be
accomplished in limited orbital periods, essentially a process of time for energy.

2.3. Geomagnetic Field Model and Its Torque Effect

The Earth’s magnetic field changes continuously and unpredictably on all timescales,
so the International Geomagnetic Reference Field (IGRF, a set of spherical harmonic coeffi-
cients) is produced to describe the large-scale, time-varying portion of it. In addition, the
dipole model is often used to approximate the geomagnetic field by a dipole with the center
coinciding with the center of Earth and the dipole axis inclined with respect to the polar
axis. The descriptions of the geomagnetic field in the geomagnetic distribution coordinates
are given by 

Bx =
µ0me cos ϕ

4πr3

By = 0

Bz =
µ0me sin ϕ

2πr3

Bt =
√

B2
x + B2

z =
µ0me

4πr3

√
1 + 3 sin2 ϕ

(7)

where Bt is the total intensity of the geomagnetic field. me = 8.0× 1022Am2 is the Earth’s mag-
netic moment. ϕ is the geocentric latitude. r is the geocentric distance. µ0 = 4π × 10−7N ·A−2

is the permeability of the vacuum.
Dr. Liu [36] demonstrated that the components of intensity and gradient of the simpli-

fied dipole model have the same variation regularity and similar numerical distribution
with those of the actual data-based IGRF model. Considering the extremely simplified
expressions and efficient calculation accuracy, the dipole model is used in the following
mechanism establishment and theoretical derivation, and the IGRF model is only used
in the simulations verification in Section 3. What is more, the effect of the linear velocity
increment by GME propulsion for Ng orbital periods is not affected by the high-accuracy
or simplified geomagnetic computational model. There is only a slight difference between
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the numerical results of the angular momentum accumulation of the two models, and it is
shown in the following simulations.

From Equation (7), the torque τm of a magnetic moment m interacting with geomag-
netic field is given by Equation (8) in the geomagnetic distribution coordinates.

τm =

 myBz
mzBx −mxBz
−myBx

 (8)

where mx, my, and mz are the components of m in geomagnetic distribution coordinates.
Then, according to Equations (1) and (7), the torque τo in orbital coordinates is depicted by

τo = Romτm =

myBz sin i cos κ + (mzBx −mxBz)
√

1− sin2 i cos2 κ

(mzBx −mxBz) sin i cos κ −myBz
√

1− sin2 i cos2 κ
−myBx

 (9)

2.4. Directional Energy Storage Mechanism and Strategy

The above Equations (4) and (8) indicated that the direction of m needs to be controlled
actively and continually with the orientation change of B during the whole process of the
on-orbit energy storage. Due to the presence of coupling among the Earth’s magnetic field,
flying orbit, and spacecraft attitude, the rotation direction by GME propulsion should be
consistent with the Yo- or Zo-axis of the orbital coordinates to stabilize the attitude of the
spacecraft and deorbit the SD, as illustrated in Figure 4. By this way of directional energy
storage, the required ∆V for the space debris deorbiting can be effectively obtained.

Xo

Xo
Zo Zo

Yo

Yo

O

Os Os

Xo

Xo
Zo Zo

Yo

Yo

O

Os Os

Spacecraft

Debris

Flight 
direction

OrbitOrbit

(a) (b)

Figure 4. Diagram of GME storage at the fixed axis of orbital frame OsXoYoZo: (a) energy storage
at Yo-axis, i.e., the debris rotates around the Yo-axis to accumulate linear kinetic energy; (b) energy
storage at Zo-axis, namely, the debris rotates around the Zo-axis to accumulate linear kinetic energy.

When the controllable magnetic moment of spacecraft keeps perpendicular to the
local magnetic intensity, the GME propulsion can always come out with the maximum
torque to guarantee the rapid and continuous accumulation of angular momentum for
the debris–spacecraft configuration system. There are, therefore, two different moment
control strategies for the Yo and Zo axes directional energy storage, respectively. From
Equation (7), we know that B is always in the XmOsZm plane of geomagnetic distribution
coordinates. Hence, the magnetic moment of the two strategies should always be in
the XmOsZm and XmOsYm planes, respectively, and the magnetic moment of the Zo-axis
directional strategy keeps perpendicular to the local magnetic intensity in the XmOsZm
plane, as shown in Figure 5, where C_mx, C_my, and C_mz are the controlled components
of spacecraft magnetic moment in OsXmYmZm coordinates.
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2021-10-11 directional energy storage mechanism

Os

Xm

Zm(Zo)

North

South

B

m

Bz

Bx

C_mx

C_mz Os

Xm

Zm(Zo)

North

South

B

m (|m| = C_my)
Bz

Bx

(a) −90º ≤ u ≤ 90º (b)

d

d

Figure 5. Mechanism establishment of directional energy storage based on dipole model: (a) energy
storage at Yo-axis, where m is in XmOsZm plane, and the argument of ascending node ranges from
−90◦ to 90◦ in this figure; (b) energy storage at Zo-axis, where m is in XmOsYm plane. The m always
points to east in this figure, so the angular momentum is accumulated in the negative direction of
Zo-axis. North (or south) denote the Earth’s geographic north (or south) as well as magnetic north
(or south).

