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Abstract: A position-based impedance controller has been implemented
on a mini-excavator. Its performance and an approach to evaluate its stability robustness for given environment impedances are discussed. A dual
hybrid teleoperation controller is proposed for machine control. Issues of
transparency are discussed.

1. Introduction

There are hundreds of thousands of excavator-based machines manufactured
every year and widely used in the construction, forestry and mining industry. These are four-degree-of-freedom hydraulic arms as illustrated in Figure
1, having a cab \waist" rotation, and three links moving in the vertical plane,
called, in order from the cab to the end-e ector, the \boom", \stick" and
\bucket". The controls and human interfaces of excavator-based machines are
still rather primitive. Operators use joysticks or levers to control the extension of the individual cylinders, and not the bucket motion in task space by
computer-coordinated cylinder control.
The need for coordinated cylinder control has been demonstrated in [1].
Machine modeling (arm dynamics and hydraulics) and control leading to accurate task-space motion have been discussed in [2]. Individual variabledisplacement pump cylinder control has been used for fast, accurate and efcient coordinated motion of a CAT-325 machine [3].
Although the need for control of forces during excavation tasks has not
been formally proven, the eciency of such tasks depends on exerted forces
and should be enhanced by force or impedance control of the excavation arm.
Limited models of excavators and their interaction with the soil are presented
in [4]. Kinematic and dynamic models for such machines assuming that the
machine cylinders act as force sources are presented in [5, 6], with [6] adding
simpli ed digging dynamics for digging simulations.
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Figure 1. Mini-excavator Schematic.
Force-feedback teleoperated control of excavator-based machines has been
reported in [7, 3]. The accomplishment of contact tasks relied entirely on the
operator controlling the machine velocity via an active joystick, with sti ness
modulated by end-point forces measured via hydraulic cylinder pressures. Since
contact forces were controlled in closed loop only by the operator action and
force measurements from di erential pressure sensing had large errors due to
cylinder friction, these results have not been entirely satisfactory.
The control of contact tasks could be improved by some form of impedance
control [8] of the excavator arm. Impedance control of hydraulic robots has
been presented before (e.g., [9]), but there has been no reported work of the
impedance control of an excavator arm. A position-based impedance controller
for an excavator arm and experimental results demonstrating impedance control of the stick cylinder are being presented in [10].
In this paper, issues of task-space sti ness/impedance control of an excavator are addressed and the problem of force-feedback teleoperation of excavatobased machines is revisited given this more versatile control mode. The paper
is organized as follows: Section 2 brie y presents the mini-excavator used as
an experimental base, Section 3 discusses issues of single-cylinder position control, task-space impedance control is presented in Section 4, while teleoperated
control is presented in Section 5. Section 6 presents conclusions and future
research directions.

2. Instrumented Mini-excavator

A Takeuchi TB035 mini-excavator has been used as a research platform for the
experiments presented in this paper. The model and instrumentation for this
machine can be found in [11].
Encoders have been installed to measure the cab-boom, boom-stick and
stick-bucket angles. Load pins have been installed on the boom, stick and
bucket cylinders and measure the boom cylinder force and the reaction forces

of the stick and bucket cylinders. The pilot system for the main valves of
the arm cylinders have been modi ed for computer control by using ON/OFF
valves operated in di erential pulsed-width modulation mode [12, 11]. The use
of load-pins allows for much more accurate end-e ector force-measurement than
cylinder pressures, since joint friction is small and cylinder friction is substantial
[13, 11]. A VME-based real-time system with the VxWorks operating system
are being used to control the machine.

3. Single cylinder position control

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 [14]. For this purpose, inner-loop cylinder controllers were implemented
with the goal of closely emulating velocity sources.
The controllers utilize compensation for the main spool dead-band,
which, for safety reasons, is quite signi cant in all machines of these type.
Proportional-derivative controllers with two sets of gains - one for cylinder extension and one for cylinder contraction - have been found to give satisfactory
performance with a commanded to actual position transfer function described
approximately by rst order linear transfer functions of the form 1=(sTi + 1),
where the Ti 's are of the order of 0.2 s. Let l = [lboom; lstick ; lbucket ]T ,
ld = [lboom d; lstick d ; lbucket d ]T , and P = diagfP1 ; P2 ; P3 g. Experiments
demonstrating impedance control of the stick cylinder are presented in [10].

