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ABSTRACT Contact operations of free-floating satellite robots are difficult and risky and therefore, they
must be thoroughly tested and verified by ground-based facilities. A hardware-in-the-loop (HIL) simulation
system with industrial robots is commonly used for simulating space robotic operations. However, a great
challenge is to handle simulation divergence due to intrinsic time delay between the measured forces and the
simulation driven reaction of the robot. This paper presents a novel hybrid force/velocity control method for
compensating the time delay of a HIL simulation. A real-time identification method for contact stiffness and
damping is proposed based on the adaptive Kalman filter. Then, an energy observer is designed to monitor
the energy flow and an energy controller (EC) is established. The EC acts a variable damping and thus
the contact damping is amended. Therefore, a compensation strategy based on parameter identification and
damping amendment is proposed to eliminate the effects of time delays. Finally, numerical simulations and
experimental results show that the simulation divergence due to time delay can be prevented. Moreover,
space robotic operations with high fidelity of both contact force and contact velocity are reproduced by the
proposed method.

INDEX TERMS Hardware-in-the-loop (HIL) simulation, contact stiffness, contact damping, identification,
space robotic operation.

I. INTRODUCTION
Space robotic operations have become more common than
ever with the increase of space activities such as satellite on-
orbit servicing and deorbiting space debris [1], [2]. Robotic
operations in space are very difficult and risky and therefore,
ground experiments must be conducted to verify the reliabil-
ity of the design and control method of a space robotic sys-
tem [3]. The hardware-in-the-loop (HIL) simulation, which is
also referred to hybrid simulation, can provide zero-gravity
(0-g) virtual environment in real time and thus it is often
used to perform the on-ground verification tests [4]. For
a HIL simulation, both hardware and numerical software
are incorporated in the simulation loop. The hardware com-
ponents (such as docking mechanisms) collide with each
other to produce the contact force and moment. The contact
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force and moment are measured by a six-axis force/torque
(F/T) sensor and taken as the inputs of a numerical soft-
ware with respect to satellite dynamics to calculate motion
trajectories of two satellites. Then, the robotic simulator
tracks the trajectories and reproduces the motion of two
satellites [5].

The main problem with HIL simulation is a simulation
divergence resulting from the time delay, which occurs
mainly between the measured forces and the simulation
driven reaction of the robot [6]. The time delay causes
an energy increase, which means the work done by the
rebounding force is greater than the work done by the resis-
tance force [7]. Thus, the rebound velocity is larger than the
approach velocity for each collision. This divergence distor-
tion in the simulation renders the simulation system unstable.
Accordingly, the tested hardware is very likely to be damaged
owing to large impact force, and the simulation experiment
cannot be continued.
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The direct compensation method for the delay is to mod-
ify contact forces in real time during the HIL simulation.
It requires real-time identification of contact parameters,
including stiffness and damping [8]. Contact parameter esti-
mation is critical for force tracking and impedance con-
trol during the constrained motion of a robotic system. For
example, the identification of contact parameters can be
employed to establish an accurate model of contact force,
which is essential to ensure the success of capturing a
non-cooperative target [9]. Yu et al. [10], [11] proposed a
force and displacement compensation method based on three
degree-of-freedom (3-DOF) stiffness and damping real-time
identification. There are some typical approaches to contact
parameter estimation: the signal processing method [12],
indirect adaptive controller [13], model reference adaptive
controller (MRAC) [14], recursive least squares (RLS) esti-
mation [15], and adaptive Kalman filter [16]. Although
parameter identification is an appealing approach for exact
force compensation, there still exist some challenges hin-
dering its application to robotic simulators with large time
delay. So far, it has only been applied to a few parallel robotic
facilities with relatively high stiffness. For example, the time
delay of the parallel robotic simulator in [7]–[8] is less than
10 ms. However, serial simulators using industrial robots
have lower stiffness and weaker dynamic response capability,
which leads to dozens of time delays [17].

Control algorithms based on the principle of energy conser-
vation are alternative solutions for time delay compensation.
For example, the passivity-based control (PBC) is a typical
algorithm [18]. The PBC has been used to handle unstable
systems caused by time delay [19], such as haptics and
teleoperation systems [20], [21]. Hannaford and Spong [22]
and Ryu et al. [23] proposed a passivity observer and a
passivity controller to handle the time delay of haptic inter-
face, which is also called the time-domain passivity approach
(TDPA) [24]. Recently, Stefano et al. [25] exploited this
method for rendering the free-floating dynamics of a satellite
with a robot on an HIL simulator. The TDPAmethod can deal
with a time delay of up to 40 ms [18], [25]. However, the
TDPA adjusts contact velocities to conform to energy conser-
vation and thus the accuracy of contact force is inevitably sac-
rificed. Thus, large contact forces are likely to occur, which
will damage tested instruments. In addition, these methods
cannot consider the work done by the damping force, which
should be converted into heat energy and then dissipate for
the HIL simulation to obtain velocity characteristics close to
real physical contact. To accomplish this, the contact damping
must be identified online.

