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Abstract: The on-orbit operation of insertion and extraction of space robots is a technology essential
to the assembly and maintenance in orbit, satellite fuel filling, failed satellite recovery, especially
modular in-orbit assembly of micro-spacecraft. Therefore, the force/posture impedance control for
the on-orbit operation of insertion and extraction is studied. Firstly, the dynamic model of space
robots’ system in the form of uncontrolled carrier position and controlled attitude is derived by using
the momentum conservation principle. Through the kinematic constraints of the replacement com-
ponent plug, the Jacobi relationship of the plug motion in the base coordinate system is established.
Secondly, to achieve the output force control of the plug during the on-orbit operation of insertion and
extraction, a second-order linear impedance model is established based on the dynamic relationship
between the plug posture and its output force and the impedance control principle. Then, in order to
improve the stability, robustness, and adaptability of the controller, an adaptive Radial Basis Function
Neural Network (RBFNN) is used to approximate the uncertainties in the dynamic model for the
force/posture control of the plug. Finally, the stability of the system is verified by the Lyapunov
principle. The simulation results show that the designed neural network impedance control strategy
can achieve a control accuracy of less than 1073 rad for the plug’s attitude tracking error, less than
1073 m for its position tracking error, and less than 0.5 N for its output force tracking error.

Keywords: space robot; micro-spacecraft; on-orbit assembly; insertion and extraction; impedance
control; RBFNN

1. Introduction

With the deepening of human space exploration, space on-orbit missions, such as
assembly and maintenance in orbit, the refueling of satellite fuel, and the recovery of failed
satellites, will continue to increase. Compared with sending astronauts into space to com-
plete these tasks, space robots have stronger adaptability to the harsh space environment
and need not the life support system needed to maintain the survival of astronauts. Their
long working hours and high efficiency can greatly save the cost of space exploration and
perform more complex tasks [1-4]. Therefore, it is of great significance to do research on
space robots [5-8].

To date, there has been a clear trend towards miniaturization of spacecrafts launched
into orbit. Considering the carrying capacity of rockets and the effective utilization of cabin
space, the micro spacecrafts are usually modular packaged on the ground and assembled
on-orbit after being launched into space. The on-orbit operation of insertion and extraction
is the key technology for performing these space tasks. However, during the inserting
and extracting process, the replacement part at the end of the manipulator will inevitably
contact and collide with the external environment. The huge impact force will easily cause
damage to the replacement part, the micro spacecraft and even the robot when appropriate
control strategies are not implemented. Compared with the robot with a fixed base, the
space robot with a free-floating carrier has six more degrees of freedom of motion. There
is a strong dynamic coupling between the manipulator and the carrier, and its structure
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becomes complicated. When the manipulator moves, it will exert a dynamic force or
moment on the carrier to change the position and attitude of the carrier, which further
increases the difficulty of realizing the space robot’s on-orbit operation of insertion and
extraction. For the study of compliance control during contact and collision, the impedance
control strategy proposed by Hogan [9] can establish a dynamic relationship between
the end posture and output force by adjusting the impedance parameters, which has
been widely used in handling the contact and collision problems between robots and the
external environment.

In recent years, in the field of aviation, especially in the field of space robot on-orbit
operation, many experts and scholars have considered the impedance control strategy in
the problem of on-orbit operation and carried out much research on it. Uyama et al. [10]
proposed an impedance control strategy based on the recovery coefficient to deal with
the contact force between a free-floating space robot and a target satellite and verified the
effectiveness of the proposed strategy through ground experiments. Flores-Abad et al. [11]
use interference observers to estimate the contact force between the robotic arm and the
target satellite and to adjust the input of the impedance controller through the matching
degree between the actual contact force and the estimated contact force to achieve the safe
capture of the target satellite by the space robot. Ge et al. [12] designed a coordinated
impedance control strategy to coordinate the contact force between the end effector and the
target satellite by applying a reference impedance for the coordinated control problem of a
multi-arm space robot capturing the target satellite.

