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Force Control for Active Chassis Balancing
Marco Hutter, Philipp Leemann, Gabriel Hottiger1, Ruedi Figi, Stefan Tagmann2, Gonzalo Rey and George Small3

Abstract—This paper presents the realization of the world-
wide first automated walking excavator chassis. To this end, the
authors build a new generation of high-performance hydraulic
valves with integrated pressure feedback to achieve fast and
accurate cylinder force tracking. This allows to automatically
adapt the legs to uneven terrain and to optimally shape the
ground reaction forces in order to change orientation and
height of the cabin. Due to the contact redundancy, automated
balancing is implemented as a contact force optimization problem
including constraints on contact forces and joint torques. The
corresponding prioritized optimization problem can be simplified
by using a quasi-static approximation of the system dynamics and
a complexity reduction due to the kinematic structure of the legs.
Our approach considers the unknown configuration and load of
the cabin, arm, and bucket as system disturbances, whereby
gravitational effects are approximated as well as possible. It
is tested in a Gazebo simulation and validated in different
experiments using a prototype walking excavator machine. The
proposed method revolutionizes operator control of these versa-
tile but complex multi-purpose vehicles: instead of manual and
coordinatively very demanding cylinder position adjustment, the
operator can command simple high-level commands like cabin
pose. Furthermore, it significantly reduces peak forces in the
cylinders and at the contact points, which causes less damage to
the mechanics and the ground.

I. INTRODUCTION

The ability to overcome highly uneven ground has put
forth a variety of legged robots. In the construction sector,
the advantage in mobility led to the development of walking
excavators [1]. These multi-purpose machines are deployed
in all kinds of special scenarios that require advanced mobility
such as in mountains, in river beds, or other hardly accessible
areas. The object of research in this projects is a Menzi Muck
M545 (Fig. 1), a twelve ton heavy four legged machine with
three degrees of freedom per leg and actuated wheels at the
end-effector.

Today, the operation of walking excavators is still very
similar to machines like the GE Walking Truck developed
in the 1960’s [2]. For all locomotion maneuvers, the human
operators must manually synchronize the motion of the four
legs, meaning that they have to manually control the position
of each of the three cylinders per leg by opening and closing
a hydraulic valve. This challenging work requires very skilled
operators, particularly when moving forward and excavating
at the same time. The training of new operators takes a long
time, which limits the utility of these vehicles. Moreover, the
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Fig. 1: Walking excavators are deployed for work in challenging
environments.

permanent coordination necessary to drive the machine over
bumpy terrain can be very exhausting.

The problem of placing a rigid, position controlled system
on four legs is kinematically undefined. As a result, the entire
body weight is supported by only three legs and already in-
finitesimally small changes in positions will lead to change in
the contact situation. For machines like the walking excavator,
which has the center of gravity (CoG) close to the geometric
center of the contact points, almost the full load is taken by
one diagonal axis. This implies high peak forces which can
damage the terrain or wear off the suspension system of the
excavator. Only the occurrence of compliance in the structure,
at the contact points or in the actuation ensures that all legs are
supporting the machine. This is often realized with a passive
suspension system of individual wheels (c.f. car suspension)
or by a kinematic coupling (e.g. [3]), which can significantly
improve climbing capabilities. In hydraulics, the latter method
is often realized by a so-called swing axle at the front or the
rear suspension [1]. Unfortunately, all these passive suspension
systems limit the versatility of the machines.

The goal of the presented work is to implement an active
contact force adaptation on a walking excavator to overcome
the limitations of position controlled machines and to path
the road for autonomous operation respectively locomotion
of such vehicles over rough terrain. To this end, we transfer
force control technologies as they are used today by the
most advanced multi-legged robots such as Big Dog [4]
(and its successors), HyQ [5], Cheetah [6], StarlETH [7]
or bipedal systems like Atlas [8] or Valkyrie [9]. All these
systems actively regulate their (dynamic) behavior by precisely
modulating the ground reaction forces.

