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ABSTRACT The space manipulator docking hardware-in-the-loop (HIL) simulation system is an important
means to simulate the real space docking on the ground. In this paper, a space manipulator docking HIL
system is designed, the space manipulator docking dynamics model is established and the motion process of
space docking is simulated by a six degree-of-freedom (DOF) parallel robot. Delays exist in the force sensor
and the parallel robot of the HIL system and are unavoidable; which not only affect the accuracy of the HIL
system simulation, but also lead to instability of the system, resulting in docking failure and damage to the
docking mechanism (DM). In view of the contact characteristics of DM, a force and moment compensation
method based on three DOF stiffness-damping identification is proposed in this paper. Considering the time-
varying characteristics of multi-DOF contact parameters, on-line identification is applied to identify the
stiffness and damping in three perpendicular directions. Then a six DOF compensation model is established
to compensate the deviation of contact force and moment caused by the delays, so as to improve the stability
and reproduction accuracy of the system. Compared with the existing single DOF compensation researches,
the considering of contact parameters and the model of compensation in this paper are all applicable to
multi-DOF system. Moreover, the compensation model doesn’t need the model and delay characteristics
of the parallel robot, so it is a model-free compensation. The effectiveness of the proposed compensation
method is verified by simulation and experiment.

INDEX TERMS Manipulator docking, hardware-in-the-loop simulation system, docking dynamics, three
DOF stiffness-damping identification, force and moment compensation.

I. INTRODUCTION
The research on the ground simulation technology of the
space manipulator docking is particularly important with the
development of the space exploration. The manipulator’s
terminal is equipped with an end-effector that uses a DM
to achieve capture, drag and other docking operations on a
target-adapter equipped on the spacecraft. Due to the high
cost and important tasks, docking characteristics of manip-
ulators with different stiffness, capture ability of the DM and
docking strategy must be verified on the ground before the
spacecraft launch to ensure the success of the real docking.
Thus, accurate simulation of the docking dynamics process
on the ground is of great significance for the design of the

DM, the manipulator in orbit service and the space station
construction [1]–[3].

The HIL simulation is frequently used because it reduces
cost and ensures simulation fidelity with flexibility on chang-
ing flying objects. The docking simulation process of the
space manipulator is carried out under zero gravity (zero-g)
condition to simulate theweightless state of real space [4], [5].
At present, the simulation object of space docking HIL
simulation system is usually two rigid spacecrafts docking;
the motion of spacecraft in zero-g space is usually computed
from a dynamics model; and the motion process of the
spacecraft is simulated through the robot, such as in [6]–[8].
The mechanical composition and dynamics model of the
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space manipulator docking are more complicated. The DM
used in the spacemanipulator docking HIL simulation system
in this study is the same as that in real space; the motions
of the spacecraft, the manipulator and the space station in
the zero-g space are calculated by the dynamics model; and
the relative motion of the mechanisms is reproduced by the
parallel robot. The involvement of the manipulator makes the
system dynamics model complex; since the joints are locked
during the docking process to eliminate the adverse effect
of large range motion at the end of the manipulator on the
docking [9]. The motion state of the manipulator during the
docking process is represented as elastic deformation. When
reproducing the fundamental frequency characteristics of the
manipulator motion, the manipulator can be equivalent to
a six DOF mass-stiffness-damping system. This modeling
method can simplify the complex manipulator model and
more intuitively study the docking characteristics of manipu-
lators with different stiffness.

In addition to dynamics, one of the most challenging prob-
lems for the HIL simulation is divergence and accuracy loss.
The dynamic response delay of the six DOF parallel robot
causes that the actual position of the motion deviates from
the desired position of the dynamics calculation, resulting in
the actual force and moment (the force and moment input
to the dynamics calculation model) measured by the sensor
deviate from the desired force and moment corresponding
to the desired position, which called the force and moment
delay. After cyclic calculation and measurement, the error
accumulations of parallel robot’s displacement and measure-
ment force increase, which not only affect the system repro-
duction accuracy, but also cause the system divergence. Thus,
the delay compensation is very important for the manipulator
docking HIL simulation.

Some literatures have studied of the delay problem of HIL
simulation systems. Zebenay et al. [10]. established the serial
robot model as the second-order delay system, and the critical
delay and associated frequency were derived as a function
of the satellites’ mass, the contact stiffness and damping
parameters, then the value relation of indexes which satisfied
the stability was obtained by using pole location method.
In [11] and [12], the parallel robot was established as
a third-order delay system, docking HIL simulation sys-
tem model of two rigid spacecrafts was established, and
the stability conditions and the dynamic frequency range
which can be simulated of the system were obtained;
however, there was no compensation for delay in the lit-
eratures. Chang et al. [13] considered the delay of elec-
trical components and digital control, and developed a
compensate model based on the quantitative feedback the-
ory. Shimoji et al. [14] applied a first-order compensation
model aiming at the pure or first-order time delay, which
decreased the delay of the simulator. Osaki et al. [15] and
Abiko et al. [16] used compensated force methods to achieve
the expected contact force by adding the virtual force onto
the measurement force. But the delay models in the lit-
eratures are known; when the delay model is unknown,

the compensation method becomes difficult and immature.
Ananthakrishnan et al. [17] developed a prediction-based
feed forward filter to make a ground-based hydraulic sim-
ulator generate contact forces and rebound velocities that
matched those expected during shuttle on-orbit; however,
the prediction model was trained offline, the on-orbit
data for the training was unknown before the simulation.
Zebenay et al. [10] used the virtual damper force to com-
pensate the measurement force; although the delay model of
the simulator was not required, this method required a large
number of experiments and experience to modify the model
and parameters. Qi et al. [18] studied the force compensation
for the system delay in the form of elastic contact colli-
sion, the measurement force was compensated by identifying
the stiffness, and the stability of the system was improved.
Yu et al. [19] proposed a hybrid force and displacement
compensation method based on on-line identification to com-
pensate the delayed force of a space docking HIL simulation
system with multi-stiffness, multi-damping and single mass;
and good stability was obtained. The methods presented in
these literatures can improve the performance of systemswith
unknown delay models, but they are all based on the studies
of single DOF, and the research objects are based on docking
systems of two rigid spacecrafts.