In Figure 5a (−90◦ ≤ u ≤ 90◦), the angle between B and Bz is d, then the relationship
among all components of B and m is given by

tan d =
C_mz

C_mx
=

Bx

Bz
C_my = 0
C_m2

x + C_m2
z = |m|2

(10)

Substituting Equation (7) into Equation (10), the controlled components of the space-
craft magnetic moment m are given by

C_mx = −Bz

Bt
= − 2 sin ϕ|m|√

1 + 3 sin2 ϕ
,

C_my = 0, −90◦ ≤ u ≤ 90◦

C_mz =
Bz

Bt
=

cos ϕ|m|√
1 + 3 sin2 ϕ

,

(11)

The same procedure can be easily adapted to obtain the controlled components for the
case of 90◦ ≤ u ≤ 270◦, and the result has the equal value but opposite symbol with that of
the case of −90◦ ≤ u ≤ 90◦. Hence, the strategy of the GME storage at Yo-axis is given by

C_mx =


− 2 sin ϕ|m|√

1 + sin2 ϕ
, −90◦ ≤ u ≤ 90◦

2 sin ϕ|m|√
1 + sin2 ϕ

, 90◦ ≤ u ≤ 270◦

C_my = 0

C_mz =


cos ϕ|m|√
1 + sin2 ϕ

, −90◦ ≤ u ≤ 90◦

− cos ϕ|m|√
1 + sin2 ϕ

, 90◦ ≤ u ≤ 270◦

(12)
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In Figure 5b, the strategy of GME storage at Zo-axis is obtained easily by Equation (13).
When C_my is positive, it means that the magnetic moment always points to east, and the
GME is stored at the Zo-axis; otherwise, the magnetic moment always points to west, and
the GME is stored in the negative direction of the Zo-axis.{

C_mx = C_mz = 0
C_my = ±|m|

(13)

Furthermore, when the real data-based and high-precision IGRF model is applied to the
strategy, the directional energy storage strategy at the Yo-axis, Equation (12), will be adaptively
rewritten by Equation (14), where the geomagnetic intensity parameter of IGRF model, not
the geocentric latitude ϕ of the dipole model, is used for on-orbit strategy adjustment.

C_mx =


− Bg

z |m|√
(Bg

x)2 + (Bg
y)2 + (Bg

z )2
, −90◦ ≤ u ≤ 90◦

Bg
z |m|√

(Bg
x)2 + (Bg

y)2 + (Bg
z )2

, 90◦ ≤ u ≤ 270◦

C_my = 0

C_mz =



Bg
x |m|√

(Bg
x)2 + (Bg

y)2 + (Bg
z )2

, −90◦ ≤ u ≤ 90◦

− Bg
x |m|√

(Bg
x)2 + (Bg

y)2 + (Bg
z )2

, 90◦ ≤ u ≤ 270◦

(14)

where Bg
x , Bg

y , and Bg
z are components of B under the IGRF model in the geomagnetic

distribution frame. Equation (15) describes the IGRF model in geomagnetic distribution
coordinates, and is the combination of the 13th order spherical harmonics expression and
Gauss coefficient.

Bg
x =

13
∑

n=1

n
∑

m=0
(

Re

r
)n+2 Am

n ·
dPm

n (cos θ)

dθ
× 10−9

Bg
y =

13
∑

n=1

n
∑

m=0
(

Re

r
)n+2 mBm

n
sin θ

· Pm
n (cos θ)× 10−9

Bg
z = −

13
∑

n=1

n
∑

m=0
(

Re

r
)n+2(n + 1)Am

n · Pm
n (cos θ)× 10−9

(15)

where Am
n = gm

n cos(mλ) + hm
n sin(mλ), Bm

n = gm
n sin(mλ)− hm

n cos(mλ). Re is the Earth’s
radius. θ is the geocentric colatitude. λ is the longitude. gm

n and hm
n are the Gauss coefficient

changing with time, and Pm
n (cos θ) is the n-order m-th Legendre function.

