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Abstract

The SPDM Task Verification Facility is being devel-
oped to verify all SPDM tasks on the ground prior
to their execution in space. The operations requiring
a contact between the end effector and the work-site
will be verified using a hardware-in-the-loop simu-
lator (HLS). Two algorithms for the control of the
HLS are proposed: a position control algorithm in-
spired from a force reflecting master-slave control ar-
chitecture and Cartesian linearisation scheme. The
performance of each scheme is analysed in terms of
its ability to faithfully reproduce the dynamic behav-
iour of SPDM using the HLS. Conditions are given on
the position control scheme to ensure adequate per-
formance and its limitations are shown. The Carte-
sian feedback linearisation scheme is shown to give
good fidelity emulation without the strict restrictions
of the first control algorithm. A linearisation error
compensator is proposed for the second scheme and
is shown to ensure boundedness of the error in the
presence of linearisation errors. Experimental results
showing the application of the two control schemes
to a single link robot are given.

1 Introduction

The International Space Station (ISS) will be as-
semble in space by collaboration of United State,
Canada, Japan, Russia and European countries. The
Special Purpose Dextrous Manipulator (SPDM) will
play a key role in the assembly and maintenance of
ISS which involves execution of numerous tasks. The
cost and risk associated with execution of robotic
tasks in space require that all procedure bhe verified
on Earth prior to their execution in space. The Cana-
dian Space Agency is currently developing the SPDM
Task Verification Facility (STVF) that will be used
to verify all SPDM tasks before their occurrence in
Space. The SPDM contact tasks will be verified us-
ing a hardware-in-loop simulation (HLS) [1, 2].

The main requirement for the HLS is the fidelity
of the simulator dynamics with respect to that of
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SPDM. The pose of the robot end-effector and the
contact forces generated throughout the task must
accurately represent those of SPDM in free and con-
strained motion. Two algorithms are proposed for
the control of the HLS component of STVF. The
first method is based on a position control scheme
whereas the second one uses a Cartesian feedback
linearisation scheme. The performance and limita-
tions of each algorithm are discussed in detail.

2 Position Control Algorithm

The first control algorithm proposed is inspired from
a force-reflecting master-slave control architecture
where the master is the dynamic simulation of the
space robot. The operator enters velocity commands
into the dynamic simulator and the ground robot is
controlled to track the simulated end-effector posi-
tion of the space robot. Contact forces are fed back
to the dynamic simulator.

2.1 Linear Model of HLS

To analyse the closed-loop dynamics of the hardware-
in-the-loop simulation, a linear model (shown in Fig-
ure 1) is developed using input-output transfer func-
tion in the Laplace domain. The robots are treated
as linear systems with two inputs and a single output.
The output of the space robot simulator is the end-
effector position and its inputs are a velocity com-
mand and a force perturbation. The quantities and
variables associated with the space robot simulator
and ground robot are depicted by subscripts s and
r respectively. By applying the principle of input
superposition for linear system, the simulator and
robot tip positions, s and z,, can be calculated by

X, = G(8)Xdes + 27 (s)F, (1)

X, T(s)X, + Z7 1S(.;)F. )

il

In the above X, is the real-time control com-
mand to the simulator and F' is the force pertur-
bation resulting from the contact between the robot
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Figure 1: Linear Model of HLS with Contact

and the environment. The closed-loop dynamics of
the robot position controller is represented by T'(s),
the complementary sensitivity function of the ground
robot, while G(s) is the dynamics of the space ro-
bot simulator in free-space. Moreover, transfer func-
tions Zs(s) and Z,(s) represent the impedances of
the space robot simulator and of the ground robot re-
spectively. The impedance transfer functions, Z.(s)
and Z,(s). dictates the dynamical response of the
robot endpoint to an external force, F'.

By rewriting equations (1) and (2), the linear
model of the hardware-in-the-loop simulation can be
rewritten in matrix form.

