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Abstract

This article presents the design of an optimal coil structure for two de-tumbling devices, each is carried
by a de-tumbling robot. The design is based on electromagnetic eddy currents method and aims to
reduce the angular velocity of uncooperative space targets. It proposes an optimization framework
with the advantages of safety, and high performance. The magnetic field analytical model is established
by the designed coil's structure parameters, and the optimal structure parameters of the coil are
determined. To further ensure the maximum magnetic field at the target, the electromagnetic
characteristics under different current directions in the two coils are analyzed based on magnetic field
analytical model, and their accuracy is verified using finite element method (FEM). Additionally, an
improved Maxwell's stress tensor method is proposed to calculate the de-tumbling torque, and its
accuracy is assessed using traditional Maxwell’s stress tensor and virtual displacement method. The
proposed optimal coil structure and its optimization framework can de-tumble over one million
targets of various sizes, demonstrating significant universality.

1 Introduction

Since the first launch of a man-made satellite in 1957 [1], only 48.9% of satellites
have remained operational. However, because of break-ups, explosions, collisions, or
anomalous events, the other satellites have lost control. Specifically, according to
statistical models orbit provided by ESA's Space Debris Office at ESOC in Darmstadt,
Germany, there are over 36500 pieces of space debris of larger than 10 cm in orbit.
The number is even more staggering for debris in the 1-10 cm size range, totaling
approximately one million. Any of those debris can pose a threat to operational
satellites [2]. Our satellite-based infrastructure is essential for a multitude of services
on which all of us rely in our daily lives, from communications, meteorological
monitoring, space exploration, earth observation and other fields [3]. Therefore,
Active Debris Removal (ADR) is conducted to solve the above problems for stabilizing
the space debris environment.
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Unfortunately, the angular velocity of space debris exceeds the maximum angular
velocity of 4~5 deg/s that can be directly captured by a robotic arm. Therefore, to
stabilize the debris environment, the first task is to reduce the initial angular velocity
of the debris by applying an external torque (i.e., de-tumbling torque). According to
generating ways of the external de-tumbling torque, ADR methods are mainly divided
into two categories: contact and contactless [4]. Contact-based methods, such as
robotic arm [5], tentacle capturing [6, 7], the harpoon and tether-gripper mechanism
[8, 9], can provide larger de-tumbling torque. However, they also pose collision risks
between the de-tumbling device and the uncooperative space target, leading to the
generation of new space debris, which is undesirable when dealing with de-tumbling
problem.

To ensure the safety of the de-tumbling tasks, many contactless methods have been
studied [10-24]. Among them, the contactless method based on electromagnetic eddy
currents method [10-20] has received increasing attention due to the advantages of
pollution-free and high safety performance. Compared to contact-based methods,
electromagnetic eddy current methods not only effectively avoid the need for
complex approach and docking operations but also exhibit a higher tolerance for
relative distance and attitude. In comparison to other contactless methods like
electrostatic force [21], gas impact [22], and high-energy laser ablation [23], the
electromagnetic eddy current contactless method does not cause damage to its
integrity. As a result, it has attracted significant attention from scholars in recent
years.

Given that the majority of uncooperative space targets are composed of non-
magnetic but conductive materials, such as aluminum alloy, this creates a favorable
physical condition for employing the contactless method. De-tumbling method based
on electromagnetic eddy currents was firstly introduced in 1995 [24]. However, due
to the limited external de-tumbling torque, a series of methods were subsequently
proposed to enhance the de-tumbling performance. Linear de-tumbling device
composed of slots and coils was proposed by [10-11], and its performance was
evaluated through fundamental experiments to assess the effectiveness of the de-
tumbling system. Later, the authors of this study transformed the linear device into
an arc-linear structure [12], which effectively reduces magnetic field dissipation,
leading to an enhanced de-tumbling performance. Additionally, single or multiple
actively rotating permanent magnets carried by de-tumbling robot was proposed
[13-15]. The performance can be also effectively enhanced by increasing the relative
velocity between the de-tumbling robot and the target. However, it is worth noting
that these methods come with risks of mechanical damage and potential loss of
control due to the relatively small de-tumbling distances and complex mechanical
structures.