The delay of the parallel robot is unavoidable and the delay
characteristics are different at different positions; meanwhile,
the space manipulator docking is multi-DOF motion and the
contact environment parameters are time-varying. The com-
pensation and correction method for the dynamic response
delay of the parallel robot or the contact force delay by
prediction and experiment is tedious and prone to deviation.
In this paper, according to the contact form of the DM,
a force and moment compensation method based on three
DOF stiffness-damping on-line identification is proposed to
prevent the divergence of the space manipulator docking HIL
simulation system and to improve the reproduction accuracy
of the system. The main contributions of this paper are as
follows:

1) The research object is different: in this study the
research object is the docking process of space manipulator,
the HIL simulation system of the space manipulator docking
is designed, and the docking dynamics model of spacemanip-
ulator is established;

2) The motion of the research object is multi-DOF, and the
contact environment parameters are time-varying;

3) According to the contact characteristics of the DM,
the contact forces in three directions are considered as elastic
forces determined by stiffness and damping in three direc-
tions. A force and moment compensation method based on
on-line identification of three DOF stiffness-damping is pro-
posed to ensure that the force andmoment input to the dynam-
ics model at any time is the same as the desired force and
moment corresponding to the desired position. In addition,
the compensation method is model-free compensation.

This paper consists of six sections. Following this
section of the introduction, the HIL simulation system for
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manipulator docking is introduced in Section 2. The model of
the manipulator docking HIL simulation system is described
in Section 3. Compensation models of HIL simulation system
for manipulator docking are proposed in Section 4. Simu-
lations and experiments are included in Section 5. Finally,
Section 6 gives the conclusion.

FIGURE 1. The space manipulator docking system.

II. HIL SIMULATION SYSTEM FOR
MANIPULATOR DOCKING
A. MANIPULATOR DOCKING SYSTEM
The space manipulator docking system, as shown in Fig. 1,
consists of a spacecraft, a manipulator, an end-effector and a
space station. To describe the elastic deformation and elastic
force of the manipulator, the manipulator is equivalent to a
six DOF spring damping system, and the mass characteristics
of the manipulator are equivalent to the terminal of the end-
effector. The end-effector moves with the action of the six
DOF spring damping system and the contact force. During
the docking, the drag mechanism in the end-effector fixes
and drags the butt rod of the target-adapter and makes the
spacecraft move. Schematic diagram of the DM and the drag
principle is shown in Fig. 1. A lead screw is mounted inside
the end-effector, and motor drives the lead screw to rotate at a
constant angular velocity; the constant velocity rotation of the
lead screw can be transformed into a constant velocity linear
motion of the DM. The DM captures and fixes the butt rod
of the target-adapter through three wire ropes and then drives
the target-adapter.

B. HIL SIMULATION SYSTEM FOR
MANIPULATOR DOCKING
The structure of the HIL simulation system for manipulator
docking is illustrated in Fig. 2. The physical objects include
a force sensor, an end-effector, a six DOF parallel robot, a
target-adapter (installed on the six DOF parallel robot) and a
frame. The target-adapter and the end-effector used in theHIL
simulation are the same as those in real space, which generate
an actual contact force during the contact. The force sensor
is attached under the frame and the end-effector is installed
under the force sensor so that the force sensor can directly
measure the impact force and moment when docking. The
dynamics model used in the HIL simulation describes the

FIGURE 2. Structure of the HIL simulation system for manipulator
docking.

motion in zero-g space of the mechanisms. The docking state
depends on the relative position of the DM (target-adapter
and end-effector). Thus the relative position parameters of the
spacecraft and the end-effector are solved by the dynamics
model, and the relative motion process is reproduced by the
parallel robot.

In this study, the dynamics calculation of space manipu-
lator docking and the control of the six DOF parallel robot
are accomplished by two sets of upper and lower computers.
The upper and lower computers transmit data through Ether-
net, and two lower computers transmit data through reflec-
tive memory. The lower computer for dynamics calculation
receives the measurement force, calculates the displacement
and transfers it to the parallel robot control lower computer.
The parallel robot control lower computer, the control com-
ponent and the parallel robot driving component make up the
position control system, and realize the closed-loop control
of the parallel robot.

FIGURE 3. The principle of the HIL simulation for manipulator docking.

C. PRINCIPLE OF THE HIL SIMULATION SYSTEM
FOR MANIPULATOR DOCKING
The principle of the HIL simulation for manipulator docking
is shown in Fig. 3. The physical elements of Fig. 3 are in bold
words, and the software model of Fig. 3 is in non-bold words.
The force sensor determines whether the HIL system can get
actual contact force at the current moment, and the parallel
robot determines whether the HIL system can reproduce the
desired displacement to get the desired contact force at the
next moment. When the docking dynamics model can accu-
rately describe the motion of the mechanisms; the smaller
the delays of the force sensor and the parallel robot are, the
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closer the HIL simulation system is to the real space docking.
If the force sensor and the parallel robot can transmit force
and motion one-to-one, the HIL simulation system can be
considered to accurately reproduce the real space docking
process.

III. MODELING OF THE HIL SIMULATION SYSTEM
FOR MANIPULATOR DOCKING
Based on the principle of the HIL simulation for manipula-
tor docking, the space manipulator docking HIL simulation
system model consists of docking dynamics model, parallel
robot model, force sensor model and DM contact model.