The main contribution of this study is to propose a
hybrid force/velocity control method for compensating the
time delay in a HIL simulation. This method utilizes the
contact parameter identification and the damping amend-
ment to calculate the compensation force. The entire control
scheme includes a satellite dynamicsmodule, a compensation
module, an energy observer and an energy controller. The
approach can prevent the simulation divergence due to the

time delay and reproduce the real contact process during
space robotic operations. It achieves high fidelity for both
contact force and contact velocity. Finally, the proposed con-
trol strategy is validated by both numerical simulations and
practical HIL simulation experiments.

The remainder of this study is organized as fol-
lows. The HIL simulation system is described in Section 2.
The compensation method based on parameter identifica-
tion and damping amendment is proposed in Section 3.
Sections 4 and 5 present simulations and experiments,
respectively. Finally, the conclusions of the study are given
in Section 6.

II. DESCRIPTION OF THE HIL SIMULATION SYSTEM
A. EXPERIMENTAL SETUP
Figure 1 shows the HIL simulation system. It consists of a
motion simulator of a service satellite, a mockup of a target
satellite, a space robot, and a docking imitation mechanism.
The motion simulator is a 6-DOF industrial robot (EFFORT,
ER210-2700) mounted on a 12-meter long rail system. Since
only the relative motion between the two satellites is of inter-
est, one simulator is enough to simulate the relative motion
between the satellites. Here, the simulator for the target satel-
lite is replaced by a stationary satellite mock-up with one part
of a docking imitation mechanism. The mockup of the target
satellite includes the typical geometrical characteristics of
the satellite. During experiments, the robotic simulator deliv-
ers relative motion between servicing and target satellites
because the mockup of the target satellite is stationary. The
space robot is a 6-DOF serial robot. The docking imitation
mechanism consists of a steel cylinder rod and a collision
frame. The collision rod is installed at the end of the space
robot. The collision frame is connected to the mockup of the
target satellite by a six-axis F/T sensor (Sunrise, M4344D).
This sensor is adopted to measure the contact force between
the rod and the frame.

FIGURE 1. Prototype of the HIL simulator.

To illustrate the relationship between the real contact
dynamics in space and the dynamics rendered in the robotic
facility, two groups of coordinate systems are established,
one for the HIL simulation system and one for the satellite
system, as shown in Fig. 2. There are four assembly frames:
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FIGURE 2. Coordinate systems of the HIL simulation system.

OAi-xyz and OBi-xyz on the service and target satellites, and
Ou-xyz and Ot-xyz on the service satellite simulator and the
mockup of the target satellite. The relative position between
Ou-xyz andOt-xyz is the same as the relative position between
OAi-xyz and OBi-xyz, that is, OuTOt =

OAiTOBi . There are two
sensor frames: Osg-xyz on the mockup of the target satellite,
and Oss-xyz on the target satellite. The transformation matrix
from Frame Oss-xyz to Frame OBi-xyz in space is the same as
the transformation matrix between Frame Ot-xyz and Frame
Osg-xyz on the ground. In addition, two mass center frames,
OA-xyz and OB-xyz, are located on the service and target
satellites, respectively.

B. TIME DELAY EFFECTS
In the HIL simulation, satellite dynamic behaviors are cal-
culated by a mathematical model of satellite dynamics, and
the full six-degrees-of-freedom (6-DOF) collision process is
produced by real docking mechanisms. The contact force
is measured by the F/T sensor. Then, to obtain the motion
trajectories of the two satellites, the measured contact forces
are the inputs of the desired dynamic model a free-floating
satellite, which is given by

v̇c = M−1csRFs, (1)

ω̇c = I−1[Iωc × ωc + rc,s × (csRFs)+
c
sRτ s], (2)

where Fs and τs are the force and moment measured by
the six-axis F/T sensor, respectively; vcand ωc are the linear
velocity of the center of mass (CoM) of the satellite and
the angular velocity of the satellite; M is the mass matrix
of the satellite; I is the inertia matrix of the satellite with
respect to the coordinate system at the CoM; csR is the rotation
matrix from the sensor frame to the CoM frame; rc,s is the
vector from the origin of the sensor frame to the origin of
the CoM frame. For practical space operations, motions of a
space robot affect the solutions of Eq. (1) and (2). However,
considering that the main issue of this work is to deal with the
time delay, motions of the space robot are not involved in this
study. The space robot retains a fixed configuration during
the following simulations and experiments.

