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Abstract

In previous papers, a passive control implementation
structure is proposed for mechanical systems interacting
with physical environments. The proposed implementation
structure enforces robust passivity of the closed-loop sys-
tem, i.e. passivity is ensured in the presence of inaccu-
rate force sensing and model uncertainties. In this pa-
per, we conduct experiments to validate and demonstrate
this robust passivity property of the passive control imple-
mentation structure in the context of mechanical teleopera-
tor control. The experiments show that the implementation
structure indeed ensures passivity of the closed-loop tele-
operator by limiting the amount of energy generated by the
control action even in the presence of model uncertainties
and master-slave force sensings corrupted with time-delays.
Thus, safety and interaction stability of the closed-loop tele-
operator are substantially enhanced.

1. Introduction

Energetic passivity of the teleoperator has been widely
utilized to ensure interaction stability and safety of human
operators and objects in the slave environments. First intro-
duced for teleoperation in [1], time-domain passivity now
receives attention of many researchers again due to its ca-
pability to deal with nonlinear teleoperator / haptic devices
and nonlinear virtual environments [2], [3].

A control approach is proposed in [4, 5] for nonlinear
mechanical teleoperator. This control law achieves master-
slave configuration coordination by feedforward cancel-
ing mismatched forcings. Inertia scaling (with a user-
specified scaling factor) of the coordinated teleoperator is
also achieved to adjust bandwidth of force feedback accord-
ing to a task objective (e.g. larger for hammering or smaller
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Figure 1. The closed-loop teleoperator is a two-port sys-
tem. The power scaling is naturally incorporated as the
scaled master robot and the human operator with the fac-
tor � > 0.

for delicate tasks). Since the feedforward cancellation and
the inertia scaling tend to violate passivity, the proposed
control scheme utilizes a special implementation structure
to enforce passivity, which is originally proposed in [6] and
later adopted in [7, 8, 9, 10, 11]. The passive implemen-
tation structure utilizes energy stored in fictitious passive
energy storages to generate possibly non-passive control ac-
tions. This implementation structure ensures that the con-
troller itself is passive, since the amount of energy generated
by the control actions is bounded by the stored energy in the
passive energy storages. This, in turn, implies passivity of
the closed-loop teleoperator, since it is an interconnection
of the controller and the (energetically conservative) open-
loop mechanical systems (master and slave robots).

The advantage of the passive control implementation
structure is that passivity of the closed-loop system is en-
forced robustly, i.e. passivity is ensured regardless of in-
accurate force measurement and model uncertainties. In
[4, 5], this robust passivity was proved theoretically for me-
chanical teleoperators. In this paper, this robust passivity
property of the passive control implementation structure is
experimentally validated. In particular, to verify that the
implementation structure indeed ensures robust passivity,
we impose large time-delays (35, 350ms) on force sens-
ing during hard contacts with an aluminum wall of stiffness
33kN/m under the sampling rate of 500Hz.

The rest of the paper is organized as follows. Section 2
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introduces passivity of mechanical teleoperators and power
scaling. The passive control implementation structure is
presented in section 3. Experiments to verify robust pas-
sivity are given in section 4 for mechanical teleoperators
and section 5 contains some concluding remarks. Appendix
contains the control scheme proposed in [4]-[5], which is
used for the experiments.

2. Mechanical Teleoperators and Passivity

We consider a 2n-DOF nonlinear teleoperator consisting
of a n-DOF master and a n-DOF slave robots:

�fM1(q1)�q1 +C1(q1; _q1) _q1 = T1 + F1g (1)

M2(q2)�q2 +C2(q2; _q2) _q2 = T2 + F2 (2)

where � is a user-specified power scaling factor and
(q1;q2), (T1;T2), (F1;F2) are the configurations, the
control commands from actuators, and the environmental
forces for the master and the slave robots, respectively.
Here, Mi(qi) 2 <n�n and Ci(qi; _qi) 2 <n�n i =
1; 2 are the (positive-definite and symmetric) inertia matri-
ces and the Coriolis matrices of the master and the slave
robots. Both the master and the slave systems are energeti-
cally passive with respect to the supply rate (Ti + Fi)

T _qi
i = 1; 2, i.e.