To guarantee the safety of the de-tumbling tasks, a series of methods [16-20] have
been proposed to reduce the angular velocity of the target at a larger distance. High
temperature superconducting (HTS) coils carried by de-tumbling robot were studied
by [16-18], which can enhance the magnetic field to improve the de-tumbling
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performance. Next, HTS coils were also applied to electromagnetic formation of two
de-tumbling robots [18], which can prevent the net force impact [25] when compared
to de-tumbling robot equipped with a single HTS coil [16-17]. Furthermore, HTS
technology was applied to multiple coils [19-20], as it generates a higher magnetic
field. However, although the above-mentioned methods can improve the de-tumbling
performance to some degree, considering the manufacturing cost, magnetic field
tolerance, cooling conditions, and material toughness of HTS materials, they may
increase the complexity and reliability of the de-tumbling tasks.

Focusing on the uncooperative space target, an optimization framework based on
electromagnetic eddy currents method for reducing the angular velocity of the target
is proposed. Given that the essential requirements of de-tumbling safety, and high
performance, it is necessary to position the coils composed of copper carried by two
de-tumbling robots at a safe distance from the target to simultaneously generate a
large magnetic field to improve braking performance. To find maximum magnetic
field, the geometric structure of the coils is optimized, and the optimal structure
parameters of the coils for different distances between coils and target are found,
combined with the constraint. In addition, to find the maximum magnetic field, the
following works are also investigated, which include 1) designing the coil structure;
2) modeling the magnetic field analytical model based on the designed coil's structure
parameters; 3) determining the optimal structure parameters considering the
constriction of maximum coil size of the fairing of the launcher; 4) analyzing the
electromagnetic characteristics with different current directions in the two coils
based on magnetic field analytical model and verified by FEM; 5) proposing an
improved Maxwell's stress tensor method for calculating the de-tumbling torque
generated by the designed coils, with its accuracy assessed using traditional
Maxwell's stress tensor method and virtual displacement method; and 6) computing
the de-tumbling torque for various target sizes. Fig. 1 shows the schematic diagram
of the de-tumbling system, which mainly consists of the de-tumbling robots, de-
tumbling devices composed of an ironless stator and coils, and the uncooperative
space target. The unsafe areas and orbits of the de-tumbling devices at farther
distances are further shown in Fig. 1, respectively.

The remainder of this paper is as follows. Firstly, the specific flow of the
optimization framework is introduced. The mechanism of electromagnetic eddy
currents de-tumbling method is analyzed, and the analytical model of the magnetic
field is established in “Initial Design and Theory Basis” Section. To ensure the
maximum magnetic field at the target, an optimization process is conducted in
“Optimization Process” Section, and the accuracy of the established magnetic field
model is verified using FEM. This process includes analyzing the optimal structure
parameters of the coil for different distances between the target and the coils, and the
influence of current direction on the magnetic field. In “Analysis of Optimization
Results” Section, the proposed improved Maxwell's stress tensor method is applied
to calculate the de-tumbling torque on the target through FEM, based on the optimal
model obtained above. Finally, conclusions are provided in “Results and conclusion”
Section. The main contributions in this paper can be summarized as follows:

3
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1) To guarantee the highest de-tumbling performance, an optimization framework
is proposed, and the optimal structure parameters of the coils are found based on
magnetic field analytical model.

2) To obtain the electromagnetic performance of the optimal structure parameters,
an improved Maxwell’s stress tensor method is proposed to calculate the de-tumbling
torque, and thence the accurate value of the de-tumbling torque can be provided for
actual de-tumbling tasks.

S

Orbit of the de-tumblin

Fig. 1. Schematic diagram of the de-tumbling system.

2. Material and Methods

2.1 Initial Design and Theory Basis
2.1.1 Design process

The proposed de-tumbling robot, equipped with coils, is designed for the
uncooperative space targets that have a relatively high rotational speed and are not
suitable for direct capture by a robot arm. To improve the de-tumbling performance,
a comprehensive framework is constructed to guide the optimization of the de-
tumbling robot, ensuring that the magnetic field acting on the target is maximum. The
specific flow of the proposed optimization scheme is shown in Fig. 2, which can
improve the de-tumbling performance and safety.
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Fig. 2. Specific flow of the optimization scheme.