A. DOCKING DYNAMICS MODEL OF
SPACE MANIPULATOR
Docking dynamics model of the space manipulator is used to
solve the motion state of the end-effector, the space manip-
ulator, the space station and the spacecraft under the action
of the contact force and moment (measured by the sensor),
and finally the relative motion of the spacecraft and the end-
effector is obtained.

FIGURE 4. Force diagram of the space manipulator docking.

The force of the DM is shown in Fig. 4. Define the
following coordinate systems for establish mathematical
models:OgXgYgZg—Inertial coordinate system;OeXeYeZe—
End-effector body-fixed coordinate system, the coordinate
origin locates at the comprehensive centroid of the end-
effector and manipulator (short for end-effector’s cen-
troid); OcXcYcZc—Spacecraft body-fixed coordinate system,
the coordinate origin locates at the centroid of the passive
spacecraft; OsXsYsZs—Space station body-fixed coordinate
system, the coordinate origin locates at the centroid of the
space station.OA and OB are the mounting positions of the
manipulator on the end-effector and the space station, respec-
tively. OBXBYBZB—Stiffness and damping coordinate sys-
tem, the directions of the principal stiffness and principle
damping are the same as that of the directions of the coordi-
nate axes, assume that the direction ofOBXBYBZB is the same
as that of the OsXsYsZs. In addition, Rmn represents the coor-
dinate transformation matrix from the coordinate system m
to the coordinate system n; Emn represents the transformation
matrix from the body coordinate system’s angular velocity of

the coordinate system m relative to the coordinate system n
to the Euler angular velocity.

The contact force acting on the end-effector is F1,
the moment M1 is generated by the contact force at the
comprehensive centroid. The force andmoment of themanip-
ulator (six DOF spring damping system) generated by the
deformation and torsion are Fh andMh, respectively. Newton
equations of end-effector and space station in OgXgYgZg are:

r̈s =
Rsg · Fh
ms

; r̈e =
−Rsg · Fh + F1

me
(1)

where me indicates the comprehensive mass of end-effector
and manipulator (short for the mass of the end-effector),
ms indicates the mass of space station, rs indicates the
position vector of space station’s centroid in OgXgYgZg, re
indicates the position vector of end-effector’s centroid in
OgXgYgZg.
Therefore, acceleration of end-effector relative to space

station in OgXgYgZg is:

aes = r̈es =
−Rsg · Fh + F1

me
−
Rsg · Fh
ms

(2)

Relative acceleration of end-effector relative to space
station V̇ es in OsXsYsZs is:

V̇ es = aes − 2ωs × V es − ω̇s × res − ωs × (ωs × res) (3)

where ωs is the angular velocity of the space station.
Relative velocity vector Ves and relative displacement vec-

tor Ses between twomechanisms inOsXsYsZs can be obtained
by integrating the formula (3).

Rotation equations of end-effector and space station are as
follows:

Js · εs + ωs × (Js · ωs) = rAs × Fh +Mh (4)

Je · εe + ωe × (Je · ωe) = M1 − rAe
×

(
R−1es · Fh

)
− R−1es ·Mh (5)

where εs and εe indicate the angular accelerations of the
space station and the end-effector, respectively; rAs and rAe
indicate the vectors of pointOA to the space station’s centroid
and to the end-effector’s centroid, respectively; Js indicates
the inertia tensor of space station; Je indicates comprehensive
inertia tensor of the end-effector and manipulator (short for
inertia tensor of the end-effector).

Angular velocity vector of end-effector relative to the space
station is:

ωes = ωe − R−1es · ωs (6)

Euler-angle change rate of end-effector relative to the space
station is:

8̇es = E−1es · ωes (7)

Euler-angle of the end-effector relative to the space station
8es can be obtained by integrating the formula (7). The
elastic deformation force Fh and the rotational moment Mh
can be obtained by the stiffness, damping and deformation
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of the manipulator. The two installation positions of the
manipulator are on the end-effector and the space station,
the relative rotational angles and relative angular velocities
of the OAXAYAZA and OBXBYBZB at the two installation
positions are the same as those of the end-effector and the
space station, respectively, which are:{

18AB = 8es
18̇AB = 8̇es

(8)

The relative translational displacement and velocity of
OAXAYAZA and OBXBYBZB are deduced as follows. The rel-
ative position of point OA to point OB in OsXsYsZs is:

rAB = Ses − rBs + Res · rAe (9)

The change of relative translational motion at the manipu-
lator’s two installation positions is:

1rAB = rAB − rAB(0) (10)

The relative velocity of point OA to point OB in
OsXsYsZs is:

1ṙAB = R−1sg · (
∫
aes · dt + ωe · rAe − ωs · res) (11)

The force and moment generated by manipulator (six DOF
spring damping system) are:[

Fh
Mh

]
= K ·

[
1rAB
18AB

]
+ C ·

[
1ṙAB
18̇AB

]
(12)

where K and C indicate the stiffness matrix and damping
matrix of manipulator, respectively.
K and C can be measured or got by design value and

analysis value. Motion parameters of the end-effector can be
obtained by summarizing formula (1) to formula (12).

The force acting on the spacecraft isF2, acceleration of the
spacecraft relative to the end-effector in OgXgYgZg is:

ace = r̈ce =
F2

mc
−
−Rsg · Fh + F1

me
(13)

wheremc indicates the mass of the spacecraft, rc indicates the
position vector of the spacecraft’s centroid in OgXgYgZg.
Relative acceleration of spacecraft relative to the

end-effector V̇ ce in OeXeYeZe is:

V̇ ce = ace − 2ωe × V ce − ω̇e × rce − ωe×(ωe×rce) (14)

Relative velocity vector Vce and relative displacement vec-
tor Sce between twomechanisms inOeXeYeZe can be obtained
by integrating the formula (14).

