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Abstract: During the process of satellite capture by a flexible base-link—joint space robot, the base, joints,
and links vibrate easily and also rotate in a disorderly manner owing to the impact torque. To address
this problem, a repetitive learning sliding mode stabilization control is proposed to stabilize the system.
First, the dynamic models of the fully flexible space robot and the captured satellite are established,
respectively, and the impact effect is calculated according to the motion and force transfer relationships.
Based on this, a dynamic model of the system after capturing is established. Subsequently, the system
is decomposed into slow and fast subsystems using the singular perturbation theory. To ensure that
the base attitude and the joints of the slow subsystem reach the desired trajectories, link vibrations are
suppressed simultaneously, and a repetitive learning sliding mode controller based on the concept of the
virtual force is designed. Moreover, a multilinear optimal controller is proposed for the fast subsystem
to suppress the vibration of the base and joints. Two sub-controllers constitute the repetitive learning
sliding mode stabilization control for the system. This ensures that the base attitude and joints of the
system reach the desired trajectories in a limited time after capturing, obtain better control quality, and
suppress the multiple flexible vibrations of the base, links and joints. Finally, the simulation results
verify the effectiveness of the designed control strategy.

Keywords: flexible-base; flexible-link; flexible-joint; space robot; capturing satellite; singular
perturbation theory; vibration suppression; repetitive learning sliding mode stabilization control

1. Introduction

The use of robotic systems to carry out on-orbit operations is highly desirable because
it limits the need for astronaut intervention in extreme environments, meaning missions can
be executed within shortened timescales and with higher levels of human safety. Therefore,
the study of related theories and technologies has received considerable attention [1-6],
etc. The first space robot is the “Canadian Arm” developed in Canada. In the early
1980s, it began to work in space. It is used for loading and unloading loads from the US
space shuttle, capturing floating loads, inspecting the space shuttle’s insulating outer layer,
and providing mobile platforms for astronauts. Until 2011, when the space robot retired
and stopped working, five identical robotic arms completed 34 different tasks in space,
including assisting astronauts in repairing the Hubble Telescope. In the 1990s, Canada
developed two more space robots. One is the Canadian two-arm (also known as SSRMS or
Canadarm?2) mainly used to assemble the International Space Station, and the other is the
Canadian dexterous arm (also known as SPDM or DEXTRE) for repairing the space station.
With the gradual development of space manipulators, the structure and performance of
space robots are also becoming mature. The space robot is mainly composed of a floating
base and robotic links. To expand its working range and improve the work efficiency,
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a parallel guide rail is usually installed on the base of the space robot. The robotic links
move on the guide rail, which vibrates easily [7]. To reduce the launch cost and improve the
dexterity of work, the robotic link is usually designed into a lightweight, slender structure
that is driven by harmonic flexible wheels. The slender link easily causes vibrations at
the end effector [8]. The flexible driver causes asynchrony between the rotation angle of
the motor rotor and the actual rotation angle of the joint, resulting in joint vibration [9].
Therefore, it is of practical significance to consider the flexibility of the base, joints and
links of the space robot.

The application scope of space robots mainly includes repairing or recycling ineffective
satellites, adding fuel to target satellites, building space stations, and cleaning orbital
garbage. More and more space junk is being left as a result of space exploration. According
to NASA statistics, there are about 500,000 spacecraft fragments larger than a marble, and
about 20,000 larger than a baseball. At present, space junk is still being produced. For
example, the collision between Iridium 33 and the Cosmos-2251 satellite in 2009 created
another wave of hazardous waste. When performing the above tasks, which include
capturing space junk, the end effector of the robotic link inevitably has to have a contact
collision with the target. The impact effect causes the vibration of the base, joints, and links
of the space robot, which causes instability in the base attitude and joint, and even damage
to the structure of the space robot. The collision impact and post-capturing motion control
of the system are complex processes. Das et al. [10] mainly studied the effect of collision
distance before robot collision on the safe motion of robots, but did not explain the force
transfer relationship during capture. Somov et al. [11] mainly discussed the guidance and
control methods of space robots when approaching non-cooperative spacecraft, but did not
analyze stable control after capturing. In this study, the process of capturing the satellite is
broadly divided into three stages: the pre-capturing stage of robots and the satellite, the
capturing persistence stage, and the system stage after capturing. The motion analysis
of the space robot and satellite in the first two stages provides theoretical support for the
modeling and motion control of the system after capturing.