2.5. Energy Storage and Deorbiting Capability

Using the above strategy, Equation (12) or Equation (13), the angular kinetic energy is
injected into the rotational debris-spacecraft configuration system. Substituting Equation (9)
into Equation (4), the stored energy Eg in Ng orbital periods is given by Equation (16) or
Equation (17), respectively. No matter which strategy is adopted, the energy stored under
dipole model of the other two orbital directions is zero in one orbital period.

Eg =

0,
µ0me|m|

∫ NgT0
0

√
1 + 3 sin2 ϕ cos i cos κdt

4πr3 , 0

T

(16)

Eg =

[
0, 0,

µ0me|m|
∫ NgT0

0 cos ϕdt
4πr3

]T

(17)
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Hence, from Equations (6), (16), and (17), the total velocity increment ∆Vg by GME
propulsion for Ng can be given as the following two formulas, where Equations (18) and (19)
are the linear velocity results of energy storage at the Yo and Zo axes, respectively.

∆Vg =
µ0me|m|

∫ NgT0
0

√
1 + 3 sin2 ϕ cos i cos κdt

4πr3mdLc
(18)

∆Vg =
µ0me|m|

∫ NgT0
0 cos ϕdt

4πr3mdLc
(19)

By a brief analysis of Equations (18) and (19), it can be shown that the deorbiting
capability of two directional strategies can cover the entire LEOs. The directional Yo-axis
strategy cannot be used to equatorial orbit because the geocentric latitude ϕ is always equal
to zero, namely sin ϕ = 0 of Equation (18). The directional Zo-axis strategy can be used for
all LEO orbits, and has a distinct advantage on equatorial orbit.

3. Simulation Results and Discussion

To verify the approach’s capability of GME storage (i.e., angular momentum accu-
mulation) and deorbiting (i.e., velocity increment), we perform simulations under circular
LEOs with different altitudes below 1000 km and inclinations. The continuous stored
angular momentum on a elliptical orbit is on the order of that of the circular LEOs within
one orbital period, and there are only minimal differences between them due to the ge-
omagnetic intensity difference caused and changed by altitude below 1000 km. What is
more, Matteo and Morton [37] indicated that the satellite data-based IGRF model is within
1% accuracy of the measured ionosphere B field orbiting between 200 and 1000 km, 92.80%
of the time, even in more geomagnetically active conditions. The magnetosphere of Earth
begins at approximately 1000 km and extends thousands of kilometers into space [38].
Affected by the solar wind, the Earth’s magnetic field lines can be significantly distorted,
and the field is extremely unstable in the region above 1000 km [39]. Consequently, for
above 1000 km, the proposed strategies based on the IGRF and dipole model may not
calculate the actual geomagnetic field strength correctly in real time when considering
the real space environment. Therefore, it is not clear whether the above strategies can be
applied to the LEO region above 1000 km, and we do not carry out the corresponding
verification simulations here.

We take the perigee altitude of 150 km as the targeted deorbiting height. The existing
technology can generate the 103 Am2 level stable, controllable, light-weight, and low-
power magnetorquer, so we set the deorbiting spacecraft’s magnetic moment with 103 Am2

level. Set the mass of the deorbiting spacecraft to 200 kg, and its area–mass ratio and
drag coefficient to 0.003 and 2.2, respectively. Set the right ascension of ascending node
Ω, argument of perigee ω, and true anomaly f to 0. The NRLMSISE00 atmospheric model
is applied to the calculation of the atmospheric density in the following simulations. We
conduct simulations under both dipole and IGRF models, and use the IGRF model-based
and higher precision results for verification.

Results of angular momentum accumulation for one orbital period (Ng = 1) un-
der the magnetic moment m = 103 Am2 are presented in Figures 6–9, and demonstrate
the following:

1. The GME propellant approach can be applied to the region of LEO below 1000 km
with different altitudes and inclinations, and it is consistent with the analysis results in
Section 2.5. As seen in Figures 6 or 7b, the strategy at the Yo-axis, Equation (12) or (14),
has an obvious advantage on the orbit with a large inclination, but does not have
the energy storage capacity for equatorial orbit. From Figures 8 or 9c, the strategy at
the Zo-axis, Equation (13), can be used for the entire LEO below 1000 km. With the
combination of Figures 6, 7b, 8 and 9c, we know that when i > 49.16◦, the strategy of
GME storage at Yo-axis is adopted; otherwise, the choice of strategy at the Zo-axis is
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reasonable. So the Figure 10 is presented to show the energy storage capability of the
GME propellant approach.