R t
0
[Ti(�) + Fi(�)]

T _qi(�)d� � d2 for a
scalar d 8t � 0;Ti;Fi due to the well-known fact that
_Mi(qi)� 2Ci(qi; _qi) are skew-symmetric.
As shown by figure 1, when (T1;T2) are determined

by a controller, the teleoperator (1)-(2) becomes a two-port
system with (�F1;F2) and ( _q1; _q2) being the input and the
output. Thus, we say that the closed-loop teleoperator is
energetically passive with the power scaling � if 9c 2 < s.t.Z t

0

� � F1(�)
T _q1(�)| {z }

scaled

human power

+F2(�)
T _q2(�)| {z }

environment

power

d� � �c2; (3)

8t � 0. The scaled power in (3) inspires the following
definition of scaled kinetic energy for the teleoperator:

��(t) =
�

2
_qT1M1(q1) _q1 +

1

2
_qT2M2(q2) _q2 � 0: (4)

By designing a controller s.t. (3) is enforced, safety and in-
teraction stability of the closed-loop system interacting with
environments will be enhanced.

3. Passive Control Implementation Structure

In this section, we present a control implementation
structure enforcing passivity of the closed-loop teleoperator
(3). The passive control implementation structure utilizes
fictitious passive energy storages and energy stored in these

storages is used to generate control actions that may require
temporary outflow of energy. In this way, the implemen-
tation structure ensures that the controller itself is passive,
since the amount of energy generated by the control actions
is always bounded by the stored energy in the passive en-
ergy storages. This controller passivity leads into the pas-
sivity of the closed-loop mechanical teleoperator which is
an interconnection (see figure 1) of the (passive) controller
and the (energetically conservative) open-loop mechanical
systems (master and slave robots) with compatible supply
rates.

First, we design a smooth and positive scalar potential
function on the master and slave configurations:

V : (q1;q2) 2 <
2n 7! V (q1;q2) 2 <

+: (5)

The potential function (5) serves as a passive fictitious en-
ergy storage. For instance, V (t) can represent the energy
stored in a fictitious spring that connects the two robots for
regulating coordination error.

Incorporating the potential function (5), the control
(�T1;T2) in (1)-(2) can be implemented as:

�
�T1

T2

�
:= �(t)

�
_q1
_q2

�
+

 
� @V

@q1

T

� @V
@q2

T

!
| {z }

passive

+

�
�T?

1

T?
2

�
(6)

where �(t) 2 <2n�2n is a skew-symmetric matrix and

@V

@qi
:=

�
@V

@q1i
;
@V

@q2i
� � �

@V

@qni

�
(7)

with qi =
�
q1i ; q

2
i ; � � � q

n
i

�T
(i = 1; 2). Notice that the con-

trol implemented by �(t) does not generate energy, since

the power generated by this control is [ _qT1 ; _q
T
2 ]�(t)

�
_q1
_q2

�
=

0 8t � 0. Thus, the control (6) is inherently passive as long
as the controls (�T?

1;T
?
2) is passive (i.e. it generates only a

limited amount of energy outflow).
Some useful controls are not passive (e.g. feedforward

cancellation) i.e. they can generate infinite amount of en-
ergy outflow so that environments can be damaged severely.
We implement these non-passive controls into (�T?

1;T
?
2).

To generate these possibly non-passive controls (�T?
1;T

?
2)

in (6) without violating passivity, we utilize another ficti-
tious passive energy storage having the usual m-DOF fly-
wheel dynamics (simulated in software):

Mf �xf = Tf (8)

where Mf 2 <m�m, xf 2 <m and Tf 2 <m are the
(time-invariant) inertia matrix, the configuration and the
coupling torque to be defined. Then, the controls (�T?

1;T
?
2)
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are implemented as:0
@�T?

1

T?
2

Tf

1
A = 


?(t)

0
@ _q1

_q2
_xf

1
A: (9)

where 


?(t) 2 <(2n+m)�(2n+m) is chosen to be negative
semi-definite (NSD) in order to limit the amount of energy
generated by the controls (�T?

1;T
?
2).

