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Introduction
This paper addresses issues of transparency and implementation of dual-hybrid teleoperation. A method for automatically adjusting the master and slave impedances to match sti
and soft environments and to interpolate between them is presented and evaluated using simulations. The application of this technique to the force-feedback control of a mini-excavator
is also presented and discussed, including supporting experimental results.
Since its introduction in the 1940s, the eld of teleoperation has expanded its scope to
include manipulation at di erent scales and in virtual worlds. Teleoperation has been used
in the handling of radioactive materials, sub-sea exploration and servicing. Its use has also
been demonstrated in space, construction, forestry, mining, and microsurgery.
The goal of teleoperation is to achieve \transparency" by mimicking human motor and
sensory functions. When manipulating a tool, transparency is achieved if the operator cannot
distinguish between maneuvering the master controller and maneuvering the actual tool.
Transparency can be de ned as a perfect match of the environment impedance to that
transmitted to the operator's hand [1].
Studies have shown that to achieve transparency as de ned by impedance matching,
xed controllers require a four-channel architecture that communicates the sensed forces and
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Figure 1: Four-channel teleoperation system.
positions from the master to the slave, and vice-versa [1, 2]. Recently, it has been proven
that the use of local force feedback at the master or slave side allows the elimination of one
of the force channels without a ecting transparency [3]. The design of xed transparent
controllers is still an open research problem. Many approaches have been proposed (see [4]
for a limited survey), but none produce robust, satisfactory performance.
As an alternative approach, a transparent bilateral impedance control architecture was
proposed in [5]. Since then, only a few adaptive controllers that build upon this architecture
have been reported [6, 7, 8, 9]. As shown in [6], this is partly due to the diculties encountered in developing environment impedance estimators that converge fast enough for contact
tasks. The design problem is compounded further by the presence of communication delays.
Dual-hybrid teleoperation is a recent control approach that allows stable bilateral teleoperation under moderate time delays [10]. It requires a qualitative model of the environment
and provides the user with kinesthetic feedback by splitting the master and slave domains
into dual force-controlled and position-controlled subspaces without closing feedback loops
through the teleoperator communication block.
In this paper, the concept of dual-hybrid teleoperation is interpreted in the context of
the four-channel architecture. It is shown that, for very high or very low environment
impedances, an accurate impedance estimate is not necessary, as this is likely outside the
dynamic range of the master and/or the human sensory system. A simple method of adjusting the master and slave impedances to match the environment and hand impedances is
presented. The e ectiveness of this \matched-impedance" teleoperation approach is shown
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using a haptic interface and a simulated slave. In related work, a simple scheme for damping
adjustment in bilateral teleoperators is presented in [11].
One area of application of force-feedback teleoperation is the control of excavators, where
it is expected that signi cant productivity gains can be realized by enabling the operator to
feel the forces on the excavator bucket via an active joystick [12, 13]. Therefore, experimental
results with a Takeuchi mini-excavator were carried out and are also presented. The results
show that the machine can indeed be controlled in impedance or force mode and a simple leveling task is performed while the machine and joystick are controlled in matched-impedance
teleoperation mode.
The paper is organized as follows. First, transparency and dual-hybrid teleoperation are
discussed. Then, the matched-impedance teleoperation approach is introduced and simulation results are presented. Experiments with an excavator controlled in impedance mode are
described next. Finally, conclusions are drawn and future work is discussed.

