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Abstract: Electromagnetic docking technology can realize the flexible docking and safe separation of
spacecraft, and presents broad application prospects. However, an electromagnetic force with nonlin-
earity and uncertainty properties increases the difficulties of the electromagnetic docking control. In
this work, the magnetic dipole far-field model of a single coil has been established by simplifying the
electromagnetic docking device. Afterward, the electromagnetic force and electromagnetic torque
models were obtained during space electromagnetic docking. The space electromagnetic docking
dynamics model was established by analyzing the influences of disturbance force and disturbance
torque caused by a geomagnetic field. According to the one-dimensional docking reference trajectory,
the sliding mode variable structure controllers based on exponential reaching law were proposed and
verified. The quasi-sliding mode control method has been adopted to solve the chattering problem in
sliding mode variable structure control. The simulation results show that it is necessary to design and
add an electromagnetic controller to achieve flexible docking. The sliding mode variable structure
controller based on quasi sliding mode can realize one-dimensional electromagnetic flexible docking,
and have made good tracking effect on the reference trajectory. Compared with the control method
based on exponential reaching law, it can reduce the chattering phenomenon in the control process.
The sliding mode variable structure control strategy based on quasi sliding mode presented good
robustness. Therefore, it can provide theoretical guidance and control reference for the flexible
docking process between electromagnetic satellites.

Keywords: electromagnetic docking technology; sliding mode variable structure control; exponential
reaching law; quasi-sliding mode

1. Introduction

Space rendezvous and docking technology has been developed for more than 50 years.
During this period, a variety of large docking mechanisms have been established such as
probe-cone, androgynous peripheral assembly system (APAS), and a common berthing
mechanism (CBM) [1]. For the International Space Station, these docking forms are still
retained: the U.S. module uses the APAS, and the Russian module uses the probe-cone [1].
However, these mechanisms are connected with contact collision. With the rapid devel-
opment of the on-orbit service, modular spacecraft have attracted more attention [2]. In
spacecraft modular research, the design of an orbital replaceable unit (ORU) has been
proposed worldwide. The ORU can be replaced and upgraded in orbit. It can also be used
for the consumable replenishment and other operations, thus effectively extending the
service life of the target spacecraft. Various studies have been carried out on ORUs such
as the standard interface for robotic manipulation of payloads in future space missions
(SIROM) [3], harmonized system study on interfaces and the standardization of fuel trans-
fer ASSIST [4], and autonomous micro-satellite docking system (AMDS) [5]. Most of the
docking mechanisms, whether spacecraft or ORU, realize the docking process through
contact collision. Meanwhile, propellants employed in the traditional rendezvous and
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docking cause fuel consumption, optics pollution, plume impact, heat emissions, and
other issues.

Electromagnetic docking technology is a new type of rendezvous and docking tech-
nology, which presents the advantages of no fuel consumption, no docking impact, and
the effective prevention of plume pollution to optical elements [6]. NASA’s Miniature
Autonomous Extravehicular Robotic Camera (Mini AERCam, NASA, Washington, DC,
USA) achieves the transformation of electromagnet attraction and repulsion by controlling
the direction of current [7]. The Massachusetts Institute of Technology (MIT) has raised the
concept of electromagnetic formation flight (EMFF) [8]. The device for controlling EMFF
is composed of three coils arranged orthogonally with each other [8]. The Reconfigurable
Space Telescope of Autonomous Assembly was developed by researchers from the Univer-
sity of Surrey where the precise docking of multiple satellites was accomplished by coils
and permanent magnets [9], and McGill University designed a cubic electromagnetic space-
craft called Tryphons [10]. The development of an electromagnetic docking mechanism
makes the flexible docking of spacecraft possible.

Electromagnetic spacecraft uses electromagnetic force and torque to achieve flexible
docking. However, the control on the electromagnetic force and torque has become a
major difficulty due to nonlinearity and uncertainty [11]. Many efforts have been made
for this difficulty. MIT has established three electromagnetic coils models of near-field,
mid-field, and far-field through Gaussian flux law, potential function, and the magnetic
dipole model [11], which laid the foundation for the dynamic research and control strategy
formulation of electromagnetic docking technology. Based on the above electromagnetic
coil model, Kwon [12], Zhang [13], and Shi [6,14] researched the control of electromagnetic
spacecraft formation flight. Huang [15-17] treated such an electromagnetic formation
flight as a free multi-rigid-body system connected by the force element. The Kane method
has been applied to develop a generalized 6-DOF dynamic model with internal forces
accommodated [16]. Based on the linear system theory, the stability and controllability of
the electromagnetic formation have been analyzed, and the coordinated trajectory planning
of the electromagnetic formation flight has been realized [15,17]. As the satellite formation
is constantly affected by the electromagnetic torque generated by the Earth’s magnetic field,
an alternative solution to dipole polarity switching has been proposed by Fabacher [18],
who avoided the building of angular momentum caused by the Earth’s magnetic field on
both satellites. Zhang [19] established a dynamic model of spacecraft orbit correction by
inertial propulsion and electromagnetic force coupling between spacecraft. Based on the
establishment of the dynamics model, the concept of self-docking [20,21] has been raised,
and the self-docking characteristics of electromagnetic spacecraft have been studied from
both theoretical and simulation aspects.