This implementation structure (6)-(9) ensures that the
controller itself is passive (controller passivity). Define the
controller storage function Tc(t) = V (t) + �f (t) where
�f (t) := 1

2
_xTfMf _xf is the kinetic energy of the flywheel

(8). Then, using (6), (8), dV (t)
dt

= @V
@q1

_q1 +
@V
@q2

_q2, and that
�(t) in (6) is skew-symmetric, we have:

dTc(t)

dt
= TT

f _xf + �T?
1
T _q1 +T

?
2
T _q2 � �T1

T _q1 �T2
T _q2:

Thus, since V (t) � 0; �f (t) � 0 and 


?(t) in (9) is NSD,
by integration of the equality, we have
Z t

0

�TT
1 (�) _q1(�) +T

T
2 (�) _q2(�)d� � V (0) + �f (0); (10)

8t � 0. This condition (10) implies that the controller itself
is passive (controller passivity), i.e. the energy generated by
the controller (LHS of (10)) is bounded by the energy stored
in the passive storage elements (the potential field and the
flywheel as shown in RHS of (10)).

The controller passivity implies passivity of the closed-
loop teleoperator which is an interconnection of the (ener-
getically conservative) open-loop master and slave robots
and the controller as shown in figure 1. Since the mas-
ter and the slave (1)-(2) are energetically conservative (i.e.
_M?(q?)� 2C?(q?; _q?) is skew-symmetric), we have

d��(t)

dt
= �[F1 +T1]

T _q1 + [F2 +T2]
T _q2 (11)

where ��(t) is the scaled kinetic energy of the teleoperator
in (4). Thus, if the controller passivity condition (10) holds,
the passivity condition for the closed-loop teleoperator (3)
follows, since we can get

Z t

0

[�FT1 (�) _q1(�) + F
T
2 (�) _q2(�)]d� (12)

� ���(0)� �f (0)� V (0);

8t � 0 by integrating the equality (11) using the controller
passivity condition (10) and ��(t) � 0. Thus, the imple-
mentation structure (6) - (9) ensures that the closed-loop
teleoperator is passive, i.e. the amount of the energy that
can be extracted from the closed-loop teleoperator (LHS of
(12)) is always upper-bounded by the energy stored in the
fictitious passive energy elements (RHS of (12)).

Figure 2. 2-DOF planar master and slave robots. Each is
equipped with a force sensor.

From (8) and (9), it can be shown that

d�f (t)

dt
= TT

f _xf � ��T?
1
T _q1 �T

?
2
T _q2: (13)

Using that �f (t) � 0 and integrating (13), we have
Z t

0

�T?
1
T (�) _q1(�) +T

?
2
T (�) _q2(�)d� � �f (0); (14)

8t � 0. This shows that the possibly non-passive controls
(�T?

1;T
?
2) are generated by the flywheel energy.

By designing the implementation structure (6) - (9) s.t.
model uncertainties and inaccurate force measurement are
totally confined in the NSD 


?(t) and the skew-symmetric
�(t), robust passivity of the closed-loop teleoperator will
be guaranteed as long as the measurement of ( _q1; _q2) is ac-
curate, since the NSD matrices 


?(t) and �(t) still ensure
controller passivity (10) which implies the passivity of the
closed-loop teleoperator (3).

4. Robust Passivity Experiment

In this section, robust passivity is validated experimen-
tally for the mechanical teleoperator under the control
scheme proposed in [4, 5] which utilizes the passive control
implementation structure (6)-(9). For more details about the
control scheme, please refer to Appendix.

The proposed control law for the teleoperator achieving
coordination and inertia scaling is given by:�

�T1

T2

�
= �d(t)

�
_q1
_q2

�
| {z }
decoupling

+

�
�Kv _qE �KpqE

Kv _qE +KpqE

�
| {z }

PD�control

+

�
FE

�FE

�
| {z }

feedforward

cancellation

+
1� �

�

�
�M1(q1)
M2(q2)

�
[�M1(q1) +M2(q2)]

�1FL| {z }
inertiascaling

; (15)
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(from (16), (17), (20), and (21)), where a skew-
symmetric matrix �d(t) implements the decoupling con-
trol (CEL;CLE in (20)-(21)), qE = q1 � q2, Kv;Kp

are positive definite and symmetric gains of PD-control
for coordination, and � > 0 is a use-specified inertia
scaling factor. Also, FL := �F1 + F2 is the total ef-
fect of the master-slave forcing on the overall motion and
FE := �T (q)�F1+[�T (q)�I]F2 is the mismatched forc-
ings causing coordination error. With the potential function
V (t) := 1

2
qTEKpqE and (7), we have �KpqE = �

@V
@q1

andKpqE = � @V
@q2

.
Since the feedforward cancellation and inertia scaling

control in (15) may violate passivity, we utilize a fictitious
2-DOF flywheel. Then, we implement the feedforward can-
cellation, the inertia scaling control, and the damping con-
trol (Kv _qE) as (�T?