In a first step, we develop the necessary tools to accurately
regulate the force of a hydraulic cylinder. In contrast to



high-performance robotic systems like Sarcos humanoid [10]
or HyQ quadruped [5], which build their force control on
additional joint force/torque sensors [11], we implement a
hydraulic pressure control with a simple Stribeck friction
compensation [12]. Based on one a high performant industrial
valves, we created in intelligent control module with integrated
electronics for fast pressure feedback control. The proposed
setup exhibits very fast cylinder force tracking (100 Hz) with
high accuracy. In contrast to similar robots like COMET-VI
[13], [14], this allows us to directly regulate the joint force
without underlying cylinder position feedback loop. Despite
large model uncertainty, we are able to track the ground
contact force with an accuracy of about 3% of the machine
weight. In a second step, we design a control algorithm that
optimally distributes the contact force as a function of the
robot state, namely configuration of the legs and position and
orientation of the base. In view of the relatively slow motion
of the walking excavator, we simplify the robot as quasi-
static system and implement a virtual model approach [15], i.e.
virtual forces in combination with Jacobian transposed method
[16]. Methods based on this principle of finding contact forces
that apply certain reaction on the body have been often applied
by many researchers for balancing tasks of humanoid robots
[15], [17], [18], or multi-legged systems [16], [19], and has
proven to be a very capable method even when applied to
highly dynamic locomotion [20], [21]. In case of redundancy
of the contact situation, it is possible to state the force and
moment equilibrium of the complete system as weighted
optimization problem (e.g.[18], [17], [22]) or as prioritized
formulation as commonly used by the whole body control
community (e.g. [23], [24], [25], [26]). In comparison to
these methods that often rely on fully force/torque controllable
robotic systems, we exploit the kinematic structure of the
legs of our system as well as the horizontal alignment to
further simplify the problem and to reduce the set of required
actuators. In the present work, we control only the legs, i.e.
the chassis of the robotic system. The configuration of the
significantly heavier upper machine (UM), i.e. the cabin, arm
and bucket, is not known and considered as disturbance, which
is approximated as accurately as possible for the quasi-static
case. The proposed method is tested in a Gazebo simulation
and validated on a full-scale M545 excavator. Thereby we are
able to accurately track ground reaction forces and to precisely
adjust the cabin pose while driving on uneven terrain and with
significant disturbances coming from a moving CoG at the
upper machine.

II. FORCE CONTROL OF A HYDRAULIC CYLINDER

Key element to an optimal ground contact force distribution
is precise cylinder force control [27]. However, in contrast to
some of the best hydraulic walking robots (e.g. [5]), economic
reasons and system robustness prevent the use of additional
force sensors (Fig. 2). In fact, force control must be achieved
based on pressure readings Fh and hence requires to estimate
the load force FL respectively friction force Ff based on state-
respectively piston velocity ẋp feedback.
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Fig. 2: Hydraulic force control: In the absence of force sensors, the
output force (FL) must be estimated from the hydraulic force (Fh).
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Fig. 3: A single axis test setup equipped with a precise load cell was
used to characterize the performance and to tune the controller [28].

A. Test Bench Setup

To characterize the force control behavior and to tune
controllers, we developed a single axis test bench (Fig. 3)
consisting of an active cylinder with pressure sensors (Rexroth
RE 95138), a load cell to measure the output force (Mec-
Sense PC4), a passive cylinder to produce the counter force,
an incremental position sensor (Micro-Epsilon WPS-2100-
MK77) to measure the piston position and correspondingly
its velocity and hydraulic flow, an external mobile pump of
4 kW electric power with constant supply pressure of 200 bars,
which corresponds to an average pressure level we expect in
the excavator.

B. Friction Identification and Modeling

To accurately control the mechanical force (FL) based on
pressure readings in the chambers, a good friction model
is required. Interestingly, the large scale cylinders employed
in the M545 (A = 7.85 · 10−3 m2, Fmax = 200 kN) show
very small relative friction with very limited stiction effects
that contribute to less than 1% of the maximal force Fig. 4.
The corresponding characteristics can be accurately captured

Fig. 4: The friction on the large scale cylinder can be accurately
captured with a Stribeck model.



(a) The valve with in-
cluded electronics ...

(b) ... integrated on the cylinder, with a piston
position encoder.

Fig. 5: Integrated control module (ICM)

by a simple Stribeck curve [12]. The frictional effects seem
significantly less important than what has been reported in
other studies like [29], [30]. In contrast to other solutions
implemented in excavators [31], accurate force control seems
possible without an additional load cell as also shown in [32].

C. Integrated Control Module

Standard valves of construction site machines often have a
closed center spool with large overlaps (often in the range
of about 50%). This is an easy and inexpensive way to
minimize the flow through the valve when it is closed and
thus ensuring that the cylinder does not move. However, when
controlling the valve in pressure mode and hence around zero
flow, this overlap can be compensated but has to be crossed
each time the measured signal crosses its reference. Beside
energetic inefficiency, the overlap leads to a deadband, which
significantly decreases the controller performance or requires
complex setups with a dual valve configuration as proposed
in [28].