To sum up, these scholars have achieved the flexibility of the process of contact and
collision between the space robot and the external environment. However, they have not
accurately controlled the manipulator end output force at some fixed values. Considering
that in the process of on-orbit insertion and extraction of a space robot, it is not only
necessary to avoid severe contact and collision but also to accurately control the output
force of the replacement component. If the output force is less than the frictional resistance,
it is difficult for the insertion and extraction operation to proceed smoothly; If the output
force is too large, it is easy to cause damage to the replacement parts. Generally, the output
force control accuracy should be better than 1 N. In order to prevent severe contact and
collision between the plug and the hole due to the similar size of the two and trajectory
control accuracy issues, some high requirements are called for the control of the carrier
attitude and the plug posture during the insertion and extraction operation. The control
accuracy of the general position should be better than 10~ m, and the control accuracy of
the posture should be better than 103 rad. In general, it is difficult to accurately determine
the system parameters of space robots due to the constant reduction in the mass caused
by the fuel consumption of the robot carrier, the huge temperature difference between
the positive side and the negative side of the robot arm leading to the center of mass
deviation of the robot arm, the inconsistent quality of different replacement parts and other
factors. The modeling uncertainties mentioned above will seriously affect the position and
pose control precision of the space robot and bring additional interference to the on-orbit
insertion and extraction operation.

RBFNN is a feedforward neural network with excellent performance, which can
approximate nonlinear functions with arbitrary accuracy and fundamentally solve the
local optimal problem of Back Propagation Neural Network (BPNN). RBF neural network
consists of three layers: namely input layer, hidden layer and output layer. The transfor-
mation from the input layer to the hidden layer is nonlinear, while the transformation
from the hidden layer to the output layer is linear. Since there is only one hidden layer, it
has good global approximation ability, strong robustness, high memory ability, superior
nonlinear mapping ability and self-learning ability. Therefore, it has attracted the attention
of many scholars [13-18]. In order to achieve accurate force/posture control for on-orbit
insertion and extraction of space robots, an adaptive RBFNN impedance control strategy
is proposed by combining RBFNN and impedance control principles. To the best of the
authors’ knowledge, no one has paid much attention to the application of neural networks
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in the operation of on-orbit insertion and extraction of space robots. Therefore, this paper
considers introducing RBFNN to achieve accurate force/pose control of on-orbit insertion
and extraction operation of space robots.

In this paper, the force/posture control of space robots” on-orbit operation of insertion
and extraction is studied. Based on the principle of momentum conservation, a system
dynamics model in the form of uncontrolled carrier position and controlled attitude is
obtained. Additionally, a second-order linear impedance control model is established by
the dynamic relationship between the end force and the position of the space robot. By
combining impedance control principle with RBFNN, an adaptive RBFNN impedance
control strategy is designed, which has good stability, strong robustness, and high control
accuracy for force and posture. The simulation results show that under the action of this
control strategy, the space robot can not only realize the operation of in-orbit insertion and
extraction but also meet the requirement of the control precision of the mission design,
especially in the aspect of the impedance output force of the manipulator end, the control
precision reaches 0.5 N.

2. Dynamics and Kinematics Modeling
2.1. System Dynamics Model

The on-orbit operation of on-orbit insertion and extraction space robots is shown in
Figure 1. Among them, Oy, O;(i = 1,2, 3) are the center of mass of the space robot carrier
and the center of each joint hinge, B; is the end point of the replacement component plug,
X;(i =0,1,2,3) are the unit vector of each split spindle of the space robot. xOy is the unit
vector of the main axes of each partition of the space robot. x;0;y;(i = 0,1,2,3) are the
coordinate system connected to the main axis of each partition.

Figure 1. Three-link single-arm rigid space robot structure diagram.

The symbols used in the text are defined as follows: my, Iy, Lo are, respectively, the mass
of the carrier, the moment of inertia, and the distances from Oy to Oq; m;, I;, L;(i = 1,2,3)
are, respectively, the mass, moment of inertia, and arm length of the ith robotic arm;
my, Iy, Ly are, respectively, the mass, moment of inertia, and length of replace component;
d;(i = 1,2,3) are, respectively, the distance between the ith joint hinge center and the
center of mass of the robotic arm i; & is the depth of the inserting hole; 6y, 6;(i = 1,2,3) are,
respectively, the carrier attitude angle and manipulator i angle.