The rotation modeling of the spacecraft is:

Jc · εc + ωc × (Jc · ωc) = M2 (15)

where εc indicates the angular acceleration of the spacecraft;
M2 is the moment generated by contact force at spacecraft
centroid; Jc indicates the inertia tensor of the spacecraft.
Angular velocity vector of the spacecraft relative to the

end-effector is:

ωce = ωc − R−1ce · ωe (16)

Euler-angle change rate of the spacecraft relative to the
end-effector is:

8̇ce = E−1ce · ωce (17)

The Euler-angle of the spacecraft relative to the end-
effector 8ce can be obtained by integrating the formula (17).
Sce and 8ce are the relative motion parameters that the paral-
lel robot needs to simulate.

FIGURE 5. Sketch of parallel robot simulating relative motion.

B. PARALLEL ROBOT MODEL
The schematic diagram of the docking process reproducing
by the parallel robot is shown in Fig. 5. To reduce the descrip-
tion of the coordinate system, assuming that the centroid
coordinate system of the end-effector OeXeYeZe coincides
with the measurement coordinate system of the force sen-
sor, and then the force and moment measured by the sen-
sor are the force and moment acting on the end-effector’s
centroid. The dotted line below the parallel robot platform
in Fig. 5 is used to indicate a virtual spacecraft, and the
target-adapter mounted on the spacecraft is installed as a
physical object on the parallel robot platform. The princi-
ple of reproduction motion of parallel robot is as follows:
input the displacement and rotation parameters of control
point P, calculate the length of six legs by position inverse
solution, and position closed-loop control of each leg is used
to reproduce the position and rotation angle. The relative
angle between the spacecraft and the end-effector 8ce can
be directly used as the angle input of the parallel robot,
however, the relative displacement Sce needs to be trans-
formed into the motion parameter of the control point P. The
inertial coordinate system of the HIL simulation system is
OHXHYHZH (the axis directions of which are the same as
those of theOeXeYeZe). The input parameters of control point
P are parameters inOHXHYHZH ; in the docking process, the
vectors in Fig. 5 satisfy the following relation:

OcOe = Sce = POH − OeOH − Rce · POc (18)

where OHP indicates the position of control point P
in OHXHYHZH ; OeOH is the position of end-effector’s
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FIGURE 6. A multi-rigid-body dynamics model and a control model of the
parallel robot.

centroid inOHXHYHZH ; POc is the position of control point
P inOcXcYcZc. OeOH and POc are the known vectors. The
transformation matrix Rce can be obtained from the rotation
angle 8ce. Then the displacement vector input to the control
point P is:

POH = Sce + OeOH + Rce · POc (19)

A multi-rigid-body dynamics model and a control model
of the parallel robot are shown in Fig. 6. The dotted line
region is a multi-rigid-body dynamics model of the parallel
robot based on the Kane’s method; where q is the six DOF
attitude of the parallel robot; Ms(q) denotes the mass matrix
of the parallel robot’s platform and leg in OHXHYHZH ;
Cs(q, q̇) is the Coriolis term in the inertial system; Gs(q) is
the gravity and the external force in OHXHYHZH ; Jlq(q)
is the velocity Jacobian matrix. The dash-dot line region is
the control system model of the control system (consists of
driver and motor); where PI denotes the proportional-integral
controller; P denotes the proportional controller; L and R
are the inductance and resistance of the motor, respectively;
Ke is the back EMF coefficient of the motor; KT is the torque
coefficient; J and B are the equivalent inertia and damping of
electric cylinder and motor, respectively; K2 is the velocity
conversion coefficient of the electric cylinder and the motor;
K1 is the reciprocal of K2; β is a current feedback coefficient;
fa and l̇ are the output force and line velocity of electric
cylinders. The six sets of control systems of the parallel robot
have the same characteristics; thus the diagram of the control
principle for one set of control system is shown in Fig. 6.

C. CONTACT FORCE AND MOMENT MODEL
The force Fmea and moment Mmea measured by the force
sensor are the values in OeXeYeZe; the relationship between
Fmea (Mmea) and F1 (M1) is:{

F1 = Reg · Fmea
M1 = Mmea

(20)

Take the single point contact of end-effector and target-
adapter as an example to calculate F2 and M2 in spacecraft
dynamics. C is the contact point in Fig. 5; COe and COc

indicate the vectors of contact point to the end-effector’s
centroid and to spacecraft’s centroid, respectively. The cal-
culation results are shown in formula (21). When the contact
is multi-point contact, formula 26 is still applicable.

F2 = −Reg · Fmea
M2 = R−1ce · (COc × (−Fmea))
= R−1ce · (CcOe × Fmea − COe × Fmea)
= R−1ce · (Sce × Fmea −Mmea)

(21)

In the HIL simulation, the force and moment are affected
by the delay of the parallel robot. In order to compensate
the force and moment, it is necessary to study the contact
characteristics and the mechanism of the DM. The DM inside
the end-effector captures and locks the capture-rod through
three flexible wire ropes, and then drags the spacecraft. A top
view of the state of the three wire ropes and the capture-rod
is shown in Fig. 7-a, the two ends of the three wire ropes
AA’, BB’ and CC’ are fixed to the moving ring and the
stationary ring, respectively. When capturing, the stationary
ring remains stationary and the moving ring rotates, causing
that the three wire ropes tighten the capture-rod and restrain
its horizontal direction. The front view of the wire ropes and
the capture-rod is shown in Fig. 7-b. The head of the capture-
rod has a hemispherical structure with a groove below it;
three wire ropes are tightened at the groove to restrict the
capture-rod’s vertical direction. Under the constraint of three
directions, the drag mechanism drives the moving ring and
the stationary ring to move upward (the axial direction of the
end-effector) to perform drag operation and so on.

FIGURE 7. Schematic diagram of the contact between the wire rope and
the capture rob.