2. The GME propellant approach has a potent capability of angular momentum accumu-
lation (see Figure 10). Under a magnetic moment of 103 Am2, it can accumulate the
angular momentum at the level of 101 to 102Nms in one period (about 100 min) and
more than 103Nms in one day. At the same power consumption, the approach can pro-
vide much higher energy storage capability than the maximum 102 to 103 Nms level
of typical energy storage/exchange devices including control moment gyroscopes
and reaction wheels, etc., for a spacecraft [40], and has no momentum saturation due
to the continuous accumulation of external magnetic torque.

3. Compared with the existing propellantless deorbiting methods, the proposed ap-
proach has higher efficiency and lower dependence on the scale for the LEO debris
deorbiting [41,42]. To deorbit a LEO 100kg ·m (product of debris mass and scale of
deorbiting mechanism) debris, days to weeks (tens to hundreds of orbital period)
of preparation is required with the existent magnetorquer technology, as depicted
in Table 1.
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Figure 6. Dipole model–based Yo-axis result of GME storage in one orbital period by using Yo-axis
directional strategy Equation (12) (m = 103 Am2): the result for the other two axes is 0 under dipole
model, indicating the realization of the directional energy storage at Yo-axis. This strategy is more
suitable for large inclination orbit, but does not have energy storage capacity for LEO with equatorial
near-zero inclination.
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Figure 7. IGRF model–based triaxial results of GME storage in one orbital period by using Yo-axis
directional strategy Equation (14) (m = 103 Am2): there are negligible differences between the IGRF
and the dipole model–based result at Yo-axis (Figure 6). The other two axes’ result is not zero and
bigger than that of Yo-axis in orbit with near-zero inclination. So the strategy cannot be used for LEOs
with small inclination.



Aerospace 2022, 9, 511 11 of 23

8 0
9 0

1 0 0
1 1 0
1 2 0
1 3 0
1 4 0
1 5 0

G M
E  s t o r a g e  i n  o n e  o r b i t a l  p e r i o d  ( N m s ) 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0

I n c l i n a t i o n  ( ° ) A l t i t u d e  ( k m )

3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0

Figure 8. Dipole model–based Zo-axis result of GME storage in one orbital period by using directional
Zo-axis strategy Equation (13) (m = 103 Am2): the result for other two axes is 0 under dipole model,
indicating the realization of directional energy storage at Zo-axis. This strategy is more suitable for
small inclination orbit, and has an energy storage capacity for entire LEOs.
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Figure 9. The IGRF model–based triaxial results of GME storage in one orbital period by using
directional Zo-axis strategy Equation (13) (m = 103 Am2): there are negligible differences between
the IGRF model–based and the dipole model-based GME storage at Yo-axis (Figure 8).
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Figure 10. Energy storage capability of GME propellant approach in one orbital period: accumu-
late 101 to 102 Nms for about 100 min under m = 103 Am2. When i > 49.16◦, we adopt the
strategy Equation (14) for on-orbit energy storage to deorbit debris; otherwise, we use the strategy
Equation (13).
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Table 1. Integration time for required ∆V of SD in different circular orbits with different inclinations
by GME propellant approach under m = 103 Am2.

Altitude/km ∆V /(m/s) Required Time/Days Comment(from 0◦ to 90◦)

300 44 2.70–1.23

10 kg · 10 m

400 73 4.65–2.13
500 101 6.75–3.09
600 127 8.84–4.04
700 154 11.22–5.13
800 179 13.57–6.20
900 204 16.16–7.39

1000 229 18.84–9.61

4. Development of Ground Experimental System

To demonstrate the approach’s feasibility and practical potential, an elementary
ground-based realization is indispensable. We focus on the following points to design a
ground-based system to provide evidence for the continuous cumulative effect of rotational
angular momentum in LEO, namely the LEO GME effect. An air-bearing multi-dimensional
microgravity simulator supports the simulated debris-spacecraft configuration system,
and an electromagnetic coil generates the controllable magnetic moment of the spacecraft.
Given the fixed turns N and area S of the coil, the strength of the magnetic moment is
proportional to the input current I from Equation (20). So we obtain the different magnetic
moments (torque) by inputting different constant direct currents to the coil with a fixed NS.

m = I
∫
S

dS = NIS (20)