It is quite difficult to conduct experiments duo to the practical space environment.
Thus, some appropriate validation methods are conducted to verify the accuracy of
the proposed method. Firstly, optimal structure parameters of the coils at different
distances between the target and coils are found based on magnetic field analytical
model. Then, the above accuracy is validated using FEM. To obtain the
electromagnetic performance of the optimal structure parameters, de-tumbling
torque is calculated by the improved Maxwell’s stress tensor method and compared
with the traditional Maxwell’s stress tensor. The accuracy of the proposed method is
further verified using virtual displacement method.

2.1.2 Mechanism Analysis of De-tumbling Torque and Structure Design of Rectangular
Coil

To accomplish the de-tumbling task, the interaction between the magnetic flux
density B generated by an energized coil and the rotational uncooperative space
target should be analyzed first. Here, the mechanisms of de-tumbling force are shown
in Fig. 3.

The B induces eddy currents J within the rotating conducting target, which in turn
interacts with B to produce a force F; (i.e., de-tumbling force), as shown in Fig. 3(b).
Meanwhile, the rotational speed #, of the target will be reduced under the action of F,,

and the de-tumbling process can be realized.
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Based on Lorentz force law, F; acting on the rotating target can be obtained by
integration over the target body V:

F, = jv JxBdV (1)
In addition, the target will also be subject to a de-tumbling torque T:
T=| rx(JxB)dv 2)

where ris the radius of the target.
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Fig. 3. Structure parameters of the rectangular coil and the concept of de-tumbling force: (a)
geometric structure parameters of the rectangular coil, and (b) de-tumbling force concept.

As shown in Figs. 3(a) and 3(b), the structure parameters of the Rectangular coil
are: long side, L, wide side, I. The body coordinate system of the target, O, -x,y,z,, and

the fixed system of coil, 0, -x.y.z. .

To accurately calculate the magnetic field, the structure parameters of the coil are
given as follows:

_L
a=- (3)

d= (4)

wherea is the length from O, to [, and d is the length from O, to L.
2.1.3 Modeling of Magnetic Field

The de-tumbling robot carrying electromagnetic coil approaches the
uncooperative space target through an orbit maneuver. B generated by an energized
coil with current I will affect the magnitude of the T due to T oc B® oc I?[26-27], and B
will vary with the change of the structure parameters of the coils when I is constant.
However, the structure parameters of the coils cannot increase infinitely. Thus, there
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must be optimal values that make the B is maximum. Apparently, it is necessary to
analyze the relationship among them to find the optimal structure parameters.

Itis interesting that when the angle between two coils is equal to 180° , it prevents
the occurrence of non-zero F; and the attraction between the coils and the target
caused by deviation and repulsion effects [12].

Concretely, the analytical model is established in Fig. 4. Among them, the excitation
coils carried by the two de-tumbling robots are assumed to be C, (i = 1,2) .In addition,

other parameters of C, (i = 1,2)are represented byi = 1,2, respectively.

Fig. 4. Modeling of magnetic field analytical model.

The parameters in Fig. 4 are: the distance fromO, (i = 1,2) to point Q,d, (i =1,2),
the distance betweenO,,and0,,,2D. The center of mass of the target lies on the

x, (i =1,2)axis of C, (i = 1,2),x, (i = 1,2)axis is aligned with x, axis, and the distance

from point Q tolL,l(i=1,2) can be expressed asR,= [(d,.)2+a2], and

R, = [(d,. ) +d2] , respectively, and the distance from0,, (i = 1,2)to point Q can be
expressed as d, = x+Dandd, = -x+ D, respectively.

Based on Biot-Savart law, the B generated by C, (i =1, 2) carrying I can be expressed
as follows [28]:

N ~Idlxe

202 ‘gz Jequienop uo Bioeousios [dsy/:sdny woly papeojumogd



where y, = 4tx107 (T-m/A) is magnetic permeability of vacuum, N represents the
number of turns of coils, Idlis an element of length along the coils, and R and e, are
the distance and unit vector from source point to any field point in space, respectively.