XS — G Z;l Xdes (3)
X | 7| TG zZ'+Tz 1 '3
The equivalent impedance of the hardware-in-the-
loop simulator is expressed as:

Zns = (271 + T2 (4)

Equation (3) characterise the input-output dy-
namics of the simulator and the robot prototype
with the simulator in the loop. This model will be
used to address performance and robustness issues
of hardware-in-the-loop simulation using a position
control algorithm.

2.2 Performance Analysis

In the case where a position control algorithm in-
spired from the force reflecting master-slave config-
uration is used, the ground robot is inserted be-
tween the space robot simulator and the environ-
ment. The ability of the hardware-in-the-loop sim-
ulator to reproduce faithfully the dynamic behav-
iour of the space robot in terms of end-effector po-
sition and contact force is limited by the ability of
the ground robot to track the simulator both in free-
motion and during contact tasks.

2.2.1 Free-Motion

In the free-space, the ability of the ground robot
to track the position of the space robot simulator
is completely determined by the closed-loop perfor-
mance of the position control system.

Xr(s) =T(s)Xs(s) (5)

To ensure perfect tracking of the space robot position
by the ground robot, it is sufficient to design the
ground robot position controller such that T'(s) ~ 1
within the bandwidth of interest.

2.2.2 Contact Tasks

Let us define the environment impedance as follows:
F
Ze= (6)
In contact the closed-loop response of the HLS is
given by
Xr TG
Xpee 14127+ 277 2,
If the space robot were to contact the surface directly,
its closed loop response would be
X, G
Xges 1+ 277z,
Therefore, an extra condition for obtaining the same
response in contact is given by

(7)

(8)

Z7 = (1 -1) 27! (9)
This is equivalent to setting the condition that:
Zhis = Zs (10)

Designing the force feedback law of the rigid ro-
bot to meet this condition is referred to as impedance
matching. For linear systems, this may seem practi-
cal. For nonlinear systems such as robots, however,
the design of the law requires the linearisation of the
dynamics around the operating point and the online
redesign of the control law.

The impedance Z; ! is a complex transfer function
representing the modelled flexible robot. Therefore,
the roots of 1 + [TZ;IJ Z, for various gains of Z,.(s)
and T'(s) (changing the stiffness of the environment
or/and the bandwidth of the position controller) may
be very different than the roots of 1+ Z;1Z,. In fact,
figure 2.2.2 shows an example of the root locus plot
for a flexible beam contacting the environment and
the one of the HLS counterpart where a rigid beam
is used to follow the flexible beam tip motion. In the
HLS case, a fixed linear controller resulting in a fixed
transmissibility T'(s) of the rigid beam is used. The
environment stiffness is the varying parameter. The
results clearly shows that HLS is conditionally stable
while the real system is unconditionally stable. This
represents a main limitation for the master-slave ap-
proach.

3 Cartesian Feedback Lineari-
sation
In the light of the tracking problem of the position

control approach, a new control algorithm is pro-
posed. In this scheme, the dynamiecs of the ground
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Figure 2: Effect of HLS on Stability for Master-Slave
Approach

robot is linearised and the ground robot is controlled
in cartesian acceleration [3]. A linear compensator is
added to handle errors in the cartesian linearisation
of the ground robot dynamics.

3.1 Dynamic Modelling in Cartesian
Space

Let an n-DOF manipulator operates in the 6-
dimensional Cartesian coordinates. Its kinematics
is described by the following equations.

x =J(q)q (11)

%= J(@)q +I(@)g
Where x € R® is vector of tip position/orientation,
q,q € R" is the generalised joint angle and velocity,
A(.) is forward kinematics and J denotes the manip-
ulator Jacobian. From (11) the joint accelerations
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can be expressed as

q=J""qx-J(q4q (12)

The manipulator dynamics can be modeled by,
M(q)d +h(q,¢) =u-J(@Tf,  (13)

where M(q) is the manipulator inertia, h(q) repre-
sents the vector on nonlinear terms including Corio-
lis, centrifugal, gravity, and friction torques, u is the
vector of joint torque and f is the generalised force
perturbation acting on the end effector. Substituting
¢ into (13) yields

M(q)% + h(q,q) = u - J'f, (14)
where
M 2 MI!
h 2 MI'Jq+h (15)

3.2 Linearisation Control Law

Let us define the following dynamic equations for the
ground robot dynamics and the space robot dynamic
simulator.