Many control algorithms have been proposed for the robot base attitude and joint
trajectory tracking control. Wang et al. [12] presented the terminal sliding mode control of
a robot sliding perturbation observer; however, the convergence rate was not considered.
Madani et al. [13] presented a fast terminal sliding mode control without higher tracking
quality for repetitive tasks. Verrelli [14] proposed an exponentially stable repetitive learning
algorithm, and Califano et al. [15] demonstrated the repetitive control method for minimum
phase nonlinear systems, which is complex and inapplicable in the aerospace field. In this
study, the desired signal is a Fourier series approximated by combining the idea of repetitive
control. Considering that most signals account for a large proportion of power in the middle
and low frequency bands, the analytical periodic signals were finite-dimensional Fourier
series, which, when combined with the exponential approach law sliding mode algorithm
and finite-dimensional repetition learning algorithm, enable the design of a repetitive
learning sliding mode controller applicable in the space industry. The model uncertainty
and its disturbance in the structural estimation system connected parallel to the N linear
oscillators and an integrator differed from the traditional internal model-based repetitive
controller [16,17]. The repetitive learning sliding mode controller can effectively avoid
strict stability conditions and slow convergence problems with simple control law, because
it is not completely dependent on model information, has high control accuracy, and is
easy to realize.

The base attitude and joints of the system can reach the desired position after capturing
using a repetitive learning sliding mode controller; however, in the capture operation, the
collision easily leads to the vibration of the base, joints, and links of the space robot with
different amplitudes. Particularly, in an undamped space environment, the attenuation
is slow, and the vibration of each component may cause instability in the system after
capturing. Thus, it is necessary to restrain the vibration of all flexible members of the
system. Yang et al. [18] discussed the motion control problem of ground flexible base robots
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and verified the effectiveness of the augmented method in the design of adaptive output
feedback control. Yu et al. [19] discussed the problem of the robust control of flexible joint
space robots, and Pradhan et al. [20] discussed the problem of the adaptive control of flexible
link robots. The above studies provide a theoretical basis for the study of flexible robots;
however, they only consider the influence of the single structural flexibility of the base, joint,
or links. Zhang et al. [21] considered the flexibility of the joint and introduced flexible links
into the system for analysis, and Yu [22] considered the influence of a flexible vibration of
the base and joints when analyzing the motion control of a space robot. However, the above
studies did not involve the capture operation. Wu et al. [23] discussed the dynamics and
control of the robot capture of tumbling satellites, Zhao et al. [24] discussed the minimum
base disturbance control of the visual servo pre-capture process of free-floating space robots,
and Liu et al. [25] studied the trajectory planning and coordinated control of space robots
in the post-capture stage. Although various problems of space robot capture have been
addressed, the effect of flexible vibration has not been considered.

In this study, the process of satellite capture by a fully flexible space robot is analyzed
by considering the influence of the flexibility of the base, joints, and links of the space robot,
and a dynamic model of the system after capturing is established. To address the problems
of disordered movement, tumbling, and multiple vibration coupling in the system after
capturing, this study designed a repetitive learning sliding mode controller to stabilize the
base attitude and joint motion, proposed the linear quadratic optimal controller to inhibit
the flexible vibration of the base and the joint, and used the hybrid trajectory method
based on the virtual force concept to inhibit the vibration of the links. Three algorithms
constituted the repetitive learning sliding mode stabilization controller (RSSC) to realize
the stabilization control of the movement and vibration of the system. The numerical simu-
lation shows that the proposed control scheme can suppress combination base vibration
within 0.5 mm, combination joint 1 vibration within 0.05 rad, combination joint 2 vibration
within 0.05 rad, combination By link first mode within 0.05 mm, combination By link second
mode within 0.05 mm, combination B, link first mode within 0.2 mm, and combination B,
link second mode within 0.02 mm. At the same time, the controller can make the system
move according to the desired trajectory within 10 s.

The paper is organized as follows: In Section 2, the kinematic relationships of the
flexible space robot and satellite are established. In Section 3, the dynamic models of the
flexible space robot and satellite are established. On this basis, the dynamic model of the
system is established. In Section 4, the system is decomposed into slow and fast subsystems
by using the singular perturbation method. In Section 5, a repetitive learning sliding mode
stabilization control is proposed to achieve the stabilization control of motion vibration. In
Section 6, numerical simulations are carried out to validate the control strategy. Finally, the
conclusions are given in Section 7.