4. Impedance Control
4.1. Impedance model

A desired task-space impedance of the following form is assumed:

f0 , fe = E1 x + E2 (x , x0 ) = (E1 + E2 )x , E2 x0

(1)

where x0 and x are the desired and actual bucket position, and f0 and fe are
the desired and actual forces by the bucket on the environment. Typically
E1 = E1 (s) = Mi s2 and E2 = E2 (s) = Mds2 + Bds + Kd , where s is the
derivative or Laplace operator.
For a task-space environment described by fe = Ee x, the proposed
impedance control results in
(E1 + E2 + Ee )x = E2 x0 + f0
(E1 + E2 + Ee )Ee,1 fe = f0 + E2 x0 ;

(2)
(3)

and x tracks x0 if kE2 k  kE1 + Ee k, while fe tracks f0 if kEe k  kE1 + E2 k.

4.2. Impedance Controller Design

An implementation of (1) can be realized using the linearized excavator arm
dynamics and the hydraulics dynamics. The arm dynamics are given by

Er x + Jr,T g = J ,T fc , fe

(4)

where Er (s) = Mr s2 , Mr is the task-space excavator arm mass matrix, g are
the arm joint torques due to gravity, fc are the applied cylinder forces, and
(5)
q_ = Jc l_; x_ = Jr q;_ J = Jr Jc ;
where q is the vector of joint angles. The hydraulics dynamics is described in
task space as
x = JPJ ,1 xd :
(6)
Let the impedance controller be given by
xd = J P^,1 J ,1 (E1 + E2 , Er ),1 (E2 x0 + f0 , J ,T fc + Jr,T g ) ;
(7)
or, equivalently,
ld = P^,1 [J T (E1 + E2 , Er )J ],1 [J T E2 Jl0 + J T f0 , fc + Jc g ) ; (8)
where P^,1 (s) is a stable approximation to the inverse of P (s). With G,1 =
P P^,1 , the following closed-loop impedance is obtained:
f0 , fe = [Er + (E1 + E2 , Er )JGJ ,1 ]x , E2 x0 :
(9)
In the above, the Lapace variable s is used as the derivative operator and it is
assumed that the arm con guration changes slowly enough for the Jacobian to
be considered to be constant (so s and J commute).
In the impedance control law (7), the mass matrix term Er = s2 Mr =
2
,
s Jr T D(q; )Jr,1 and the gravitational term Jr,T g (q; ) can be evaluated using Jr , the arm mass matrix D, and the joint torques due to gravity g , evaluated as functions of joint coordinates q and a set of inertial parameters .
The parameters  were previously identi ed using a least-squares t of joint
angle and cylinder force data [13, 11], while D(q; ) was obtained as a symbolic
matrix function using Maple.
Note that the closed-loop dynamics (9) reduce to the desired impedance
equation (1) when G = I . Also note that the control law is signi cantly
simpli ed if E1 = Er in the above. Since, typically, E2 (s) = Mds2 + Bds + Kd,
with all entries being positive de nite, the intended task-space arm impedance
will have the same or larger inertia, depending on whether Md = 0 or > 0,
so impact forces could not be reduced by this approach. An alternative for
impact force reduction is to modify the force set point f0 to f0 + Ef x, where
Ef = Mf s2 x is an inertia term (since Ef is not proper, a low-pass lter should
be added to the inertial term). As long as G is close to the identity and
Mr + Md , Mf > 0, the system remains stable in spite of this positive feedback
term.

4.3. Stability Analysis

Closed-loop system stability for a particular arm con guration and environment
having dynamics fe = Ee x could be veri ed by determining whether
H = Ee , Ef + Er + (E1 + E2 , Er )JGJ ,1
(10)

has a stable inverse using the multivariable Nyquist criterion. Guidelines for
the choice of impedance parameters can be obtained by considering the scalar
equivalent, with P (s) = 1=(sT1 + 1), P^,1 (s) = (sT1 + 1)=(sT + 1)), Ee (s) =
me s2 + be s + ke , Er (s) = mr s2 , Ef (s) = mf s2 , E1 (s) = mr s2 and E2 (s) =
mds2 + bds + kd , in which case equation (10) becomes