Generally, the dynamic model of a space robot shown in Figure 1 is:

M(q)q+H(q,9)9= T, 1
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where, M(q) € R®* is the symmetric and positive definite inertia matrix of the space robot
system, H(q,4)q € R®*! is column vector containing Coriolis force and centrifugal force;
q = [x0, Yo, qg}T is the generalized coordinate of the space robot system, g, = [0, 61, 6>, 65)"
is the column vector for the angle between the carrier and the manipulator; T = [1']"3r , Tg ]T
T

is the vector of system control torque, T3 = [Ty, Ty]" is the vector of carrier position control

torque, and T = [T9, T, T2, Tg]T is the vector of carrier attitude and joint control torque.

It is assumed that the hole is on the carrier during the on-orbit insertion and extraction
operation, so the plug moves relative to the carrier. This process only requires controlling
the attitude of the carrier and does not require controlling the position of the carrier.
Therefore, Equation (1) is divided into the following blocks:

b e b -l
My Mx||4e| |Hn Hxn||q To |’
By integrating the first row obtained by multiplying Equation (2) and combining the

momentum conservation relationship of the system, a dynamic model of a space robot
system in the form of uncontrolled carrier position and controlled attitude can be obtained:

Me% +Hef19 = To, (©)]
where Mg = May — MyyM;'Myy, Hg = Hy — MoyM ' Hy,.

2.2. Replacement Component Kinematics Model

Since it is necessary to precisely control the motion trajectory of the plug relative to
the carrier during the on-orbit insertion and extraction process, it is proposed to establish
the motion relationship between the point B; of the plug end and the carrier. By projecting
the position of point B; relative to 7’ on the base coordinate system xyOgyo, it can be
obtained that:

{ xpt = xo1 + L1 sin6; + Ly sin(61 + 6;) + (L3 + L) sin Op; @

YBt = Yo1 + Licosf; + Ly COS(91 + 92) + (L3 + Lt) cos Op; ’

where, xo1, yo1 are the position of O1 in x9Ogyo and gy = 61 + 6, + 6.
By derivation of Equation (4), the kinematic relation of the point B; with respect to the
carrier can be written: ]
X = Jpqo, ®)

where X = [0, xpt, YBt, GBt]T, Jee € RY* is the augmented motion Jacobian matrix of the
plug end B; point relative to the carrier.

2.3. Impedance Modeling

Due to the accuracy of the position control of the carrier and the plug, the plug will
inevitably be subjected to friction resistance from the hole during the on-orbit operation of
the space robot. The plug cannot be inserted or pulled out of the hole when the output force
of the plug is too small, and it is easy to cause damage to the replacement parts while the
output force of the plug is too large. Therefore, in order to smoothly implement the on-orbit
insertion and extraction operation, it is necessary not only to accurately control the position
of the plug, but also to accurately control the output force of the plug. Impedance control
can accommodate force and posture into the same framework based on the impedance
relationship model and can maintain an ideal dynamic relationship between the plug
posture and environmental contact forces by adjusting impedance parameters. Considering
the force/posture control requirements of space robots during insertion and extraction,
impedance control is applied to this operation.
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Generally, the mathematical model of plug impedance relationship can be expressed
in the form of a second-order differential equation, and the environmental model can be
approximated in the form of a second-order nonlinear function:

{ Mg (Xq — X) + Bpe(Xq — X) + Kpi(Xgq — X) = Fpy ©)

Be(X — X) + Ke(X — X,) = Fe

where Xy, X, are, respectively, expected position and reference position of the plug;
Mg, € R¥4, Bp € R4, K € R*** are the inertia matrix, damping matrix and stiffness
matrix of the manipulator, respectively; Be € R**#4, K, € R*** are environmental damping
matrix and stiffness matrix, respectively; Fp; € R**1, F. € R**! are, respectively, the plug
output force/moment and contact force/moment.

According to Equation (6), the error between the output force/moment of the plug
and the contact force/moment can be calculated as:

Tge = Ji(Fpt — Fe), @)

3. Controller Design

Since the on-orbit operation of inserting and extracting requires precise control of the
position and posture of the plug, the dynamics model of the space robot system shown
in Equation (3) is established based on the joint reference space. In order to control the
position and posture of the plug more directly, it needs to be converted to the inertial space.