We conduct the ground experiment at a fixed site, so the geomagnetic field intensity
is a constant vector, different from the on-orbit fact of changing intensity. Nevertheless,
this will not affect the verification of the LEO GME effect, and will further simplify the
control strategy for generating the magnetic moment. The maximum torque output of the
electromagnetic coil is guaranteed by generating a directional magnetic moment always
perpendicular to the direction of the geomagnetic field at the experimental site. The research
on the attitude of the dynamical behavior influenced by the mass distribution of the system
is not the focus of this paper, so we can adopt the overall mechanical structure with a
horizontal mass-symmetric distribution. The air-bearing simulator supports the metacenter
(not the center of mass) of the ground system, and the metacenter height shall be as high as
possible to ensure the noticeable continuous accelerating effect of debris. The connecting
line between the metacenter and centroid is perpendicular to the horizontal ground under
the static condition, and is defined as the rotation axis of energy storage. Hence, only
considering the horizontal motion, the maximum torque is generated by the magnetic
moment vector in the horizontal plane always perpendicular to the horizontal north–south
direction of the geomagnetic field. The GME effect will rotate the simulated debris in the
horizontal plane.

However, as the debris rotates, the magnetic moment will rotate at the same speed.
To ensure the output of (maximum) torque, we must continually alter the direction of the
magnetic moment by a control system with a high response, and it cannot be achieved
by one coil. What is worse, the spacecraft body will also spin in the opposite direction,
which we do not want to see in the following experiments and actual flights. To stabilize
the spacecraft attitude and decouple the rotation of debris and the spin of spacecraft body,
we introduce a momentum exchange device to connect the spacecraft and rotatable part for
debris deorbiting. The stator of the momentum exchange device and the electromagnetic
coil for generating the changing magnetic moment are fixed to the spacecraft body, and the
rotor is fixed to the rotatable part, as illustrated in Figure 11.
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Figure 11. Schematic of magnetic moment and stator mounted on the spacecraft body for ground
systems. The magnetic moment, stator, and spacecraft body are fixed connections, forming part one
of the ground systems. The rotor, rotatable part, and rotor are fixed links, forming part two of the
ground system. The two parts can rotate relative to each other around the vertical rotation axis.

4.1. Modeling and Control

Now we can divide the ground system into two parts: part one—spacecraft body,
magnetic moment, and stator of momentum exchange device; and part two—rotor of
momentum exchange device, rotatable deorbiting part, and debris. Assuming zero ini-
tial angular momentum of the system, once the angular velocity of part one about the
system’s rotation axis is non-zero under the GME effect, it indicates the GME is obtained.
Simultaneously, by the active and precise control of the rotor’s torque, the momentum
exchange device exchanges the energy to part two of the system to achieve no change in
the coil/spacecraft attitude and continuous accelerating rotation of the rotatable part. In
this way, part two of the system shall continuously harvest, exchange, and store the GME.

The total angular momentum of the system about the rotation axis can be written as

htotal = h1 + h2 (21)

where h1 and h2 are the angular momentum of the two parts of the system, respectively.
According to the theorem of angular momentum, the ground system satisfies

ḣtotal = J1ω̇1 + J2ω̇2 = τg + τd + τA (22)

where J1 and J2 are the moment of inertia of the two parts of system, and ω1 and ω2 are
the corresponding angular velocity about the rotation axis, respectively. τg is the magnetic
torque, and τd is the uncertain disturbance torque of system. τA is the aerodynamic drag
torque, and is given by

τA = −kAω2
2

ω2

ω2
(23)

where kA is the coefficient of aerodynamic drag torque, and its value is related to the
windward area, overall shape and surface smoothness of the part two of system.

From Equation (22), we design a closed-loop control system, and define the angular
velocity ω1r of the part one of system as the input signal. The actuating error signal,
difference between ω1 and its measured feedback value ω1c, are fed to the controller so
as to bring the output signal ω1c to the desired value, as detailed in Figure 12. A PID
controller is used. ea is the applied voltage of momentum exchange device, and La and
Ra are the inductance and resistance, respectively. kτ and kb are the torque constant and
back EMF constant of momentum exchange device, respectively. τm is the output torque of
momentum exchange device. fa is the viscous-friction coefficient of part two of the system.
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Figure 12. Closed-loop control of ground system.

4.2. Simulation

The simulation examples are carried out to confirm the validity of the control model,
and are designed according to the actual condition of the following proof-of-principle
experiments in Section 5. Four simulation results are presented here. The magnetic torque
τg exerted on part one of the system is set as 0.0755 Nm, 0.1115 Nm, and 0.1859 Nm
respectively, which are perpendicular to the ground. The simulation duration of the
examples is set to 900 s. Given the zero initial condition of ω1r = 0 and by adjusting the
PID parameter, we obtain the results of the angular velocity of part two of the system, the
angular velocity, angular displacement, and angular acceleration of part one, as shown in
Figure 13. The results suggest the following.
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Figure 13. Simulation results: (a) Angular velocity of part two. (b) Angular velocity of spacecraft
body. (c) Angular displacement of spacecraft body. (d) Angular acceleration of spacecraft body.