During the final stage of self-docking, the velocity of the spacecraft increases sharply,
which leads to a larger impact force in the spacecraft docking process [22-26]. In order
to achieve flexible docking, scholars have further studied the electromagnetic control
strategy. Ahsun [22] used nonlinear adaptive control to study the near-ground flight
of electromagnetic formations, while Kwon [24] used two controllers to simulate the
electromagnetic formation. Zhao [26] established a linearized model of the aircraft, and
designed a controller based on robust control theory. Meanwhile, the robustness of the
controller has been verified by simulation. Cai [27] designed an active disturbance rejection
control scheme combined with feedforward and feedback. The scheme indicates good
robustness under the conditions of external interference and sensor noise. Torisaka [28]
developed a method for relative attitude control without reaction wheels for reconfigurable
spatial structures, while Huang [29] proposed an adaptive reaching law based sliding mode
control for the trajectory tracking of EMFF with actuator saturation. Liu [30], Zeng [31],
and Cai [32] realized the tracking of spacecraft formation flight through sliding mode
control. Sliding-mode control is based on the design of a high-speed switching control
law that drives the system’s trajectory onto the sliding surface. The robustness of sliding-
mode control can theoretically ensure perfect tracking performance, despite parameter
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or model uncertainties [30-32]. However, in real-time applications, the sliding surface
is not rigorously known, which leads to a high control activity known as chattering [33].
Chattering will excite high-frequency dynamics, which could be the cause of severe damage
to the electromagnetic docking mechanism.

Propellants employed in traditional rendezvous and docking cause fuel consumption,
optics pollution, plume impact, heat emissions, and other issues. Therefore, electromagnetic
rendezvous and docking, a new rendezvous and docking technology, has the advantages
of no fuel consumption and no docking impact, effectively avoiding the pollution of optical
elements caused by plume. However, the nonlinearity and uncertainty of electromagnetic
force increase the difficulties of the electromagnetic docking control. In this work, the
magnetic dipole far-field model of single coil in the three-dimensional space coordinates
was established by simplifying the electromagnetic docking device. The electromagnetic
force and electromagnetic torque models during space electromagnetic docking were
obtained. The space electromagnetic docking dynamics model was established by analyzing
the influences of disturbance force and disturbance torque caused by the geomagnetic field.
According to the one-dimensional docking reference trajectory, sliding mode variable
structure controllers based on exponential reaching law were proposed and verified and
the quasi-sliding mode control method was adopted to solve the chattering problem in the
sliding mode variable structure control. This research can provide theoretical guidance for
electromagnetic force and torque calculation, while offering control references for flexible
docking technology between spacecrafts.

2. Mathematical Model of Electromagnetic Force and Torque in Space Electromagnetic
Docking Process

The electromagnetic assisted docking mechanism studied in this work is composed of
a coil and I-shaped iron core, as shown in Figure 1. Based on Maxwell software simulation,
the geometric parameters of the coil and I-shaped iron core were determined on the basis
of the comprehensive consideration of electromagnetic force, power, weight, and other
parameters. The above contents can be obtained in the Supplementary Materials. The
designed electromagnetic docking mechanism requires 3900 ampere turns, 113.8 W power,
and a 2.86 kg weight.

Electromagnet

coil

1ron core

140mm

40mm

/ e 70.25mm
Subsatellite 65mm

Figure 1. Schematic diagram of the electromagnetic assisted docking mechanism.

26mm

In order to facilitate the discussion of the subsequent magnetic induction model, the
coordinate system of the coil was defined first. The center of the coil was taken as the
coordinate origin, and it was assumed that there was a counterclockwise current flowing
inside the coil. The z-axis is collinear with the central axis of the coil and perpendicular to
the plane where the coil is located. The direction of the z-axis is vertical upward. The x-axis
coincides with the plane of the coil and the direction is horizontal to the right. The y-axis is
determined by the right-hand screw rule. The coordinate system is shown in Figure 2.
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Figure 2. Establishment of the coordinate system.

In three-dimensional space, the magnetic induction intensity generated by the coil in
arbitrary space can be obtained by the Biot-Savart law [11], as shown in Equation (1).

