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A Simulation/Experimental Study of the Noisy Behavior of
the Time-Domain Passivity Controller

Jee-Hwan Ryu, Blake Hannaford, Dong-Soo Kwon, and
Jong-Hwan Kim

Abstract—A noisy behavior of the time-domain passivity controller
during the period of low velocity is analyzed. Main reasons of the noisy
behavior are investigated through a simulation with a one-DOF haptic
interface model. It is shown that the PO/PC is ineffective in dissipating
the produced energy when the sign of the velocity, which is numerically
calculated from the measured position, is suddenly changed, and when this
velocity is zero. These cases happen during the period of low velocity due
to the limited resolution of the position sensor. New methods, ignoring the
produced energy from the velocity sign change, and holding the control
force while the velocity is zero, are proposed for removing the noisy
behavior. The feasibility of the developed methods is proved with both a
simulation and a real experiment.

Index Terms—Haptic interface, noisy behavior, passivity controller, pas-
sivity observer, time-domain passivity.

I. INTRODUCTION

A haptic interface is a kinesthetic link between a human operator
and a virtual environment (VE). One of the most significant problems
in haptic interface design is to create a control system which simulta-
neously is stable (i.e., does not exhibit vibration or divergent behavior)
and gives high fidelity under any operating conditions and for any vir-
tual environment parameters. There are several mechanisms by which
a virtual environment or other part of the system might exhibit active
behavior. These include quantization [4], interactions between the dis-
crete time system and the continuous time device/human operator [5],
and delays due to numerical integration schemes [14].

Initial efforts to solve this problem introduced the “virtual coupling”
between the virtual environment and the haptic device [1], [4], [22].
The virtual coupling parameters can be set empirically, but several pre-
vious research projects have sought out a theoretical design procedure
using control theory. However, interesting virtual environments are al-
ways nonlinear and the dynamic properties of a human operator are al-
ways involved. These factors make it difficult to analyze haptic systems
in terms of system models with known parameters and linear control
theory. Anderson and Spong [2] and Neimeyer and Slotine [15] have
used passivity ideas in the related area of stable control of force-feed-
back teleoperation with time delay. Colgate and Schenkel [5] have used
it to derive fixed parameter virtual couplings (i.e., haptic interface con-
trollers). The major problem with using passivity for design of haptic
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Fig. 1. One-port network.

interaction systems is that it is over conservative. In many cases per-
formance can be poor if a fixed damping value is used to guarantee
passivity under all operating conditions. Several other passivity based
approaches were also proposed for stable haptic interaction [3], [10],
[11].

A different passivity based approach has been proposed by
Hannaford and Ryu [6], that measures active system behavior and
injects variable damping whenever net energy is produced by the
virtual environment. They proposed a “passivity observer” (PO) and
a “passivity controller” (PC) to insure stable contact under a wide
variety of operating conditions. Recently, the PO/PC approach has
been improved for estimating exact energy output [17], and removing
sudden impulsive PC force [18].

In our previous researches [6], [16]–[18], the PO/PC was ineffective
in dissipating the produced energy during the period of low velocity
(series type PC in impedance causality) or low force (parallel type PC
in admittance causality), and it has been open as a future work. We have
named this undesirable behavior as a “noisy behavior” due to the un-
wanted high frequency oscillations of position and force. Even though
there has been an effort to solve the noise problem [8], it was a tuning
method of heuristic control parameters depending on a system. In this
paper, main reasons of the noisy behavior of the PO/PC are analyzed,
and methods to remove the noisy behavior are proposed.

II. REVIEW OF THE TIME-DOMAIN PASSIVITY CONTROL

In this section, we briefly review time-domain passivity control.
First, we define the sign convention for all forces and velocities so that
their product is positive when power enters the system port (Fig. 1).
Also, the system is assumed to have initial stored energy E(0) = 0 at
t = 0. The following widely known definition of passivity is used.