According to Equation (5), it can be obtained that:

{ do=JuX 8)
do = Jgi (X — JpJ5i X)

By substituting Equation (8) into Equation (3), the dynamics model of space robot
system based on inertial reference space can be written as:

MxX—F Hxx = T, (9)

where T = Jg 7o, Mx = Jg Mo Jg, Hx = J5. (Ho — MoJg T5e)]5 -
According to references [19,20], there is:

Property 1. The matrix of My, Hy is oblique symmetry, that is, for any z € R**!, there
are: (zXMyz)/2 — zTHyz = 0.

The position and speed errors of the system are defined as:

X5 =Xq—X
Xs=X4—X

Based on Equation (10), a linear error function in the following form is defined:
S = K4Xs + KpXs, (11)

where, K4 € R¥4 Kp € RY** are both the symmetric positive definite gain matrices.
According to Equation (11), it can be obtained that:

MXK51$ = MxK;l (de.(b + KpXé)

< . . . (12)
= Mx(X4 + K 'KpX5) + Hx(Xq + K5 'KpX5) — HXK; 'S — 7

Due to carrier fuel consumption, changes in the position of the manipulator’s center
of mass, inconsistent quality of replacement parts, etc., the parameters of the space robot
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system are often unable to be accurately obtained. Generally, the uncertain parameters of
the system need to be sorted out as follows:

fy) = Mx(X4q + K7 KpX5) + Hx(Xq + K7 'KpXs), (13)

Since the Gaussian function tends to zero at infinity, that is, the action function is
local. Therefore, RBFNN has the advantages of fast convergence, good stability, unique
approximation and no local minimum. Based on the above analysis, RBFNN is used to
estimate the instability parameters of the system, which can be obtained:

fly) = WTla(y) + e, (14)

LT .. T
where y = [XE,X 5, X4, Xq,X4q] is the input of RBENN, W* is the ideal weight matrix of the

—lly—cil?/(@v?) .
network, @ (y) is the Gaussian base function, and ®;(y) = e ly=ejll*/207) G =12...,p).p
is the number of neurons in a hidden layer of the network, cj, b]- are the center value and width
of the Gaussian base function, and ¢ is the approximation error of uncertain parameters.

Assumption 1. The approximation error € of the neural network to the uncertain term is bounded,
namely: | e|]| <& € > 0.

Since the ideal weight matrix W* exists, however, its true value is unknown, then the
estimated value of the uncertain parameter can be expressed as:

A,

fly) = We(y), (15)

where W is the estimated value of W*, and the error between the ideal weight and the
estimated weight is defined as W = W* — W.
The neural network update rate is designed as the following form:

Wi = Fi(SiCI)i — U’iWi), (16)

where I'; > 0 and 0; > 0.
Based on Equations (11)—(15), the control law is designed as the following form:

™ = f(y) + KyKqX5 + Ky KpXs

N 17
=Wy +K.S {17)
By substituting Equations (13) and (17) into Equation (12), it can be obtained:
1< ~T _
MxK;'S =W ®(y) — HxK 'S — K,S + ¢, (18)

In summary, as for the design of impedance control and neural network control, the
system control block diagram is shown in Figure 2.

Linear Error

Function

*® o
= W, o H
RBF Nqural Adaptive Rate of
»  Network Neural Network
— T

Figure 2. The control structure of the space robot system.
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4. System Stability
The Lyapunov method is used to prove the system stability. Additionally, there is:

Theorem 1. For a given system dynamics model Equation (9), if Assumption 1 holds and the
update rate of the neural network shown in Equation (16) and the control rate shown in Equation
(17) are adopted, the system convergence can be guaranteed.

