Proceedings of the 2000 IEEE/RSJ
International Conference on
Intelligent Robots and Systems

A Design Method of Haptic Interface Controller
Considering Transparency and Robust Stability
K.S.Eom, I.H.Suh, and B.-J.Yi

School of Electrical Eng. and Computer Science,
Hanyang Univ., Ansan, Korea
e-mail : kseom@incorl.hanyang.ac.kr

Abstract
In this paper, a transparency-optimized feedback
controller with robustness is designed for multi-axis
haptic device, where a disturbance observer is employed to decouple the coupling e ect existing in multiaxis haptic device. A performance index for the transparency is de ned in a viewpoint of admittance matching, and the optimal solution minimizing the performance index is obtained by solving H2 optimal problem. To implement a stabilizing haptic controller robust to parameteric uncertainties of haptic device, a
robust stable condition using H1 norm derived from
small gain theorem is proposed. The e ectiveness of
the proposed haptic control scheme has been experimentally veri ed for a virtual wall characterized by
sti ness and damping properties.

1

Introduction

Haptic interface, an important element for implementation of the virtual reality, can be considered as
a device generating mechanical impedance de ned by
the relationship between force and velocity. The objective of haptic interface is to clearly transmit signals(force, velocity, position), and an ideal haptic system would supply a completely transparent interface
between human operator and a computer generated
virtual environment. Such transparency can be implemented by reducing the mass and friction e ects
while increasing structural rigidity and force feedback
capability. However, these goals introduce con icting
requirements on actuators, structures and closed-loop
implementation, and there exists diÆculty in realizing the ideal transparency. On the other hand, since
haptic device actively generates physical energy, instability can damage hardware and even pose a physival
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threat to the human. Therefore, another important
issue related to interface control is the stability of the
simulation system.
Numerous attempts have been made in the recent
years to maintain stable haptic interaction. Colgate
et.al. proposed the passivity conditions for haptic system including virtual wall, haptic device and feedback
controller[1]. From this results, the dynamic range of
achievable impedance, Z-width, is de ned as a measure of performance and several factors a ecting Zwidth have been discussed[2]. However, the result is
restricted within the case employed virtual wall dynamics as the closed-loop controller. And there was
not discussed design method of feedback controller.
Adams and Hannaford represented the haptic interface as a linear two-port with terminals for a human
operator and a virtual environment, and proposed
the unconditionally stable condition that the two-port
network should be passive and a design procedure using virtual coupling to guarantee the stability[3, 4].
Although this approach has the advantage that the
design problem can be decoupled from the design of
virtual environment, the solution is not the best in
the viewpoint of transparency. Moreover, because the
passivity condition depends on the dynamics of haptic display, the design problem may not be applied to
the case of multi-axis haptic system whose dynamics
are changing according to the con guration of haptic
system.
In this paper, a controller design method is proposed for multi-axis haptic interface considering transparency and robust stability. Speci cally, a disturbance observer is applied to each axis in Cartesian
space to obtain a simple equivalent robot dynamics(SERD) being represented as independent massdamper system. In order to design a transparentoptimized feedback controller, a performance index
representing the transparency as performance mea-

sure is de ned in a viewpoint of admittance matching, and the optimal solution which is minimizing the
performance index is obtained by solving H2 optimal
problem. To implement the robust stabilizing haptic controller to the parameteric uncertainties of haptic device, a robust stable condition using H1 norm
from small gain theorem is derived. To verify the
performance of the proposed haptic controller design
scheme, experimental results are illustrated for virtual
wall consisting of sti ness and damping factor.
2