1
;T?

2
) in (6) and (9) via an appropriate

NSD matrix 


?(t) s.t. (15) is duplicated as long as the fly-
wheel energy is above a certain threshold. Here, the damp-
ing control is also implemented via (9) in order to recapture
and utilize energy dissipated through the damper.

The inertia structure of the 2-DOF flywheel is designed
to be diagonal ((23)) so that it has effectively 2 single-DOF
flywheels. We call one the locked system flywheel (LMf

in (23)) and the other the shape system flywheel (EMf in
(23)). Then, the each flywheel serves as an energy reser-
voir to generate the each control action, exclusively, i.e. en-
ergy stored in the locked system flywheel is used to gener-
ate the inertia scaling, while the shape system flywheel en-
ergy is used for the feedforward cancellation. By utilizing
this implementation structure, robust passivity is ensured as
demonstrated by the following experiments.

Experimental Setup
A pair of planar 2-DOF nonlinear manipulators as shown

in figure 2 is used. The master and the slave robots are
equipped with force sensors that are low pass filtered at a
120Hz and a 50Hz, respectively. A control sampling rate
of 500Hz is achieved. A power scaling � = 15 is used so
that the human operator perceives the slave environment to
be shrunk while the slave environment feels the human op-
erator enlarged. The lengths of the two links of the master
and the slave robots are (14cm; 14cm) and (38cm; 36cm),
respectively. Therefore, the desired Cartesian force scaling
between the master and the slave during static manipulation
is around 5:7 (� � 0:14

0:37
), while the desired joint torque scal-

ing is still � = 15 (i.e. �F1 = F2). Inertia scaling (� = 0:6)
is used to scale down the apparent inertia of the teleopera-
tor. Kinematic gains of the coordination control (Kv;Kp

(damping and spring) in (21)) are tuned so that coordina-
tion error of �0:5Æ for both links is achieved for a position
command of �140Æ, 0:2Hz.

To test how the implementation structure ensures robust
passivity, two levels of time delay (35ms and 350ms) are
imposed on both the master and slave force sensings while
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Figure 3. Plots for the robust passivity experiment with
35ms time-delay on force sensing. The locked system fly-
wheel discharges energy to the master-slave environments
(negative energy inflow) via the inertia scaling until it de-
pletes energy so that the inertia scaling is nearly turned off
and the contact becomes stable (around 6.5 sec).
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Figure 4. Plots of “mild” instability (smaller forcing)
with 35ms time-delay.

a human operator pushes (hard contact) the teleoperator on
an aluminum wall of stiffness of 33kN/m installed in the
slave environment.

35ms Time-Delay on Force Sensing
Figure 3 shows the result when a 35ms time-delay is

imposed on the force measurement. Contact with the alu-
minum wall is made about 2 sec. As is envisioned by the
oscillations, the time-delay induces contact instability. This
is due to the inertia scaling control generated by the locked
system flywheel energy. The flywheel energy decreases
during the instability while the closed-loop teleoperator dis-
charges energy to the ambient environment (the negative en-
ergy inflow). As the flywheel depletes energy below a cer-
tain threshold (around 6.5 sec), the inertia scaling control
is nearly turned off. This is because the inertia scaling con-
trol proportionally decreases with the flywheel energy level,
when the flywheel energy is below the threshold. Thus, the
contact regains stability after 4 sec of instability. Satisfac-
tory coordination (error less than �0:5

Æ for both links) is
preserved during this experiment. This is because the shape
system flywheel does not deplete energy so that the feedfor-
ward cancellation is turned on at all times. After the contact
becomes stable (after 6.5 sec), a Cartesian force scaling of
6.4 is achieved.