To overcome these problems, we developed a highly inte-
grated control module (ICM) based on a Moog G761 servo
valve, one of the fastest hydraulic valves of its size. Similarly
to the servo valves used in robots like HyQ [5] or Boston
Dynamics Big Dog [4], this precisely manufactured valve
features zero overlap. The module is enhanced with pressure
transducers and an integrated STM32F407 microprocessor
running the low level force control loop at a frequency of
10 kHz. To ensure fast system reaction and to overcome some
of the safety issues of broken hoses, the module is directly
mounted on the cylinder.

D. Performance Evaluation

We compared the performance of a standard proportional
valve with an overlapped spool (Duplomatic BLS6) and the
prototype ICM version. For pressure regulation, we imple-
mented a simple PI controller:

uv = PI (∆p) . (1)

From the step responses (Fig. 6), the bandwidth of the
standard valve is estimated about 5 Hz and about 100 Hz
for the ICM. For this comparison, only the hydraulic force
control loop was considered and the piston of the cylinder
was blocked. The influence of the friction compensation, as
outlined in Sec. II-B, with the ICM connected to a cylinder
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Fig. 6: Scaled step response comparison between the BLS6 Duplo-
matic valve with the ICM on a fixed displacement setup.

Fig. 7: Comparison of the load force measured with a loadcell (Fload)
and estimated with (FL) and without (FH ) friction compensation.

whose piston is allowed to carry out small movements is
depicted in Fig. 7. The highest piston velocity and thus largest
influence of the friction compensation can be observed during
the zero-crossings of the applied force.

III. EXCAVATOR MODEL

The model of the excavator (Fig. 1) is split in two compo-
nents, namely the chassis and the upper machine (UM) consist-
ing of the cabin, arm and bucket. Only the chassis is equipped
with sensors and subject to be controlled, while the influence
of the UM is considered as large, non-modeled error applying
substantial disturbance forces and moments to the chassis. The
chassis can be modeled as a floating-base multi-body system
with nq-dimensional generalized coordinate vector:

q =

qb

qr

qj

 , (2)

which consists of the nb = 3-dimensional vector qb describing
the unactuated base position ∈ R3, the nr-dimensional vector
qr describing the base orientation ∈ SO(3), and of the nj-
dimensional vector qj , representing the joint coordinates of
the chassis (nj = 12).

The kinematics of the chassis can be described by the state
vector q and a set of link lengths L. With these parameters,
a point P of the system with its origin at point B can be
generally expressed as

BrIP = BrIP (q,L) = RBI(qr)IrIB (qb) + BrBP (qj ,L) ,
(3)



whereby I and B represent the inertial and body fixed frames,
respectively, and RBI the rotation matrix from I to B. Using
basic kinematic rules, the velocity at point P results to

B ṙIP = RBI q̇b + B ṙBP (qj)− B r̃BPBωIB , (4)

with B r̃BP being the cross multiplication matrix
B r̃BPBωIB = −BωIB × BrBP . By using the rotation
parametrization depending mapping matrix E from
generalized rotational velocities q̇r to angular velocities
of the base (BωIB = E (qr) q̇r), and the relative Jacobian
JBP,j (qj) =

∂rBP (qj)
∂qj

, the Jacobian BJIP is

BJIP = [RBI ,−B r̃BPE(qr),BJBP (qj)] . (5)

The equation of motion of the system describing its dynam-
ics can be written as

Mq̈ + b + g + λc = ST τ + λdist, (6)

with the mass matrix M(q), the Coriolis and centrifugal vector
b(q, q̇), the gravitational vector g (q), the actuator torques
τ and the selection matrix S =

[
0nj×(nb+nr), Inj×nj

]
separating the actuated joint coordinates qj and unactuated
base coordinates qb and qr. The generalized contact force
vector λc is given by

λc =

nc∑
i=1

JT
ICi

FCi
, (7)

with the contact forces FCi
at the nc contact points. The

gravitational part g is given by

g = −
n∑

i=1

JT
ISi

Fgi , (8)

with the Jacobian JISi evaluated at the center of gravity S
of every link i ∈ n. All forces caused by the motion and
configuration of the cabin and arm are lumped in the general-
ized disturbance force vector λdist. Due to the kinematic tree
structure, there are no direct coupling effects from the cabin
and arm to the legs but only through the base. Hence, the
disturbance force is given by:

λdist =

λdist
b

λdist
r

0

 . (9)

IV. FORCE DISTRIBUTION AND ORIENTATION CONTROL

The motion of the torque controllable excavator is regulated
by changing the ground contact force and hence the net force
and moment acting on the systems base.