1d7 7
—>_ —)_ "uo X r
B _deB A )

where ji9 and I are the permeability of the vacuum and coil current, respectively.
Taking Figure 2 as an example, point S is an arbitrary point on the coil, and point P is

a point outside the coil. «, B, v are the angles between the vector 7 p and the coordinate

—
axis, respectively. ¢ is the angle between the vector 75 and the x-axis. d | is the length
microelement of point S after rotating d¢ around the z-axis. According to the coordinate

N
relationship in Figure 2, the expressions of d [ and 7 can be substituted into Equation (1).
The component of the magnetic induction intensity of the coil at any point in space can be
obtained by Equations (2)—(4).
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where R is the coil radius.

Three types of electromagnetic force models are commonly used in the related research
of electromagnetic force and torque models: near-field model, mid-field model, and far-
field model [11]. The near-field model is an accurate model, which is applicable to arbitrary
distance between spacecraft. However, the electromagnetic force and torque of the near-
field model are represented by a series of double integral equations, and it is difficult to
obtain an analytical solution. For space electromagnetic docking, the distance between two
spacecraft is usually greater than the radius of the electromagnetic coil. When the distance
between two electromagnetic coils is far greater than the coil radius, the electromagnetic
force and torque they suffer in each other’s magnetic field depends on the magnetic
moment of the electromagnetic coil. The far-field model simplifies the energized coil as an
electromagnet, and the electromagnet is modeled as a magnetic dipole. The approximate
analytical solution of the electromagnetic force and torque can be derived by linearizing the
near-field model with Taylor s first-order expansion. The far-field model is applicable to the
case where the distance between spacecraft is greater than the radius of the electromagnetic
coil. The expressions of the electromagnetic force and the torque of the far-field model are
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simpler and do not contain integral equations, so it can be applied to the corresponding
theoretical research and control methods.

Equations (2)-(4) can be expanded by using the McLaughlin formula, and the far-
field model commonly used in the research of electromagnetic control strategy can be
obtained [11]. The required McLaughlin formula is as follows:

a_ a_a@a—=1) , al@—1)(a—-2) 3 3
(1+2)" =14 px+ ==+ 5 x +o(x) ®)
1i—x:14—x+x2—i—x3+o(x3) 6)

For the far-field model, McLaughlin’s formula was used to perform Taylor’s first-
order expansion of the integral term where the approximate analytical solution of the
electromagnetic force and torque can be derived. By employing Equations (5) and (6), the
common integral term in Equations (2)—(4) can be Taylor expanded. The expanded form is
shown in Equation (7).

1
(rpZ +R2—2Rrp cos & cos p—2Rr cos B sin (p) e @)
1 3Rcosacosp |, 3RcospBsing
=3 + + 1

1
p Tp

The common integral term in Equations (2)—(4) can be expanded by using Taylor’s
first-order expansion. The component of the magnetic induction intensity of the coil at
any point in space can be simplified by Equations (8)—(10) to facilitate the establishment of
subsequent expressions of electromagnetic force and electromagnetic torque.

3l TRy? Xz
b= (x2 + 12 +22)2° ®
B — 3uoly TR, ? yz ©)
Y 4r (X2 + 2 + 22)25
2 2_ 2 .2
B, = polimR* 2z° —x° —y (10)

4T (242 + 22)25

The far-field model simplifies the energized coil to an electromagnet and models the
electromagnet as a magnetic dipole. According to the assumed current direction in Figure 2,
the N pole direction of the magnetic dipole can be obtained through Ampere’s law. In order
to ensure the consistency of the discussion before and after, the N-pole direction of the
magnetic dipole is taken as the z-axis direction of the coordinate system. Taking the center
of magnetic dipole 1 as the origin of coordinates, the z-axis is in the same direction as the N
pole of magnetic dipole 1. The x-axis coincides with the plane of magnetic dipole 1 and the
direction is horizontal to the right. The y-axis is determined by the right-hand screw rule.
Similarly, the global coordinate system of magnetic dipole 2 (right) was established. The
global coordinate systems between the two the magnetic dipoles are shown in Figure 3.

A single coil can be simplified into a magnetic dipole model. When the current is
applied, the angle of two coils can be offset under the action of electromagnetic force and
torque. The body coordinate systems can be established with the offset coils. The angle
transformation relationship between the body coordinate systems and the global coordinate
systems is shown in Figure 3a, and the vector relationship between the two coils is presented
in Figure 3b. Based on the far-field model, the magnetic induction intensity component
at an arbitrary point in space can be obtained with Equations (8)—(10). According to the
Ampere force formula and the conservation of angular momentum, the scalar expressions
of electromagnetic force and torque between the two coils can be calculated. The detailed
calculation process is as follows.
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Figure 3. The angular relationship between the global coordinate systems and the body coordinate
systems (a) and the vector relationship between the coils (b). The distance between the centers of two
magnetic dipoles is expressed by d.