The magnetic field model of the magnetic field B, along x,, (i = 1,2) axis of C; (i = 1,2)
will be established in the following, as the axial component of B plays a crucial role in
de-tumbling [27].

The magnetic field of pointQcan be obtained by addition of the vector field B on
different sides ofC,(i=1,2). Firstly, the magnitude ofB,(i=1,2)generated by

I.(i=1,2) of C, (i =1,2)at pointQcan be calculated as follows:

1
g = NI 3 dy,,

(i —sina, (6)

12
Zyci+R1i

where sina = R,,./ Y5 +R., and ais the inclined angle between B, and Idy, . Then

substituting sina into Eq. (6), B, (i =1,2)can be obtained as follows:

N T )
' 2nR, I’ +4R?

In addition, the inclined angle between central axis 0_,Q or QO0_, and the direction
of B,is6, (i=1,2):

B

0, = arccos — | (8)
(d) +da’
Next, the magnitude of B, (i = 1 or 2)lies on the central axis generated by [, (i = 1,2)
of C, (i = 1,2)at point Q can be calculated as follows:

B, = B,cos0,. 9)

lix

For convenience, similar to the above method, B, (i = 1,2), and d,, can be obtained

as

NI L
B, = AL = =
2mR, [I? +4R?

(10)
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0, = arccos 4 : (11)

(d )2 +d’

For one coil (taking C; as an example to analysis), the magnitude of magnetic field
generated by C; carrying I at any point in the x-axis direction can be calculated as
follows:

By =2(B,,+B,,) i=1 (12)

For two coils, according to the symmetry, the magnitude of synthetic magnetic field
generated by C, (i = 1,2) carrying I atany point in the x-axis direction can be calculated

as follows:

2

B¢ =Y |2(B,,+B,,)| i=12 (13)

i=1
2.2 Optimization Process

2.2.1 Structure Parameters Analysis

As analyzed above, the B generated by different coil structures after energizing is
different. To enhance the de-tumbling performance, it is necessary to identify the
structure parameters that result in the maximum B, on the target surface. At this
moment, the corresponding coil parameters are the optimal. Here, for simplicity, the
optimal parameters of one coil are analyzed first considering that the analysis process
for two coils is similar. Concretely, by substituting the known parameters R, Ry; a,
and d designed in “Initial Design and Theory Basis” Section into Eq. (12), respectively,
then the magnetic field B, at x; can be obtained:

i 2u,NILI(L*+8d] +17)
C (L ad?)(17+4d? )L 1P ad?

(14)

By observing Eq. (14), it can be concluded that the magnitude of B, is only related
to the structure parameters L and I of the coils. Therefore, it is obvious that the
problem of improving the de-tumbling performance is transformed into a parameters
optimization. In addition, because the maximum size of the coils is determined by the
diameter of the launcher fairing, the coil size in this model is restricted to be smaller
than the maximum available radius of the current space launcher [29] (the diameter
4m of an Ariana 5 launcher) to fulfill the launch requirements. Thus, the nonlinear
optimization model is built as follows:

Objective function:
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max B,
Subject to: (15)
Y L2+ 12 < Dfairing;

where Dyyiring is the diameter of the launcher.

More specifically, the fairing of launcher, the Dpgjping, and the maximum coil
structure parameters under constraints are shown in Fig. 5. Among them, L = 3 m and
[=2.5 m, respectively.

the maximum size of rectangular

fairing :/ . coil under constraints
=
7

L+
oA
-Djaii ing 4«

Fig. 5. The structure parameters of the fairing and Rectangular coil.

To find the coil structure parameters that maximize the magnetic field at different
distances, Eq. (14) is written in mathematical software. Subsequently, optimal
structure parameters are analyzed by traversing step length for L and I For
convenience, the step length of 0.5 m is used for calculation, and the resulting data
are presented in TABLE 1. Throughout this process, the parameters listed in TABLE II
are kept constant.