Definition 1: The one-port network N with initial energy storage
E(0) = 0 is passive if and only if

t

0

f(� ) _x(�)d� � 0 8t � 0 (1)

holds for admissible forces (f) and velocities ( _x). Equation (1) states
that the energy supplied to a passive network must be positive for all
time [20], [21].

The elements of a typical haptic interface system include the virtual
environment, the virtual coupling network, the haptic device controller,
the haptic device, and the human operator. Many of the input and output
variables of these elements of haptic interface systems can be measured
by the computer and (1) can be computed in real time by appropriate
software. This software is very simple in principle because at each time
step, (1) can be evaluated with few mathematical operations.

The conjugate variables that define power flow in such a system are
discrete-time values, and the analysis is confined to systems having
a sampling rate substantially faster than the dynamics of the system.
We assumed that there is no change in force and velocity during one
sample time. Thus, we can easily “instrument” one or more blocks in

Fig. 2. Haptic interface system with series type PC for simulation.

the system with the following PO for a one-port network to check the
passivity [see (1)]:

Eobsv(k) = �T

k

j=0

f(tj)v(tj) (2)

where �T is the sampling period, and tj = j ��T If Eobsv(k) � 0
for every k, this means the system does not generate energy. If there
is an instance when Eobsv(k) < 0, this means the system generates
energy and the amount of generated energy is —Eobsv(k). Other re-
search has allowed this constant force and velocity assumption to be
relaxed [17], [19], and, in [17], the more accurate PO, which predict
one-step ahead energy input, was proposed.

Consider a one-port system which may be active. Depending on op-
erating conditions and the specifics of the one-port element’s dynamics,
the PO may or may not be negative at a particular time. However, if it
is negative at any time, we know that the one-port may then be con-
tributing to instability. Moreover, since we know the exact amount of
energy generated, we can design a time-varying element to dissipate
only the required amount of energy. We call this element a PC. The PC
takes the form of a dissipative element in a series or parallel configu-
ration depending on the input causality [6].

Recently, reference energy following method was proposed [18]
for removing sudden impulsive force of the PC with the following
time-varying energy threshold instead of fixed zero energy threshold
as follows:

W (k) =

k

j=0

f(tj�1)(x(tj)� x(tj�1)) � Eref(tk) 8tk � 0 (3)

whereW (k) is the PO value for the case of impedance causality, which
is the net energy input to a one-port network from 0 to tk , andEref(tk)
is the time-varying reference energy threshold which can be designed
using VE model information or conjugate pair of input/output signal.

Please refer to [6], [16]–[18] for more detail about time domain pas-
sivity control approach.

III. ANALYSIS OF THE NOISY BEHAVIOR OF THE PO/PC

In this section, the main reasons of the noisy behavior are inves-
tigated through the simulation of a one-DOF haptic interface system
(Fig. 2), consists of the human operator (HO), the haptic interface (HI),
the PC, and the VE with impedance causality. Electrical circuit repre-
sentation is used between HO and HI since the causality is hard to be
defined at this kind of physical interaction port, and input-output rep-
resentation is used between HI and VE because this is a use— defined
signal port. There were well know researches about human dynamics
in man/machine systems [12], [13]. However, in this paper, human and
device are assumed to be one-DOF linear time invariant models as used
in many other researches [1], [5], [6] for making the problem as simple
as possible. The following simulation parameters were used for HO and
HI:

MHO = 0:1 (kg); BHO = 0:5 (N � s=m); KHO = 50 (N=m);

MHI = 0:2 (kg); BHI = 0:0 (N � s=m); KHI = 0:0 (N=m):
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Fig. 3. Contact response with the energy following PO/PC [18] for the high
stiffness VE (K = 1000N/m). PC was noisy during the period of low velocity.

Note that the HI and HO have very low damping, and the high stiff-
ness VE consists of a first order, penalty based spring model (K =
1000 N/m) executed at 1000 Hz. Two separate simulations with 1:0�
105 Hz, one in Matlab/simulink, and one in a C program using trape-
zoidal integration were used including sensor quantization effect (min-
imum resolution is 1:0�10�5 (m)).The most recent PO/PC approach,
which makes the energy input follows the desired reference energy be-
havior [18] was used at 1000 Hz.