In the docking experiment, if the HIL simulation system
does not diverge, the displacements of the point O (the center
of the capture-rod groove) relative to its equilibrium position
(the resultant force of the capture-rod is zero at this position,
which can be measured by the sensor, and set as point OD)
in the radial and axial directions are usually no more than
10mm under the action of the flexible wire ropes; because the
three wire ropes are tightly tied to the capture-rod, the three
wire ropes can always maintain contact with the capture-
rod within this displacement range. Meanwhile, making that
the parallel robot drives the target-adapter along the three
axes of the OHXHYHZH (non-dynamics process, the motion
range is in the point O motion space), the test results show
that the motion along one direction has little effect on the
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FIGURE 8. Force and moment compensation schematic diagram for space manipulator docking HIL simulation system.

force in the other two directions. Based on the above two
premises, the restraint and action of the wire ropes on the
capture-rod can be approximated as the restraint and action
of three mutually perpendicular stiffness-damping systems
on the capture-rod, as shown in Fig. 7-c. The motion of the
capture-rod’s groove makes the wire rope produce flexible
deformation and then produce elastic force. The diameter of
the rob at the groove is very fine, usually several millimeters;
it is considered that the displacement of point O relative to
OD is the deformation of the stiffness-damping system. Thus,
the contact force within radial and axial small displacement
range of the point O relative to OD can be expressed as:

[
vp
ωp

]
= J−1lq · L̇

vO = vp + ωp × (Rce · OP)
vOD = vO − vD

lOD =
∫ t

0
vODdt

Fmea =
∫ t

0
Kp · vODdt + Cp · vOD

Mmea = OOe × F1 = (Sce + Rce · (POc + OP))× Fmea
(22)

where vO indicates the velocity of point O in OHXHYHZH ;
OP is the vector of pointO to control point P in the spacecraft
body coordinate; J−1lq is the transformation matrix from the
velocity of the parallel robot’s six legs to velocity of the
control point, Kp is a stiffness diagonal matrix consisting of
kx , ky and kz; Cp is a damping diagonal matrix consisting
of cx , cy and cz; both Kp and Cp are time-varying matrices;

L̇ is velocity matrix for six legs of parallel robot; vD is
the velocity of the drag mechanism in the end-effector
(i.e. the velocity of point OD); vp is the velocity of con-
trol point P in OHXHYHZH ; ωp is the angular velocity of
the parallel robot’s body coordinate system relative to the
OHXHYHZH .
When the contact stiffness and damping matrices are

known, the force and moment compensation model can be
further deduced by the formula (22).

IV. FORCE AND MOMENT COMPENSATION MODEL OF
THE HIL SIMULATION FOR MANIPULATOR DOCKING
The force and moment compensation method principle dia-
gram based on the three DOF stiffness-damping on-line iden-
tification is shown in Fig. 8. Based on Fig. 4, parameter
identification module and force/moment delay compensation
module are added. Measurement delay model of the sensor
usually can approximate to a first-order model with a delay
time of Tf , and then in this study we use a first-order phase
lead model to compensate the sensor measurement dynam-
ically. The force and moment delay caused by the parallel
robot’s dynamic response are mainly studied in the follow-
ing. If the compensated force F̂1-comp, compensated moment
M̂1-comp and M̂2-comp are the same as the contact force and
moment corresponding to the desired position calculated by
the docking dynamics, then the force/moment for dynamics
calculation and the dynamics calculation results will not be
affected by the dynamic response of the parallel robot; so that
the desired position of the dynamics calculation is the same
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FIGURE 9. Position change of parallel robot in two adjacent sampling
periods.

as that of real space docking to prevent the HIL simulation
system from diverging.

A. THREE DOF STIFFNESS-DAMPING PARAMETER
REAL-TIME IDENTIFICATION BASED
ON KALMAN-FILTER
The identification results will be affected by the noise inter-
ference of the force sensor and the accidental friction of
the mechanisms during the docking process. Thus, Kalman-
filter identification method is used for its strong anti-noise
interference and good stability; in addition, this identification
method has high accuracy for the system with large variation
in parameters. In this study, the stiffness and damping param-
eters are identified by using the relationship between themea-
surement force changeF(t), the displacement variation lOD(t)
and the velocity variation vOD(t) of two adjacent sampling
times. The positions of the parallel robot at the t time and the
t-1 time are shown in Fig. 9.OD(t-1),Oact (t−1), Pact (t−1),
OD(t), Oact (t), Pact (t) are the actual positions of the point
OD, point O and control point P at t-1 time and t time in the
OHXHYHZH , respectively. It is assumed that stiffness and
damping parameters remain unchanged within two adjacent
sampling times. Then the physical quantities at the t time can
be obtained from formula (22), as shown in formula (23).

[
vp-act (t)
ωp-act (t)

]
= J−1lq (t) · L̇ (t)

vO-act (t) = vp-act (t)+ ωp-act (t)× (Rce-act (t) · OP)
vOD (t) = vO-act (t)− vD (t)
1vOD (t) = vOD (t)− vOD (t − 1)

1lOD (t) =
∫ t

0
vOD (t) dt −

∫ t−1

0
vOD (t) dt

1Fmea (t) = Kp (t) ·1lOD (t)+ Cp (t) ·1vOD (t)
(23)

The velocity and displacement of six legs can be mea-
sured in real time, then lOD (t) and vOD(t) can be calculated
according to the formula (23); meanwhile, F̂mea(t) can be
calculated by the measurement values of the sensor; then the
identification of stiffness and damping parameters in three

directions is carried out by combining the formula 23-6 and
Kalman-filter identification method. Taking the X axis as an
example, the identification process of kx and cx is explained.
We assume that the linear system of formula 23-6 can be
described as:{
Y (k + 1) = 8(k + 1, k)Y (k + 1)+ 0 (k + 1, k)W (k)
Z (k) = H (k)Y (k)+ V (k)

(24)

where W (k) is the friction noise and sensor measurement
noise, V (k) is the system process noise.