TABLE I
Optimal Rectangular coil Parameters at Different Distances
distance (m) (L,)) or (I, L) (m) Bmax (T)
d=10 6.86%10%
d=9 9.33% 106
. (2.5,3) .
d=5 493% 105
d=1 (2.5,2.5) 1.14x 103
d=0.8 (2,2) 1.43% 1073
d=0.5 (1.5, 1.5) 2.24% 1073
d=0.3 (1,1) 3.64% 1073
TABLE I
Parameters Required for the Structure Parameters Model
Parameter Describe Value
I1(A) Magnitude value of current 50

10
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N(\) Number of turns of the coil 95

It can be analyzed that due to the constraint, when d > 1 m, the optimal coil
structure parameters are always (L, I) = (2.5, 3) and remain unchanged. However,
when d < 1 m, the optimal coil structure parameters decreases with the decrease of

d and are no longer constrained. In addition, the B, increases with the decrease of
d.

To further improve the de-tumbling performance, randomly choose d = 1 m to
analyze the electromagnetic properties, and the resulting data are presented in Fig. 6.

’Il S50 !
Yy, ':, u et
,/,h I; iy X ' \“\\‘\‘\‘“\ \
m “ : A “\‘\ s
|\
A8 ‘ s‘ SO “\\\\\
\
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g\ “‘\ A
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) "fllf,,? 2 0:

/ll';‘ J{{

Fig. 6. The relationship between Bx and L, L

Fig. 6 shows 3-D relationship between Bx versus L and I. According to the given
relationship, it can be observed that in the constrained area indicated by the bold blue
line (i.e., L <4m, | < 4m), Bx increases rapidly with the increment of L and 1. However,
when (L, I) > (2.5, 2.5), Bx will decrease as L and / increases. It can be intuitively seen
from the icons (L, I, Bx) = (5, 5, 0.892x103) and (L, I, Bx) = (2.5, 2.5, 1.141x10-3) that
despite a 2 times increase in L, Bx has actually decreased. By comparing the (2.5, 2.5)
icon with the icon of the maximum size of the coil under constraint, i.e., (2.5, 3), the
same phenomenon can also be concluded. Hence, the larger L and I do not imply the
larger Bx. So, it can be concluded that the optimal structure parameters of the
rectangular coil are (L, [) = (2.5, 2.5). At these parameters, the magnetic field Bx at the

target is maximum, and it satisfies the constraint \/ [+ =~/2.52 +2.5 < D uiring -

2.2.2. Influence of Current Direction for Coils on Magnetic Field

To enhance the de-tumbling performance, besides determining the optimal
structural parameters, it is also to assess the influence of current direction in C; (i =1,
2) on de-tumbling efficiency, as shown in Fig. 7.

11
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Fig. 7. Different current direction for energized Ci (i =1, 2).

The magnetic fields generated by C;, C,, or both of C; (i =1, 2) are all investigated
through analytical model of magnetic field and FEM when I for C; (i =1, 2) flows in the
same or opposite direction, as shown in Figs. 7(a) and 7(b), respectively. This analysis
helps to understand the characteristics of the magnetic field when the current passes
through C; (i =1, 2) in two different directions as described above, providing the de-
tumbling task. Additionally, Fig. 7 demonstrates that the results obtained from the
proposed analytical model of magnetic field and FEM are in good agreement, further

confirming the accuracy of both methods.

More specifically, it can be seen from Fig. 7(a) that magnetic field Bs, and B:, at
OC,-(i :1,2) of C; and C; are the maximum, and then gradually decreases as the
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distance fromOc,(i:1,2)increases. Further, the total magnetic field B, along

xq(i=1,2)axis ofC; (i =1,2)is the sum of Bs, and B, and the smaller the|x,

, the
smaller the B; .. However, it can be seen from Fig. 7(b) that the magnetic field By,
generated by C; is equal to Bs,, whereas the magnetic field B}, generated by C, is

equal to-B:,, resulting in a total magnetic field By, smaller thanBs,. It can be
concluded that the occurrence of this different characteristic is caused by the
opposite direction of I'for C; (i =1,2).