Ideally, the robotic simulator strictly tracks the motion
trajectories of the satellites. The joint inputs of the simulator
can be calculated according to the inverse kinematics. There-
fore, the dynamic behaviors of two satellites in space can be
reproduced by a HIL simulation on the ground. However,
there exists time delay between the measured forces and
the simulation driven reaction of the robot. The time delay
comes from two aspects, as seen in Fig.3. One aspect is
the sensor system including the force sensor, amplifier, data
acquisition card, and signal filter. For the sensor system, there
is a time delay with an identifiable and fixed value, which is
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FIGURE 3. Schematic of time delay effect.

called pure time delay. The other is a dynamic response delay
of the robotic simulator, which is unknown and difficult to
be modelled. As aforementioned, the time delay leads to a
simulation divergence, which must be prevented.

III. COMPENSATION METHODOLOGY
A. STIFFNESS AND DAMPING IDENTIFICATION
Compared with satellites, docking mechanisms and robotic
operation tools are significantly smaller. The physical contact
occurring in robotic operations can be regarded as a point
contact. At time t , the practical displacement and velocity
of the contact point can be calculated using the forward
kinematic model of the robotic simulator, as seen in Fig. 4(a),
which are given by

pOp(t) = pact (t)+ Ract (t)r
Oe
Op
(t), (3)

vOp(t) = vact (t)+ ωact (t)× {Ract (t)rOeOp (t)}. (4)

where P(t) represents the contact point positions. Surf(0) and
Surf(t) in Fig. 4(b) denote the initial contact surface and the
contact surface at time t , respectively.

FIGURE 4. Schematic of contact analysis. (a) Position of contact point.
(b) Contact force and deformation.

At time t , the relationship between the contact force and
the penetration is described by a mass-spring-damper system
without friction, which is denoted by

F(t) = kd · d(t)+ cd · ḋ(t), (5)

where d(t) is the penetration; and F(t) is the contact force.
Note that the penetration d(t) is unknown. To identify the
contact stiffness and damping, two assumptions are made.

The first assumption is that the contact between docking
mechanisms is a point contact, which only leads to the force.
The moment measured by the six-axis F/T sensor is produced
by the contact force. Thus, the increment of contact deforma-
tion 1d(t) should be in alignment with the increment of the
contact force 1F(t), as seen in Fig. 4(b). Note that there is
a pure time delay from the actual force Fact to the measured
force Fmea. The pure time delay τp is compensated by a low-
pass filter, which is given by

Fmea(t) = L−1[G(s)]Fact (t), (6)

where G(s) = 1 + τps is the transfer function; L−1[G(s)] is
the inverse Laplace transformation; andFact(t) is the compen-
sated contact force for the measurement delay. Furthermore,
the direction vector of the practical contact force in Fig. 4(a)
is described by

e =
Fact (t)
|Fact (t)|

. (7)

The second assumption is that since the sampling time is
very short, the contact stiffness and damping do not change.
The projection of the displacement and velocity vector at the
contact point in the direction of the contact force is calculated.
Then, the projection increments of displacement and velocity
are used for estimating the contact parameters, which are
written as

1pact = {pOp(t)− pOp(t − 1)} · e, (8)

1vact = {vOp(t)− vOp(t − 1)} · e, (9)

1Fact = Fact (t)− Fact (t − 1), (10)

where pOp and vOp are the practical position and velocity,
respectively.

The adaptive Kalman filter (AKF) is adopted for the esti-
mation of the contact stiffness and damping. The conven-
tional Kalman filter of a linear dynamic system is written as{

X (t) = A(t − 1)X (t − 1)+ G(t − 1)W (t − 1)
Z (t) = H (t)X (t)+ V (t),

(11)

where X (t) = [ kd (t) cd (t) ]T is the state vector; Z (t) =
1Fact(t) is the measurement vector; W (t-1) is the measure-
ment noise at t− 1; V (t) is observation noise; A(t) is the state-
transition matrix from t− 1 to t; G(t) is the system noise
matrix; and H (t) = [1pact (t) 1vact (t) ] is the observation
matrix. For the above contact process, the Kalman filter
predicts and updates estimation values. The implementation
steps of the Kalman filter are given as follows.
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Prediction equations:

X̂ (t|t − 1) = A(t − 1)X̂ (t − 1)

P(t|t − 1) = A(t − 1)P(t − 1)AT (t − 1)

+G(t − 1)Q(t − 1)GT (t − 1). (12)

Update equations:

K (t) = P(t|t − 1)HT (t)[H (t)P(t|t − 1)HT (t)+ R(t)]−1

X̂ (t) = X̂ (t|t − 1)+ K (t)[Z (t)− H (t)X̂ (t|t − 1)]

P(t) = [I − K (t)H (t)]P(t|t − 1)

R(t) = [1− d(t)]R(t − 1)+ d(t)[y(t)yT (t)

+H (t)P(t|t − 1)HT (t)], (13)

where d(t) = (1−b)/(1−bt+1) is the amnestic factor; and b is
the forgetting factor, where 0 < b < 1. Accordingly, the final
state vector contains the estimated stiffness and damping.
Thus, the contact parameters can be identified in real time
when the increments 1Fact (t), 1pact (t), and 1vact (t) are
given.