Proof. The Lyapunov function is selected as the following form:
Lot P R
= ES MxKy S+ EZ% Wil W;, (19)
1=
By differentiating Equation (19), we can obtain:

S P SR T a e Tl
V= 5 STMXK'S + STMxK S+ Y wir'w, (20)

i=1

By substituting Equations (16) and (18) into Equation (20), we can obtain:

V =STWa(y) - STK.S — zw (S;®; — o;W;) + STe
it (21)
= —STK,S + z o WIW;+STe

i=1

where WTW WT(W* -W,) < UA ZW*) (W W)
Combmed with Assumption 1 and Property 1, Equation (21) can be simplified as
follows:

. 4 4
Vo< -STKS - B (FWIW) + L (FWTW) + ST
i= i=1

4
< —S'K\S + 18Ts - '21 (FWIW;) +
1=

(GW:TWr) + LeTe

e -

(22)

M»J;

4
— —ST(Ky — LE)S— ¥ (W) +

i=

(GW:Twr) + 1eTe

Il
—_

<—pV+C

; i 2Kyi—1 = i
where p = min (1 I{lér;4(%) /\max(Mx))’ C=lele+ Z (GWTWy).

Since I'; > 0, 0; > 0, and My is a positive definite matrix, then, for any 2Ky; —1 > 0 by
integrating Equation (22), we can obtain:

V< (V(O) — (p:)e—Pf + S <V(0)+ E, (23)

According to (23), the system converges and satisfies:

QW : = WeR‘*\HVvH < (24)

0s: = {s € RY|X;| < (25)

A
)\min (MX) ’

A
OX;: = { X5 € RY||X;5]| < ’ %
5 { o ||| 5” - \//\min(de)Amin(MX) } ( )
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QX& a {Xé < R4| HX‘S H = \/Amin(de;\/\min(MX> }, (27)

where A = 2[V(0) 4+ C/p], Kap = K5 K.
Furthermore, combining Equations (7) and (9), the control law of impedance control
corresponding to impedance can be obtained as follows:

MxX + HxX = Tx + Fpe, (28)
where Fgo = Fg;y — Fo. [

5. Simulation Analysis
5.1. Details and Results of Insertion Simulation of Constant Frictional Resistance

The space robot shown in Figure 1 is used for simulation analysis. Additionally, the
dynamic parameters of the system are shown in the Table 1.

Table 1. The dynamic parameters of the system.

Symbol Value
mo, In, Lo 20 kg, 12.8 kgm?, 0.5 m
mi, I;, L (i=1, 2) 3kg 1 kgmz, 1m
mj, Ij, L (i=3) 1kg, 0.01 kgm?, 0.3 m
my, I, Lt 1kg, 0.001 kgm?, 0.1 m
di(i=1,2 3) 05m, 0.5m, 0.15m
h 0.1m

The control parameters of the controller and the neural network can be seen in Table 2.
Additionally, the simulation time is 15 s.

Table 2. The control parameters of the controller.

Symbol Value
Kd d.iag(5)4><4
KP dlag(10)4><4
Ky diag(10)4x4
M diag(5) 4
Bgt diag(300),, 4
Kg; diag(12000),, 4
r diag(25)g,.0
o 0.3
c [-0.8 —0.6 —0.4 —0.2 0 +0.2 +0.4 +0.6 +0.8]; .55
b 3

It is assumed that during the insertion process, the friction force applied to the plug
of the replacement component remains constant and is set to Fr, = 9.5 N; The inserting
hole is located on the front of the carrier, and its position relative to O; is xpy = 1.178 m,
yph = 0 m; the position of the end of replaceable component relative to O; is xp; = 1.700 m,
ypt = 0.5196 m, also called the initial position.

In order to ensure a precise force/position control of the on-orbit operating, the whole
process was divided into three stages:

Stage 1 (0 < t < 5): Preparation stage. The impedance control is turned off. The
manipulator end and the plug of the replacement part are controlled to move to the desired
position from the initial position. The attitude of the space robot carrier and the plug are
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adjusted so that the plug moves directly above the carrier hole and the orientation of the
plug is consistent with that of the hole.

X4 = [0, 1.178, 0.05, 3.14]", (0 <t < 5)

F,q=0, (0<t<5)

where the first element of X is the expected attitude of the carrier, and the second through
fourth elements are the expected trajectory and attitude of the plug end points of the
replacement parts, respectively. The unit of carrier and plug attitude is in rad, the unit of
plug position is m, the unit of plug output force is N, and the unit of time is s.