Transparency and Dual-Hybrid Teleoperation

Consider the teleoperation system described schematically in Fig. 1. Lumped linear
time-invariant models are assumed throughout.
The operator and environment dynamics are modeled by Thevenin equivalents having
impedances Zh and Ze, and exogenous force inputs fha and fea, respectively:
fh = fha , Zhvm
fe = fea + Ze vs ;
where vm and vs are the master and slave velocities, fh is the force applied by the operator
on the master, and fe is the force applied by the slave on the environment.
The master and slave manipulators are assumed to be controlled in impedance mode
with dynamics given by:
Zmvm = Cm(vm0 , vm) + fh + fm0
Zsvs = Cs (vs0 , vs) + fs0 , fe ;
(1)
where Zm and Zs are the master and slave mechanical impedances, Cm and Cs are the master
and slave compensators acting on velocity errors and vm0, fm0, vs0 and fs0 are commanded
velocity and forces.
A \four channel" architecture is assumed [1], with forces and position signals being
communicated between the master and the slave, as follows:
vs0 = C1vm
fm0 = ,C2fe
fs0 = C3fh
vm0 = ,C4vs :
(2)
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The master, communication and slave blocks described in Fig. 1 form a two-port network
terminated by the operator and environment one-port network models. The dynamics of this
two-port network can be described in hybrid matrix form as follows [5]:
"
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#
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vm ;
f
,vs
fe
Gp Zs,10
where Zm0 and Gp are the master impedance and position gain, respectively, with the slave in
,1
free motion, and G,1
f and Zs0 are the inverse force gain and slave admittance, respectively,
with the master fully constrained.
If the environment has no exogeonous component, or fe = Ze vs, the impedance transmitted to the operator's hand fh = Zth vm is given by
,1
,1 ,1
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(3)
f (Ze + Zs0 ) Gp :
In terms of the parameters in (1) and (2), (3) becomes
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The teleoperation system is transparent if (i) the slave follows the master (i.e., Gp = ,npI
for position control and Gp = ,npI=s for velocity control (the master position controls the
slave velocity), where np is a scaling factor, and (ii) if Zth is equal to Ze for any environment
impedance Ze [5, 14] (or, alternatively, Zth = Zt0 + Ze , where Zt0 is a \tool" impedance,
usually taken to be Zm [14]).
In special cases, such as identical master and slave dynamics, it is possible to design
xed controllers that provide perfect transparency [1], even when the slave manipulator is
controlled by the master in velocity mode [14]. However, controller design is dicult (all teleoperation \channels," Cs C1, C2,C3 and CmC4, must be nonzero) and the stability robustness
is quite poor. Recent studies showed that by using master or/and slave local force feedback,
the forces transmitted through the communication channel may be reduced without a ecting
transparency. This may result in a class of perfectly transparent three-channel control architectures in which one of the force feedforward channels is cancelled (C2 = 0 or C3 = 0) [3].
As an alternative, techniques using environment identi cation have been proposed [6, 7, 8, 9]
based on the architecture presented in [5]. Such schemes rely on the identi cation of the
environment impedance and its duplication at the master. At least with conventional identi cation approaches, it was found that environment identi cation converges slowly has high
sensitivity to delays, and therefore is unsuitable when the environment changes fast, as is
the case when manipulating sti constrained objects [6].
For directions in which Ze is known, the environment impedance does not need to be
identi ed. In particular, in directions in which Ze is known to be small (e.g., free motion),
the master should act as a force source/position sensor and have low impedance, whereas
the slave should behave as a position source/force sensor and have high impedance. Thus
Cm, Zm should be small, whereas Cs should be large, implying that positions are sent to the
slave, and forces are returned to the master, with C3 = C4 = 0. Under these conditions,
G,1
f  C2, Gp  ,C1, and Zth  Zm + Cm and is small (as small as Zm + Cm can be made
while maintaining stability of the master). Note that not much changes in the above if C2
is set to zero, since the returned forces are small.
The dual situation applies in directions in which Ze is known to be large (e.g., constrained
motion). In those directions, the master should act as a force sensor/position source and
have high impedance, with forces being sent to the slave and positions being returned to
the master. Thus Cm should be large, and Cs, Zs should be small, implying that forces are
sent to the slave and positions are returned to the master, with C1 = C2 = 0. Under these
conditions, G,1
f  1=C3 , Gp  1=C4 , and Zth  (Zm + Cm ) and is large (as large as Zm + Cm
can be made while maintaining stability of the master). Note that not much changes in the
above if C4 is set to zero, since the returned velocities are small.
Although not considered from a transparency perspective, this concept of \dual-hybrid
teleoperation" has been introduced, studied and demonstrated experimentally in [10]. It
has been shown that when the geometric constraints for a teleoperation task are known, the
master and slave workspaces can be split into dual position-controlled and force-controlled
subspaces (C2 = 0 if Ze is small, C4 = 0 if Ze is large), and information can be transmitted
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unilaterally in these orthogonal subspaces while still providing useful kinesthetic feedback to
the operator [10]. The drawback of the method is the need to de ne the dual subspaces for
speci c tasks. This can be done using high-level software for typical manufacturing tasks, as
described in [10] and references therein, but is more dicult in unstructured environments
such as encountered in construction, mining and forestry. Note that in the dual-hybrid
teleoperation approach, feedback loops need not be closed through the teleoperator communication block, making this method very attractive when time delays are present.