B. DAMPING AMENDMENT
Ideally, the total energy of an undamped satellite system
neither increases nor decreases. During the collision and
deceleration of flying objects in space, kinetic energy is
converted into elastic potential energy. After that, the energy
is converted back into kinetic energy, causing the collision rod
to rebound. However, as aforementioned, the time delay leads
to energy increase. Thus, an energy observer (EO) is designed
to monitor the energy flow and an energy controller (EC) is
proposed. The EC acts as a variable damping. Once the EO
shows that the system is producing energy, the EC activates
and the above identified damping is amended in real time.

The EO equations are written as

Eobs (k) = E (0)+1Eobs (k) , (14)

1Eobs(k) =
k∑
i=0

{
[Fek (k)]T vdesOp (k)T sam

+ [Fα(k − 1)]T vdesOp (k − 1)T sam
}

+

k∑
i=0

{
[Mek (k)]TωdesOp (k)T sam

+ [Mα(k − 1)]TωdesOp (k − 1)T sam
}
, (15)

where 1Eobs (k) is the energy increment during a contact
process; k is the computational time step of discrete inte-
gration; Tsam is the sampling time; vdesOP (k) and ωdesOP (k)
are the desired linear and angular velocities at time-step k ,
respectively;Fek (k) andMek (k) are elastic contact force and
moment at time-step k; and Fα (k − 1) and Mα (k − 1) are
the EC compensation force and moment at time-step k − 1.
The contact force can be divided into an elastic force and

a damping force. Only the work done by an elastic force can
be converted into kinetic energy, whereas the work done by

a damping force will be dissipated during a contact process.
Thus, the elastic contact force, Fek (k), is written as

Fek (k) =


Fcomp(k − 1)− cd (k − 1)vdesOp (k − 1),

if[vdesOp (k)]
TFcomp(k) > 0

Fcomp(k)− cd (k)vdesOp (k),

if[vdesOp (k)]
TFcomp(k) ≤ 0,

(16)

where cd (k) is the above identified damping; Fcomp (k) is the
compensated contact force, defined in next section. Further-
more, for multi-DOF contact in space, since the directions of
vdesOp and Fcomp are not the same, the projection of the desired
contact velocity to the contact force is used to calculate the
EC compensation force, which is denoted by

Fα (k) =
α (k) vdesTOP (k)Fek (k)

‖Fek (k)‖2
Fek (k) , (17)

where α(k) is time-varying damping matrix for the amend-
ment. To obtain three components of varying damping,
Eobs (k) is decomposed into three coordinate axes of the
global coordinate system, which is written as

Eobs,i (k) = Eobs (k) ·

∥∥Fs,i (k)∥∥
‖Fs (k)‖

, i = 1, 2, 3. (18)

To guarantee the energy conservation, Eobs (k) must be
greater than zero for each integration step. Therefore, the
amendment damping can be given by

αi,i(k) =


−

Eobs,i(k)
vTdes(k)Fek (k)

‖Fek (k)‖
2 Fek,i(k)vdes,i(k)Tsam

,

if Eobs,i(k) < 0
0, if Eobs,i(k) ≥ 0

i = 1− 3, (19)

where α (k) = diag(α1,1 (k) , α2,2 (k) , α3,3 (k)).
Substituting Eq. (19) into Eq. (17) yields the EC compensa-

tion force, which can eliminate the energy produced by time
delay for each computational time-step.

In addition, since the moment measured by the sensor can
be calculated by the contact force at the contact point, the EC
compensation moment is written as

Mα (k) = rOsp (k)× Fα (k) , (20)

where rOsp (k) represents the vector from the origin of the
sensor coordinate system to the contact point.

C. COMPENSATION CONTROL SCHEME
This section presents a compensation control strategy, based
on the identified parameters. Ideally, the force and moment
measured by the six-axis F/T sensor are the inputs of the
satellite dynamics. However, as aforementioned, there exist
time delays resulted from the measuring system, the dynamic
response of the industrial robot. Thus, the measurement force
and moment must be compensated to avoid the simulation
divergence due to time delay.

Figure 5 shows the compensation process during a HIL
simulation. Given the initial displacements, velocities, and
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FIGURE 5. Compensation control scheme.

accelerations of two satellites, s0, v0, and a0, respectively,
the HIL simulator follows the motion trajectory to realize
the first collision between the docking imitation mechanisms.
Thus, the six-axis F/T sensor measures the contact force and
moment, Fmea and Mmea. Moreover, the pure time delay
τp caused by the measurement system is compensated by a
low-pass filter, and the actual measuring force and moment
Fact and Mact are obtained according to Eq. (6). After that,
substituting Fact, Mact, pOp, and vOp into Eqs. (8) - (13), the
contact stiffness and damping, kd and cd, are identified using
the adaptive Kalman filter method.