2. System Kinematics Analysis

The structure of the flexible-base flexible-link and flexible-joint space robot and the
satellite are shown in Figure 1. The space robot comprises a base By, a flexible link B; near
the base, and a flexible link B, away from the base. The center of mass of the base is Oy, the
center of the hinge connecting the base and link B; is Oy, the center of the hinge connecting
link By and Bp is Oy, and the center of mass of the captured satellite is O3. XOY is the
inertial coordinate system, and x;0;y;(i = 0,1,2,3) is the local coordinate system of B;. 6
is the attitude angle of the base, and 0;(j = 1,2) is the rotation angle of link B;. 8,,; and
8,2 are the rotor angles of the motor, and 63 is the attitude angle of the satellite. P and P’
are the capture points of the space robot end effector and satellite, respectively. ro, #p, rpr
and r3 represent the position vectors of the mass center of the base, the capture point of
the space robot end effector, the captured point of the satellite and the mass center of the
satellite in the inertial coordinate system, respectively. ; is the position vector of any point
on link B; in the inertial coordinate system. Let x; be any distance in the symmetry axis
direction of the link B;, and let v;(j = 1,2) be the elastic deformation of link B; at time .
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Figure 1. Structure of the flexible-base, flexible-joint and flexible-link space robot and the satellite.

According to the hypothesis of Spong [26], the flexible base and joint are assumed to be
a massless linear telescopic spring and linear torsion spring, respectively. The flexible links
are equivalent to the Euler Bernoulli simply supported beam. The elastic coefficients of the
base, joints and bending rigidity of the links are fixed, which are expressed as ky, kmj and

n
EI;(j = 1,2), respectively. The deformation of link B; is v (xj, T) = kgl ik (xj) ik (t), where

¢jx and Jjx represent the kth-order modal function and coordinates of link B;, respectively,
and 7 is the number of reserved modes (n = 2 in the paper).

The captured satellite is assumed to be a single rigid body system. According to the
geometric position relationship of the system, the position vectors ry, 71, r2, rp, r3 and rp are:

ro = (x0,40)"

r =19+ (lo + xb)eo + x1e1 + 018/1,0 <xn<h
=19+ (lo + Xb)E() + ley + xpep + vzeé,o <x<b
tp =10+ (lo + xp)eq + liey + Ler

r3 = (x3,3)"

Tpr =13 + 1323

M

where (xg, 1) are the base centroid coordinate, I is the distance between the rotation
centers Op and Oy, x, is the base flexible deformation, (x3,y3) are the satellite centroid
coordinate, I3 is the distance between the rotation centers O3 and P/, ey, ej, e;- (j=1,2) and
e3 are base vectors.

Taking the differentiation of Equation (1) with respected to time ¢ leads to:

. TN

o = (%o, ¥p)

r1 =19+ xpeg + (lp + xp)eo + x161 + Zﬁe’l + U]éll

¥y = 1o + Xpeg + (lo + xb)é() + hey + x2e0 + ?.226/2 + Uzé;_ )
i‘p =10+ xpeo + (lo + xp)eo + l1e1 + lren

3= (553r93)T

b = 3+ e

According to the 4th and 6th equations of Equation (2), the kinematic expressions of
the space robot and satellite are as follows:

{ Vp = ]‘]Z (3)
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T . . )
where V, = {Jkp,yp,wp} ,wp = g+ 01 +02 and J € R3%12 is the Jacobian matrix

. T
of the flexible space robot. g, = [qb,xb,q,(s,qm} , Gy = [xo,yO]T, q = [90,91,02]T,
8 = 011,012,021, 02]"
, and g, = [m1,0m2]". J3 € R¥3 is the Jacobian matrix of the satellite.
. T - .. .qT
Vp/ = [xp/,yp,,wp,] and Wy = 03,45 = [xg,yB,Bg} .

3. System Dynamics Analysis
3.1. Flexible Space Robot and Satellite Dynamics Modeling

The kinetic energy of the flexible space robot is mainly composed of the kinetic energy
of the base, links and motor rotors [27], as follows:

1 2 1.2 &1/ . 21 .2
T:EmOrOJrE]O@OJFE5 /0 pjrjdxj—b—gifmﬂmj @)
= =

where Jo and J,;; are the inertia moment of the base and the j-th motor rotor, respectively,
and p; is the linear density of link B;(j = 1,2).