In figure 4, the human operator reduces the pushing force
while maintaining the instability so that the instability be-
comes relatively mild. Since the instability is induced by the
inertia scaling control that is generated by using the locked
system flywheel energy, the flywheel energy depletes only
slowly so that stability is not regained until after 10 sec of
instability. After the contact becomes stable again, a Carte-
sian force scaling of 6.2 is achieved.
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Figure 5. Plots of “aggressive” instability (larger forcing)
with 35ms time-delay.

In figure 5, the human operator increases the pushing
force to make the instability relatively aggressive. Since
this aggressive instability is induced by the inertia scaling
control that is generated using the locked system flywheel
energy, the flywheel depletes energy faster so that the con-
tact becomes stable more quickly (after 1 sec of instability).
A Cartesian force scaling of 5.7 is achieved afterwards. Al-
though saturations (i.e. real forcing level is larger than that
shown in figure 5) occur in the force sensing from the large
forcing, passivity is still ensured due to the passive control
implementation structure.

350ms Time-Delay on Force Sensing
With the 350ms time-delay (figure 6), the inertia scal-

ing control induces instability first. Since the inertia scaling
is generated using the locked system flywheel energy, the
flywheel energy decreases during the instability while the
closed-loop teleoperator discharges energy to the ambient
environment. As the flywheel depletes energy (around 12.5
sec), the inertia scaling is nearly turned off. However, the
contact remains unstable, since the feedforward cancella-
tion starts inducing instability due to the large time-delay
(after 13 sec). However, since the feedforward cancella-
tion is generated using the shape system flywheel energy
(as shown by the energy depletion of the shape system fly-
wheel), as it depletes energy below a threshold (30 sec), the
feedforward cancellation is turned off and the contact be-
comes stable with a Cartesian force scaling of around 6.1.

Several switchings of the feedforward cancellation in fig-
ure 6 (around 29 sec) are due to the successive re-charging
(as the feedforward cancellation turned off) and depleting
(as the feedforward cancellation turned-on) of the shape
system flywheel energy through the damping term. After
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Figure 6. Plots for the robust passivity experiment with
350ms time-delay on force sensing. Instability is induced
both from the inertia scaling and the feedforward cancel-
lation due to the large time delay. The Locked and shape
system flywheels discharge energy sequentially through the
inertia scaling and the feedforward cancellation. As both
flywheels deplete energy (13 and 30 sec), contact becomes
stable eventually.

these switchings disappear, coordination degrades drasti-
cally, since the feedforward cancellation is turned off.

Discussion
This experiment clearly shows that the passive control

implementation structure ensures robust passivity of the
closed-loop teleoperator, i.e. the amount of the extractable
energy from the closed-loop system is always bounded even
in the presence of the inaccurate force sensing (with time-
delay) and model uncertainties. Without the implementa-
tion structure, the instability induced from the inertia scal-
ing control and the feedforward cancellation control would
not disappear so that the amount of energy generated by the
closed-loop teleoperator will be unbounded. Thus, safety
and interaction stability is substantially enhanced.

In each experiment, the achieved Cartesian force scal-
ings are slightly different (up to 12%) from the desired one
(5.7) due to the calibration error of the custom-built slave
force sensor which also shows slightly nonlinear hysteresis.

Notice the NSD matrix 
? in (9) guarantees a negative
power outflow from the controller by vT
?

v � 0. This in-
equality is not guaranteed if the control (9) is implemented
digitally so that one of v is hold to be constant between
samples. Sufficiently fast sampling rate and some physi-
cal damping, we think, may be able to compensate for this
actively generated energy by the discretization.

Under the proposed implementation structure, the
closed-loop system behaves as an active system as long as
the flywheels have energy. Thus, it is important to reset the
flywheels when the energy builds up above a certain thresh-
old that ensures damages on environments and operators to
be acceptable while performance of the controller is rea-
sonably preserved. For the case where the flywheel energy
depletes in a very short time, saturation on the control com-
mand may be useful to avoid an extremely large control ac-
tion.

5. Conclusions

In this paper, we experimentally verify that the passive
control implementation structure proposed in [4, 5] ensures
energetic passivity of the closed-loop teleoperator robustly,
i.e. regardless of accuracy of force sensing and of model
uncertainties. Experimental results show that the passive
control implementation structure indeed guarantees robust
passivity by limiting the amount of energy generated by the
controller even in the presence of the severely corrupted
force sensing (with 35ms and 350ms time-delay) and the
model uncertainties. Thus, safety and interaction stability
of the closed-loop teleoperator are substantially enhanced.