According to the Ampere force formula, in the global coordinate system o-xyz, the
electromagnetic force of coil 2 from coil 1 can be obtained by Equation (11).

- —

— - = - Lidl - g

Plz:f dfu:f Ldl,x M# :f Ldlyx By (11)
L2 2 1 4m 1y 2

The electromagnetic torque of coil 2 is the cross product of the arm and the electro-
magnetic force, as shown in Equation (12).

— N -
My, = quz Fas xdfyy (12)

According to Newton’s Third Law of Motion, the electromagnetic force on coil 1 is
shown in Equation (13) below.

- -
Fyy=—Fp (13)

Since the system is not acted by external force and torque, the angular momentum
between the coils is conserved, as shown in Equation (14).

= = — —
Moy + My + 131 X Fo1 + 13 X Fip =0 (14)

According to the coordinate relationship in Figure 2, the expressions of each vector
are substituted into Equations (8)—(12). The high-order terms in the integral formula are
omitted, and the far-field model of the electromagnetic force and torque can be obtained on
the coils, as shown in Equations (15)—(20).

3 ) .
Floy = —% (2 cos &1 cos & — cos(fy — 0,) sin 7 sindy) (15)
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12, = % (cos &1 sin &, cos B, + sin & cos & cos 01) (17)
Mipy = VZZZP;Z sin §q sin &, sin(6, — 61) (18)
_ HoMiH2 , . .
My = P (sin &1 cos & cos 61 + 2 cos &1 sin & cos 6) (19)
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where 1 is the permeability of vacuum; y; is equal to I; 7R?; and y5 is equal to L TR3.

The electromagnetic force and torque of coil 2 can be given by general expressions.
According to Equations (13) and (14), the electromagnetic force and torque of coil 1 can be
obtained accordingly.

3. Self-Docking Characteristics of Space Electromagnetic
3.1. Analysis of the Interference Effect from the Geomagnetic Field

Since the satellite studied in this paper is relatively close to the Earth, its orbit altitude
is 500 km. The geomagnetic field can be regarded as a magnetic dipole model. In the
docking process based on electromagnetic technology, electromagnetic devices may be
affected by the interference of the geomagnetic field. Therefore, it is necessary to analyze
the electromagnetic force and torque from the geomagnetic field.

In order to evaluate the influence of the geomagnetic field on the electromagnetic-assisted
docking process, the electromagnetic force and torque between the satellite and the sub-
satellite, the Earth and the sub-satellite were calculated, respectively. According to the design
parameters of the coil, the magnetic torque of the coil (i1 = py) is 32.18 A-m?, the distance
between the sub-satellite and the center of the Earth (d) is 6.871 x 10° m, the permeability
of vacuum () is 47 X 1077 T-m/A, and the magnetic torque of the geomagnetic field ()
is approximately 7.79 x 10?> A-m2. Two ideal conditions were assumed here to calculate
the electromagnetic force and electromagnetic torque, respectively. The first is the working
condition without tolerance; ¢1, ¢», 61 and 6, are all zero; and the two electromagnetic coils are
parallel to each other at this time. The second is the working condition with angle deviation,
¢1 and ¢, are equal to zero, 81 and 0, are equal to 3°; at this time, coil 1 and coil 2 have an angle
of 3° in the y-z plane, respectively. The electromagnetic force and torque expression between
satellites can be known by Equations (15)—(20). Since the two satellites begin to capture and
dock at a distance of 0.3 m, the curve of electromagnetic force and torque during the docking
process can be shown in Figure 4.

(a) (b)

7 - - 0.012 ; - -

Main satellite—subsatellite E Main satellite—subsatellite
Z 6 «====-Earth—subsatellite z |\ e Earth—subsatellite
g 2 0.009
Es :
2 S
% 45 I “ Five times difference
g Quite different < 0.006 |
£ : 7.67x107N | %" 4.01x10°N
sl P _ i 8.08x10°5N :
E 2 t 6.75x10 10N g 0003-  NO 4|
b N T 2
=
0 L L L 0.000 - " - - s
0.10 0.15 0.20 0.25 0.30 0.10 0.15 0.20 0.25 0.30
Distance along the y—axis (m) Distance along the y—axis (m)

