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ABSTRACT

This paper briefly presents a hardware-in-the-loop (HIL)
docking simulator concept. A critical requirement for
the docking simulation of the HIL simulator is that its
6-degree of freedom (DOF) robots have to mimic the dy-
namic response of two satellites during contact/docking.
However, the closed-loop response is influenced by the
time delay of the robots controller, as well as by the
robots high structural stiffness. This effects gives rise to
unrealistically high impact forces, which not only jeop-
ardize the safety of the facility, but also introduce a non-
deterministic error in the docking simulation. Further-
more, the controller time delay will generally destabilize
the HIL simulation. In order to mitigate these undesired
effects, a new tool for emulating impacts is presented,
which is based on a combination of passive and active
compliance. This approach ensures safe operation of the
simulation facility and also allows to reproduce impact
dynamics with different values of stiffness and damping
characteristics. This paper presents the extension of the
method for more than one dimension. In addition, this
paper presents the effect of parameters which are time
delay, stiffness, damping and masses of the simulating
satellites on the stability of the HIL docking simulator.
The method is validated in simulation.

Key words: Hybrid contact dynamics model; High-
stiffness; Time-delay.

1. INTRODUCTION

Ground proximity operation simulators have been used
for satellite control verification since the beginning of
space programme [1]. Even if, there exist many technolo-
gies available for testing and verification in a simulated
micro-gravity environment such as free-fall methods, air-
bearing tables, neutral Buoyancy, suspended systems, un-
derwater test tanks and HIL simulator, only the HIL sim-
ulator have proven useful for RvD testing in 6-degrees of
freedom. On the other hand, robotics-based hardware-
in-the-loop simulators implement effective active grav-

ity compensation, can accommodate complex systems for
the RvD simulation, and enable full translation and rota-
tional motions. There are several examples of HIL simu-
lators for space systems RvD simulation [3][5][6].

The DLR has upgraded the old version of European Prox-
imity Operation Simulator (EPOS) facility which was
used for GNC test and verification by an entirely new
facility as the design concept shown in Fig. 1 [4]. The
unique features of this new facility, in comparison with
the previously described simulators, are the two heavy-
duty industrial robots. These robots can handle payloads
up to 250 kg. In addition, the facility allows relative mo-
tion between the robots with a range up to 25m. The new
EPOS facility is aimed at providing test and verification
capabilities for complete RvD procedures of on-orbit ser-
vicing missions [3].

Figure 1. The EPOS facility: two robots (in orange), one
holding a satellite mock-up (left), the other mounted on a
rail (right); control room and preparation room

Figure 2 shows the main components of the HIL dock-
ing simulator concept. The concept schematic consists of
three basic subsystems:



• a real-time numerical satellite dynamics simulator:
the input to the simulator are the robots measured
positions and the measured force and torque during
contact.

• two industrial 6-DOF robots: the robots are com-
manded in position using the inputs from the simu-
lator. They react with a 16ms delay and settle their
end-effectors on the desired positions.

• a hardware mock-up of the docking mechanisms on
the satellites, which will make physical contact op-
erations during docking and capturing.

Figure 2. Main components of an HIL docking simulator
concept

Using industrial robots for the HIL docking simulator is
a highly challenging approach because these robots are
designed as accurate positioning machines. As such, they
are typically very stiff and do not naturally comply with
the particular contact dynamics that satellite boundaries
experience during contact. In addition, initially designed
for typical industrial applications their speed of response
is slow for high stiffness contact task.

In order to mitigate the problems, hybrid contact dynam-
ics emulation method was presented [2]. The method
was validated both in simulation and in experiment using
EPOS facility. The result validated the docking simulator
concept using EPOS facility. However, the method re-
quires to design a passive compliance device that shall be
mounted between the docking interface and robot end-
effector. In addition, the method shall be extended to
more than 1D.