According to the identified contact stiffness and damping,
the compensated contact force for dynamic response delay,
Fcomp, is denoted by

Ferr (t) = kd1perr (t)+ cd1verr (t), (21)

Fcomp(t) = Fact (t)+ Ferr (t). (22)

where1perr (t) and1verr (t) are the errors of the position and
velocity along the direction of measured force, respectively,
which are written as

1perr (t) = [pdesOp (t)− pOp(t)] · e, (23)

1verr (t) = [vdesOp (t)− vOp(t)] · e. (24)

where pOp(t) and vOp(t) are the actual position and velocity
at the contact point; pdesOp (t) and vdesOp (t) are the theoretical
position and velocity at the contact point, given by

pdesOp (t) = pdes(t)+ Rdes(t)r
Oe
Op(t), (25)

vdesOp (t) = vdes(t)+ ωdes(t)× [Rdes(t)rOeOp(t)], (26)

where pdes(t) is the desired position of the rod center; vdes(t)
is the desired linear velocity of the contact point; and ωdes(t)
is the desired angular velocity of the contact point. These
desired values can be calculated using forward kinematic
model of the robotic simulator.

Since the point contact does not yield the moment at the
contact point, the moment measured by the six-axis F/T sen-
sor is produced by the contact force. Thus, the compensated
contact moment,Mcomp, is given by

Merr (t) = [pdesOp (t)− pOp(t)]× Fcomp(t)

+ [pOp(t)− pOs(t)]× Ferr (t), (27)

Mcomp(t) = Mact (t)+Merr (t), (28)

TABLE 1. Simulation parameters.

Thus, substitutingFcomp,Mcomp, vdesOp , andω
des
Op into the EO

model yields the revised damping according to Eq. (19), and
then the EC compensation force and moment can be obtained
using Eqs. (17) and (20). After that, the final estimated
contact force and moment, F̂comp(k) and M̂comp(k), can be
expressed as

F̂comp (k) = Fcomp (k)+ Fα (k) , (29)

M̂comp (k) = Mcomp (k)+Mα (k) . (30)

Finally, F̂comp and M̂comp are substituted into the space
dynamic equations, Eqs. (1) and (2), to calculate the new
motion trajectory of the robotic simulator, including s, v,
and a. Repeating the above steps, the HIL simulation can be
continued until the conclusion of the experiment.

IV. SIMULATIONS
In this section, to clarify the effectiveness of parameter iden-
tification and damping amendment, three groups of simu-
lations are carried out. The above equations are coded into
MATLAB/Simulink software. The virtual model of the sim-
ulator is established in the NX/Motion multibody dynamic
software. Thus, the co-simulation for the verification can
be conducted using both Simulink and NX/Motion. During
the co-simulations, contact dynamics is rendered by the
NX/Motion software in which contact parameters can be
set as fixed values. The stiffness is 176.275 N/mm and the
damping is zero. The other parameters for the simulation are
shown in Table 1.
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A. PARAMETER IDENTIFICATION CONTROL (PIC)
The first group of simulations is to verify the parameter iden-
tification, which is called the parameter identification control
(PIC). With PIC, the compensated contact forces calculated
by Eqs. (22) and (28) are directly substituted into the space
contact dynamic equations to produce the motion trajectory
of the satellite system and the damping amendment is not
involved in the control. The calculation process is presented
in an algorithmic form, as seen in Algorithm 1.

Algorithm 1 PIC
Input: vs(k-1) and ωs(k-1)
Output: vs(k) and ωs(k)
1: Measure Fmea andMmea using the 6-axis F/T sensor
2: Compute Fact andMact using Eq. (6)
3: Compute 1pact , 1vact , and 1Fact using Eq. (8) - (9)
4: Estimate kd and cd using the adaptive Kalman filter
5: Compute 1perr , 1verr , and Ferr using Eq. (21), (23), and (24)
6: Compute Fcomp andMcomp, using Eq. (22) and (28)
7: Substitute Fcomp andMcomp into Eqs. (1) and (2)
8: Output: vs and ωs

Figure 6 (a) and (b) shows the identified results of contact
stiffness and damping without the damping amendment. As it
can be seen, contact stiffness and damping can be identi-
fied by the proposed method. The average errors of contact
stiffness for 4 ms and 10 ms delays are 0.23% and 0.43%,
respectively. The average errors of contact damping for 4 ms
and 10 ms delays are 0.3% and 0.32%, respectively. After
three collisions, the identified stiffness almost approaches
the desired stiffness. In addition, it is seen that there are
negative damping, which results from force measurement
noises during discrete contacts. With AKF, the force noise
yields large deflection of the estimation error covariance
in Eq. (12). Therefore, the negative damping is estimated.
In fact, without persistent excitation, the similar results are
also generated using other identification methods such as
MRAC and RLS [12]. The physical meaning of negative
damping can be regarded as the decrease of the system energy.
Therefore, substituting a negative damping into the control
model compensates the decreased energy.