The potential energy of a flexible space robot is mainly composed of a flexible base,
flexible joints, and flexible links, as follows:

1 1 2 2 2 1
u= Ekbxf, + 521,;1]{‘57"512" + Zi Sk (6 — 6;) (5)
j=lk= j=

L[ =2 .
where kgjk = EI]‘fO] (¢]k(x]))dx], (],k = 1,2).

Substituting Equations (4) and (5) into the Lagrange equation yields the space robot
dynamic model first equation of Equation (6). Using the Newton—Euler method to calculate
the satellite dynamics model the second equation of Equation (6), we have:

0251
kpxy, 031
D . +H . + 0 . T0 +ITF
N: N: —Kmo | 061 P (6)
Ko
Dsgs = J3Fp
where Ky = diag(kmi,km2), ¢ = q, — g, q = 61,60)", G = [Gm1 qm2]"
. D 0 .
Ks = diag(ksi,ks12, kso1,ks2), & = (611,012,001, 020)", Dy = [ Oloxm 1052 ], D is
px10  Jm

a symmetric positive definite mass matrix, J,;, = diag(Jm1, Jm2), HN = { 1010 P10x2 } ,

02x10  0O2x2
H is the matrix of centrifugal force and Coriolis force, 1) and i, are the control torque of

the base and motor rotor, Fp € R3*! is the force on the end point P of the robot, Fpr € R3*1
is the force on the satellite point P/, and D3 = diag(mg3, m3, J3).

3.2. Analysis of the Impact Response of the Flexible Space Robot and Satellite

When capturing the satellite, we ignore the effects of other external forces and only
consider the impact of the collision. The forces at point P of the space robot end and point
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P’ of the satellite are opposite to each other, that is, Fp = —Fp/. When solving the system
dynamics model in a collision process from Equation (6), one obtains:

0251
kpxy, 031
. . 0 o T0 T (4T -1 .
Di, +Hyd. + | e | =] o0 | ~T'(A) Dsis @)
Ko

During the capture process, the space robot collides with the satellite at time #p, and
the capture is completed in a very short time At. Then, the end effector of the space robot
tightly connects to the satellite capture point, and the two constitute a system. Because the
contact and collision occur instantaneously, the generalized coordinates of the space robot
and the satellite do not change significantly in time [to, ty + At], but the collision impact
causes a sudden change in the generalized velocity and acceleration. According to the
analysis above, Equation (7) is integrated in the period [to, fg + At] that leads to:

Dy [q,(to + At) — g, (to)] +J" (Ig) _1D3 [45(to + At) — q5(to)] = 01251 8)

After capturing, the end effector of the robot will have the same speed as the target
capture point. Based on Equation (3), we have:

qs(to + At) = J5 'Jq, (to + At) )

Substituting Equation (9) into Equation (8) yields:

au(o+80 = [+ 71 (1) "D t] [t 77 () "Dsao)] 0

The above equations represent the impact effect of the space robot in the process of
capturing the satellite. The analysis shows that the generalized speed of the space robot at
time tg 4+ At can be obtained only by contacting the motion state of the space robot and the
satellite before the collision.

3.3. System Dynamics Modeling

After the flexible space robot captures the satellite, it will form a system, and the speed
of the space robot end effector and the satellite are equal, that is, V,, = Vp. Taking the
differentiation of that equation, we have:

Gy =T i+ 15" (T = JoJ5 7). (1)

Substituting Equation (11) into the second equation of Equation (6), we have Fp.
Fp = Fpr. Substituting Fp into first equation of Equation (6), we have:

0251
kpxp 0351
. . 0 . T0
D4, + Hxq, + —Kmo | 061 (12)

Ko
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-1 _ —1 _ . . _
where D, = Dy + J'(J1) 'DsJ5YJ and H, = Hy + JT (1) 'DsJ5? (1— JaJ3 11). For
the convenience of later analysis, D, and H, are written in the form of a block matrix,
as follows:

D;11 Dz 02x2 022 Hyip 0242
D, = | Dz Dyp Ogx2 |,H;=| 0gx2 Hzp 0gx2
02x2 Oaxs  Jin 02x2 0O2xs 022

Based on controller design needs, Equation (12) is rewritten as:

.. . 0
T i ki;i 031
{ D:11 D:2 ] ol [ 02x2  Hyi2 } ol g | = TZ (13)
D1 D:p 9 Osx2  Hyp q . Ogr 1
X
o ) Ky
Jndy + Km0 = Tm (14)
T =Kno (15)