H = [(me + mr , mf )s2 + be s + ke ] + [md s2 + bds + kd](sT + 1) :

(11)

A sucient condition for stability is
r , mf )s + be s + ke 1 j
j (me + m
m s2 + b s + k
sT + 1 s=j! < 1;
2

d

d

d

8!:

(12)

As long as me + mr , mf > 0, for overdamped environments, choosing a
critically damped E2 is a sucient condition for stability. For underdamped
environments, the impedance parameters have to be selected for signi cant
roll-o of E2,1 before the resonant frequency of the environment.

4.4. Experimental Results

Experiments illustrating the e ectiveness of task-space impedance control for
a prototype leveling task are presented in this section. In such a task, the
operator would move the bucket radially back-and-forth while exerting a normal force on the ground. Thus, the radial position Rt of the bucket tip, the
bucket orientation t , and the vertical forces fez against the ground should be
controlled. The impedance controller (8) was implemented with P ^,1 = I along
the elevation axis Zt , with

E1Z (s) = Mr s2 and E2Z (s) = 400s2 + 10; 000s + 10; 000 :

(13)

SI units are used throughout.
A piece of wood was laid on the ground in front of the excavator arm at
an approximate elevation Zt = ,1 m. A desired trajectory as shown in dotted
lines in Figure 2 was commanded. Only the bucket tip was in contact with the
wood, in accordance with the kinematics and Jacobian calculations used in the
controller. Figure 2 shows the bucket trajectory, Figure 3 shows the bucket
forces, Figure 4 shows the cylinder extensions, and Figure 5 shows the cylinder
forces. Position control results are shown on the left, impedance control results
are shown on the right, and commanded trajectories are presented with dashed
lines.
The experimental results show that in impedance mode, the bucket trajectory does comply to the environment contraint, transient forces are signi cantly
lower, and steady-state contact forces tend to zero. By contrast, in position
control, interaction forces are signi cantly higher. Note that because the arm
does not comply to the constraint, the machine cab tilts up during position control, so the location readings of Figure 2 are in cab-frame, not ground frame.
The present impedance settings actually add to the robot mass by roughly
400 Kg. It is expected that the control law modi cation suggested in the previous sub-section will help reduce the level of the impact force on the machine.
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Figure 2. Position tracking in task-space under position and impedance control.
Dashed lines show commanded positions.

5. Teleoperation

The existence of an e ective impedance control law for the excavator arm allows more sophisticated teleoperation controllers to be implemented than the
ones presented in [7, 3]. A four-channel teleoperation system is assumed as described schematically in Figure 6, where the achieved hydraulic arm impedance
relationship (9) has been re-written as the \slave manipulator" dynamics
(Zs + Cs )vs = Zd vs0 + fs0 , fe ;

(14)

where vs = sx, vs0 = sx0 , fs0 = f0, Zs = Er =s, Zd = E2 =s and Cs =
(E1 + E2 , Er )JGJ ,1 =s is the compensator and the hydraulic dynamics.
The teleoperation master is assumed to be a force-source controlled (PD)
mass as follows:
(Zm + Cm )vm = Cm vm0 + fh + fm0

(15)

where Zm = Mm s2 is the master impedance, Cm is a position compensator, fh
is the hand force on the master, and fm0 is the master actuator force.
Force and position signals are communicated between the master and the
slave, with vs0 = C1 vm , fm0 = ,C2 fe , fs0 = C3 fh , vm0 = ,C4 vs , and lead to
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Figure 3. Trajectory forces (torques by the bucket tip).
the following teleoperation system dynamics:
,Cm C4 vs + fh = (Zm + Cm )vm + C2 fe :
(Zs + Cs )vs , C3 fh =
ZdC1 vm , fe

(16)

5.1. Transparency and Dual Hybrid Teleoperation

Equation (16) can be solved for vs and fh in terms of vm and fe in hybrid
matrix form [15, 16]:






fh = Zm0 G,f 1
,vs
Gp Zs,01



vm
fe



:

(17)