Disturbance Observer-Based Haptic
System Modeling

Haptic display can be considered as multi-axis
robot mainpulator. Consider dynamics of an n link
robot manipulator given by a set of highly nonlinear
and coupled di erential equations as
 = M (q)q + V (q; q_) + G(q) + B q_ + H (q_); (1)
where M (q) and B are the n  n inertia matrix and
viscous friction constant matrix, respectively. And
V (q; q_), G(q), and H (q_) are, respectively, the n1 vectors of the Coriolis and centrifugal forces, the gravity
loading and Coulomb friction force.  = [1    n]T is
the n1 torque vector applied to the joint of robot manipulator. q, q_, q are the n  1 vectors representing angular position, velocity and acceleration, respectively.
The representation of the dynamics in Cartesian space
using Jacobian matrix can be written as
F = Mx(q)x + Vx (q; q_) + Gx (q) + Bx x_ + Hx (q_); (2)
Mx (q) = J T (q)M (q)J 1 (q);
Vx (q) = J T (q)(V (q; q_) M (q)J 1 (q)J_(q)q_);
Gx (q) = J T (q)G(q);
Bx (q; q_) = J T (q)BJ 1 (q);
Hx(q; q_) = J T (q)H (q_);
where J (q) is Jocobian matrix and J_(q) is the derivative of J (q). And, x, x_ , x are the m  1 vectors representing position, velocity and acceleration in Cartesian
space, respectively. Now the robot dynamics in Eq.(2)
can be written as a xed mass term and viscous friction term plus an equivalent disturbance force given
by
F = M x x + Bxx_ + Fxd (q; q_);
(3)



where Mx , diagfM11    Mmmg is the m  m diagonal matrix. Here, M ii is the constant valued nominal mass term of the ith axis which can be approximately measured by frequency response. Speci cally,

a frequency response for the ith axis can be obtained
by locking all other axis except the ith axis. Then,
by assuming that the dynamics of the ith axis can
be treated as Fi = M ii xi + Bii x_ i , M ii and Bii can
be experimentally measured by using a frequency response for the force input and the velocity output. In
Eq.(3), Fxd(q; q_) , [F1xd;    ; Fmxd]T is the m  1 vector implying equivalent disturbance including all the
unmodeled dynamics, such as nonlinearity, coupling
e ect and payload uncertainty. Fxd can be rewritten
as
Fxd = (Mx (q) M x)x + Vx (q; q_)
(4)
+Gx(q) + Hx(q_):
If the equivalent disturbance in Eq.(4) can be obtained, dynamics of each axis can be decoupled by
eliminating the equivalent disturbance. The equivalent disturbance can be estimated by disturbance observer [5, 6] and can be suppressed by adding the estimated disturbance signal to the control input. Fig.1
shows a structure of the disturbance observer for the
ith single axis which is based on inverse model of nominal plant. In Fig.1, Pin is the nominal plant of the
real system Pi (s) where Pin is given as 1=(M iis + Bii ),
and Qi(s) 1is a low pass lter which is employed to
realize Pin (s) and to reduce the e ect of measurement noise. From the relationship between input and
output in Fig.1, if the magnitude of Qi(s) is approximately equal to one, the real plant acts as the nominal
plant, otherwise as real plant. This implies that for a
disturbance signal whose maximum frequency is lower
than cut-o frequency of Qi(s), the disturbance signal is e ectively rejected and the real plant behaves
as a nominal plant. Therefore, if such a disturbance
observer is employed for every axis, then the robot
dynamics in Cartesian space can be considered as the
simple equivalent dynamic(SERD) system given by
F = M x x + Bxx:
_
(5)
From Eq.(5), the multi-DOF haptic model employing disturbance observer can be simpli ed to several
one DOF haptic device model sketched in Fig.2 Now,
without loss of generality, consider a single DOF rigid
manipulator as haptic device whose dynamics is given
by
mv_ d + bvd = Fh Fd ; vd = vh :
(6)
Here vh and vd are, respectively, the velocity of the
human operator at the point of contact with the device
and the velocity of the device at the point of actuation.
Fh is the force applied by human operator at the point
of contact and Fd is the force applied by the device at
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the point of acutation. For impedance model of haptic
interaction where the force are applied to the human
operator in response to measured displacement, the
continuous time transfer function from Fh to vh can
be found by taking the Laplace transform of Eq.(6) as
follows;
1 :
(7)
P (s) =
ms + b
The command to implement a virtual environment
should be sent to actuator through digital-to-analog
converter which is modeled by putting the transfer
function in Eq.(7) in series with a zero-order holder.
The e ect of zero-order holder is approximated by a
low pass lter with unity steady-state gain and 90 degrees phase lag at the Nyquist frequency. The springdamper model is typically employed as a virtual wall
and the transfer function from the velocity at the contact point to the command force is given by
K + Bs
V (s) =
:
(8)