Stage 2 (5 < t < 10): Closing stage. The force/pose impedance control is turned
on and the output force is preloaded. The position of the end of the manipulator in the
X-direction (also the position of the hole) remains unchanged, and the movement in the
Y-direction just above the hole surface is maintained. Keeping the attitude of the space robot
base 0 rad and the attitude at the end of the robot arm 3.14 rad to make them perpendicular
to each other:

X4 = [0, 1.178, 0.05 — 0.01(t — 5), 3.14]", (5 <t < 10)

F

B {2.5(t—5), (5<t<9)
yd —

10, (9 <t < 10)

Stage 3 (10 < t < 15): Inserting stage. The impedance control enables the plug to
overcome the frictional resistance of the carrier hole along the desired trajectory to complete
the insertion operation:

X4 = [0, 1.178, —0.01(t — 10), 3.14]T, (10 < t < 15)

F,q =10, (10 < t < 15)

The simulation results are shown in Figures 3-5.

According to Figure 3a,d, the proposed control algorithm can realize the smooth
transition of carrier and plug attitude in the three stages with good stability and better
control accuracy than 1073 rad. In accordance with Figure 3b,c, the position control of the
plug is stable, the convergence speed is fast, and the control accuracy is better than 103 m.
From the comparison results in Figure 3, it is obvious that after turning off the RBENN, the
space robot cannot complete the on-orbit insertion due to error accumulation and other
factors.

As can be seen from Figure 4, the designed neural network impedance control strategy
can realize real-time tracking of the output force, and the control accuracy is better than
0.5 N. Since the attitude of the carrier, the attitude of the plug and the control accuracy of
the trajectory meet the high requirements, there is no collision between the plug and the
carrier resulting in a huge impact force in the third stage.

Figure 5 shows the control torques of the base and each joint of space robot.

The tracking errors of the manipulator end of the proposed algorithm are compared
with the tracking error based on the preset performance control (PPC) method in the
literature [20] and are listed in the following table. Table 3 in the form of percentage. And,
the up arrow means that the RBF control accuracy is increased relative to PPC while the
down arrow means reduced.
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0.1 T : 2 i :
3 — RBFON i — RBFON
0.05 t —-—-=--RBFOFF | 1.8f i —-—-=--RBFOFF
: I' — — = - Desired i — — + - Desired
3 AN : ! :
S oAv A~ - I'1.1784
= V) A0 : 1.1782
9 ‘o ; 10 11:12
-0.05} » 5 5
210 11 12
01 Preparing : Closing Inserting ] Preparing Closing Inserting
0 5 10 15 0 5 10 15
t/'s t/s
(a) (b)
oe z 34 *— RBFON
— = 7 RBFOFF : — — = - Desired
- =% -3Desired ¥ :
. 3t T P 3142
~ 35 \\ = t 31415
> 4 — o f 3.141
102: 104 f 10:11 12
: : i 5
02 Preparing | Closing Inserting | Preparing ! Closing Inserting
e 5 10 15 0 5 10 15
t/'s t/s
(0) (d)

Figure 3. Space robot end trajectory tracking curves of on-orbit insertion operation. (a) The carrier

attitude. (b) The X-direction position. (c) The Y-direction position. (d) The space robot end attitude.

20 T
‘Actual
— — — -PDesired
10t  —-—-—--Friction ——————

—— Friction

z 110.1
w 0 10— =
9.9
10 11 12
-10f 1
20 Preparing Closing Inserting
0 5 10 15
t/'s

Figure 4. Output force of space robot end tracking curve of on-orbit insertion operation.