After calculating g, from the first formula of Equation (13) and substituting it into the
second formula, we have:

. . 0
b * Ko T
Dv| 9 |+Hu| 9 |+ | 03 | = 1? (16)
5 ) Ksd 0
4x1

where Dy = D20 — D21 (Dy11) ™' Dyto, Hv = Hy22 — Dot (Dy11)~ 'Hy, and Dy and Hyy
are written in the form of a block matrix, as follows:

Dy = [ Dy Dz } Her — { Hyiin - Hwvinz ]
Dyvor Dwviz |7 Hypr Hux

4. Singular Perturbation Decomposition of the System

The flexible space robot after capturing the satellite is a complex nonlinear rigid-
flexible coupling system. Using the singular perturbation method, the system is decom-
posed into a slow subsystem including a base, joint motion, and link vibration. The fast
subsystem involves base vibration and joint vibration. The control torque of the joint motor
is designed as follows:

Tm = (I+Kc)1—'n — K.t (17)

where K_ is a joint flexibility compensator and T, is composed of a slow sub-controller ;s
and a fast sub-controller T, f.

N21 N2 Dm21 Dy
changing timescale, and y = 1/min(ky,, ki1, km2) as the singular perturbation factor. The

-1
Let N = [ N Nio } = [ Dinr Dz } . We define Ty = T//j as the fast-

T
state variables of the system under a fast timescale are g, = [q f1,9f2s q}y q}4] , where

qf1 = Xpf — Xpf, G2 = /WXpf, dp3 = 0f — oy, and dpy = \/ﬁé’f. * is a new expression of *
when y tends to zero, and * is a new variable of * under a fast timescale. From the above
variables and Equations (14)—(17), the slow subsystem of the system is obtained as follows:

. . 0 T
R R
{ Qu Qn :| 1 + { 1 12 :| 1 + | 01 | = Tns (18)
Qn Qn || Ryn Ry || 4
Ksd 041
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where Q;; € R3*3, Qp, € R¥4, Qy; € R, Qyy € R4, Ry € R¥3, Ry € R¥4,

Q. 0 - 0 0152 0154
Ry € R¥3, Ry € R, { 1 x12 ] =Dyn+ | 01 (I+K)7Y, 0sx4 |,and

Qn Qn 041 042 044
Ry Ry | e
The fast subsystem of the system is as follows:
dg;/dt; = Aqg + Byt (19)
0 1 012 012
where By = [0] o 41O andag = | T B N G

01 Oox1 —Jo I+ K )Kms 022
By introducing the second equation of Equation (18) into the first equation, the rigid
model of the slow subsystem is obtained [28,29] as follows:

M(q,6)q+C(q,6,9,6)4+¢(q,0,9,6) =u (20)

where M = Qi1 — 012Q5' Q1 € = Rui — Q05 Rar, & = (Ri2— Q1205 R )6 —
Q12Q2_21K55, u= 1, TES}T, and C(x,y) meet C(x,y)z = C(x,2)y, Yy, z € R3*1,

5. Controller Design
5.1. Controller Design of the Slow Subsystem
5.1.1. Repetitive Learning Sliding Mode Control
For the slow subsystem rigid model Equation (20), define the continuous reference

signal with period T as g4 = [640, 041, GdZ]T and substitute it into Equation (20) to get:

{ g = M(q)dg + C(aq d4)dq + E(44,44) 21)
uqg(t) =uq(t+7)

Expand the periodic function u4 with an infinite-dimensional Fourier series as:
uq = g + Z [gk cos(kwt) + B sin(kwt)} (22)
k=1

where w = 27t/ T is the fundamental frequency, and d, di and B, are the unknown constant
vector.

After defining the trajectory tracking error e = g4 — ¢, the exponential approach law
sliding mode vector s € R>*! is:

s = é+ae+ bel?/P) (23)

where a, b, p and q are positive constants.
Equation (23) takes the derivative of time ¢ to get:

$:é+aé+b%e(%_1) (24)
Multiply both sides of Equation (24) to the left by M at the same time, and we obtain

the error equation of the open loop system as follows:

q_
1)

Ms = —Cs+ Y+ aMe + b%Me( +ug—u (25)
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YZMéd—l-C(i]d—}—ae—l-be(q/p)) +&—uy

From Equation (26), we have:

Y < &y ||| + rco ||

T
where 1 and «; are positive constants, h = {(ae + beld/ P)) , ST:|

Design the repetitive learning sliding mode control algorithm as follows:

N q
u=Qozo+ Y Quzx + Ky <aé + bZe(V1)> 1
k=1

% = Qs — KPw?zi,k=1,---N

20 = Qps

(26)

(27)

(28)

(29)
(30)

where Sgn(s) = [sgn(s,),sgn(s,),sgn(s;)] ", N is the number of harmonic oscillators, and

. q_
n=(Kullae+ b8 7| + Kal|h| + Ks||h|[> + Ky ) Sgn(s).
Define variables as follows:

Ek:Zk—EZ,kZO,l,---N
z5 = Q'
zp = (kcu)_le_1 [Bk cos(kwt) — o sin(kwt)}

Substituting Equations (28)—(31) into Equation (25), we have:
: T N o+ pipeF Y
Ms = —Cs — Qpzp — Y Qizy +aMe + b?Me P Y —g—
k=1

Ky (aé + bﬂe(%fl)) + E Pk cos(kwt) + By sin(kwt)}
4 k=N+1

Ek = QkS — kszEk

EO = Qos
ko= % {5k cos(kwt) + By sin(ka)t)}
k=N-+1

(31)

(32)

(33)

Theorem 1. For the rigid model equation (Equation (20)) of the slow subsystem, if the controller
guin satisfies the condition shown in the following equation (Equation (34)), the proposed repetitive

learning sliding mode control can guarantee lim e = 0 and lime = 0.
t—roc0 t—o0

M —Kum| <Ky, 11 <Ky, k2 < Ks, [[d]| < Am(Kq)
whered = ), {5;( cos(kwt) + By sin(kwt)].
k=N+1

Proof. Selecting Lyapunov function as:

17 1. 1 N 1
V=3s Ms+§szzk+§w Yk Z 2+ 57020
k=1 k=1

(34)

(35)
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Taking the differentiation of Equation (35) with respected to time f, and substituting
into Equations (27), (32) and (33) and #, we have:

V=sT (aMé + b%Me(%fl)) —sTKp (aé + b%e(%fl))—i-
st ozo) {5,( cos(kwt) + By sin(ka)t)} +sTy —sTy
k=N+1 .
. 11
< —[lsll(Ky — [IM — K} |ae + bLe's || — s (Kz — 1) [ ]| -
51| (Ks — k) 11> = (Aus(Kq) =[]} [

(36)

when the controller parameters satisfy the stability condition Equation (34), V <0is
obtained from Equation (36), so the system is stable. [

5.1.2. Repetitive Learning Sliding Mode Control based on the Concept of Virtual Force

The rigid model of the slow subsystem has the effect of link elasticity. This section
uses the principle of virtual control force to improve the originally desired trajectory and
generate a hybrid trajectory. The improved repetitive learning sliding mode control is
designed to realize the dual functions of trajectory tracking and link elastic vibration sup-
pression. The virtual force F € R¥*! is defined by the second-order instruction generator
en + aey, + bey, = F, where ey, = q4 — q;, and g, is the hybrid trajectory.

Define the hybrid error e; = g;, — g and the hybrid exponential sliding mode variable

as sy = ey +aer + beﬁq/p ), modify g4 in Equations (28)—(30) to g;,, and design a repetitive

learning sliding mode control based on the concept of virtual force as:

N q
. . (-1
ur = Qozor + Z Qizir + Ky (aer + b%erp ) + e (37)
k=1
Ze = Quse — KPw?zi, k=1,---N (38)
Zor = QoSr (39)

) (1-1)
where 7, = (Kl |laer + b%er’ | + Kol he|| + Ks||Be || -i-Kd) Sgn(sy).
T
Let Wy = {JT, el, s, éT} . After substituting the controller equations

(Equations (37)—(39)) into Equation (20), and then taking the resulting equation into the
derivative of W;, we have:

W = AW, + BJF + L (40)
0454 043 Iyyy 04x3 0453
034 03x3 0354 I3x3 033
where A; = ” I > I , Bs =
’ - Q221K6 - szl Qub - szl Ry - szl Qo4 ’ Q2Q
034 —b 034 —a I3x3
0451
and L = 031

Q5,1 (G —44) — Q'Rag
G

Select virtual force F as:
F=—Q.'BIP,W; (41)

where P; is the solution of the Riccati equation.
When F takes the value shown in Equation (41), Equation (40) is stable. Stability proof
refers to Lee et al. [30].
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5.2. Controller Design of the Fast Subsystem