In this paper, the extension of 1D hybrid contact dynam-
ics emulation method[2] is presented that alleviates the
need to change the passive compliance. It consists of
combining a real passive compliance between the robot
end-effector and the docking interface with a virtual con-
tact dynamics model in the satellite numerical simula-
tor. The advantage of this method is that the real passive
compliance can remain unchanged while the virtual con-
tact model can be tuned to arrive at the desired stiffness
characteristics. The effect of the passive compliance is to
lengthen the duration of the impact, thus avoiding the un-
desired consequences of the aforementioned time delay,
but at the loss of some accuracy in position. The paper
also presents the passive compliance device design and
its kinematics analysis.

We begin with the dynamics model of the satellites in
contact. Then, the development of the hybrid contact dy-
namics emulation method is presented. It is followed by
a through stability analysis of the method. Finally, the
simulation result is presented before the conclusion.

2. DYNAMICS MODEL OF RIGID SATELLITES
IN CONTACT

The dynamics models of the two docking satellites can be
conveniently expressed in the body frames for the Chaser
satellite D and Target satellite T defined at its center of
masses (CoM). Fig. 3 shows the frames and the concept
of HIL docking simulator. The satellites can be assumed
purely as a free-floating object, i.e., the effect of earth
gravity is neglected. When the two satellites are in prox-
imity distance for docking along the V-bar direction, they
are in the same orbit. Thus, the celestial mechanics effect
is negligible in comparison with the contact forces dur-
ing docking operation. Therefore, the orbital frame can
be assumed to be an inertial frame G because the orbital
dynamics has been ignored [8].

Consider the satellites translational and rotational mo-
tions are described in the body fixed frames D and T
which are chosen at the center of masses of the satellites
CoM. Assume all quantities are expressed in the coor-
dinate frame D for the Chaser dynamics model and T for
the Target dynamics model , unless otherwise is specified.
fD,T
c and τD,T

c denote the component of the contact force
fc and contact torque τ c defined at the frames D for the
Chaser and T for the Target respectively. Moreover, vD,T

c
is the components of the linear velocity of the CoM of
the Chaser or Target and ωD,T

c is the angular velocity ex-
pressed in D or T. Assume that mD,T and ID,T denote the
satellite masses and inertia tensors expressed in frames D
and T.

Using Newton-Euler equations the dynamics of the
Chaser satellite simulator are given with respect the frame
D as [9]:

[
mDE 0

0 ID

][
v̇D
c

ω̇D
c

]
+

[
ωD
c ×mDvD

c

ωD
c × IDωD

c

]
=

[
fD
c

τD
c

]
(1)

where E is the 3 × 3 identify matrix and the derivate is
relative to the body frame.

Similarly for the Target satellite dynamics model can be
written as:

[
mTE 0

0 IT

][
v̇T
c

ω̇T
c

]
+

[
ωT
c ×mTvT

c

ωT
c × ITωT

c

]
=

[
fT
c

τ T
c

]
(2)

2.1. Contact dynamics model

In the derivation of the dynamics of two satellites in con-
tact, contact modeling is an important issue. The general
form of the continuous contact normal force, fn, model-
ing can be formulated as follows [11] [12]:

fn = kcδx
n + bcg(δx)δẋ

q (3)



Figure 3. Schematics of the hardware-in-the-loop docking simulator consists of: two position controlled robots, Passive
compliance device, F/T sensor and docking interfaces

where δx is the relative position or penetration between
the contacting bodies, bc is the damping coefficient of the
contacting surfaces, kc is the stiffness of the contacting
surfaces. From (3), when g(δx) = q = n = 1 the con-
tact model is called spring-dashpot model. This model
is a popular choice due to its simplicity [10] [11] [12].
This work also adopts the spring-dashpot model. Thus
the contact force fn is modeled as:

fn = kcδx+ bcδẋ (4)

3. HYBRID CONTACT DYNAMICS MODEL

In this section, we present an extension of the novel hy-
brid contact dynamics model from 1-DOF [2] to 6-DOF
that alleviates the need to change the passive compliance
for each docking scenarios. It consists of combining a
real passive compliance between the robot end-effector
and the docking interface with a virtual contact dynamics
model in the satellite numerical simulator. The advantage
of this method is that the real passive compliance can re-
main unchanged while the virtual contact model can be

adapted to arrive at the desired stiffness or damping char-
acteristics.