Matched-Impedance Teleoperation

The goals of dual-hybrid teleoperation are met if both forces and velocities are transmitted
between the master and the slave, and the master and slave target impedances are adjusted
in a dual manner to \match" the impedances of the environment or hand.
Consider rst the scalar case and assume that the master and slave can be controlled in
impedance mode to realize controlled master and slave target impedances (Zm + Cm )( m)
and (Zs + Cs )( s) in (1), parametrized by real-valued vectors m and s. The parameters
m and s are such that the impedances (Zm + Cm )(^m ) and (Zs + Cs )(^s ) are as high as
possible, and (Zm + Cm)(m ) and (Zs + Cs)(s ) are as low as possible, while maintaining
stability for all environments likely to be encountered. The meaning of \high" and \low"
could be de ned in an appropriate manner. The control parameters may a ect Zm and Zs
through the use of local force feedback, not illustrated in Fig. 1. Suppose the master and
slave target impedances are adjusted as follows:
If jfej > Gjvs j

and jfej > fmin
Gjvs j
jfe j
s + 12 s (^s , s)
^m + 21 s (m , ^m)
and Gjvsj > fmin
jfe j
Gjvs j
^s + 12 s (s , ^s)
m + 21 s (^m , m)
1(  + ^ )
2 s s
1(  + ^ ) ;
2 m m

s =

If Gjvsj > jfe j

s

=

m

=

s =

Else

s

=

m

=

s

=

m

=
6

(4)

where G is a scaling parameter that can be thought of as the magnitude of a nominal environment impedance or can be set as the ratio of the maximum expected slave environment
force to the maximum expected slave velocity. As seen from (4), G is the minimum amount
of information needed from the environment to design the controller. The threshold force
fmin is needed to avoid an ill-de ned  when both the velocity and force are small. Note
that since the impedance matching or adaptation in (4) directly incorporates the instant values of the velocity and force without adding dynamic to the controller, it does not produce
additional time delay in the teleoperation system.
Then, when jfe j  Gjvsj (i.e., the slave is in contact with a high-impedance environment),
the slave will have low impedance and will track force commands. As the force decreases in
size relative to velocity, the slave impedance increases. When Gjvsj  jfe j (i.e., the slave
is in free motion), the slave it will have high impedance and will track position commands.
The dual situation applies to the master. Qualitatively speaking, by (4), the environment is
emulated at the master and the operator at the slave. As Hogan has discussed in [15], in the
interaction between two objects, one acts as impedance and the other as admittance. In our
case, if the slave is an impedance (admittance), the environment will act as an admittance
(impedance), and since the master emulates the environment, it should act as an admittance
(impedance).
In terms of system stability, no analysis has been performed. In the above, it is assumed
that (Zm + Cm)( m ), (Zs + Cs)( s ), and the bilateral teleoperation system are all stable for
all m 2 [m; ^m], s 2 [s ; ^s] and for all hand and environment impedances likely to be
encountered.