quality of impedance or admittance matching. The
impedance and admittance are the relationships between velocities and forces. Haptic interface has perfect transparency when the admittance/impedance of
virtual wall is equal to that of force feedback device[7].
From Fig.3, the transmitted admittance of the closed
loop haptic system can be derived as Eq.(9).
P (s)
Yt (s) =
(9)
1 + ZOH (s)P (s)C (s) :
Colgate and Brown[2] proposed using the Z-width performance measure for haptic system. The Z-width is
de ned as the achievable range of impedances which
the haptic interface can stably present to the operator. However, when the virtual environment to be
implemented is out of the range of Z-width, stability
as well as transparency cannot be guaranteed. For
this case, an admittance plot in frequency domain is
depicted in Fig.4. The admittance plot for virtual wall
has high pass lter dynamics and the unstable haptic
system has the same response in low frequency region.
However, the overall system has chattering or unstable characteristic due to the peak resonance. In this
case, the best solution is to design the haptic feedback
controller, C (s), such that the peak resonance is excluded. In the next section, a design method of stabilized and transparency-optimized feedback controller
will be described.

s

In Eq.(8), K and B are the spring constant and damping coeÆcient of virtual wall, respectively. The block
diagram of haptic interface is depicted in Fig.3.The
feedback controller, C (s), is generally implemented
by using virtual wall dynamics to be represented.
The performance of haptic interface can be described
in terms of transparency which can be de ned as the

3

Transparency-Optimized Haptic Interface

In the design of haptic feedback controller, the objective is to nd C (s) while not only stabilizing the
haptic feedback system but also minimizing the admittance error between virtual wall to be represented
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and haptic feedback system. The performance measure for the transparency can be de ned as integral
terms of the squared output error for the same input
force between the virtual wall and haptic feedback system. Eq.(10) shows a performance index in time domain output and it can be transformed to frequency
domain performance measure by Parseval's theorem
as shown in Eq.(11).
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Figure 4: Typical admittance plot
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= kw1Z(Yv Yt)k22
(11)
1
1
= 2
jw1 (jw)(Yv (jw) Yt (jw))j2 dw;
1
where Yv (s) is the admittance function of virtual wall
and it can be represented as Eq.(8). w1 (s) is weighting
function which can be properly determined according
to input signal [8]. For the performance measure representing transparency, w1 (s) may be chosen a low
pass lter because the input force signal exerted by
human operator, Fh , is a frequency limited signal.
The design problem of the optimal controller minimizing performance measure in Eq.(11) is to nd H2
optimal solution. If the feedback controller has the
same form as the dynamics of the virtual wall, C (s)
can be written as
K
(12)
C (s) = Bc + c ;
s
where Kc and Bc are the feedback gains for position
and velocity, respectively. When the position feedback
gain, Kc, is equal to the sti ness coeÆcient of virtual
wall, K , the steady state error between the position of
haptic feed system and virtual wall goes to zero. Thus,
KC value should be set K . It is implied that if Kc is
J
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Figure 5: Block diagram of perturbed haptic system
not equal to K , the performance measure de ned in
Eq.(11) is not bounded and the H2 optimal solution
is meaningless. As a result, the H2 optimal controller
design problem can be reduced to a simple parameter optimization problem to nd Bc minimizing the
performance index.
If the nominal model of the haptic device de ned
in Eq.(7) has parameteric uncertainties, the nominal
performance cannot be guaranteed. Suppose that the
nominal plant parameters in Eq.(7) are m and b, and
consider perturbed haptic device transfer function of
the form
1
P~ (s) =
:
(13)
m(1 + )s + b(1 + )
Here and are a constant values and  is a variable
satisfying 1    1. Eq.(13) can be rewritten for
nominal plant P (s) and a xed transfer function W (s)
as shown in Eq.(14), and the block diagram of the
haptic feedback system with uncertainties is shown in
Fig.5, where
P (s)
P~ (s) =
(14)
1 + W (s)P (s) ;
and
W (s) = ms + b:
(15)
For deriving the robust stability condition using the
small-gain theorem, the relationship between the input w and the output v can be easily obtained by
W (s)P (s)
v
:
(16)
L(s) , =
w 1 + ZOH (s)P (s)C (s)
And the robust stability condition can be summarized
as follows[9].
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(17)
The optimal feedback controller design problem is
to nd Bc minimizing the performance index under
the constraint in Eq.(17). However, it is diÆcult to
analytically solve this problem. Another choice to obtain the same result is a numerical recursive method
that at rst, the solution minimizing the performance
index for nominal haptic system is determined and the
robust stable condition for the solution is checked.
4