The above two sections mainly design the controller for the slow subsystem. In this
section, based on the fast subsystem, Equation (19), the control scheme to suppress the
flexible vibration of the base and joint is designed. The performance index function is
constructed as follows:

1 (o)
Jof =5 /O (ququf + Tnganf> dt; (42)

where Q; > 0 and R¢ > 0.
Design the linear quadratic optimal dual damping controller as:

Tot = —R; 'B{ Pyq; (43)
where Py is the solution of the following Riccati equation:
PiA; + AfP; — PBiR; "B Pr + Q; = 0 (44)

6. Simulation Results

Taking the process of a satellite captured by a flexible-base, flexible-link and flexible-
joint space robot as an example, as shown in Figure 1, and ¢\ as the initial time, the simulation
studies are carried out. The physical parameters of the flexible-base, flexible-link and
flexible-joint space robot system and satellite are: [y = [y = I = 1.5 mand /3 = 1 m.
The mass, moment of inertia, and linear density of the flexible link are selected as my =
40 kg, m3 = 3 kg, Jo = 30 kg -m?, ;1 = Jm2 = J3 = 0.1 kg-m?, p; = 3.5 kg/m, and
p2 = 1.1 kg/m. The bending stiffness of the flexible link and the elastic coefficients of the
base and joints are selected as EI; = EI, = 100 N/m?2, ky, = 500 N/m, and kyy = ko =
50 Nm/rad. Before collision, the space robot is in a static waiting state, and its initial state is
q,(tp) = [0m,0m, Om,2rad, 1rad, —2rad, Om, Om, Om, Om, 1rad, —Zrad]T. The satellite flies
to the robot end effector with a movement speed of x3 = 0.5 m/s, y; = 0.5 m/s and roll

speed 93 = 0.5 rad/s. The collision occurs at time ¢, lasts for a very short time At, and
is tightly locked after time ¢y + At to form a system. Then, the controller is turned on to
stabilize the base attitude and joints of the system in the following expected states:

g4 = [1.7rad,0.7rad, —1.4rad]"

In order to compare and illustrate the stabilization control effect of the designed
controller for the unstable system, this study carries out simulation analysis in two cases.

(1) After contact and collision, the motion control of the system is carried out without
vibration suppression, that is, turning off the fast sub-controller and virtual control force.
The repetitive learning sliding mode control without vibration suppression (RSC-NV) is
composed of Equations (17) and (28)—(30). RSC-NV simulation is used to reveal the impact
of collision on the vibration and motion of the base, joint and links of the space robot.

(2) After contact and collision, the stabilization control of the motion and vibration
of the system is carried out, that is, turning on the fast sub-controller and virtual control
force. The repetitive learning sliding mode stabilization control (RSSC) is composed of
Equations (17), (37)—(39), (41) and (43). RSSC is used for simulation, to verify the effective-
ness of the system stabilization control.

The relevant parameters of the controller are selected asa = 1, b =1, q/p = 2,
K; = [1000,0.1,1]%, K, = [1,1,1]5, K3 = [1,1,1]", K; = [1,1,1]%, Ky = [1,1,100]",
K. = [104,72]", Qo = [1,1,1]%, Q¢ = [1,1,1]),and N = 3.

The trajectory tracking curves of the system base attitude under two control algorithms
shown in Figures 2—4 are the trajectory tracking curves of the system joint O; and joint O;
under two control algorithms.
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Figure 2. Trajectory tracking curve of the system base attitude.
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Figure 3. Trajectory tracking curve of the system joint Oj.
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Figure 4. Trajectory tracking curve of the system joint O;.

From Figures 2—4, we can observe that the RSC-NV algorithm makes the base attitude
and joint of the system stable in the desired trajectories. However, owing to the mutual
coupling of the system motion and vibration, the uninhibited vibration of the base, links,
and joints will lead to different amplitude vibrations of the base attitude and joint of the
system, which will affect the control accuracy. Under the RSSC control algorithm, it can be
seen that the convergence time of the base attitude stabilization and the tracking control
of the joints is within 10 s. However, the convergence time under the RSC-NV algorithm
is more than 30 s. The RSSC algorithm has a faster convergence speed than the RSC-NV
algorithm. Therefore, the system has better control performance under the RSSC algorithm
than the RSC-NV control method.
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In order to show the effectiveness of the proposed algorithm for base and joint vi-
bration suppression, the following simulation is carried out. Among them, Figure 5
shows the elastic vibration curves of the system base of under two control conditions, and
Figures 6 and 7 show the elastic vibration curves of joint O; and joint O, of the system
under two control conditions.