Figure 4. The electromagnetic force (a) and torque (b) of the main satellite—subsatellite, and
the Earth—subsatellite.
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It can be seen from Figure 4a,b, that as the distance was reduced, the electromag-
netic force and torque between the two satellites increased nonlinearly. The difference
in the electromagnetic force and torque between the main satellite-subsatellite and the
Earth-subsatellite increases. At a distance of 0.3 m, the electromagnetic force between
the main satellite and the subsatellite was 7.67 x 1072 N, while the electromagnetic force
between the Earth and the subsatellite was 6.75 x 10710 N. The electromagnetic forces
were quite different, so the interference force from the geomagnetic field could be ignored
during the docking process. At a distance of 0.3 m, the electromagnetic torque between the
main satellite and the subsatellite was 4.01 x 10~* N-m, while the electromagnetic torque
between the Earth and the subsatellite was 8.08 x 10~° N-m, which was a difference of five
times. As the axial distance between the satellite and the sub-satellite decreased, the differ-
ence between the two increased nonlinearly. When the axial distance between the satellite
and the sub-satellite was 0.1 m, the electromagnetic torque between the satellite and the
sub-satellite was 134 times greater than that between the Earth and the sub-satellite. There-
fore, during the docking process between the satellite and the sub-satellite, the influence of
the interference torque of the geomagnetic field can also be ignored.

3.2. Electromagnetic Self-Docking Characteristics

In order to study the self-docking characteristics of the electromagnetic docking device,
the electromagnetic force and torque during the electromagnetic docking process were
derived by the far-field model. Meanwhile, the interference of the Earth’s magnetic field
could be ignored through comparative analysis. Therefore, during the docking process, the
space electromagnetic docking device is only affected by electromagnetic force and torque.
For satellites and sub-satellites, the mass of the satellite is much greater than that of the sub-
satellites. Taking the research object of this paper as an example, the mass of the satellite
was eight times that of the sub-satellite. To facilitate the solution, the docking process can
be regarded as a process in which the main satellite is fixed, while the subsatellite moves.

Within time element ¢, the electromagnetic force and torque of the subsatellite is ap-
proximately constant. The linear acceleration, linear velocity, linear displacement, angular
acceleration, angular velocity, and angular displacement of the subsatellite can be expressed
as Equations (21)—(26) below.

a= % (21)

v =709+ at (22)
1

s = vot + Eat2 (23)

x = % (24)

w = wqy + at (25)
1

0 = wot + szt2 (26)

where F is the electromagnetic force of subsatellite; m is the subsatellite mass; vy is the
initial velocity of subsatellite; M is the electromagnetic torque received by subsatellite; and
wy is the initial angular velocity of subsatellite. To avoid repetition of the moment of inertia
symbol and current symbol I; the symbol | has been used in Equation (24) to represent the
moment of inertia of the subsatellite.

In this work, the maximum mass of the subsatellite and electromagnetic assisted
docking device was about 20 kg. For subsatellites carrying different equipment, their mass
and centroid distribution are different. In order to simplify the calculation, an ideal working
condition was assumed, and the electromagnetic assisted docking device was regarded as
a homogeneous body with a mass of 20 kg. The moment of inertia can be obtained from
the geometric parameters of the coil, where ], = 0.0525 kg-m? and J,, = J. = 0.0263 kg-m?.
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Two working conditions were considered here to calculate the electromagnetic force
and electromagnetic torque, respectively. The first is the working condition without toler-
ance; G1, G2, 01, and 6, are all zero; and the two electromagnetic coils are parallel to each
other at this time. The second is the working condition with angular tolerance; ¢, ¢», and
61 are equal to zero; and 6, is equal to 3°, at this time, there is an angle of 3° between coil
2 and the y-z plane. Under the two working conditions above, the electromagnetic force
and torque of coil 2 (subsatellite) can be calculated by Equations (15)-(20). The time mi-
croelement was taken as 0.001 s, and the initial docking velocity of the subsatellite was zero.
Through the calculation of Equations (21)—(26), the simulation result curves of the linear
displacement, linear velocity, angular displacement, and angular velocity of subsatellite
during the docking process can be obtained, as shown in Figures 5 and 6.

2
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Figure 5. The linear displacement (a), linear velocity (b), angular displacement (c), and the angular
velocity (d) of the subsatellite during the docking process with non-tolerance.