0 = 8 = I
Z (k) = 1F̂mea-x (k)
H (k) =

[
1lOD-x (k) 1vOD-x (k)

]
Y (k) =

[
kx (k) cx (k)

]T (25)

where F̂mea-x(k), lOD-x(k) and vOD-x(k) are the measurement
force variation, displacement variation and velosity variation
in the X direction, respectively.

The Kalman-filter identification model is as follows:

Ŷ (k|k) = Ŷ (k − 1|k − 1)

+ K (k)
[
Z (k)− H (k) Ŷ (k − 1|k − 1)

]
K (k) =

P (k|k − 1)HT (k)[
H (k)P (k|k − 1)HT (k)+ Rk

]
P (k|k − 1) = P (k|k − 1)+ Qk−1
P (k|k) = [I − K (k)H (k)]P (k|k − 1)

(26)

where Qk−1 and Rk are the covariance matrixes of V (k) and
W (k), respectively; P(k|k) is the error covariance matrix;
K (k) is the Kalman-gain; Y (k|k) = [kx(k)cx(k)].
The initial values of Y(0|0) and P(0|0) need to be set before

the identification. The stiffness and damping identification
processes in the Y axis and the Z axis are as same as those
mentioned above.

FIGURE 10. The schematic diagram the desired position and the actual
position.

B. CONTACT FORCE AND MOMENT
DELAY COMPENSATION
The contact stiffness and damping matrices K̂p and Ĉp at
t time are obtained by identification; the contact force and
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moment compensation model at t time is deduced from the
deviation between the desired position and the actual position
of the parallel robot. The schematic diagram the desired
position and the actual position at t time is shown in Fig. 10.
The ‘act’ and ‘des’ marks in the lower corner of the variable
name represent the actual position and the desired position of
the point or vector, respectively. For the sake of simplicity,
the state of the parallel robot in two positions is not depicted
in Fig. 10. The solid line and the dotted line represent the
actual position and the desired position of the virtual space-
craft, respectively. The position deviation between the actual
position and the desired position of point O is s.

The desired velocity of point O can be calculated by the
docking dynamics:

vO-des = V ce + (Rce-des · ωc)× (Rce-des · (POc + OP))

(27)

The actual velocity of pointO can be calculated by formula
23-1 and 23-2, and then the velocity deviation between actual
position and desired position is:

1v = vO-des −
(
vp-act + ωp-act × (Rce-act · OP)

)
(28)

Position deviation of point O between actual position and
desired position is:

1s = PdesOH + Rce-des · OP − (PactOH + Rce-act · OP)

(29)

Then the contact force compensation model is:

1F̂ = K̂p ·1s+ Ĉp ·1v (30)

Then the compensated force is:

F̂1-comp = F̂mea +1F̂ (31)

The moment generated by the contact force at the desired
position is regard as:

M = (OactOe +1s)×
(
F̂mea +1F̂

)
= OactOe × Fmea + OactOe ×1F̂

+1s× F̂mea +1s×1F̂ (32)

OactOe×Fmea is considered as the moment M̂mea mea-
sured by sensor, then the moment compensation model is:

1M = OactOe ×1F̂+1s× F̂mea +1s×1F̂

= (Sce-act + Rce-act · (POc + OP))

×1F̂+1s× F̂mea +1s×1F̂ (33)

The compensated moment is:

M̂1-comp = M̂mea +1M (34)

The compensated contact force and moment input to the
manipulator system can be obtained by formula 25:{

F1 = Reg · F̂1-comp

M1 = M̂1-comp
(35)

The compensated contact force and moment input to the
spacecraft can be obtained by formula 26:{

F2 = −Reg · F̂1-comp

M2 = R−1ce-des ·
(
Sce-des × F̂1-comp − M̂1-comp

) (36)

V. VERIFICATIONS
A. SIMULATION VERIFICATIONS
The HIL simulation system model for space manipulator,
as shown in Fig. 8, was established using the Simulink mod-
ule of the Matlab software. The drag mechanism moves at a
constant velocity, thus, the displacement curve of the parallel
robot is close to an oblique line. However, it is difficult to
observe the frequency characteristics and the reproduction
accuracy under the gradual curves. The oscillation curves
are convenient to compare the performances of different
compensation methods. So set that the drag mechanism was
stationary in the simulation and experiment, respectively. And
the parallel robot offset downward a certain displacement
from the equilibrium position, respectively, which made the
wire rope deform. Then the HIL simulation system came
into the dynamics stage to simulate the motion of the space-
craft under the action of flexible wire rope. The force and
moment delay compensation (FAMDC) results, uncompen-
sated results and ideal results are compared to verify the
effectiveness of the compensation method proposed in this
paper.

TABLE 1. Docking parameters of single-DOF.

1) VERIFICATION OF SINGLE-DOF DOCKING
Assuming that the manipulator docking only produces
motion in one direction (Z direction), the effectiveness of
the compensation method in simple cases will be verified.
The simulation parameters are shown in Table 1. The parallel
robot offsets 10 mm from the equilibrium position along Z
direction, and then the HIL simulation system comes into
the dynamics stage. The motion of the control point with
different compensation conditions are shown in Fig. 11. The
‘FAMDC-dc’ and ‘FAMDC-pr’ are the dynamics calculation
motion and actual motion after using the FAMDC method,
respectively; ‘Without compensation’ is the actual motion
without using compensation method; ‘Ideal’ refers to the
motion of the parallel robot without delay (real space docking
condition). We can get that the motion of the control point
is divergent without the compensation method; after using
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FIGURE 11. Motion of the control point under different compensation
conditions.