Section 3.1 presents the dynamics of the designed pas-
sive compliance device and section 3.2 presents how the
hybrid contact model computes the net contact force.

3.1. Dynamics of the new passive compliance device

Fig 4 shows the schematics diagram of the docking in-
terface device. The top view shows the three equal legs
connected at a point. The angles made by the three legs
at the connection point are equal. The fourth leg is per-
pendicular to the three legs and passes through the con-
nection point. During contact the legs deforms propor-
tionally to the magnitude of the contact force. The mea-
surement of the deformation of the legs enables us to de-
termine the external forces through force transformation
matrix. Even if we use force/torque sensor to measure the
contact force, the transformation matrix is derived below
for the purpose of developing the hybrid contact model
concept.



Figure 4. Kinematic Structure of the docking interface

From Fig. 3, consider x = (x, y, z) which is the location
of point P with respect to frame S,Bi = (XBi, YBi, ZBi)
as the location of points Bi with respect to frame S and li
is the initial length of the springs where i = 1, 2, 3, 4.

Define leg i as a vector of li:

lSi =

liXliY
liZ

 = P −Bi =

x−XBi

y − YBi
z − ZBi

 (5)

The length of leg i, is given by:

lSi =| x−Bi |=
√
l2iX + l2iY + l2iZ (6)

And define a leg vector as lS = [l1 l2 l3 l4]T . Further-
more, define a Jacobian matrix J that relates a point P
deflection, δx and leg deflection δl by:

δl = Jδx (7)

where δx = (δx, δy, δz).
Thus J is:

J =
∂l
∂x

=


∂l1
∂x

∂l1
∂y

∂l1
∂z

∂l2
∂x

∂l2
∂y

∂l2
∂z

∂l3
∂x

∂l3
∂y

∂l3
∂z

∂l4
∂x

∂l4
∂y

∂l4
∂z

 (8)

where

∂li
∂x

=
x−XBi

li
=
δxi
li

(9)

∂li
∂y

=
y − YBi

li
=
δyi
li

(10)

∂li
∂z

=
z − ZBi

li
=
δzi
li

(11)

Neglecting gravity and friction, the force felt at each leg
is computed from the leg deflection and the stiffness of
each leg.

Fli = kiδli (12)

The force vector at each leg can be written in vector form
as:

fl = Kδl = KJδx (13)

where K is 4× 4 diagonal matrix given by:

K =


k1 0 0 0

0 k2 0 0

0 0 k3 0

0 0 0 k4

 (14)

Simplifying the equation above, we model the force for
each leg as:

fSli = ki(
δxi
li

)δx+ (
δyi
li

)δy + (
δzi
li

)δz) (15)

Thus the model of the contact force measured by the
force/torque sensor is the sum of forces due to each spring
deflection which is computed as:

fS =
∑

fSli (16)

3.2. Net Contact force

The hybrid contact model force is computed by adding
the force/torque sensor measurement and virtual contact
model force. The determination of the virtual contact
model parameters is based on the assumed knowledge
of the stiffness matrix, K and the infinitesimal damping
value of the compliance device. Rewriting Eq. 16 in there
corresponding axis:

fS =

fxfy
fz

 (17)

fxfy
fz

 =

 k1(
δx1

l1
)δx+ k2(

δx2

l2
)δx+ k3(

δx3

l3
)δx

k1(
δy1
l1

)δy + k2(
δy2
l2

)δy + k3(
δy3
l3

)δy

k1(
δz1
l1

)δz + k2(
δz2
l2

)δz + k3(
δz3
l3

)δz + k4δz


(18)