1. The system can be well controlled with good robustness, and has great performance
in both steady and transient responses. As seen in Figure 13a, the angular velocity
of part two (debris) increases with time, and does not oscillate, finally converging to
a constant.

2. The attitude holding of part one (spacecraft body) is well satisfied, which is in good
agreement with our expectations. As depicted in Figure 13b,d, the peak of angular
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velocity and acceleration occurs only at the initial time, and the angular displacement
is approximately from 5.9◦ to 9.7◦, shown in Figure 13c.

4.3. Ground Experimental System

Figure 14 is the developed ground experimental system, and all components are
symmetrically arranged and made of the non-magnetic material of aluminum alloy, except
for the coiling of the magnetic moment. The rotation axis of the momentum exchange
device is perpendicular to the horizontal ground, and goes through the support point of
the spherical 3-axis air bearing. Four copper wire coils are used, and are characterized by
the total amount of NS = 900 · 1 m2 for the 103 to 104 Am2 generation of the magnetic
moment. The radius of the rotatable part is 1 m. To avoid interference from the system
stability control difficulty caused by irregular debris, the debris at the two ends of the
rotatable part uses a standard shape, and the mass of the two pie-shaped debris is 1 kg.
Moreover, the end of the rotatable part passes directly through the mass center of the debris
to ensure overall symmetry. A multi-axis microelectromechanical systems gyroscope is
used as the angular velocity measuring device of the spacecraft body. As discussed above,
only the z-axis (i.e., vertical rotation axis) measured data are fed to the control modular in
the following experiments.

𝒎
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45
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10-DC power for 7.

Figure 14. Ground experimental system.

5. Proof-of-Principle Experiment

Experiments are carried out to validate the LEO GME effect and achieve the GME
harvesting, exchange and storage.

We chose an indoor experimental site in Beijing (116.69◦ E, 40.33◦ N), and the mea-
sured value of the horizontal north–south strength of the geomagnetic field stabilizes at
20645.8565 nT based on the repeated measurements. So the coils can provide a magnetic
torque of 0.1 Nm-level (see Table 2). The calibrated resistance torque of the air bearing is
10−4 Nm, so it can be ignored, compared to the magnetic torque. The uncertain distur-
bance torque caused by the asymmetric wiring and mounting of coils and control modular
is an important consideration for the GME effect verification, and shall be calibrated in the
following experiments.
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Table 2. Magnetic torque τg of coils under different DC current.

DC Current/A Magnetic Moment/Am2 Geomagnetic Field
τg/NmIntensity/nT

4 3600
20645.8565

0.0755
6 5400 0.1115
10 9000 0.1859

5.1. GME Harvesting Experiment

The primary concern of GME effect verification is to ensure that the system can harvest
GME by the electromagnetic coil, and the effect of magnetic torque, not the disturbance
torque, is the main excitation of energy harvesting. We perform the GME harvesting experi-
ment by only powering the electromagnetic coils. The initial direction of magnetic moment
(spacecraft body) is close to the horizontal east–west direction of the geomagnetic field,
and the attitude of spacecraft body remains stationary for a long period without external
force/torque. Figure 15 shows the attitude changes of spacecraft body at the different times
after the coils are electrified with DC constant current of 10A (τg = 0.1859 Nm). The results
indicate that, based on the torque effect of the geomagnetic field, the system can harvest
GME to rotate rapidly to the geomagnetic north–south direction.

(a) 0s (b) 5s (c) 10s

Figure 15. Attitude changes of spacecraft body in GME harvesting experiment.

5.2. GME Storage Experiment
5.2.1. Disturbance Torque Calibration

As mentioned above, the maximum magnetic torque exerted on part two of the system
is obtained by the magnetic moment pointing to the horizontal east–west direction of the
geomagnetic field. So the variation law of the disturbance torque τd in this direction needs
to be clarified before the GME storage experiment. We define the zero initial angle of
system attitude as the horizontal east–west direction of the geomagnetic field.