FIGURE 12. Identification results of the kz and cz .

the FAMDC method, the motion obtained by the dynamics
calculation is basically the same as that of the ideal motion,
which indicates that the proposed FAMDC method can pre-
vent the divergence of the system. Due to the displacement
phase delay of the parallel robot, the actual motion has little
amplitude and phase deviation relative to the motion calcu-
lated by dynamics.

Set the initial values Y(0|0)=[10 10]. The identification
results of contact stiffness and damping with noise are shown
in Fig. 12, which indicate the Kalman-filter identification
method can quickly obtain accurate results in the case of
noise.

The ideal force, the contact force without compensation
and the compensated force with FAMDC method are given
in Fig. 13. It shows that the contact force without compensa-
tion is divergent, while the value of the compensated force is
close to the ideal one. The results indicate that the FAMDC
method eliminates the amplitude and phase deviation of the
force caused by the parallel robot’s response delay, so that
the compensated force, the desired force corresponding to the
desired position and the ideal force are the same. Then,
the motion of the dynamics calculation is consistent with
the ideal motion; the system is no longer divergent.

FIGURE 13. Contact forces under different compensation conditions.

TABLE 2. Docking parameters of multi-DOF.

2) VERIFICATION OF SIX DOF DOCKING
The simulation parameters are shown in Table 2. The parallel
robot offsets 10 mm from the equilibrium position along X ,
Y and Z directions, respectively, then the HIL simulation
system comes into the dynamics stage to compare of con-
trol point’s motion parameters [POH 8ce] under different
compensation conditions. Due to the large number of six
DOF motion curves, the ‘FAMDC-dc’ curves are no longer
drawn. The validity of the FAMDC method to prevent the
system divergence is evaluated by the actual motion curves
and the ideal curves, which are shown in Fig. 14. ‘With-
out compensation’ curves are drawn separately, as shown
in Fig. 15. From the displacement curves in Fig. 14, it can
be seen that: the docking system has two oscillation frequen-
cies; the high-frequency oscillation attenuates quickly under
the action of damping; and the low-frequency oscillation is
mainly reflected in the later period. The FAMDC method
can not only ensure the stability of high-frequency oscilla-
tion, but also ensure high reproduction accuracy. The curves
in Fig. 15 diverge at high-frequency, which shows that the
FAMDC method effectively solves the problems of system
stability and reproduction accuracy in the process of six DOF
docking.

Set the stiffness and damping initial values in three
directions are Y(0|0)=[10 10]. The contact stiffness and
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FIGURE 14. Motion of the control point under different compensation
conditions.

FIGURE 15. Motion of the control point without compensation.

FIGURE 16. Identification results of the kx , ky , kz , cx , cy and cz.

damping verification results with noise interference are
shown in Fig. 16, which reach the accuracy values from the
initial values in several milliseconds.

In the case of no compensation, the force and moment
curves are divergent. The ideal force and moment and the
compensated force and moment with FAMDC method are

FIGURE 17. Force and moment compensation results.

given in Fig. 17. The values of the compensated force and
moment are close to the ideal ones, which show that the
compensated force and moment are the same as the desired
force and moment corresponding to the desired position of
dynamics calculation. The HIL simulation system has high
reproduction accuracy.

FIGURE 18. Motion of the control point under different compensation
conditions.

3) VERIFICATION OF SIX DOF DOCKING WITH
TIME-VARYING CONTACT PARAMETERS
On the basis of the simulation parameters in Table 2, triangu-
lar wave signals with amplitudes of 4e4N/m, 3.6e4N/m and
3.2e4N/m and periods of 4 s are superposed with the contact
stiffness kx , ky and kz, respectively, triangular wave signals
with amplitudes of 400N/(m/s), 240N/(m/s) and 320N/(m/s)
and periods of 4 s are superposed with the contact stiff-
ness cx , cy and cz, respectively; which are used to simulate
the time-varying docking parameters. The increase of the
contact stiffness will still make the uncompensated system
diverge. The actual motion curves and ideal curves are shown
in Fig. 18. The results show that the FAMDCmethod can still
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FIGURE 19. Identification results of the kx and cx .

prevent the divergence of the system and ensure high repro-
duction accuracy when the contact parameters vary in a wide
range.

Identification results of contact stiffness and damping with
noise interference are shown in Fig. 19. The identification
results of stiffness and damping in X direction are taken as an
example to illustrate the accuracy of Kalman-filter identifica-
tion method in identifying time-varying parameters. We can
get that the identification results of stiffness and damping can
accurately follow the variable stiffness and damping.

The simulation results show that the force and moment
compensation method based on three DOF stiffness-damping
identification can effectively solve the instability prob-
lem caused by the dynamic response delay of the parallel
robot in the HIL simulation system. In addition, the pro-
posed compensation method can ensure high reproduction
accuracy.

B. EXPERIMENTAL VERIFICATIONS
The experimental facilities of the HIL simulation system
for manipulator docking were shown in Fig. 20. Due to the
classified reasons, pictures of the end-effector and the target-
adapter can’t be provided, and pictures of the other main
structures were presented separately. Because that the contact
stiffness in the three directions are unknown, it is not easy to
explain the accuracy of the identification results and the com-
pensation results; therefore, a spring with known stiffness and
damping (the stiffness of the spring was within the stiffness
range of the wire rope) was used to simulate the elasticity
in one direction. The correctness of the identification results
and the effectiveness of the compensationmethod are verified
by the single-DOF motion, and then the wire rope is used to
capture and fix the capture-rod of the target-adapter to further
verify the compensation effect of six DOF force and moment.

1) VERIFICATION OF SINGLE-DOF DOCKING
Generally, the greater the stiffness of the system is, the higher
the dynamics frequency is, and then the worse the stability of

FIGURE 20. The experimental facilities of the HIL simulation system.

the HIL simulation system is. Thus experiments are carried
out with two sets of parameters to illustrate the effectiveness
of the FAMDC method. The main parameters of the lower
dynamics frequency experiment are shown in Table 3-I. The
high dynamics frequencyωhigh is 2.13 Hz and the low dynam-
ics frequency ωlow is 0.54 Hz.