Evaluation of Matched-Impedance Teleoperation using a Virtual
Slave
The above impedance adjustment technique was evaluated by using a teleoperation system consisting of a magnetically levitated (Maglev) master and a virtual slave. On the
one hand, a virtual slave and virtual environments were selected as a simple means of applying known and programmable environment impedances. This approach also allows easy
monitoring of the control variables in 4. On the other hand, an actual force-feedback hand
controller was used because the variability of hand impedance with grasp and applied forces
would make it dicult to simulate the operator.
The Maglev master has a handle actuated in parallel by six voice coils. The handle,
whose position is sensed by an optical sensor, is actively levitated by a real-time controller
[16]. The levitated handle can be accurately modelled as a single mass (Zm = mms = 0:6kg).
The virtual slave, implemented on a real-time system, simulated another mass (Zs =
mss = 6 kg). The motion of the virtual slave was displayed on a graphics workstation as the
displacement of the bucket of an excavator Fig. 2.
PD controllers Cm = bm + km =s and Cs = bs + ks =s were implemented at the master
and slave, with Zm + Cm = mm(s2 + 2m s!m + !m2 ) and Zs + Cs = ms(s2 + 2s s!s + !s2)
7

Figure 2: Photograph of the simulation setup.
parametrized by characteristic frequencies !m and !s lying in prespeci ed intervals between
\soft" and \sti " extremes. The damping ratios m and s were kept xed.
Scaled positions and forces were sent from the master to the slave, and vice versa, according to the four-channel controller of 2, with C1 = 100, C2 = 10, C3 = 1=10, and C4 = 1=100.
The impedance adjustment described in (4) was implemented with m = !m and s = !s.
Fig. 3 displays the outcome of an experiment in which the master was moved up and down
along the vertical axis, while the environment the slave encountered had ve di erent sti ness
levels, depending on the depth of the slave. For xs  0m, the environment sti ness was 0.
For 0 > xs  ,0:1m, the environment sti ness was 10 N/m. For ,0:1m > xs  ,0:2m, the
environment sti ness was 100 N/m. For ,0:2m > xs  ,0:3m, the environment sti ness
was 500 N/m. For ,0:3m > xs, the environment sti ness was 1000 N/m. The characteristic
frequency !s of Zs + Cs, the environment force acting on the slave fe, the slave velocity vs,
and the scaled master and slave positions 100xm and xs and are being displayed.
Position tracking in free motion (t less than 10 s), and force tracking in constrained
motion (t larger than 14 s) have been observed, with tracking errors of the order of 2 %.
The \softening" of the slave impedance as the slave penetrates the environment can be
veri ed. The impedance adjustment law (4) provides high sti ness in free motion, with good
position tracking, and high compliance in constrained motion, with good force tracking. The
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Figure 3: Matched-impedance simulation results. Correspondences between desired/commanded (red) and actual (blue) force and position trajectories are shown.
interpolation between these two extremes achieves a compromise between position and force
tracking when the slave moves through a compliant environment (such as digging with an
excavator), when both tracking of forces and positions are desired. In addition, less chattering
in contact tasks is observed than when using a simple force thresholding technique. This
is because following contact, the manipulator needs to build up enough speed before it is
switched back into position control.

Experiments with a Teleoperated Excavator

A position-based impedance controller for excavator-type manipulators has been previously developed by the authors [17]. The controller structure is brie y reviewed in this
section, and experimental results are presented for position and force tracking in a contact
regime.

Machine Instrumentation

Figs. 4 and 5 show a photograph and the schematic of the instrumented Takeuchi TB035
mini-excavator used for the experiments. This work is concerned only with movement of the
9

Figure 4: Photograph of the UBC mini-excavator performing a leveling task on a piece of
lumber.
backhoe links (boom, stick, and bucket) in the vertical plane. The pilot system for the main
valves of the arm cylinders has been modi ed for computer control by employing ON/OFF
valves operated in di erential pulse-width modulation mode (DPWM) [18, 19]. A VMEbased computer running the VxWorks real-time operating system is being used to control
the machine.