The HI was pushed to make a contact with the high stiffness VE at
Position �0. The contact seemed stable[(Fig. 3(a)] on the position re-
sponse, but the PC input was chattering [Fig. 3(d)] and the PO value
kept falling down to more negative value [Fig. 3(c)] during the period
of low velocity. As a result, operator felt small and continuous vibra-
tion. Note that we bounded the PC force to escape the sudden big force
change.

Fig. 4 shows the one-step backward velocity (v(k) =
(x(tk)� x(tk�1))=(�T )) of the above simulation. One-step
backward velocity is the most appropriate velocity notation for
explaining the effect of the velocity to the PO value (3). When the
velocity was converged to the minimum resolutions (�1:0 � 10�2

m/s), it started chattering with high frequency.
There are two undesirable behaviors of the velocity which make the

PO/PC ineffective due to the limited resolution of the position sensor.

Fig. 4. Numerical backward velocity during the interaction. Velocity was
chattering between minimum resolutions when t > 2:5 s.

Fig. 5. Sudden sign change of the velocity and its effect to the PO value.

A. Sudden Sign Change of the Velocity

When the sign of the numerical velocity is suddenly changed from
positive (or negative) at step k to negative (or positive) at step k+1, the
energy difference between the PO value and the reference energy is in-
creased even with the PC force. Fig. 5 shows the magnified velocity and
energy behavior of the above simulation. When the sign of the velocity
was positive at t = 3:173 (s) [Fig. 5(a)], the PC increased the output
force (Fig. 5(c)) to reduce the energy difference [Fig. 5(b)]. However
the energy difference was increased when the velocity became negative
at t = 3:174 (s) since the PO update rule is like

W (k + 1) =W (k) + fc(k)v(k+ 1)�T: (4)

This undesirable behavior can be explained with position versus
force response of a VE as well. Before we explain the main idea, it
is worth while to remind the example in our previous paper [17]. We
have shown position versus force response of a VE which composed
of a linear spring (Fig. 6). It has shown a staircase shape due to the
discrete-time sampling, the limited resolution of the position sensor
and the ZOH. The solid line indicates the behavior of the ideal linear
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Fig. 6. Position versus force response of a virtual spring.

Fig. 7. Position versus force response when the velocity sign is changed in one
sample time.

spring. The dashed line shows the case when the VE is pressed,
and the dotted line shows the case when the VE is released. The
area below each curve is the amount of energy that is dissipated and
produced during the pressing and releasing process, respectively. The
VE dissipates less energy, and produces more energy compared to the
ideal spring. Thus, the VE is active while the ideal spring is passive.
In [18], the PC was activated to shift up the dashed line and shift down
the dotted line for making the net energy of the VE following the
energy behavior of the ideal spring.

The measured position versus force response with PC is magnified
for the case when the sign of the velocity is changed in one sample
time (Fig. 7). Assume that the measured position was increased from
x(k�1) to x(k) at step k, and back to the initial value at step k+1. If
both the PO and the reference energy had the same value (E(k � 1))
at step k � 1, each values at step k would be as follows:

W (k) = E(k� 1) + fe(k � 1)(x(k)� x(k � 1))

Eref(k) = E(k� 1) + fe(k � 1)(x(k)� x(k � 1))

+
1

2
(fe(k)� fe(k � 1))(x(k)� x(k � 1))

Fig. 8. Zero velocity after the PC action and its effect to the PO value.

where the amount of increment is the area below each curve. Since the
PO value was less than the reference energy, the PC was activated to
make the PO value follows the reference energy based on the current
positive velocity. As a result, the force output was increased from fe(k)
to fc(k)(=fe(k) + fPC(k)), where fPC(k) is the passivity control
input. However, the energy difference between the PO value and the
reference energy was even increased at step k+1 since the sign of the
velocity was suddenly changed.