01 1x10_3‘ ‘ 01 le(‘)'4
0.05] MM AR ] 0.05 OMW
£ ! 56 58 60 ™ . A Ps6 s 60 ™.
:_Q 0 - :_D (o)l
-0.05 -0.05
01 20 40 60 04 20 40 60
t/s t/s
(a) RSC-NV (b) RSSC

Figure 5. Elastic vibration curve of the system base.

0.6
0.1
3 017756 58 60 =
£ 0.2 AN £
S S
0
0% 20 40 60 0% 20 40 60
t/s t/s
(a) RSC-NV (b) RSSC
Figure 6. Elastic vibration curve of joint O;.
1
0
] N
g
o 0.05 ¥
-1 A h MWMMM " 'h W !
o 0 0(5)
4 "1 56 38 60 5 ’ 56 58 ‘ 60
0 20 40 60 0 20 40 60
t/s t/s
(a) RSC-NV (b) RSSC

Figure 7. Elastic vibration curve of joint O;.

From Figure 5, one can observe that the amplitude of the base is 1 mm under the
RSC-NV algorithm. However, it can be seen that the base amplitude is 0.5 mm under the
RSSC algorithm. The amplitude of joint O is 0.1 rad under the RSC-NV algorithm, and the
amplitude of joint O is 0.05 rad under the RSSC algorithm, as show in Figure 6. Figure 7
shows that the amplitude of joint O, is 1 rad under the RSC-NV algorithm, the amplitude
of joint O, is 0.05 rad under the RSSC algorithm. It is proved that the RSSC algorithm is
effective at suppressing the vibration of the base and joints of the disturbed system.

At the same time, the influence of the links vibration cannot be ignored. Figures 8 and 9
show the first and second modal coordinates of flexible link By, respectively. Figures 10 and 11
show the first and second modal coordinates of flexible link Bj.
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Figure 9. The second mode coordinates of the flexible link B;.
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Figure 10. The first mode coordinates of the flexible link B;.
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Figure 11. The second mode coordinates of the flexible link B;.

The first mode coordinates of the flexible link By are 2 mm under the RSC-NV algorithm,
and they are 0.05 mm under the RSSC algorithm, as depicted in Figure 8. Figure 9 shows



Appl. Sci. 2021, 11, 8077

150f 16

that the second mode coordinates of the flexible link B; are 0.5 mm under the RSC-NV
algorithm, and they are 0.05 mm under the RSSC algorithm. Meanwhile, from Figure 10,
one can see that the first mode coordinates of the flexible link B, is 1 mm under the RSC-NV
algorithm, and it is 0.2 mm under the RSSC algorithm. Figure 11 shows that the second
mode coordinates of the flexible link B; is 0.2 mm under the RSC-NV algorithm, and it is
0.02 mm under the RSSC algorithm. All of the mode coordinates are obviously suppressed
under the RSSC, which illustrates the effectiveness of the control schemes in the vibration
suppression of system links.

7. Conclusions

The dynamic models of the fully flexible base-link—joint space robot and satellite were
established by using the Lagrange equation and the Newton-Euler method, which provided
the theoretical basis for the study of the capture process. With the help of the geometric
position relationship and force transfer relationship between the contact points of the robot
and the satellite, the impact effect on the collision was calculated, and the dynamic model
of the system after capturing was established. Using the singular perturbation method, the
system was decomposed into a slow subsystem (containing a base, joint rigid motion, and
flexible link vibration) and a fast subsystem (containing a flexible base and joint vibration).
A repetitive learning sliding mode controller based on the virtual force for the slow sub-
system and an optimal controller for the fast subsystem were proposed. The simulation
results show that the proposed control strategy can suppress the vibration of the disturbed
system base attitude within 0.5 mm, the vibration of both joints within 0.05 rad, the first
mode coordinates of both links within 0.2 mm, and the second mode coordinates of the two
links within 0.05 and 0.02 mm, respectively. It can not only effectively suppress the elastic
vibration of the base, joint and links of the system, but it can also realize the stable tracking
of the desired signal through only one control input within 10 s.
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