Under the conditions of no tolerance and a certain angle tolerance, the space electro-
magnetic assisted docking mechanism showed good self-docking characteristics. When two
satellites were docked without tolerance, the distance between two satellites was reduced
from 0.3 m to 0 m through the simulation of 8092-time steps, as shown in Figure 5a. Since
the subsatellite is not subjected to electromagnetic force and torque in other directions,
there is only a linear velocity along the x-axis, as shown in Figure 5b. When the subsatellite
is docked with an angular tolerance of 3°, through the simulation of 8095-time steps, the
distance between two satellites was reduced from 0.3 m to 0 m, as shown in Figure 6a.
During this period, since the subsatellite was under little electromagnetic force along the
z-axis, the linear displacement and linear velocity along the z-axis were nearly zero. The
subsatellite was also subjected to electromagnetic torque around the y-axis. Under this
torque, the angular displacement of the subsatellite constantly changed, and the angular
tolerance in the final stage was close to 0.5°, as shown in Figure 6¢c. Regardless of whether
there was an angle tolerance between the two satellites or not, the space electromagnetic
assisted docking mechanism showed good self-docking characteristics. The position and
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attitude of the subsatellite can be adjusted to the alignment state through electromagnetic
force and torque. During the simulation process of the two working conditions, the dis-
placement and velocity of the subsatellites changed slowly in the early stage. However,
at the end of the docking process, due to the nonlinear increase in the electromagnetic
force and torque, the velocity of the subsatellite also increased. Higher speeds will result
in the greater impact force of the collision between the subsatellite and the main satellite.
Therefore, it is necessary to design and add an electromagnetic active controller to achieve
a weak impact docking effect.
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Figure 6. The linear displacement (a), linear velocity (b), angular displacement (c), and angular
velocity (d) of the subsatellite during the docking process with a tolerance of 3°.

4. The Strategy of Sliding Mode Variable Structure Control
4.1. Design of Reference Trajectory for Non-Tolerance Docking Process

In order to achieve weak impact docking, it is necessary to limit the speed of the
sub-satellite during the docking process. The reference trajectory for the sub-satellite’s
movement was designed, as shown in Figure 7. During the docking process, the reference
trajectory of the sub-satellite was set to accelerate first, then at a constant speed, and
then decelerate. The initial reference speed of the sub-satellite was Vj, the maximum
reference speed was limited to V,;,, and the final docking speed was zero, which can meet
the requirements of flexible docking.

The initial linear velocity of the subsatellite (vg) was 0.001 m/s, the acceleration period
(t1) was 20 s, the uniform velocity period (f;) was from 20 s to 30 s, the deceleration period
(t3) was from 30 s to 40 s, and the initial distance between the two satellites (xg) was 0.3 m.
After calculation and post-processing, the reference displacement, linear velocity, and accel-
eration curve of subsatellite are shown in Figure 8. By comparing Figures 8b and 5b, there
was no end-stage acceleration process in the velocity change curve of the one-dimensional
docking reference trajectory, which is conducive to the realization of flexible docking. It also
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provides a mathematical model for the development of a sliding mode variable structure
control strategy.

V(m/s)/

4

—Vo

B VA —

Figure 7. The one-dimensional docking reference trajectory of “acceleration—uniform velocity—
deceleration” for the subsatellite.
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Figure 8. The reference displacement (a), linear velocity (b), and acceleration (c) of the subsatellite.

4.2. The Strategy of Sliding Mode Variable Structure Control Based on Exponential Reaching Law

In order to ensure that the sub-satellite can achieve flexible docking with the satellite
according to the reference trajectory, it is necessary to study the control strategy of the
electromagnetic-assisted docking mechanism. Sliding-mode control was based on the
design of a high-speed switching control law that drives the system’s trajectory onto the
sliding surface. The robustness of sliding-mode control can theoretically ensure perfect
tracking performance, despite parameter or model uncertainties. In this section, a sliding
mode variable structure control based on exponential reaching law was further designed
and verified.

The exponential approach law [33,34] is expressed in Equation (27) below.

s = —esgn(s) —ks,e >0,k >0 (27)

where ¢ and k are a constant.
sgn(s) is a sign function [34], its expression is shown in Equation (28).

1 s5>0
sgn(s) =2 0 s=0 (28)
-1 s<0

The dynamic equation of the subsatellite in the electromagnetic docking process is
shown in Equation (29).

. Buop1p2 3mpuoN?RAL I
= — = — 2
e 27Ty 2yt @9)
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where 11 is the permeability of vacuum; y; is equal to I; 7R?; and y; is equal to L TR3.
The expression of the control system can be transformed from Equation (28), which is
presented in Equation (30).

j&r@ == f(xrg, t) +g(Xrg, t)u +d(t) (30)
. Al . 3mugNZRA, | . . .
where f(xr, ) is 0; g(xre, t) is —=5 ——; d(t) is external interference, and its absolute

value is less than or equal to D.
The switching function is developed as Equation (31).

s(t)=ce+e (31)

where c is a constant.

The theoretical reference position of the subsatellite, which is relative to the main
satellite, is x,. During the docking process, the position error of the subsatellite can be
expressed as Equation (32).