W (k + 1) = E(k� 1) + fe(k � 1)(x(k)� x(k � 1))

+ fc(k)(x(k+ 1)� x(k))

= E(k� 1) + (fe(k � 1)� fc(k))(x(k)� x(k � 1))

Eref(k + 1) = E(k� 1) + fe(k � 1)(x(k)� x(k � 1))

+
1

2
(fe(k)� fe(k � 1))(x(k)� x(k � 1))

+ fe(k � 1)(x(k+ 1)� x(k))

+
1

2
(fe(k)� fe(k � 1))(x(k+ 1)� x(k))

= E(k� 1):

With this velocity change, certain amount of energy ((fc(k)� fe(k�
1))(x(k)� x(k � 1))) was produced while the reference energy got
back to the initial value. If the same situation happens several times, the
energy difference become bigger, and the magnitude of the PC input
will be increased.

B. Zero Values of the Velocity

Even though the sudden sign change of the velocity increased the
energy difference between the PO value and the reference energy, the
PC is supposed to make up for the energy difference for the rest of the
cases. However, the PC could not give any effect for compensating the
energy difference during the period of low velocity since the numeri-
cally calculated velocity were zero for the most of the time due to the
resolution of the position sensor.

Fig. 8 shows the case by magnifying the above simulation result
(Fig. 3). Even though the PC was activated at t = 2:957 (s) (Fig. 8(c))
and increased the output force, the energy difference at the next step
(t = 2:958 (s)) was not changed [Fig. 8(b)] due to the zero velocity at
t = 2:958 (s) [Fig. 8(a)].
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Fig. 9. Position versus force response when the velocity become zero after the
PC action.

Assume that the velocity at step k was positive, and zero at step k+1
(Fig. 9). The PO values at step k and k + 1 would be

W (k) = E(k� 1) + fe(k � 1)(x(k)� x(k � 1))

W (k + 1) = E(k� 1) + fe(k � 1)(x(k)� x(k � 1))

+ fc(k)(x(k+ 1)� x(k))

= E(k� 1) + fe(k � 1)(x(k)� x(k � 1)):

Even though the PC was activated at step k to make the PO follow the
reference energy, the PC could not give any effect to the PO value at
step k + 1 since there was no position displacement (xk = xk+1).
Therefore, the PC even makes the performance feel worse without any
energy modification.

IV. METHODS FOR REMOVING THE NOISY BEHAVIOR

Through deep analysis, we found two main reasons of the noisy
behavior during the period of the low velocity. The first one was the
sudden sign change of the numerically calculated velocity in one
sample time, and the second one was the zero value of the velocity
after the PC action. In this section, methods to remove the noisy
behavior are proposed based on the above analysis.

The first idea we could apply for solving this noisy behavior is esti-
mating the velocity. A starting point of the velocity/displacement esti-
mation was in [9]. Relatively nonconservative velocity filter in [7] was
used for the same simulation of Fig. 3. However, the results were much
worse (Fig. 10). The estimation error from the delay of the filter made
the PO value, based on the filtered velocity, greater than the reference
energy. Therefore the PC was not activated even though the system was
vibrating.

Following are two respective methods for removing undesirable be-
haviors which were introduced in Section III.

A. Ignoring the Produced Energy From the Velocity Sign Change

Fig. 11 shows the measured position and the actual position of the
simulation (in Fig. 3) during the period of low velocity. In the simula-
tion, quantization effect was considered as follows:

If x1 ��x � x(tk) < x1 then x(k) = x1 ��x

else if x1 � x(tk) < x1 +�x then x(k) = x1

where �x is the minimum resolution of the position sensor, and x1 is
an integer multiple of �x. The actual position was varying while the

Fig. 10. Contact response with the energy following PO/PC, based on filtered
velocity, for the high stiffness VE (K = 1000N/m). The PO value was greater
than the reference energy value even though the contact was unstable.

Fig. 11. Comparison of the actual position versus measured position during
the period of low velocity. The actual position was varying while the measured
position remained constant.

measured position was staying constant, and the small displacement
near digitized line caused discrete change of the measured position. If
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Fig. 12. Actual position versus force response when the sign of the velocity is
suddenly changed in one sample time.