Appendix
A brief explanation about the control law proposed in

[4, 5] is presented, which is used for the experiment in sec-
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tion 4. The main innovation is the design of the transforma-
tion that decomposes the dynamics of a pair of n-DOF me-
chanical systems (1)-(2) into two n-DOF robot-like systems
according to the two aspects of teleoperation: coordination
error (shape system) and overall motion (locked system).
For more information, please refer to [4, 5].

Define a decomposition matrix S(q) to be

�
_qL
_qE

�
=

�
I� �(q) �(q)

I �I

�
| {z }

S(q)

�
_q1
_q2

�
; (16)

where �(q) := [�M1(q1) +M2(q2)]
�1
M2(q2) and q =

(q1;q2). _qL and _qE represent the velocities of the locked
system (overall motion) and the shape system (coordina-
tion error). According to (16), the compatible transform for
Ti;Fi i = 1; 2 are:

�
TL

TE

�
= S�T (q)

�
�T1

T2

�
;

�
FL
FE

�
= S�T (q)

�
�F1

F2

�
; (17)

whereFL := �F1+F2 is the total effect of the master-slave
forcing on the overall motion andFE := �T (q)�F1+[�T�
I]F2 is the mismatched forcing causing coordination error.

Using (16)-(17), the dynamics of the teleoperator (1)-(2)
are decomposed into two n-DOF robot-like systems:

ML(q)�qL +CL(q; _q) _qL +CLE(q; _q) _qE = TL + FL
(18)

ME(q)�qE +CE(q; _q) _qE +CEL(q; _q) _qL = TE + FE ;
(19)

whereML(q) andME(q) are symmetric and positive def-
inite matrices, andCEL(q; _q) +C

T
LE(q; _q) = 0. Remark-

ably, _ML(q) � 2CL(q; _q) and _ME(q) � 2CE(q; _q) are
skew-symmetric. We call the n-DOF system (18) the locked
system, since it represents the dynamics of the teleoperator
after being perfectly coordinated (locked), whereas the n-
DOF system (19) will be referred to as the shape system
which reflects the coordination aspect (i.e. _qE = _q1 � _q2).

The locked and shape system controls (TL;TE) are de-
signed in [4, 5] s.t.:

TL = CLE(q; _q) _qE +
1� �

�
FL; (20)

TE = CEL(q; _q) _qL �Kv _qE �KpqE � FE (21)

where � > 0 is a user-specified inertia scaling factor,
qE := q1 � q2, and Kv and Kp are constant symmet-
ric and positive definite kinematic feedback gains (damping
and spring).

The shape system control (21) incorporates the feedfor-
ward cancellation of the mismatched disturbances FE in
(19) for the perfect coordination (i.e. q1 = q2; 8F1;F2)

and kinematic feedback for stabilization. The locked sys-
tem control (20) is for achieving the following target dy-
namics incorporating the inertia scaling factor � > 0 s.t.:

�fML(q)�qL +CL(q; _q) _qLg = FL; (22)

where ML(q) = �M1(q1) +M2(q2)) and CL(q; _q) =
�C1(q1; _q1) +C2(q2; _q2).

The designed control (20)-(21) may violate passivity
due to the feedforward cancellation in (21) and the inertia
scaling control in (20). Thus, the designed controls (20)-
(21) are implemented in the passive control implementa-
tion structure of section 3 to ensure robust passivity of the
closed-loop teleoperator. A 2-DOF fictitious flywheel is uti-
lized as an energy storage to generate the feedforward can-
cellation (in (21)) and the inertia scaling control (in (20)):�

LMf 0
0 EMf

��
L�xf
E �xf

�
=

�
LTf
ETf

�
; (23)

where (LMf ;
E Mf ) are the (time-invariant scalar) iner-

tia, (Lxf ;Exf ) are the configuration of the flywheel, and
(LTf ;ETf ) are the coupling torques to be implemented in
the NSD structure (9).