Here we propose to add the virtual contact model paral-
lel to each axis. Fig 5 shows the concept of the hybrid
contact model along the probe axis. Thus the net contact
force fc with respect to frame S is:

fSc = fSv + fS (19)



Using spring-dashpot contact force modeling of Eq. 4,
the virtual contact force is computed along each axis as:

fSv =

fvxfvy
fvz

 =

kvxδx+ bvxδẋ

kvyδy + bvyδẏ

kvzδz + bvzδż

 (20)

Eq. (19) allows the user to tune the virtual stiffness and

Figure 5. Schematics of the hybrid contact model on the
probe axis: Passive stiffness k4 and the virtual stiffness
kv and virtual damping bv

the damping to match the desired contact parameters or
force profile. Note however that the desired stiffness is
limited by the sampling time of the robotic facility: only
impacts with a time duration which is some multiples of
this sampling time can be simulated correctly. The new
passive compliance device is designed by assuming the
desired contact parameters for contact simulation are al-
ways higher than the device contact parameters. Thus,
the virtual impedance should be virtually connected to
the device in parallel where the values can be computed
analogies to a Series connected electrical network resis-
tors. For example, assume the desired net contact param-
eters at the legs are equal to stiffness of kcx, kcy, kcz and
damping of bcx, bcy, bcz . Thus the virtual component is
computed as:

kvxkvy
kvz

 =

kcx − kxkcy − ky
kcz − kz

 (21)

bvxbvy
bvz

 =

bcxbcy
bcz

 (22)

where

kx = k1(
δx1
l1

) + k2(
δx2
l2

) + k3(
δx3
l3

) (23)

ky = k1(
δy1
l1

) + k2(
δy2
l2

) + k3(
δy3
l3

) (24)

kz = k1(
δz1
l1

) + k2(
δz2
l2

) + k3(
δz3
l3

) + k4 (25)

In order simulate the HIL docking simulator, it is required
to feedback the contact forces with the appropriate frames
of the Chaser satellite and the Target satellite. The net
contact force of the hybrid contact model can be trans-
formed to the frame D as:

fDc = RSDfSc (26)

where RSD is the rotation matrix from frame S to frame D
and the contact torque with respect to frame D is:

τDc = rDQ × fDc (27)

where rDQ is a vector from the center of mass of the
Chaser satellite to the contact point Q.

Similarly the contact force can be transformed to the Tar-
get frame T as:

fTc = RST fSc (28)

where RST is the rotation matrix from frame S to frame T
and the contact torque with respect to frame T is:

τTc = rTQ × fTc (29)

where rTQ is a vector from the center of mass of the Tar-
get satellite to the contact point Q.

4. STABILITY ANALYSIS OF THE HIL DOCK-
ING SIMULATION CONCEPT

The previous section presents the hybrid contact model
where the user is allowed to tune the virtual stiffness and
damping. As a result of the tuning, it is possible to change
the force profile and contact frequency. However, the
range of allowed contact frequency is limited due to the
bandwidth limit and time delay of the robot controller.
Thus, it is required to identify a stable region of the sim-
ulator as a function of contact stiffness, damping, time
delay and mass of the satellites. This section presents an
analytical solution for 1D case.

For the case of 1D contact case the two satellites are mod-
eled by two masses connected by a spring and a damper,
where the contact force is modeled using a linear spring-
dashpot method. The magnitude of the contact force is
computed as follows:

fc = kcδx+ bcδẋ (30)

where δx stands for the relative position between the two
masses during contact, kc is a contact body stiffness and



Figure 6. Simplified transfer function block diagram of
the simulator

bc is a velocity proportional damper.
When the HIL docking simulation concept is imple-
mented such as in the EPOS facility, it has a closed-loop
system as shown in Fig. 6 where the robots are modeled
by a time delay of the controller. The transfer function of
the HIL docking simulator is modeled as Eq. 31 where h
is the time delay of the robots controller before the robots
respond to the command.