Therefore, based on the above analysis, the optimal model to de-tumble the target
is to have I for Cl.(z'=1,2) flowing in the same direction, producing the maximum

magnetic field, as shown in Fig. 7(a). In addition, the values of B;,, B, , By, or B , at

the center of mass of the target (i.e., x, = 0 ) are equal to 1.141 X 10-3 T, which matches
the values for (L, I) = (2.5, 2.5) shown in Fig. 6, further confirming the accuracy of the
established model.

2.3 Analysis of Optimization Results

The optimal structure parameters of the coil are determined in “Optimization
Process” Section based on the magnetic field analytical model established in “Initial
Design and Theory Basis” Section. Subsequently, this section applies the optimal
parameters to C; (i =1, 2). Several different numerical simulations based on FEM are
then conducted for a hollow cylindrical uncooperative space target to further analyze
and draw guiding conclusions.

2.3.1 Improved De-tumbling Torque Method

As shown in Fig. 7(a), Bs, generated by the designed rectangular energized coil has

a spatial gradient due to the different magnitude of B;, at different x,. Consequently,

the de-tumbling torque cannot be calculated using a de-tumbling torque model based
on the assumption of a uniform magnetic field [14], [30]. Therefore, to calculate the
de-tumbling torque of the uncooperative space target, Maxwell's stress tensor
method can be employed as follows [31]:

F, = Lo [ B.B,do (16)
Hy =°
Lr’ con
T == [ " B B,d6, (17)
My 70

where B, and B, are the radial and tangential components of the magnetic field atr,,,
respectively, and L, is the axial length of the target. Among them, r, is the radius of

the cylinder that encloses the target.

13
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To calculate the de-tumbling torque of Eq. (17), a transformation is applied to
convert the magnetic field in Cartesian coordinate system to the magnetic field in
Cylindrical coordinate system. B, and B, are defined as:

B, = B,cos0+B sinf
(18)

B, =-B sin0 + Bycos@'

where B, and B, are the normal and tangential components of the magnetic field in
Cartesian coordinate system, respectively.

The detailed structure parameters of the target for numerical simulations are listed
in TABLE III, and the magnetic field at ry;, is given first by FEM, which is shown in Fig.
8.

TABLE III
The Structure Parameters of the Target
Parameter Describe Value
by (mm) Thickness of the target 10
o (S/m) Conductivity of the target 3.8X107
r (m) Radius of the target 0.1
Lt (m) Axial length of the target 2r
® (rad/s) Angular velocity of the target T

a) Radial components of the magnetic field.

14

202 ‘gz Jequienop uo Bioeousios [dsy/:sdny woly papeojumogd



b) Tangential components of the magnetic field.

x10°°

B -B, (T)

P;L'X’(“

) The product of both components of the magnetic field
Fig. 8. Magnetic field atr,, when r=0.1 m.

B, B,and B, - B,atr,;are calculated by FEM shown in Fig. 8(a), Fig. 8(b) and Fig. 8(c),
respectively. It can be noted that B. and B, exhibit regular changes with¢ €[0,27].

This is due to the designed coil structure, together with the shape of the target, jointly
determines this phenomenon. Then, it can also be noted from Fig. 8(c) that the
magnitude of B, - B,along the axial direction [i.e., L] is different. As it moves away from

the center of mass of the target O, its value increases.

15
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According to the physical mechanism deduced by Maxwell's stress tensor method,
Eq. (17)is suitable for the model (e.g., the coils are placed in a stator made of silicon
steel sheet) with constant axial magnetic field. However, due to the magnitude of
B, -B,along the axial direction of the target is different in the model of this study,

which causes Eq. (17)to be no longer applicable.

For high accuracy, an improved method is proposed. The rotor's axial length is
discretized into segments, as shown in Fig. 9(a), and subsequently, the de-tumbling
torque for each segment length is computed. The de-tumbling torque from all
segments are then summed up. Notably, as the number of segments increases, the
computed de-tumbling torque value approaches the true value more closely under
the limit of summation.