Fig. 13. Actual position versus force response when the sign of the velocity is
changed during low velocity.

the actual position behavior is considered for the calculation of the PO,
the more accurate and nonconservative PO value can be obtained for
escaping the unnecessary PC operation.

Based on the observation in Fig. 11, the actual position versus force
response is redrawn when the sign of the velocity is suddenly changed
in one sample time (Fig. 12). Since we confined the analysis to systems
that have fast enough sampling rate compared to the system mode,the
width of the rectangle in Fig. 12 is closer to zero than it is to the rec-
tangle in Fig. 7, so it is better to ignore it rather than include a rectangle
like Fig. 7.

Not only a sudden sign change but also a slow sign change like
Fig. 11 could gives undesirable effect to the PO value. However this
effect is ignorable if the sampling rate is fast enough. Fig. 13 shows
different two paths of the actual position versus force response when it
was compressed (dashed line) and released (solid line). Note that one
sample time after the actual position crossed x1, the output force was
decreased to Kex1 and stayed until the position became less than x1.
This behavior produced two rectangles. The area of upper one is the
dissipated energy with the PC, and the lower one is the produced en-
ergy due to the velocity sign change. If the PO value and the reference
energy were same at the beginning of this graph, fc would be same as
Ke(x1+�x). Please see [18]. Therefore the dissipated and produced

Fig. 14. Contact response with the proposed energy ignoring method from sign
change.

energy would be summed to almost zero as long as the actual position
is not suddenly changed.

We assume that the inherent dissipative elements in HI and HO are
enough to dissipate the produced energy for the above two cases, if
there is. As a result, it can be ignorable that the negative effect of the
PO value from the above two sign changes.

Fig. 14 shows the result of the simulation which ignores the change
of the PO value from the sign change. Noisy behavior and the PC
control force were significantly reduced. However, during the tran-
sient time (near t = 3 (sec)), some levels of noisy behavior remained
[Fig. 14(b), (d)]. This was because the zero value of the velocity could
not contribute to modify the PO value.

B. Holding the PC Force During Zero Velocity

Since we found that the actual velocity was nonzero, even though the
numerically calculated velocity was zero, The PC force was held during
the zero velocity for using actual velocity information. In Fig. 15, the
PC force was held during the measured position was constant. Even
though the measured position was constant, the actual position was
gradually increased from x1 to x1 + �x. Therefore, the PC force
could contribute to compensate the energy difference. Moreover, once
the measured position became greater than or equal to x1 + �x, the
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Fig. 15. Actual position versus force response when the PC force is held while
the velocity is zero.

TABLE I
IMPROVED PO/PC ALGORITHM FOR REMOVING THE NOISY BEHAVIOR

compensated energy was automatically updated considering the actual
position displacement without any PO modification.

Table I summarizes the mentioned overall compensation algorithm
of the PO/PC including ignoring the produced energy and holding the
PC force schemes, where � is the minimum resolution of the position
sensor, �x(k) = x(k)� x(k � 1), and fPC is the PC force.

The proposed holding and ignoring algorithm were implemented to
the same simulation as Fig. 14. The noisy behavior during the transient
state was removed [Fig. 16(b)], and the nonnecessary PC force was also
significantly reduced [Fig. 16(d)].

Fig. 16. Contact response with the PC force holding and the energy ignoring
method as well.

V. EXPERIMENTAL RESULTS

The similar experiment with the simulation in Sections III and IV
was done with a PHANToM haptic device. We made a contact with a
VE (K = 1000 N/m) at Position >0 by applying the previous PO/PC
in [18]. The device was pushed to make a contact and operator kept
pushing the VE to maintain the contact. Without the proposed methods,
the similar result with the simulation (Fig. 3) was obtained. The posi-
tion response seemed stable [Fig. 17(a)], but the modified force was
vibrating [Fig. 17(b)], and operator felt small and continuous vibration
during the period of low velocity (see Fig. 17).