TABLE 3. Docking parameters of single-DOF.

FIGURE 21. Motion of the control point with different compensation
conditions.

The parallel robot offsets 10mm from the equilibrium posi-
tion along Z direction, then the HIL simulation system comes
into the dynamics stage. The motion of the control point
with different compensation conditions are shown in Fig. 21.
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The motion curve oscillates and diverges at ωhigh without the
compensation method; to prevent excessive contact force, the
experiment is stopped at 3.4 s; using the FAMDC compensa-
tion method, the actual motion curve basically coincides with
the ideal motion curve, which indicates the effectiveness of
FAMDC method in preventing system divergence.

FIGURE 22. Identification results of the kz and cz .

Set the initial values Y(0|0)=[10 10]. The identification
results of contact stiffness and damping are shown in Fig. 22.
Stiffness reaches the accuracy value in several milliseconds.
There may be small gaps between the mechanisms or there
is other force noise interference; which is the main reason
for slightly deviation between the accuracy values and the
identification results, and the deviation is within ±2%. The
damping value is small, and the force induced by damping is
smaller than that induced by stiffness, therefore, the deviation
value between identification results and the accuracy value is
relatively large, but the average value and the accurate value
are basically the same.

FIGURE 23. Contact forces under different compensation conditions.

The ideal force, the measurement contact force with-
out compensation and the compensated force with FAMDC
method are given in Fig. 23. It shows that the measurement
force without compensation is divergent, while the value of

the compensated force is close to the ideal one. The results
indicate that parameter identification results and FAMDC
method can make the compensated force basically be equal
to the desired force corresponding to the desired position,
and further can ensure the high reproduction of the HIL
simulation system.

The main parameters of the higher dynamics frequency
experiment are shown in Table 3-II. The high dynamics fre-
quencyωhigh is 4.47 Hz and the low dynamics frequencyωlow
is 1.28 Hz. The motion of the control point with different
compensation conditions are shown in Fig. 24. Without the
compensation method, the actual motion curve diverges at
ωhigh and ωlow, respectively; after using FAMDC method,
the actual motion curve coincides with the ideal curve, which
has high simulation precision.

FIGURE 24. Motion of the control point with different compensation
conditions.

FIGURE 25. Contact forces under different compensation conditions.

The ideal force, the measurement contact force with-
out compensation and the compensated force with FAMDC
method are given in Fig. 25. It shows that the measurement
force without compensation is divergent, while the value of
the compensated force is close to the ideal one. It indicates
that the identification results still have good accuracy and
the FAMDC method has a good compensation effect in high
frequency motion.
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2) VERIFICATION OF SIX DOF DOCKING
The experimental parameters are shown in Table 4. The par-
allel robot offsets 10 mm from the equilibrium position along
X , Y and Z directions, then the HIL simulation system comes
into the dynamics stage.

TABLE 4. Docking parameters of multi-DOF.

FIGURE 26. Motion of the control point with FAMDC compensation
method.

The motion curves of the control point with FAMDC
method and without compensation are shown in Fig. 26 and
Fig. 27, respectively. The motion of the control point without
compensation diverges at high frequency; after applying the
FAMDC method, the motion of the six DOF converges. The
results show that the FAMDC method prevents the system
from diverging.

The stiffness and damping identification results of three
DOF are shown in Fig. 28. Fig. 26 shows that there is a high
frequency motion in 1 s; because the stiffness and damping
parameters in different positions will vary, the identification
results in Fig. 28 change obviously and quickly in 1 s; with
the attenuation of high frequency oscillation, the identifica-
tion results become relatively stable with the control point’s
motion after 1 s. Comparing with Fig. 26 and Fig. 28, the stiff-
ness value is maximum when the control point moves to the
maximum displacement of positive or negative direction, and
the stiffness value is minimum when the control point is near
the equilibrium position; which indicates that the stiffness of

FIGURE 27. Motion of the control point without compensation.

FIGURE 28. The stiffness and damping identification results of three DOF.

wire rope increases with the increase of deformation.With the
convergence of the control point’s displacement, the system
oscillation amplitude decreases, and then deformation of the
wire rope decreases; which makes the oscillation amplitude
of the stiffness decrease. To illustrate the accuracy of the
identification results, the parallel robot is made move in three
directions, and several positions are selected to calculate
the stiffnesses in three directions; the results show that the
stiffness ranges obtained by testing in the three directions
are basically consistent with the ranges of the identifica-
tion results, which shows that the identification results are
reliable.

The experimental results show that the identification
method based on Kalman-filter can accurately obtain the
time-varying contact parameters, and the force and moment
compensation method based on three DOF stiffness and
damping identification can effectively prevent the divergence
of the system, and can make the HIL simulation system with
high reproduction accuracy.
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VI. CONCLUSION
Aiming at the requirements and characteristics of space
manipulator docking, a space manipulator docking HIL sys-
tem is designed in this paper, the docking dynamics model of
space manipulator is established. Considering the instability
of HIL system caused by the delay of the parallel robot,
a method of force and moment compensation based on stiff-
ness and damping identifications in three mutually perpen-
dicular directions is proposed to compensate for the deviation
of contact force and moment caused by the delay. Based on
the compensation, the compensated force and moment at any
time are equal to the desired force andmoment corresponding
to the desired position in the dynamics calculation; which
ensures that the force and moment input to the dynamics cal-
culation are not affected by the delay and prevents the diver-
gence of the system. The simulation and experimental results
show that the accuracy of Kalman-filter identificationmethod
and the force and moment compensation method based on
three DOF stiffness-damping can effectively improve the sta-
bility and reproduction accuracy of multi-DOF space docking
HIL simulation system.
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