The improved de-tumbling torque calculation method can be obtained as follows:

n=Nseq L 2 n
r= ) o Bm[ L jBan( NL }d@, (19)
9

n=1,2,3LNseg4 #ONseg 0 Nseg sey

where N4 is the number of segments along the axis of the target, n represents index

of the segments, andB,, (i} and By, (i] represent radial and tangential

seg seg

components of the magnetic field at different indices, respectively.

In addition, for clarity, r,.in Eq. (17)and Eq. (19), and other structure parameters
of the target are further shown in Figs. 9(b) and 9(c).

Fig.9. Schematic diagram of axial segmentation and structure parameters of the target.

2.3.2 De-tumbling Torque Characteristics

By substituting B, - B, calculated by FEM shown in Fig. 8(c) into Eq.(19), the de-

tumbling torque acting on the target can be obtained, which is a key step to solve the
de-tumbling problem. Among them, the de-tumbling torque of different numbers of
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segments when r=0.1 m is analyzed through FEM computations, as shown in Fig. 10.
When the target radius varies from 0.1 m to 0.8 m with a step size of 0.1 (i.e,
r €[0.1:0.1:0.8]), the resulting de-tumbling torque is shown in Fig. 11.

10

x10™
U o i S * T 976
e o e e —p— N 1120}
i FEM N 100
I seg -
," __ Calculated by the improved Maxwell's stress tensor
i method
1
i - Calculated by virtual displacement
,.‘ method
]
i
i Calculated by the traditional Maxwell's stress tensor
Iy -~ method as per Eq. (18)
20 40 60 80 100 120
N\'eg

Fig. 10. De-tumbling torque of different numbers of segments when r=0.1 m, Nseg.

It can be seen that de-tumbling torque increases with the increase of Ny, and as
N4 reaches 40, the computed de-tumbling torque converges more closely to the true
value under the summation limit. Furthermore, compared to the de-tumbling torque
calculated using the traditional Maxwell's tensor method, i.e., Eq. (17)with Ny, =1, as
shown in Fig. 10, the accuracy of the de-tumbling torque calculated using the
proposed improved Maxwell's stress tensor method in this paper has been improved
by 26.64 %. This improvement also validates the advantage of the proposed method.
In addition, the accuracy of the Maxwell's stress tensor method is further verified by
comparing the de-tumbling torque of the improved Maxwell's stress tensor method
with that of the virtual displacement method [32]. The error decreases gradually with
an increasing number of the segments, and when N, > 40, the minimum error is only

2.87%.

T,(N. m)

Calculated by the improved
Maxwell's stress tensor method L 30)8

41
3F oz2s
02
0.15
2r 0.1
0.05
0

J

w
7-0.0009 7:0014 L~ a
0.1 | _&r:02 B 4

K
e
0.1 0.2 0.3 0.4 L= T:1.211
T r:0.6

e R
- r:0.5

02 0.3 0.4 0.5 0.6 0.7 0.8
Radius of the target (m)
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Fig. 11. De-tumbling torque of targets with different radii.

Fig. 11 illustrates the variations in the de-tumbling torque by the target at different
target radii. It can be observed that as the target radius increases, the de-tumbling
torque exerting on the target also increases, which matches the relationship between
the de-tumbling torque and radius shown in Eq. (19).

3. Results and conclusion

An optimization framework is proposed in this article for the optimal coil
structure for braking the uncooperative space targets, which has focused on coil's
structure parameters analysis, magnetic field analytical modeling, and
electromagnetic characteristics analysis. Firstly, the optimal structure parameters for
different distances between the coils and the target are studied, when the magnetic
field at the target is maximum. Then, the electromagnetic characteristics of two coils
with different current directions are conducted. The effectiveness of the proposed
magnetic field analytical model is verified using FEM, and the results show good
agreement. The results indicate that when the distance is less than 1m, the constraint
size of the transmitter fairing is no longer limited, and the magnetic field generated
at the target is maximum when the direction of current flow in both coils is the same.
Additionally, the accuracy of the de-tumbling torque is improved 26.64 % when
calculated using the improved Maxwell's stress tensor method compared to the
traditional Maxwell's stress tensor method. The accuracy is verified by the virtual
displacement method and the traditional Maxwell's stress tensor method.
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