Experimental Results

All experiments are performed by employing a 2
DOF parallel type haptic device whose link length is
0:2[m]. The device powered by two AC servo motor with PWM ampli er and the each motor shaft is
equipped with a encoder for position sensing. The
voltage input to the ampli er for current command
are provided by a 12-bit D/A converter. The control
algorithm is implemented using C language and tested
our prototype controller, where a industrial PC board
embedded Windows NT are used as sketched in Fig.6
and the sampling rate is set to 1[msec] for digital control.
The nominal values of mass and viscous friction
coeÆcient of the haptic in the direction to the virtual wall are , respectively, obtained by the frequency
response in Cartesian space as m = 0:01[Kg] and
b = 0:022[Nsec=m]. The sti ness and damping factors of the virtual wall to be simulated are given by
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= 1000[N=m] and B = 1[Nsec=m], respectively.
The force command of the human operator is exerted
as 5[N ]. When the virtual wall dynamics as the feedback controller is employed, the force response and the
position response are plotted in Fig.7. It is observed
from Fig.7 that there exists oscillation in transient response due to admittance mismatch.
In order to determine the optimal gain Bc in the
viewpoint of transparency for given virtual wall, the
weighted performance measure de ned in Eq.(11) for
variations of Bc is plotted in Fig.8. From this gure,
when Bc is set to 15[Nsec=m], the admittance error is
minimized and the operator can feel the similar admitK
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tance under the given environment(haptic device). To
guarantee robust stability for parameteric uncertainties when the uncertain degrees in Eq.(15) are given
by = 0:5 and = 0:5, kL(s)k1 plot is shown in
Fig.8. = 0:5 and = 0:5 imply that the perturbed
mass and damping factor are bounded by 0:005  m~ 
0:015[Kg] and 0:011  ~b  0:033[Nsec=m]. Note that
H1 gain smaller than unity guarantees the robust stability. But, Bc of 1[Nsec=m] results in 4.5dB H1 gain,
and thus robust stability cannot be maintained. On
the other hand, Bc minimizing the performance index
satis es the robust stability condition. The admittance in frequency domain is shown in Fig.9, and it
can be observed that the peak resonance a ecting the
chattering or unstable characteristic has disappeared.
The force and position responses for the admittance
matching solution is depicted in Fig.10.
5

Concluding Remarks

A controller design methodology was suggested
for multi-axis haptic display considering transparency
and robust stability. To exclude the coupling e ect
existing in multi-axis haptic display, the equivalent
disturbance in Cartesian space including modeling uncertainties and coupling e ect was derived and can be
e ectively removed using disturbance observer. Thus,
haptic model employing disturbance observer could be
simpli ed to several one DOF haptic device model.
A performance index for the transparency-optimized
haptic interface was de ned in a viewpoint of admittance matching, and the optimal solution minimizing
the performance index was obtained by solving H2 optimal problem. And robust stabilizing condition using
H1 norm is described. As one of our future works,
6-DOF haptic system with parallel structure in under
investigation.
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