If the experimental result was magnified, similar trends of the ve-
locity and the PO responses were found, which were the main reasons
of the noisy behavior as we found in Figs. 5 and 8 through the simu-
lation. During t = 1:556–1:561 (sec), the sudden and continuous sign
changes of the velocity and its negative effect to the PO value were
found [Fig. 18(a)–(c)] like in Fig. 5. Fig. 19(a)–(c) shows the zero
values of the velocity after PC action and its effect to the PO value.
During t = 1:543–1:548 (s) the same behavior as in Fig. 8 was found.
Therefore, it is reasonable to apply the proposed methods from the sim-
ulation to the experiment for compensating the noisy behavior.
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Fig. 17. Experimental result with the PO/PC without the proposed methods.

Fig. 18. Sudden sign change of the velocity and its effect to the PO value.
Experimental results are similar to the simulation results in Fig. 5.

By applying the proposed methods, the noisy behavior was signifi-
cantly removed, and operator felt smooth force as shown in Fig. 20.

Fig. 19. Zero velocity after the PC action and its effect to the PO value.
Experimental results are similar to the simulation results in Fig. 8.

Fig. 20. Experimental result with the PO/PC with the proposed methods.
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VI. CONCLUSION AND FUTURE WORKS

In this paper, methods to remove the noisy behavior of the PO/PC
are proposed through the deep analysis of the simulation and experi-
ment. There were two main reasons of the noisy behavior. One of them
was the sign change of the numerically calculated velocity. This was
because we can not help estimating the future velocity for calculating
the current PO/PC. The other one was the zero value of the velocity
after the PC action. Since the calculated velocity was zero for the most
of the time during the period of low velocity even though the actual ve-
locity was not, the PO became conservative and generated the nonnec-
essary PC force. The method for solving the first problem was ignoring
the difference of the PO value from the velocity sign change based on
the assumption that the actual energy difference is significantly small
and can be dissipatable with the inherent damping of HO and HI. The
other method for solving the second problem was holding the PC force
during zero velocity since the actual velocity is not zero. The feasi-
bility of the proposed methods was proved through the simulation and
the experiment, and the PO/PC approach became more practical with
the proposed methods.

In some case, the produced energy from the velocity sign changemay
not be ignorable. If the sampling rate is not fast enough compared to the
system mode, the position sensor can not catch the exact instance when
the actual position crosses the digitized line. As a result, the width of the
rectangle in Fig. 12 will be increased, and the amount of the produced
energy may become greater than the allowable energy. Therefore, it is
better to turn off the PC when the velocity sign change is repeated. To
find the exact condition when the PO/PC is not effective anymore, we
are studying the limitation of the PO/PC approach as a further work.
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Inverse Jacobian Regulator With Gravity
Compensation: Stability and Experiment

C. C. Cheah and H. C. Liaw

Abstract—Task-space regulation of robot manipulators can be classified
into two fundamental approaches, namely, transpose Jacobian regulation
and inverse Jacobian regulation. In this paper, two inverse Jacobian regula-
tors with gravity compensations are presented, and the stability problems
are formulated and solved. It is shown that the inverse Jacobian systems
can be stabilized, and there exists a region of attraction such that the system
remains stable. Our results show that the two fundamental approaches are
two dual controllers, in the sense that the transpose Jacobian matrix can
be replaced by the inverse Jacobian matrix and vice versa. The theoretical
results are verified experimentally by implementing the inverse Jacobian
regulators on an industrial robot, PUMA560.

Index Terms—Inverse Jacobian, regulation, robot control, stability.

I. INTRODUCTION

Robot control tasks are typically specified in task space such as vi-
sual space or Cartesian space. Therefore, if the robot controllers are
formulated in joint space [1]–[9], it is required to solve the inverse kine-
matics problem to derive a desired joint configuration for the robot. To
eliminate the problem of solving the inverse kinematics, the concept of
task-space control [1], [10]–[14] for robot manipulators is proposed.
The basic idea of the task-space control is to formulate a control scheme
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