If fe = Ze vs , the impedance transmitted to the operator's hand fh = Zth vm is
given by
Zth = Zm0 , G,f 1 Ze (I + Zs,01 Ze ),1 Gp
(18)
,
1
,
1 ,1
,
1
Zm0 , Gf (Ze + Zs0 ) Gp
(19)
and, in terms of the parameters in (16), by
Zth = [I , (C2 Ze + Cm C4 )(Zs + Cs + Ze ),1 C3 ],1 
[(C2 Ze + Cm C4 )(Zs + Cs + Ze ),1 ZdC1 + (Zm + Cm )] : (20)
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Figure 4. Cylinder extensions. Dashed lines show commanded extensions.
The teleoperation system is transparent if the slave follows the master, i.e.,
Gp = I for position control and Gp = I=s for rate control, and if Zth is
equal to Ze for any environment impedance Ze [15, 16, 17] (or, alternatively,
Zth = Zt0 + Ze , where Zt0 is a \tool" impedance, usually taken to be Zm [17]).
In special cases, such as identical master and slave dynamics, it is possible
to design xed controlers that provide perfect transparency [16], even when the
slave manipulator is controlled by the master in velocity mode [17]. However,
controller design is dicult (all teleoperation \channels", Cm C1 , C2 ,C3 and
ZdC4 must be non-zero) and the stability robustness is quite poor. As an
alternative, techniques using environment identi cation have been proposed
[18] based on the architecture presented in [15]. Such schemes rely upon the
identi cation of the environment impedance and its duplication at the master
by adjusting Cm . At least with conventional identi cation approaches, it was
found that environment identi cation converges slowly [18], has high sensitivity
to delays, and therefore is unsuitable when the environment changes fast, as is
the case when manipulating constrained objects.
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, while the slave should behave as a position
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Figure 5. Net forces applied by the cylinders (load-pin reading minus gravity
forces.
source/force sensor and have high impedance. Thus, in directions in which Ze
is small, positions are sent to the slave and forces are returned to the master,
with C1 and C2 having unity transmission, and C3 , C4 having zero transmission.
The dual situation applies in directions in which Ze is known to be large, (e.g.,
sti contact or constraints). 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, in directions in
which Ze is large, C1 and C2 should have zero transmission, while C3 and C4
should be close to unity. From (20), it can be seen that the above insures that
along very small or very large values of Ze , the transmitted impedance equals
that of the master Zm + Cm , which can be set to the minimum or maximum
achievable along required directions.
This concept of \dual hybrid teleoperation" has been introduced, studied and demonstrated experimentally in [19]. 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, and information can be transmitted unilaterally in these orthogonal
subspaces, while still providing useful kinesthetic feedback to the operator [19].
Consider the case of the leveling task discussed before. When the excavator

a

fh +

fh
-

+

-

4

-

Zh

vs

CmC

Cm

C3

-1

-1

Zm

Cs

Zs
C2

+

Operator

Master

ZC

d 1

Communication
block

+

e

-

a

fe

-

-

vm

Z

fe
Excavator

+

Environment

Figure 6. Four-channel teleoperation system.
bucket approaches the ground following the master position or velocity, it is
controlled in position or rate mode. The master acts as a position sensor in
the radial, axial and bucket orientation directions. Once contact of the bucket
with the ground is detected, along the elevation axis the master impedance is
set to a high value, while the excavator impedance is set to a low value. The
master becomes a force sensor along this axis, with the sensed force being sent
to the slave as an elevation axis force command.

5.2. Experimental results
A six-degree-of-freedom magnetically levitated wrist [20] is being used as a teleoperation master for controlling velocity and forces. The leveling experiment
discussed above will be carried out and reported in the near future.

6. Conclusion
Position-based impedance control of an excavator arm has been proposed, implemented and experimentally evaluated. In a prototype leveling task, it was
shown that contact forces are substantially reduced, and the excavator arm
sti ness is close to the one designed for. The use of impedance control to
teleoperate the excavator in dual hybrid mode has been discussed.
This is the rst time that the compliant control of an excavator arm has
been reported. Applications of the technology are bound to follow, but there is
much work yet to be done for the seamless integration of teleoperation with and
without force feedback in the operation of such machines. This includes better
position control of the indvidual cylinders, impedance identi cation for use in
teleoperated control, and haptographical user interfaces to facilitate operation.
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