€ = Xy — Xre (32)

From Equations (29)-(32), Equation (33) can be obtained.
$(t) = c(xr — Xre) + Xp — f(xre, t) — §(Xre, t)u — d(t) (33)

Equation (27) is equal to Equation (33). The expression of the control function is shown
in Equation (34).

L esgn(s) + ks + c(xy — Xre) + Xp — f(Xpe, t) — d(t) (34)
g(xre, t)

In a control system, it is difficult to know the changing law of external interference.
Therefore, the control function was set with a predetermined interference limit. The
absolute value of external interference was less than or equal to D, so Equation (34) can be
transformed into Equation (35).

L esgn(s) + ks + c(jcr — xm) + Xy — f(Xpe,t) — D 35)
g(xre, t)

Substituting Equation (35) into Equation (33), Equation (36) can be achieved.
s(t) = —esgn(s) —ks+ D —d(t) (36)

Assuming that the maximum and the minimum values of external interference are dy;

and dj, the value of D is required to meet lir%sé < 0.
S—

(1) When s(t) > 0,5(t) = —¢ — ks + D — d(t). In order to keep lirr(l)sé <0,D =dj.
S—
(2) When s(t) < 0,5(t) = e —ks+ D — d(¢). In order to ensure limss < 0, D = dy;.

s—0

Here, d; = dUZLdL and d, = u ;dL , D can be expressed as Equation (36).
D = dy — dpsgn(s) (37)

In this section, a sliding mode variable structure control based on exponential reaching
law was further designed and verified. Equations (27)-(37) describe the above control
system strategy. The control system was designed by the switching function (Equation (31))
and control function (Equation (35)). The sliding mode control can be realized by using the
exponential reaching law of sign function. The initial parameters were set as follows: the
coefficient of isokinetic term (¢) in the exponential reaching law was 1 x 10~4, the coefficient
of exponential term (k) was 5. The permeability of vacuum (pg) was 47t x 10~/ T-m/A. The



Machines 2023, 11, 332

13 0f 18

total number of turns of coil of the satellite (N) was 1.56 x 10%, and the effective radius (R)
was 5.125 x 1072 m. The wire current of the coil on the main satellite (I;) was 0.1 A. The
coefficient of switching function (c) was 10. The minimum value of external interference (d;)
was —1 x 107¢, and the maximum value (dy;) was 1 x 107¢. The external interference in the
actual system is complex and unknown, thus the non-interfering (d(t) = 0) and sinusoidal
interference conditions (d(t) = d; sin(27tt)) were assumed. The simulation results under
different interferences can be obtained through MATLAB programming calculation. The
verification of the sliding mode variable structure control based on exponential reaching
law can be found in Section 5.1.

4.3. The Strategy of Sliding Mode Variable Structure Control Based on Quasi Sliding Mode

In order to reduce the chattering phenomenon, the quasi-sliding mode method with
saturation function (Equation (38)) was applied to carry out the sliding mode control during
the docking process. The sign function (Equation (28)) was replaced by the saturation
function. The difference between the two functions is the path through the origin neighbor-
hood. The sign function directly transitions from —1 to 1 at the origin, while the saturation
function transitions through a straight line with a slope path in the origin neighborhood.

1 s>A
sat(s) = ¢ x [s| <A (38)
-1 s<—-A

where A is the boundary layer and is a constant.

Replacing the sgn(s) by sat(s), the quasi-sliding mode with saturation function can
realize the sliding mode control with initial parameters. When A = 0.01 and the other
parameters are unchanged, the simulation results under different interferences can be
found in Section 5.2.

5. Results and Discussion
5.1. The Verification of Sliding Mode Variable Structure Control Based on Exponential
Reaching Law

According to the sliding mode variable structure control based on the exponential
approach law, the docking characteristics of the subsatellites under the non-interfering and
sinusoidal interference conditions were studied, and the results are shown in Figures 9 and 10.
Figure 9a,b shows the position and linear velocity changes of the subsatellite along the
x-axis. For the non-interference condition, the actual position and linear velocity change
curves of the subsatellite were consistent with the reference position and linear velocity
change curves. The above phenomena show that the sliding mode variable structure control
based on the exponential reaching law had a good tracking effect. Figure 9c shows the
variation in the coil current in the subsatellite. During the acceleration and uniform velocity
stages, both two electromagnetic coils had the same direction of current. As the relative
position of subsatellite and main satellite decreased, the control current of the subsatellite
also decreased. During the deceleration stage, the current directions of two electromagnetic
coils were the opposite, and the control current of subsatellite also gradually decreased.
During the whole docking process, the chattering phenomenon of current in the subsatellite
was obvious. The current range was 0.05 A. Due to the current change, the electromagnetic
force of the subsatellite fluctuated around the reference electromagnetic force, as shown
in Figure 9d.
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Figure 9. The position (a), linear velocity (b), control current (c), and electromagnetic force (d) of the
sliding mode control based on exponential reaching law with the non-interfering condition.
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sliding mode control based on exponential reaching law with sinusoidal interference.
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For the sinusoidal interference condition, the tracking effect of the actual position
and linear velocity of the subsatellite on the reference value was also good, as shown
in Figure 10a,b. By comparing c,d in Figures 9 and 10, respectively, after introducing
sinusoidal interference, the trend of the control current and actual electromagnetic force
was stable at the original state, which reflected the strong robustness of the sliding mode
control. However, the control current and actual electromagnetic force obviously indicated
a sinusoidal component, and the chattering phenomenon was still serious.