Figure 6 (c) and (d) gives contact velocities and contact
forces. It is found that the contact velocities and forces after
compensation are close to the desired velocities and forces.
Note that the data between two frames are removed to make
the figures larger because there is no contact between the
front and rear frames. The errors of contact velocity and force
at a 10 ms delay are less than 6% and 10%, respectively.
The simulation divergence can be compensated very well by
PIC. However, as the time delay increases, the errors between
experimental results and the desired data increase. To show
the increase more clearly, the results at the second collisions
are enlarged in Fig. 6(c) and (d). It can be seen that there
are obvious overcompensations of contact force and contact
velocity, especially for the 10 ms time delay.

Furthermore, a numerical simulation with a time delay
of 20 ms is conducted. Figure 7 shows the desired contact

FIGURE 6. Simulation results of the PIC algorithm. (a) contact stiffness.
(b) contact damping. (c) contact velocities. (d) contact forces.

velocities and actual velocities after force compensation.
Since the stable velocity after each collision is difficult to
find because of the absence of the velocities between the
front and rear frames (e.g., Fig. 6(c)), the process without
contact is also shown in Fig. 7. To show the contact velocities
more clearly, a small portion of the figure corresponding to
the first contact is enlarged in the inset of Fig. 7. It can be
found that the overshoot of contact velocities for the 20 ms
time delay increases up to 1.6 times the initial velocity. In the
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meantime, the simulation converges quickly for the large time
delay. After the first contact, the rebound velocity for the
20 ms time delay is reduced to less than half of the initial
velocity. This means the simulation cannot be continued.
Accordingly, it can be affirmed that the control without the
damping amendment cannot deal with a large time delay.

FIGURE 7. Overcompensation due to large time delay.

B. DAMPING AMENDMENT CONTROL (DAC)
In this section, only damping amendment is employed for the
control, which is also called the damping amendment control
(DAC). With DAC, the measurement delay is compensated,
but the dynamic response delay is not compensated. In other
words, Fcomp in Eq. (30) is replaced by Fact in Eq. (13).
However, the identified contact damping is still employed for
Eq. (30). After that, Fact is adopted for the calculations of the
EO and EC. Finally, the EC compensation force and moment,
Fα and Mα , are used for solving the motion trajectory of
the satellite system. The calculation process is shown in an
algorithmic form in Algorithm 2.

Algorithm 2 DAC
Input: vs(k-1) and ωs(k-1)
Output: vs(k) and ωs(k)
1: Measure Fmea andMmea using the 6-axis F/T sensor
2: Compute Fact andMact using Eq. (6)
3: Substitute Fact(k-1) andMact(k-1) into Eq. (16) yields Fek(k)
4: Substitute Fek(k) and Fα(k-1) into the EO equations
5: Compute the amendment damping,αi,i(k), using Eq. (19)
6: Compute Fα(k) andMα(k) using Eq.(17) and (20)
7: Replace Fcomp(k) (Mcomp(k)) by Fact(k) (Mact(k)) in Eq. (29) (Eq. (30))
8: Compute F̂comp (k) and M̂comp (k) using Eq. (29) and (30)
9: Substitute F̂comp (k) and M̂comp (k) into Eqs. (1) and (2)
10: Output: vs(k) and ωs(k)

To verify the effectiveness of DAC when there is a large
time delay, the time delay for the simulation is set as 10 ms.
Fig. 8(a) and (b) presents the changes of contact velocity and
system energy. The contact velocity does not increase and
the simulation system energy remains stable. By applying
DAC, the energy increase due to a time delay is resolved.
It is also found that there is a phase lead between the desired
velocity and the compensated velocity. The reason is that

FIGURE 8. Simulation results of the DAC algorithm. (a) contact velocities.
(b) energy. (c) contact forces. (d) CoV and CoF.

DAC only compensates the rebounding phase of a contact.
Since the time delay leads to energy increase, DAC reduces
the increased energy by decreasing the contact time. Thus, the
compensated velocities exceed the desired ones. To further
evaluate the variation of contact velocity, a coefficient of
rebounding velocity (CoV) is defined as the ratio of the
rebound velocity to the desired velocity. The CoVs of five
collisions are all very close to one, as seen in Fig. 8(d).
Therefore, DAC achieves contact velocities closer to the ideal
value than PIC for a large time delay. However, there exists an
obvious overshoot for the contact force, as seen in Fig. 8(c).
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Similarly, a coefficient of contact force (CoF) is defined as
the ratio of the maximum contact force to the desired force
during one contact cycle. It is found that the CoFs of five
collisions are about 1.28. To obtain stable contact velocities,
DAC yields large contact forces, which are likely to damage
tested instruments.