H(s) =
Xm(s)

U(s)
=

1
m1s2

e−s2h

1 + e−sh kc+bcsm1s2

(31)

m1 =
mSmT

mS +mT
(32)

where Xr(s) is the required position command from the
free-floating model, Xc(s) is the current position of the
robot end-effector,Xm(s) is the measured position of the
end-effector and Fc(s) is the net contact force.

The stability analysis for Eq 31 was performed using
Routh’s Criterion by approximating the time delay [2].
In this section stability window is computed analytically
without approximation of time delay function into ratio-
nal function.

One way to answer the stability question with time delay
in the loop, h, is studying the behavior of the system roots
as h increases from zero to the delay value [13]. The con-
dition for stability is that all the roots of the characteristic
equation:

C(s, h) = D(s) +N(s)e−sh = 0 (33)

lie in the left half of the complex s-plane. The basic prob-
lem of stability is to determine the ranges of values of h
for which the system is stable. Walton and Marshall [13]
have presented three steps procedure to study the stability
of the system with time delay. By adapting these proce-
dures, we identify the stability window of Eq. 31 as a
function of kc, bc, m1 and h.

Thus the system is stable if the time delay is in the fol-
lowing range for a given value of stiffness, kc, damping,
bc, reduced mass, m1.

0 < h < h0 (34)

where the crossover frequency, ωc is:

ω2
c =

b2

4m2
1

+
1

2

√
b2c
2m2

1

+
k2c
m2

1

(35)

and the wc corresponding value of time delay ,h0 is:

h0 =
1

ωc
tan−1(

bcωc
kc

) (36)

Equation 34 can be used as a formula to select safe values,
results in stable contact simulation, of contact parameters
for a given time delay and reduced mass of satellites. For
example, if HIL docking simulation control command
has a time delay of hwhich indicates the closed-loop con-
trol will be unstable if the the value of h0 is less than h.

5. RESULTS

SMART-OLEV [14] docking scenario is considered
where the probe of the Chaser dock to the nozzle of the
Target satellite. The simulator consists of satellites sim-
ulator, contact dynamics simulation and robot simulator.
The satellites are simulated using the rigid body dynam-
ics equations. The robot end-effector dynamics are mod-
eled by the time delay of the robot controller.

5.1. 6-DOF Contact Simulation

Simulink simulation is developed to demonstrate that
the docking simulator concept, based on hybrid contact
model, can be used to perform contact tests in 6-DOF.
In this simulation, both the measured part and the vir-
tual part of the hybrid contact model are simulated. Fig 3
shows the frames used for the simulation. In order to
perform active docking the Chaser satellite control band-
width shall be more than the contact frequency. Thus, it
will be necessary to have softer docking interface at the
probe to decrease the bandwidth of contact. With this
assumption, we choose softer desired contact parameters
that has a normal stiffness equal to 3000N/m and zero
damping to test the docking simulator.

Table 1. Initial parameters [xH,W , vD,Tc ,ωD,Tc defined
w.r.t frame G]

Parameters Chaser Target
m[kg] 750 1050
Ixx,yy,zz[kg.m

2] [812.5, 625, [1137.5, 875,

312.5] 437.5]

xH,W [m] [0.5, 0.78, 2.5] [0.5, 0.6, 4.4]

rDH,TW [m] [0, 0, 1.5] [0, 0, 1.5]

vD,Tc [m/s] [0,0,0.05] [0,0,0]
ωD,Tc [rad/s] [0,0,0] [0,0,0]



In this example, we assumed that the probe attached at the
Chaser is 1m long and 0.01m tip radius. In addition, the
cone at Target satellite is 1m hight and 0.2m radius. The
Target satellite contact profile is presented for net normal
stiffness of 2000N/m for the virtual part and 1000N/m
for the compliance device which gives a net stiffness of
the desired 3000N/m. The damping is assumed zero. Ta-
ble 1 presents the initial parameters used for this simula-
tion where I11,22,33 represents the principal moments of
inertia of the satellites and rDH,TW represents the vector
from the CoM of the satellites to the docking interface
(robot tool) frames.