5.2. The Verification of Sliding Mode Variable Structure Control Based on Quasi Sliding Mode

To reduce the chattering phenomenon, the quasi-sliding mode method with saturation
function was applied to carry out the sliding mode control during the docking process.
The simulation results under the non-interfering and sinusoidal interference conditions are
shown in Figures 11 and 12. For the non-interfering and sinusoidal interference conditions,
the tracks of the actual position and linear velocity of the subsatellite tightly followed the
reference, as shown in Figure 11a,b and Figure 12a,b. The sliding mode variable structure
control based on the quasi sliding mode indicated a good tracking effect. By comparing
c¢,d of Figures 9-12, respectively, the use of a saturation function did not affect the trend
of the actual control current and electromagnetic force, but it can effectively reduce the
chattering phenomenon in the docking process. For the sinusoidal interference condition,
small chattering appeared in the control current and actual electromagnetic force between
0 and 7 s. For the sliding mode variable structure control based on the quasi-sliding mode,
the chattering phenomenon during the docking process could be effectively reduced. The
amplitude of current chattering was reduced by 80% from 0.05 A to 0.01 A.
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Figure 11. The position (a), linear velocity (b), control current (c), and electromagnetic force (d) of the
sliding mode control based on the quasi sliding mode with the non-interfering condition.
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Figure 12. The position (a), linear velocity (b), control current (c), and electromagnetic force (d) of the
sliding mode control based on the quasi sliding mode with sinusoidal interference.

To realize flexible docking between the satellite and the subsatellite, it is necessary to
design and add an electromagnetic controller to achieve a flexible docking performance. By
comparing the sliding mode variable structure control strategy based on the exponential
reaching law and the quasi-sliding mode, it was found that the advantages of the sliding
mode variable structure control based on the quasi-sliding mode were more obvious. For
the sliding mode variable structure control based on the quasi-sliding mode, the tracks
of the actual position and linear velocity of the subsatellite tightly followed the reference,
and the chattering phenomenon during the docking process could be effectively reduced.
Therefore, this control strategy can be applied to the electromagnetic active controller to
achieve flexible docking. In real applications, the direct current or voltage of the satellite
electromagnetic coil is usually set to a fixed value. The direct current or voltage of the
subsatellite electromagnetic coil can be regulated by an electromagnetic active controller to
generate a controllable electromagnetic attraction or repulsion.

6. Conclusions

In this work, the self-docking characteristics and sliding mode variable structure
control of the space electromagnetic docking device were studied. Some of our obtained
conclusions are presented as follows:

1.  The electromagnetic force and electromagnetic torque models during electromagnetic
docking were obtained based on the far-field model. The self-docking characteristics
of the electromagnetic docking device were analyzed by using the established space
electromagnetic docking dynamics model. It was necessary to design and add an
electromagnetic controller to achieve flexible docking.

2. According to the designed one-dimensional docking reference trajectory, the sliding

mode variable structure control was proposed. The sliding mode variable struc-
ture control based on the exponential reaching law and quasi sliding mode showed
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good tracking effects on the reference trajectory, and could realize one-dimensional
electromagnetic flexible docking.

3. Compared with the control method based on exponential reaching law, the quasi
sliding mode could effectively reduce the chattering phenomenon in the docking
control process and presented good robustness. The sliding mode variable structure
control with the quasi-sliding mode reduced the amplitude of current chattering by
80%, which was from 0.05 A to 0.01 A.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /machines11030332/s1, Figure S1: Variation curve of electro-
magnetic force (a) and power (b) with the mandrel diameter of the I-shaped iron core; Figure S2
Surface magnetic induction intensity of electromagnetic docking device; Figure S3 Variation curve of
electromagnetic force (a) and weight (b) with the through-hole diameter of the I-shaped iron core;
Figure S4 Structural parameters of electromagnetic docking device; Table S1: Design requirements for
electromagnetic docking device.
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