Table 3. The comparisons of tracking errors of the manipulator end in simulation 5.1.

el 4o/rad [le]| x/m [e]|y/m el 4¢/rad llell ¢/N
PPC 7 %1078 2x1077 95x10~% 2x107° 0.022
RBF 45x1077 25%x1077 8x107% 3x10°5 0.015
Percentage 542.86% T 25% 71 15.79% | 50% 71 25%

The comparison results illustrate that the absolute values of the above errors meet

the requirements of task design. Meanwhile, the dynamic relationship between the
force/position errors can be obtained by adjusting impedance parameters under impedance
control. Therefore, the percentage of error comparison results are also acceptable.
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30 : 40
20
10
E z
S 1
S :
10t :
-20¢ 5 : 5 5
20 Preparing : Closing . Inserting 0 Preparing : Closing . Inserting
) 5 10 15 0 5 10 15
tls t/'s
(a) (b)
150 : ; 30
: : 20
£ : : £
z Z 0 T
& 50 &
: : -10}
Preparing : Closing : Inserting
ol : : 20 : :
: - 30 Preparing : Closing : Inserting
0 5 10 15 0 5 10 15
tls t/'s
(c) (d)

Figure 5. Space robot control torques of the base and each joint of on-orbit insertion operation. (a) The
base. (b) The joint 1. (c) The joint 2. (d) The joint 3.

5.2. Details and Results of Insertion Simulation of Frictional Resistance with Sudden Change

Considering the possibility of sudden change in friction resistance in the actual inser-
tion process, that is, there is stuck phenomenon. Therefore, it is assumed that when the
inserting operation is reached at t = 12.05 s, the friction resistance changes to Fr, = 19.5 N.
At this time, it is necessary to increase the output force of the plug to slightly greater than
the friction resistance to continue to complete the operation.

Keep the first two stages unchanged and modify the third stage as follows:

Stage 3 (10 < t < 16): Inserting stage. The impedance control enables the plug to
overcome the frictional resistance of the carrier hole along the desired trajectory to complete
the insertion operation. Then, at the moment of t = 12.05, the friction suddenly increases,
the blockage appears, and the insertion movement stops. Subsequently, the end of the
manipulator starts to increase the output force. Until 1s later, the end output force is greater
than the friction force again, and the on-orbit insertion operation will be continued:

[0, 2.604, —0.02(¢ — 10), 3.14]", (10 < t < 12.05)
Xq =1 [0, 2.604, —0.041, 3.14]", (12.05 < t < 13.05)
[0, 2.604, —0.041 — 0.02(f — 13.05), 3.14]", (13.05 < t < 16)

10, (10 < t < 12.05)
Fyq = { 10+10(¢ — 12.05), (12,05 < t < 13.05)
20, (13.05 < t < 16)

These results are shown in Figures 6-8.
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Figure 6. Space robot end trajectory tracking curves of on-orbit insertion operation. (a) The carrier
attitude. (b) The X-direction position. (c) The Y-direction position. (d) The space robot end attitude.
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Figure 7. Output force of space robot end tracking curve of on-orbit insertion operation.

As can be seen from Figures 6 and 7, the designed control algorithm can stably control
the posture of the carrier and plug even when the friction resistance changes, so that no
changes will occur.

According to these results, when there is stuck, the position and pose of the plug
remain relatively static. After the impedance control increases the output force of the plug
to the expected value, the space robot re-executes the insertion operation and successfully
completes the tasks.

Additionally, the comparisons of tracking errors are listed in Table 4.

Figure 8 shows the control torques of the base and each joint of space robot.
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Figure 8. Space robot control torques of the base and each joint of on-orbit insertion operation. (a) The
base. (b) The joint 1. (c) The joint 2. (d) The joint 3.

Table 4. The comparisons of tracking errors of the manipulator end in simulation 5.2.

l[el| 4o/rad [le]| x/m [e]ly/m le]| 4/rad [lell ¢/N
PPC 8x10°° 2x10°° 12x 1073 1x10°° 0.022
RBF 22x107° 1.3 x10°° 9x 104 4 %1076 0.025
Percentage 72.5% | 35% | 25% | 300% 71 13.64% 1

5.3. Details and Results of Extraction Simulation of Constant Frictional Resistance

Due to assembly fit and material deformation, it is assumed that during the extraction
process, the sliding friction increases as the length of the plug is removed and the maximum
static friction force is set to 18.5 N.