C. PARAMETER IDENTIFICATION AND DAMPING
AMENDMENT (PIDA)
To verify the control with both parameter identification and
damping amendment (PIDA), new simulations with the same
initial conditions and mass parameters as in Table 1 are
conducted. Two time delays (10 ms and 20 ms) are chosen
for the simulations. The whole process corresponds to the
scheme in Fig. 5. To provide a pseudocode that can be easily
executed in real time on the prototype, the calculation process
is given in algorithmic form in Algorithm 3.

Algorithm 3 PIDA
Input: vs(k-1) and ωs(k-1)
Output: vs(k) and ωs(k)
1: Measure Fmea andMmea using the 6-axis F/T sensor
2: Compute Fact andMact using Eq. (6)
3: Compute 1pact , 1vact , and 1Fact using Eq. (8) - (10)
4: Estimate kd and cd using the adaptive Kalman filter
5: Compute 1perr , 1verr , and Ferr using Eq. (21), (23), and (24)
6: Compute Fcomp andMcomp, using Eq. (22) and (28)
7: Substitute Fcomp(k-1) andMcomp(k-1) into Eq. (16) yields Fek(k)
8: Substitute Fek(k) and Fα(k-1) into the EO equations
9: Compute the amendment damping,αi,i(k), using Eq. (19)
10: Compute Fα(k) andMα(k) using Eq.(17) and (20)
11: Compute F̂comp (k) and M̂comp (k) using Eq. (29) and (30)
12: Substitute F̂comp (k) and M̂comp (k) into Eqs. (1) and (2)
13: Output: vs(k) and ωs(k)

Figure 9 shows the contact velocities. For both 10 ms and
20ms delays, the control with the damping amendment yields
stable rebounding velocities that are almost the same as the
desired velocities. The CoV is very close to one for each
collision. Figure 10 gives the energy comparisons without
and with damping amendment. The former leads to quick
convergence for the 10 ms time delay but yields significant
overcompensations for the 20 ms time delay. In contrast,
the latter keeps the system energy stable. In terms of con-
tact forces, DAC yields very large impact forces although
it can produce ideal rebound velocities, as seen in Fig. 11.
Moreover, the peak value of the contact forces increases with
the increase of time delay. Compared to DAC, PIDA yields
contact forces very close to the ideal forces for both 10 ms
and 20 ms delays. The average CoVs for the 10 ms and 20 ms
delays are about 1.05 and 1.16, respectively. Accordingly,
PIDA achieves better fidelity in both contact velocity and
contact force compared to PIC and DAC.

V. EXPERIMENTS
Figure 12 shows the entire process of a contact experiment
as an example. The docking rod first moves along the x-axis
with the initial velocity of 20 mm/s and collides with the front
frame. The contact velocity decreases to zero, and then the

FIGURE 9. Comparisons of contact velocities. (a) 10 ms delay. (b) 20 ms
delay.

FIGURE 10. Comparisons of energy. (a) 10 ms delay. (b) 20 ms delay.

docking rod rebounds toward the rear frame. The rebound
velocity is theoretically lower than the initial velocity because
of energy dissipation in damped contact. However, simulation
divergence due to time delay causes the rebound velocity to
be larger than the initial velocity. Experimental results show
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FIGURE 11. Comparisons of contact forces. (a) 10 ms delay. (b) 20 ms
delay.

FIGURE 12. Impact experiments.

that the proposed compensation method can eliminate the
simulation divergence due to time delay.

A. PARAMETER IDENTIFICATION
Considering contact frequency likely affects parameter iden-
tification, collision experiments with different contact fre-
quencies are performed. The contact frequency is determined
by both relative mass me and contact stiffness kd, which is
written as

f =
1
2π

√
kd
me
, (31)

where f is the contact frequency; and the relative mass is
equal to msmt/(ms+ mt), where ms and mt are the masses

of the service and target satellites, respectively. The rela-
tive mass is chosen to represent different experimental cases
because contact stiffness changes continually during exper-
iments. For the experiments, two servicing satellite masses
are selected as 300 kg and 600 kg. Thus, the corresponding
relative masses are 279.07 kg and 521.74 kg. As can be
seen in Fig. 13, the average stiffnesses for the two masses,
76.9 N/mm and 77.2 N/mm, are almost the same. Moreover,
the average dampings for two masses are all approximately
0.13 N·s/mm. According to the estimated average stiffness,
the contact frequencies are 2.64Hz and 1.93Hz. Accordingly,
the consistency of the identified results in regard to different
frequencies validates the proposed parameter identification
algorithm.