Mr(qr))”(r + ﬁr(qrvéh) = U, - JZ(qr)f, (16)

M, (qs)%s + hy(qe, qs) = u, — IT(qs)f.  (17)

The following control law is applied to the ground
robot,
u, = au, + 3, (18)

so that the ground robot and the space robot sim-
ulator robots have the same dynamic behaviour in
Cartesian space, i.e. X; = X, = X.

Substituting the control law from (18) into equa-
tion (16) yields

o "M, %, +a 'hy =u, + a” '8 - a1 ITF (19)

The nonlinear feedback gain, a(q,,q.), and offset,
B(q-,4r), can be found by equating the terms in
equations (17) and (19). Therefore,

a = MTM;IV (20)
and,
B =h, — M,M;'h, + (37 - M, M7} JT) £ (21)

Figure 3 shows the realisation of the control law
given by (18). By defining a new control input ul,
one can partition the given control law in two parts.
The first part, depicted by the dashed box entitled
Space Robot Simulator in Figure 3, is the calculation
of the forward dynamics of the space robot simulator,

w, =%, = M, ! [u, —hy] -M;UITE (22)

T s
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Figure 3: Schematic of the nonlinear control.

The second part of the control law is the linearisation
of the ground robot dynamics,

u, = M,u/ +h, +JTf (23)

Combining equations (16), (17), (23) and (22), it is
easily shown that the ground robot has exactly the
same dynamic behaviour as the space robot simula-
tor in the absence of linearisation errors.

%, = X, (24)

3.3 Linearisation Error Compensator

To compensate for errors in the linearisation of the
ground robot, a proportional-derivative compensator
is added to ensure that the ground robot tracks the
motion of the space robot dynamic simulator.

Presuming the presence of errors in the lineari-
sation of the ground robot dynamics, its resulting
motion is then described by:

Xr=u,+A=%+A (25)

To alleviate the linearisation errors represented by
A, a compensator is added to the Cartesian feed-
back linearisation controller. This can be expressed
as a modification to the reference signal fed to the
Cartesian feedback linearisation controller as follows:

u. =%, + Ky (% — %) + Kp(xs — x,)  (26)

Substituting (26) into (25), the following closed-loop
behaviour is obtained for the error.

(Xg — xr) + Kv(xs - xr) + Kp(xs - xr) =A (27)

This equation shows that for bounded errors in lin-
earisation, it is possible to design a linear compen-
sator such that tracking errors between the space ro-
bot simulation and the ground robot are bounded.

4 Experimental Results

Both algorithms presented in this paper were verified
experimentally using a one degree of freedom ssytem.

The results obtained supports very well the analysis
presented.

4.1 Experimental Setup

The experimental setup is schematically represented
in Figure 4. A DC motor coupled to an harmonic
drive is used to control the position of a rigid beam
in the horizontal plane. The position of the motor
is measured using a relative encoder located on the
motor side and the contact force using a one dof
force sensor (FMS) located on the environment side.
The joint velocity commands are generated by an
operator through a hand controller. The operator
commands, as well as the measured contact loads,
are supplied directly to a controller driving a sim-
ulated flexible manipulator. The controller of the
rigib beam receives the simulated tip acceleration,
velocity and position, and uses them for defining the
desired motion for the rigid beam.