Position Control
The position of the bucket tip and the orientation of the bucket link relative to the
horizontal plane are the task space variables (Rt, Zt and in Fig. 5) being controlled. Since
the hydraulic cylinders behave like velocity sources, the range of attainable arm impedances
is better when a position-based impedance control scheme is used [20]. Therefore, inner-loop
cylinder position controllers were implemented. Cylinder extensions are determined from
the joint angles using a polynomial mapping [21].
Experiments showed that simple PD control with di erent feedback gains for extension
and retraction regimes and with deadband compensation (for the main valve spool) results
in satisfactory cylinder position tracking performance [22]. With these position controllers,
the cylinders can be modeled as velocity sources with the linear closed loop dynamics l(s) =
P (s)ld(s), where l = [lboom; lstick ; lbucket ]T is the vector of actual cylinder extensions, ld is
the vector of desired cylinder extensions, and P (s) is the diagonal transfer function matrix
which can be identi ed experimentally as reported in [22].
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Figure 5: Mini-excavator schematic. Load pins are installed at A, B, and C to measure
cylinder forces, and resolvers are installed to measure the boom, stick, and bucket angles.

Impedance Control
A desired (target) task-space impedance Cs is assumed. Using a linearized model for
manipulator dynamics, the following position-based impedance controller

ld = Pd,1 [J T (sZs + sCs , sZr )J ],1
[J T sCsx0 + J T f0 , fc + Jcg ] ;

(5)

was developed and applied to the cylinders to implement the slave dynamics (1), where Zr
is the excavator arm mass impedance, Pd,1 (s) is a stable approximation to the inverse of
P (s), J is the manipulator Jacobian, Jc is the cylinder Jacobian, f0 = fs0 , x0 = vss0 , fc is the
cylinder force vector (sensed by load pins), and g is the gravity joint torque, which can be
evaluated as a function of joint coordinates q and a set of inertial parameters which were
previously identi ed using a least-squares t of joint angle and cylinder force data [18, 21] 1.
With the choice of Zs = Zr , the slave impedance control law of equation (5) is simpli ed
and is shown in Fig. 6. As it is seen, the error between the force command f0 and the
calculated bucket-tip force J ,T (JcT g , fc) is passed through the target impedance lter Cs.
The resultant Cartesian position disturbance is added to the position command x0 to yield
the desired cylinder extension ld. The implemented impedance is in fact a second-order
impedance Cs plus the inertia of the excavator arm (sti ness and damping control).
1 Details

of the control design and stability analysis can be found in [17, 22].
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Impedance Control Experiments
First, experiments were carried out to illustrate the e ectiveness of the task-space impedance
control of the excavator. For a prototype leveling task, the operator would move the bucket
radially back and forth while exerting a normal force on the ground. The radial position Rt
of the bucket tip, the bucket orientation , and the vertical forces fez against the ground
should be controlled. The impedance controller (5) was implemented with Pd,1 = I along
the elevation axis Zt, and Zs = Zr and Cs = 400s + 10; 000 + 10; 000=s, where SI units are
used throughout.
A piece of lumber was laid on the ground in front of the excavator arm at an approximate
elevation Zt = ,1, as shown in Fig. 4. A desired trajectory as shown with dash-dot lines
(black) in Fig. 7 was commanded, and the desired force was set to zero. Only the bucket tip
was in contact with the wood, in accordance with the kinematics and Jacobian calculations
used in the controller. Fig. 7 shows the bucket tip position and force trajectories for both
position control (red solid lines) and impedance control (blue dashed lines). It can be
seen that in the impedance mode the bucket trajectory does comply with the environment
constraint, and transient and steady-state forces are small. In contrast, in position control
mode, interaction forces are signi cantly higher, and because the arm does not comply with
12
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Figure 7: Leveling experiment: desired tranjectories plotted in dash-dot lines (black), position control results plotted in solid lines (red), and impedance control results plotted in
dashed lines (blue).
the constraint, the machine cab tilts up during position control [17]. Note that in spite
of the environment friction in Rt direction, which is proportional to the normal force fez ,
position tracking in this degree of freedom is satisfactory. The target impedance used in the
above-explained experiment was quite conservative. Since the impedance setting actually
adds to the arm inertia, it is desirable to choose the mass term in Cs as low as possible
so that the impact forces are low. Experiments showed that the mass component in Cs
can be easily set to zero. Employing o -line identi cation, the environment impedance
(Ze = Be + Ke =s) coecients were found to be in the range of Be < 500(Ns=m) and
105 < Ke (N=m). On the other hand, the target impedance parameters that still preserve
stability in contact were found to be in the approximate range of Bd > 3000(Ns=m) and
104 < Kd < 105(N=m). Thus, one is able to choose a target sti ness about 10 times lower
than that of the environment.