The calibration process of τd is as follows. We first set the system attitude at the zero
initial angle. Then only the momentum exchange device, not the coils, is powered on
and actively controlled, and we take the angular velocity of part two of the system that
equals zero as the objective throughout the process. Driven by the τd merely, the rotatable
part and debris can be accelerated gradually and continuously. The τd can be calibrated
by the linear velocity of debris. We conducted many experiments in this way. Results of
the three experiments marked as exp-d1, exp-d2, and exp-d3 are detailed in Figure 16,
where the debris’ linear velocity is calculated from the feedback data of the momentum
exchange device.
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Figure 16. Linear velocity of debris in disturbance torque calibration experiments.

The results show that the final velocity of the three experiments is small, especially
in the initial stage, and the debris’ velocity almost increases linearly as the time increases,
except for a few abnormal points. We therefore consider the angular acceleration of debris
as a constant. Based on the mean value of three results, we obtain the linear fitting velocity
depicted in Figure 16, i.e., Equation (24). Then we can obtain ω̇2 = 0.0027 rad · s−2.

vd = 0.0027t + 0.0197 (24)

where vd is the linear fitting velocity of debris, and t is the time.
In this experiment, the magnetic torque τg is equal to zero. The disturbance torque τd

and aerodynamic drag torque τA are the main excitation source for the linear kinetic energy
of debris. Hence, from Equations (22) and (23), Equation (22) is rewritten in this experiment.

J2ω̇2 = −kAω2
2

ω2

ω2
+ τd (25)

where J2 = 2.707 kg ·m2. kA consists of two parts: the torque coefficient of the rotatable
part and debris. The rotatable part and debris are cylindrical in shape, and their drag
coefficient belongs to the drag coefficient of flow around the circular cylinder. kA is mainly
related to the Reynolds number and the length–diameter ratio [43]. In this experiment, the
Reynolds area is from 104 to 105, and the length–diameter ratio of the two parts are 100
and 0.13, respectively. By Figure 3 in Ref. [43], the drag coefficient of the rotatable part and
debris are about 1.035 and 0.0019, and further obtain the kA = 6.347 × 10−3, where the air
density in the site is 1.205 kg/m3 (20°C). Substituting kA and ω̇2 into Equation (25), the
relationship of τd and ω2 is given by Equation (26), and reflected in Figure 17.

τd = 6.347× 10−3ω2
2 + 7.308× 10−3 (26)

It turns out that the system’s disturbance torque increases with the angular velocity of
the rotatable part and debris. It is on the order of 0.01 Nm, and is far less than the magnetic
torque in a certain condition. Especially at the initial time of an experiment, the disturbance
torque is not the primary source of angular momentum accumulation for the system, which
is an essential premise for the following GME storage experiments by this ground system.
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Figure 17. Relationship of disturbance torque and angular velocity of debris.

5.2.2. GME Storage Experiment

This experiment is intended for the verification of the continuous LEO GME effect.
The initial direction of the coil and spacecraft body is set perpendicular to the geomagnetic
north–south direction. Given a constant DC current to the coils and the corresponding PID
control simulated in Section 4.2 to the momentum exchange device, then the generated
magnetic moment/torque is the maximum, and the clear continuous cumulative effect
from GME can be guaranteed in each experiment. We carry out many energy storage
experiments in this way, and the parameters and results are shown in Table 3, where ∆Vmax
is the final maximum linear velocity of debris, and the data marked as exp-d of the last
row are the parameters and the result of disturbance torque calibration in Section 5.2.1.
All experiments are repeated more than four times. We summarize all the experimental
results, and show the error band of the exp-s1 to exp-s3, presented in Figure 18.

Table 3. Parameters and results of proof-of-principle experiments.

No. Current/A τg/Nm Debris/kg ∆Vmax/(m/s) Comment

exp-s1 4 0.0755 2 5.8
exp-s2 6 0.1115 2 6.5
exp-s3 10 0.1859 2 9.6

exp-d 0 0 2 (700s) 2
Disturbance

torque
calibration
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Figure 18. Linear velocity of debris of proof-of-principle experiments.
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The result demonstrates the following:

1. The principle of GME storage is feasible. The GME harvesting, exchange, and storage
can be achieved by the ground system based on electrical energy. That is to say, the
proposed GME propulsion approach, the conversion of rotational angular momentum
into linear momentum, can realize the system energy storage.

2. The effect of continuous GME storage is noticeable. After the coils and momentum
exchange device are electrified, there is a clear sustained acceleration tendency of
debris, and the tendency is apparently different under different DC current (magnetic
torque), as seen in Figure 19. In about 10 min, the linear velocity of the two debris
reaches the final ∆Vmax of 9.6 m/s with a total 2 kg debris.