Fig 7 shows the probe tip motion with respect to frame
W where the the origin of frame W matched with the bot-
tom of the cone. This figure also shows the contact status
during the simulation period. The probe tip motion was
only in the x-z plane because of the contact forces were
detected in x-axis and z-axis only.

Fig 8 shows the contact forces and torques profile for the
virtual and measured part of the Target satellite simula-
tor. The implication of this simulation is that the user can
tune the virtual contact parameters to perform different
contact cases. Due to the misalignment between x-axis
and y-axis, we detected contact forces in x-axis and z-
axis and contact torque y-axis. A contact force in y-axis
was not detected because there was no misalignment in
y-axis between the probe tip and cone.

Fig 9 shows the sum of the virtual and measured con-
tact forces and torques for each axis where each axis
forces/torques are shown in Fig 8. The feedback input
to the simulator was the sum of forces/torques from the
virtual and measured contact forces/torques. This results
the corresponding linear and angular velocities as shown
in Fig 9.
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Figure 7. Probe tip motion w.r.t frame W(left) and contact
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Figure 8. Target contact profile w.r.t frame W: f, τ is the
measured part, fv, τ v is the virtual part
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Figure 9. Target satellite simulator: total contact force
(fWv + fW ), vG, total torque(τW + τWv ), and ωG

5.2. Validating the stability region

In order to validate the stability region simulation is per-
formed. The simulation were performed in 1-DOF by
changing the contact parameters. The aim of this simu-
lation was to validate the stability window of the simu-
lator as a function of contact parameters, time delay and
masses of the satellites.

When simulation was performed using the parameters
m1 = 749.4kg, h = 16ms, kc = 2500N/m, bcs =
20Ns/m and h0 = 8ms which was computed using
Eq. 36. The simulation was unstable as expected. How-
ever, when the damping was increased to 60Ns/m, the
system became stable because of h0 value increase from
8ms to 23.9ms and that is greater than h. Fig 10 shows
the stability problem when there is no sufficient damping



to remove the added energy due to the time delay.
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Figure 10. Left plot shows when b=20Ns/m (unstable)
and right plot shows when b=60Ns/m (stable). Other pa-
rameters are kept constant.

6. CONCLUSION AND FUTURE WORK

With the presented tool for emulating contacts, it was
demonstrated in simulation that HIL contact can be per-
formed for a wide range of contact parameters, which
does not include stiff contacts. Due to the introduction
of a suitably tuned active impedance control element, in
conjunction with a passive compliance, changes in the
contact properties are achieved in software. This allows
to test docking interfaces tools such as a probe by vary-
ing the virtual compliance where the real part is mounted
between the Chaser satellite (robot end-effector) and the
probe. Furthermore, it helps to develop a control algo-
rithm for docking.

The passive compliance device has been designed as a
component of the hybrid contact model. This device is
designed to have minimum gravitational force impact on
the force/torque sensor which allows to choose sensor
that is more accurate.

We perform stability analysis of the closed-loop docking
simulator to investigate the effect of time delay. The anal-
ysis indicates there is a limit to tune the contact parame-
ters because of the time delay of robot controller. Thus,
the docking simulator is stable for a range of contact pa-
rameters where the range varies depending on the mass
of the satellites and the values of the desired contact pa-
rameters. A formula is derived that can be used to check
wether the desired contact parameters are in the range of
a stabile docking simulator for a known time delay of the
controller.

In the future HIL docking simulator concept shall be
demonstrated in the experiment for 6-DOF case.
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