Simulator|

Amplifier«

Position

10 | Control

\ 4

Hand Controller
Figure 4: One DOF Prototype Setup

To track the tip motion of the simulated flexible
beam, a 3 DOF hardware would be required. Since
the rigid beam system has only one DOF, the track-
ing capabilities are limited. In the experiment pre-
sented here, the coordinate 6., defined in Figure 5 is
used as the common coordinate between the simula-
tor and the hardware. It is defined as the angle made
by the line passing through the motor axis of rota-
tion and the point on the tip that can make contact
with the flat wall.

4.2 Results with Position Control

For the first control algorithm, experimental results
were obtained with and without impedance match-
ing.

4.2.1 No Impedance Matching

The results without impedance matching are shown
in Figures 6 and 7. During the five seconds of non-
contact motion, the tracking error between the hard-
ware and the simulator remains small. In contact,
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however, the tracking error becomes large and con-
stant. This steady-state error, predicted using equa-
tion 7 and 8, results from the difference in impedance
between the HLS and the simulated system.

Position Control Scheme file : his1_1
0.25 y , T

— Rigid Beam ]
02 - HL?S Simulator

Figure 6: No impedance Matching - position vs time

4.2.2 With Impedance Matching

For the matched impedance case, a force feedback
filter was designed and added to the rigid beam con-
trol scheme to shape the close-loop impedance and
match the flexible beam simulator impedance. This
design task requires the complete knowledge of both
the master (simulated flexible beam with its control
laws) and the slave (rigid beam with its position con-
troller) systems. The results are shown in Figure 8
and 9. Tracking performance in free motion is not
affected, but it is improved substantially in contact.

The overall results basically demonstrate that
the control algorithm based on the force-reflecting
master-slave approach requires impedance matching.
Since the matching condition requires a-priori knowl-
edge of the simulated system, the approach is limited
in applications.
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Figure 7: No impedance Matching - contact force vs
time
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Figure 9: With impedance Matching - contact force
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4.3 Feedback Linearisation

The second approach was also demonstrated using
the same experimental setup. In addition, pure sim-
ulation results were obtained replacing the hardware
by a simulation model of the contact dynamics. The
results are shown in Figure 10 and 11. The tracking
results are good and the control scheme for the rigid
beam does not imply any a-priori knowledge of the
flexible beam simulator. The experimental contact
force also compares very well with the simulated one.
The error in tracking is primarely the result of the
errors in compensating friction in the motor/drive
system. The same observation explains the differ-
ence between the contact times in the hardware and
in the simulation. These preliminary results suggest
that the second scheme is more appropriate for con-
trolling the hardware for a hardware-in-the-loop sim-
ulator, and that the performance is basically linked
to the knowledge of the hardware to be linearised.
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Figure 10: Cartesian Feedback Linearisation - posi-
tion vs time
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Figure 11: Cartesian Feedback Linearisation - con-
tact force vs time

5 Conclusion

Hardware-in-the-loop simulation includes a wide va-
riety of applications. In the case of the SPDM Task
Verification Facility, a non-representative hardware
is used to emulate the behaviour of a simulated sys-
tem. The control system design problem generated
by this application is conceptually very similar to the
typical master-slave control problem. A main differ-
ence, however, lies in the objectives of the design.
While for the master-slave system, the objective is
to obtain stable close-loop response meeting a given
performance criteria, the objective for the hardware-
in-the-loop simulation is the complete transparency
of the hardware. This paper has demonstrated that
in the standard force-reflecting master-slave control,
the complete transparency is achieved by matching
the impedances between the HLS and the simulated
system. This impedance matching condition is re-
alised by properly shaping the force feedback loop.
The concept was demonstrated successfully through
analysis and experiments.

To alleviate the problems associated with shaping
force feedback loop, this paper contributed another
approach to obtain complete transparency. Using
feedback linearisation, the dynamics of the hardware
is linearised and decoupled in Cartesian space, pro-
viding complete transparency for cartesian motion
assuming perfect linearisation. This approach has
the advantage that transparency is achieved indepen-
dently from the simulated system. It was also shown
that for bounded linearisation errors, the tracking er-
ror is bounded as well. Experiments results desmon-
strated the potential of the method.
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