Incorporating the flywheel (23), the control (20)-(21) is
implemented using a NSD matrix


?(t) as follows:

0
BB@
TL

TE
LTf
ETf

1
CCA = 


?(t)

0
BB@

_qL
_qE
L _xf
E _xf

1
CCA+

0
BB@

0

�KpqE
0
0

1
CCA: (24)

Then, using (16) and (17), we have0
BB@
�T1

T2
LTf
ETf

1
CCA = ST (t)


?(t)S(t)

0
BB@

_q1
_q2

L _xf
E _xf

1
CCA+

0
BB@
�KpqE
KpqE

0
0

1
CCA; (25)

where S(t) := diag[S(q); I]. With a potential function
V (t) := 1

2q
T
EKpqE , it can be shown that the implemented

control (25) is exactly in the same form as (6) - (9).
Here, the NSD matrix


?(t) is designed to be:




?(t) :=

2
64

0 CLE(q; _q) ���L(t) 0

CEL(q; _q) ���d(t) 0 ���E(t)

����T
L(t) 0 0 0

0 ����TE(t) 0 0

3
75: (26)

Since CT
LE(q; _q) = �CT

EL(q; _q) and ���d(t) will be de-
fined to be NSD, 


?(t) is indeed NSD. Main components
of the matrix


?(t) are:
1. Cancellation of the coupling CLE(q; _q) _qE and
CEL(q; _q) _qL in (18)-(19).
2. The inertia scaling control in (20) is generated by
���L(t) = 1��

�
� g(L _xf ) � FL, using the locked system fly-

wheel energy LMf (23), where a threshold function g(x) is
to ensure the controller variables in (26) to be bounded.
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3. Feedforward cancellation in (21) is implemented through
�E(t) = �g(E _xf )Kv _qE � p(t)

E _xf
FE , using the shape sys-

tem flywheel energy EMf . Dissipated energy through Kv

is also recaptured by this entity and stored in the shape sys-
tem flywheel. Here, the threshold function g(x) also en-
sures the controller variables in (26) to be bounded. The
switching function p(t) is designed in [4] to turn on/off the
feedforward cancellation in (21) according to the energy
level of the shape system flywheel.
4. Constant damping effectKv in the shape system control
(21) is achieved by �d(t) = �f1 � E _xfg(

E _xf )gKv and
�E(t) in the item 2 regardless of the energy level of the
shape system flywheel (jE _xf j). However, when jE _xf j is
less than a threshold, some portion of energy can not be
recaptured by the entity �E(t), and is dissipated through
this entity which becomes negative definite.

In [4, 5], it was shown that it is possible to initialize the
speed of the flywheels such that in the ideal situation (ac-
curate force sensing and model parameters with bounded
_q1; _q2), the energy of the flywheels will not deplete below
a certain threshold. Thus, the feedforward cancellation and
the inertia scaling control can be turned on all the time so
that the target dynamics (22) is guaranteed.

Robust Passivity
Assume that force sensing and identified inertial parame-
ters are inaccurate. Denote b? as an estimate of ? under this
inaccuracy, then with bTL = bCLE(q; _q) _qE + 1��

�
bFL andbTE = bCEL(q; _q)b_qL �Kv _qE �KpqE � bFE , we have:�b_qL

_qE

�
= bS(q)� _q1

_q2

�
;

�
�T1

T2

�
= bST (q) bTLbTE

!
: (27)

Although the estimates bCLE(q; _q) and bCEL(q; _q) are un-
certain, still bCLE(q; _q) = �bCT

EL(q; _q). Also, _qE =
_q1 � _q2 and qE = q1 � q2 are always certain as long as
( _q1; _q2) are correct. Thus, the control using the estimates
can be implemented in a similar form as (24):0BB@

bTLbTE
LTf
ETf

1CCA = b


?
(t)

0BB@
b_qL
_qE
L _xf
E _xf

1CCA+

0BB@
0

�KpqE
0
0

1CCA; (28)

where the matrix b


?
(t) is an estimate of 


?(t) in (26),

which is still NSD. Then, using (27) and (28), it can be
shown that the implementation structure is again in the
same form as (25) with ST (t)


?(t)S(t) being replaced

with bST (t)b


?
(t) bS(t) which is still NSD. Thus, the passiv-

ity condition (12) (or the controller passivity (10)) is en-
sured in the presence of the model uncertainty and the inac-
curate force measurement, i.e. robust passivity is achieved.
However, the target dynamics may not be guaranteed, since

the implemented control (28) will not duplicate the desired
control (20)-(21).
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