FIGURE 13. Experimental results for parameter identification. (a) contact
stiffness. (b) contact damping.

B. CONTACT VELOCITY AND ENERGY
Figure 14 gives the contact velocities for different contact
frequencies. There exists obvious velocity divergencewithout
control, which renders the experiment unable to be continued.
It is found that velocity divergence due to time delay can be
decreased by applying PIC, DAC, and PIDA. PIC leads to
an overshoot of contact velocity, whereas DAC and PIDA
do not. With the increase of contact frequency, the rebound
velocity converges quickly. As can be seen in Fig. 14(b),
the rebound velocity decreases by up to half of the initial
velocity after four collisions, even with PIDA. With PIC,
the rebound velocity reaches approximately zero after four
collisions. This shows PIDA compensates contact velocity
much better than PIC.
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FIGURE 14. Contact velocities in experiments. (a) f = 1.93Hz.
(b) f = 2.64 Hz.

Furthermore, as seen in Fig.15, the kinetic energy increases
sharply when there is no control, whereas the kinetic energy
dissipates when PIC, DAC, and PIDA are used. In the present
study, the damping force is considered in the proposed DAC
and PIDA by substituting the identified damping into the EC.
Although a theoretical control with the energy conservation
produces constant rebounding velocity, the damping of the
simulation system is bound to yield velocity convergence and
energy dissipation. Thus, the energy dissipation more closely
reflects the reality. In the meantime, it is also found that PIC
generates quick convergence because of large time delay of
the simulator. With the increase of contact frequency, the
dissipation speed of kinetic energy also increases. However,
DAC and PIDA can maintain the simulation with normal
speed of the practical energy dissipation.

C. CONTACT FORCE
Figure 16 gives the measured forces and compensated forces
when the contact frequency is 1.93 Hz. As can be seen in
Fig. 16(a), there is an obvious time delay between mea-
sured forces and compensated forces. The phase of compen-
sated force is kept close to the desired position. Therefore,
velocity divergence is prohibited. DAC does not adjust mea-
sured forces during the deceleration process, but it sharply
decreases the contact force to meet the requirement of energy
conservation during the rebounding process. Moreover, DAC
generates large contact forces to reduce velocity divergence,

FIGURE 15. Energy dissipation in experiments. (a) f = 1.93Hz.
(b) f = 2.64 Hz.

FIGURE 16. Comparison of measured and compensated forces
(f = 1.93 Hz). (a) The PIC method. (b) The DAC method.

as seen in Fig. 17. The measured contact forces with DAC
are much larger than those with PIC and PIDA. In other
words, DAC sacrifices the fidelity of contact forces to achieve
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FIGURE 17. Measured forces in experiments. (a) f = 1.93 Hz.
(b) f = 2.64 Hz.

FIGURE 18. Comparison of measured and compensated forces for PIDA
method. (a) f = 1.93 Hz. (b) f = 2.64 Hz.

stable contact velocities. Furthermore, the measured force
is the practical contact force between the docking imitation
mechanisms. The large contact force is very likely to damage
tested instruments. However, PIDA directly compensates the

time delay of contact force, as seen in Fig. 18. The compen-
sated force of PIDA has an obvious phase lead compared to
the measured force. Moreover, PIDA produces appropriate
contact forces. Compared with PIC, PIDA can still generate
larger practical contact forces at the third and fourth col-
lisions, as depicted in Fig. 17. Thus, PIDA is capable of
maintaining simulation experiments, whereas PIC leads to
quick velocity convergence (Fig. 14), especially for higher
contact frequency. Accordingly, PIDA obtains the fidelity
of both contact velocity and contact force during the HIL
simulation experiments.

VI. CONCLUSION
In this study, a measurement compensation method is pro-
posed to ensure a faithful and reliable HIL simulation of space
robotic operation. A real-time estimation method for contact
stiffness and damping is proposed based on the adaptive
Kalman filter. After that, a EO is designed to monitor the
energy flow and thus a EO model is derived to calculate the
damping amendment. Furthermore, based on the parameter
identification and damping amendment, three control algo-
rithms are proposed. To clarify clearly the effectiveness of the
proposed method (PIDA), the other two compensation algo-
rithms, namely PIC and DAC, are presented and compared
with the PIDA. All three methods are based on the proposed
parameter identification algorithm. It is found that the contact
parameters can be identified very well for different time
delays. The average errors of contact stiffness and damping
at a 10 ms delay are only 0.43% and 0.32%, respectively.
The PIC algorithm can prevent simulation divergence for
time delays of 10 ms or smaller. Compared to PIC, the DAC
algorithm can reproduce much more steady contact velocities
while DAC yields large contact forces. Only through the
PIDA algorithm, high fidelities of both contact force and
contact velocity can be achieved in the HIL simulation.
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