3. The attitude holding of the spacecraft body and magnetic moment is well satisfied,
consistent with the simulation results. It indicates that the proposed GME propellant
approach has remarkable engineering realizability. Taking the experiment of exp-s3 as
an example, the angle changes of spacecraft body attitude are about 12◦ between the
initial position and the final position, as given in Figure 20, and is in good agreement
with the simulation result of 8.8◦. The angle changes can be avoided by debugging a
better control system or the active attitude adjustment of the spacecraft.

4. The measured value of velocity increment coincides well with the theoretical calcula-
tion, and the mechanism of directional energy storage is verified. At the beginning
of each experiment, the velocity of the debris is relatively little, and the effect of the
disturbance torque and air aerodynamic torque on the angular momentum accumula-
tion of the system is negligible compared with that of the magnetic torque. Hence,
the measured ∆V in the initial 60s is taken out here to compare with the theoretical
value (see Table 4 and Figure 21). The experimental ∆V is in well accordance with the
theoretical result, and with the increase in velocity, the deviation of them gradually
appears due to the effect of the disturbance torque and air aerodynamic torque.

5. The LEO GME utilization in space is elementarily verified.
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Figure 19. Acceleration changes of debris under different magnetic torque.
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(a) Initial attitude (b) Final attitude

Magnetic north Magnetic north

(a) Initial attitude (b) Final attitude

Magnetic north Magnetic north

Figure 20. Attitude change of spacecraft body and magnetic moment.

Table 4. ∆V of debris at different times.

Time/s
0.0755 Nm 0.1115 Nm 0.1859 Nm

Experimental Theoretical Experimental Theoretical Experimental Theoretical
Value/(m/s) Value/(m/s) Value/(m/s) Value/(m/s) Value/(m/s) Value/(m/s)

10 0.272 0.265 0.326 0.391 0.667 0.653
20 0.562 0.530 0.825 0.783 1.388 1.305
30 0.798 0.795 1.191 1.174 1.992 1.958
40 1.016 1.060 1.549 1.566 2.477 2.611
50 1.225 1.325 1.877 1.957 2.976 3.263
60 1.400 1.590 2.272 2.349 3.378 3.916
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Figure 21. ∆V of debris (exp: experimental value and the: theoretical value).

6. Conclusions

This paper proposes a novel approach to LEO debris deorbiting, using no propellant
based on the energy source of the Earth’s magnetic field. The mechanism of the directional
GME storage is established to achieve efficient momentum accumulation and on-orbit
attitude holding of deorbiting spacecraft, and the presented two storage strategies are ap-
plicable to debris in LEO at different inclinations. The theoretical analysis and simulations
support that the approach can be used in the region with a stable geomagnetic field below
1000 km and has a strong deorbiting capability of 10 kg- to 100 kg-level debris within days
to weeks with the existing magnetorquer technology. It is essentially a process of time
for the energy of a system based on the continuous accumulation of external torque, and
there is no saturation caused by superfluous energy in the proposed approach. Compared
with existing propellantless deorbiting methods, it has more suitability for orbital param-
eters, faster deorbiting, and lower dependence on the scale. The ground experimental
system for GME effect verification is developed by the innovative design of a reaction
momentum exchange device, pushing the limit of the type of typical momentum exchange.
Then, proof-of-principle experiments are conducted and validate the LEO GME effect. The
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experimental results agree with theoretical calculations, and the LEO GME utilization in
space is elementarily verified. The GME propellant approach has remarkable engineering
realizability and is, therefore, a feasible option for debris removal.

We assume a rigid and massless connection between debris and spacecraft to simplify
the two-body configuration system and facilitate theoretical analysis, and use a fixed-
length rigid rod to spin the debris in the ground experiments. The connection can be
a variable-length space tether in the debris deorbiting mission, and we can gradually
lengthen the tether with the increase of the debris’s velocity to restrain the centrifugal
overload of the debris within an acceptable range, such as 10 g. Using the variable-length
tether can further accelerate the deorbiting of debris, and deorbit larger and heavier debris,
the main target of active debris removal now. The superconducting coil can be used to
generate the controllable magnetic moment of the spacecraft with the gradual maturity of
space superconducting technology. The capability of GME storage and deorbiting, and the
deorbiting time will change by orders of magnitude.

The coupling analysis and decoupling control of the orbit, altitude, and rotation of
deorbiting spacecraft, and the mission planning method for multi-debris deorbiting are
our subsequent research work. The proposed approach can be applied with the existing
capturing technologies, and a space-based removal platform using GME will be developed
for the practical LEO debris deorbiting shortly. Apart from the LEO debris deorbiting, we
can use this cost-effective approach for space-based supplies delivery, transportation, space
travel, etc., for years to come.
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