The whole process of extracting operation was also divided into three stages:

Stage 1 (0 < t < 5): Preparation stage. The impedance control is turned off. The
manipulator end is controlled to move to the desired position from the initial position. The
attitude of the space robot carrier and the end-effector are adjusted so that the end-effector
moves directly above the carrier hole and the orientation of the plug is consistent with that
of the axis of the replaced part:

X4 = [0, 1.178, 0.100, 3.14]", (0 <t < 5)

Fq=0, (0<t<5)

Stage 2 (5 < t < 10): Closing stage. The impedance control is turned off. The
end-effector is controlled to move to be connected to the replaced device:

X4 = [0, 1.178, 0.100 — 0.01(t — 5), 3.14]", (5 < t < 10)
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F,q=0, (5<t<10)

Stage 3 (10 < t < 16): Extraction stage. The impedance controller is turned on, and
the output force is preloaded to overcome the maximum static friction force at 10 s~11's
after the end-effector holding the handle. At 11 s~16 s, the end effector grips the replaced
part along the expected trajectory to overcome the friction resistance of the carrier hole and
complete the extraction operation:

~ {[0, 2.604, 0.104,314]", (10 < t < 11)
47110, 2.604, 0.104 +0.02(t — 11),3.14]7, (11 <t < 16)

~ [20(t —10), (10 < t < 11)
Tl 1042(8-11), (11<t<16)
Figures 7 and 8 show the simulation results.

As can be seen from Figure 9a,d, during the whole extraction process, the attitude of
the carrier and the end-effector is well controlled, and the accuracy is better than 1073 rad.
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Figure 9. Space robot end trajectory tracking curves of on-orbit extraction operation. (a) The carrier
attitude. (b) The X-direction position. (c¢) The Y-direction position. (d) The space robot end attitude.

As can be seen from Figure 9b, the control accuracy of the end-effector in the X
direction was maintained at 103 m in the switching process of the three stages.

According to Figures 9c and 10, when the end-effector is clamped by the replacement
part, the movement in the Y direction remains static. When the impedance control increases
the output force to the expected value of the design, the space robot successfully completes
the extraction operation.
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Figure 10. Output force of space robot end tracking curve of on-orbit extraction operation.

According to Figures 9c and 10, when the end-effector is clamped by the replacement
part, the movement in the Y direction remains static. When the impedance control increases
the output force to the expected value of the design, the space robot successfully completes

the extraction operation.

Additionally, the comparisons of tracking errors are listed in Table 5.

Table 5. The comparisons of tracking errors of the manipulator end in simulation 5.3.

llel| fo/rad [le]| x/m el y/m el 4¢/rad llell /N
PPC 8x 1077 48 x10~* 1.4 %1073 1x10°° 0.6
RBF 5.1 x 1074 5x 1074 4x10°4 5x 1074 0.3
Percentage 63650% T 4.17% 1 28.57% | 400% T 50% |

Figure 11 shows the control torques of the base and each joint of space robot.
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Figure 11. Space robot control torques of the base and each joint of on-orbit extraction operation.

(a) The base. (b) The joint 1. (c) The joint 2. (d) The joint 3.
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6. Conclusions

In this paper, the key technology of space robots to assemble micro-spacecraft in orbit
is studied, and an adaptive impedance control strategy based on RBFNN is designed to
realize the precise control of position, pose and output force of space robot replacement
parts. The main conclusions are as follows:

(1) A second-order linear impedance control model is adopted to control the output
force of the space robot during on-orbit insertion and extraction operation, which is
combined with the neural network control to achieve accurate control of the output
force with an accuracy of 0.5 N.

(2) The adaptive RBFNN is designed to fit the uncertainty of the system so that the
controller has a good control accuracy of the robot, the attitude control accuracy
reaches 1073 rad, and the position control accuracy reaches 1073 m.

(8) The simulation results of opening and closing the RBFNN indicate that the neural net-
work plays a key role in the successful realization of on-orbit insertion and extraction
of the space robot, which also illustrates that it has good global approximation ability,
strong robustness, high memory ability, superior nonlinear mapping ability.

(4) The inertial parameters of the orbiting modular assembly space robot were optimized,
and the operation process of inserting and extracting is controlled in stages, which can
effectively standardize the operation process, and has a good effect on improving the
control accuracy of pose and output force. This will improve the efficiency and success
rate of space robots in assembling micro-spacecraft while also providing protection
for both robots and spacecraft.
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