Bilateral Matched-Impedance Control Experiments
Experiments on a tele-excavation setup comprising a maglev joystick [16] as the master
haptic interface and the mini-excavator as the slave manipulator have been conducted to
evaluate the impedance-matching control approach. The task to be carried out is the same
leveling task discussed above. For safety, and due to the much larger workspace of the
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excavator than that of the haptic interface, the excavator had to be controlled in velocity
mode. The master and slave sti nesses were adjusted according to
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Figure 8: Mini-excavator vertical bucket tip position and force tracking in matchedimpedance teleoperation.

ks = ks +  +1 1 (k^s , ks )
km = k^m +  +1 1 (km , k^m )

(6)
(7)

while keeping the master damping ratio constant at m = 0:7 and the slave target impedance
damping at bs = 5000(Ns=m). Here, (vs ; fe) = Gjfjvesj j , (0; 0) = 0, and km 2 [km; k^m ] =
[841; 5887] N/m, ks 2 [ks; k^s ] = [10000; 100000] N/m are the ranges of master and slave
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sti nesses. This is essentially the same as the adjustment law as in (4). Practically, (6){(7)
are implemented as
ks = ks + (k^s , ks )
(8)
km = k^m + (km , k^m);
(9)
vs j and  (0; 0) = 1.
where (vs; fe ) = GjvGsjj+j
fe j
Fig. 8 shows the excavator force command fs0 (dotted-red), the actual excavator force fe
(solid-blue), the vertical command xs0 (dotted-red),
the actual excavator position xs (solidR
blue), the integral of the Maglev position xm (dashed-green), and the slave sti ness ks
(solid-blue), while the leveling task isR performed. The slave commanded position is the
integrated master position (i.e., xs0 = vm). In free motion,  is around unity and the slave
is practically controlled in position mode. At the same time, the master is soft. As soon as
the excavator makes contact, the environment forces build up, the slave velocity decreases,
and therefore  becomes close to zero, resulting in low slave and high master impedances.
In this case, more weight is put on the slave force than on the slave position command, and
consequently the slave is practically controlled in force mode. The oscillation visible in the
excavator force command pro le at about t = 17(s) is due to the Maglev otor reaching its
nonlinear workspace region.
A slight complication occurs since the maglev{excavator system is operating in velocity
mode. As seen in Fig. 8, while in contact, the slave position set{point command continues to
build up with time as long as the master is de ected outside its nominal position deadband,
causing a large position command xso to push the bucket harder into the ground. An upward
force command generated by the operator lifting the master may not be able to compensate
for the large position command xs0 unless the master position integration is stopped. As
a result, the environment unilateral constraint is mapped into a bilateral constraint for the
master. To avoid this problem, if  is close to zero (i.e., while in contact), the slave position
command signal xs0 is frozen if the master position xm and the contact force fe oppose each
other.

Conclusions

A new bilateral teleoperation controller has been presented in this article. The master
and slave manipulators are controlled in impedance mode, with their target impedances
adjusted in a dual manner to match high or low impedance environments. The adjustment
rules presented use the relative sizes of forces and velocities to simply interpolate between
low and high impedance controllers. The method was justi ed by the success of dual-hybrid
teleoperation and has been demonstrated to work using a simulator driven by a maglev
force-feedback joystick. Experimental results using the same maglev force-feedback joystick
to control an excavator have also been presented, demonstrating through a typical leveling
task that this method can work well in practice.
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The comparison of forces to velocities in deciding the master and slave impedances seems
to be an e ective method for dealing with extreme environment conditions, namely, free
motion or hard constraint. No chattering was noticed during contact tasks.
Future work should seek a better interpretation of the impedance adjustment rules described here, both for single robot impedance control and bilateral teleoperation. Integration
of conventional environment identi cation schemes with these adjustment rules should also
be pursued. Extensions to velocity control should be clari ed, and issues of stability should
be addressed.
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