A. Quasi-static Simplification

Since the large and heavy excavator machine and in partic-
ular its chassis is moving relatively slow, the system dynamics
can be approximated quasi-static and hence the controller does
not have to compensate for acceleration (Mq̈), Coriolis and
centrifugal (b) parts. This quasi-static assumption reduces (6)
to

nc∑
i=1

JT
ICi

FCi −
n∑

i=1

JT
Si
Fgi = ST τ + λdist. (10)

By using the Jacobian separation from (5) and the disturbance
vector from (9), we can extract

nc∑
i=1

RIBBFCi
−

n∑
i=1

RIBBFgi = λdist
b (11)

E

(
nc∑
i=1

B r̃BCiBFCi −
n∑

i=1

B r̃BSiBFgi

)
= λdist

r (12)

nc∑
i=1

BJ
T
ICiBFCi

−
n∑

i=1

BJ
T
BSiBFgi = τ . (13)

The first two equations represent the force (11) and torque
(12) equilibrium evaluated for the full system, whereby the
disturbance forces from the UM are unknown.

B. Small Roll/Pitch Simplification

For relatively small roll/pitch angles (the chassis is mostly
kept level) and since most of contact force is caused by
supporting the machine (IFz >> IFx, IFy), the following
simplifications can be further applied:

BF = RBIIF ≈ IF (14)

JTF ≈ jTz Fz =

(
∂rz
∂q

)T

Fz, (15)

such that (11)-(13) simplifies to:
nc∑
i=1

F(Cz)i −
n∑

i=1

mig = λdistz

(16)
nc∑
i=1

(
ByBCi

−BxBCi

)
F(C,z)i −

n∑
i=1

(
ByBSi

−BxBSi

)
mig = λdist

(x,y)

(17)
nc∑
i=1

Bj
T
(BC,z)i

F(Cz)i −
n∑

i=1

Bj
T
(BS,z)i

mig = τ (18)

This is a generic formulation of the static equilibrium for a
leveled machine with low internal horizontal contact forces. In
fact, what remains is the force equilibrium in vertical direction
(16) and the torque equilibrium around two horizontal axis
(17). If the cabin and arm are not or only slowly moved, the
disturbance force in vertical direction λdistz can be approxi-
mated by the total weight of the UM λdistz = mUMg. The
moment disturbances λdist

(x,y) are caused by the relatively large
CoG offset from the base center (±1.5 m). Since orientation
of the UM is completely unknown, there is no model-based
approximation for λdist

(x,y) and these effects must be entirely
compensated by the feedback controller.

C. Kinematic Particularity of M545

The kinematic structure of the front and hind legs of the
M545 consists of two abduction/adduction degrees of freedom
(rotation around vertical axis) and one flexion/extension degree
of freedom (rotation around horizontal axis). Both legs feature
a different arrangement and a parallelogram mechanism. In
leveled situation, the vertical motion of the wheel is not
depending on the two abduction/adduction degrees of freedom.



Fig. 8: Front (top) and hind leg (bottom) with colored flexion joints
and cylinders.

Therefore, for many maneuvers it is sufficient to automate the
adjustment the four flexion/extension joints of all legs (see
colored cylinders in Fig. 8)

D. Virtual Model Control with Force Optimization

A classical quasi-static control approach is virtual model
control [15]. Thereby, virtual forces and moments

BFv = PIDp
(
Bz

des − Bzb
)

(19)

BTv = PIDr
(
Bϕ

des − Bϕ
)

(20)

as a function of proportional, integral, and derivative gains
are applied to the main body to push or pull the system to the
desired height and orientation. Together with the previously
derived static equilibrium (16) and (17), this results in the
following equation to determine the necessary ground reaction
forces:

 1 . . . 1

ByBC1 . . . ByBC4

−BxBC1
. . . −BxBC4


︸ ︷︷ ︸

A


F(Cz)1

F(Cz)2

F(Cz)3

F(Cz)4


︸ ︷︷ ︸

x

=
n∑

i=1

mig

 1

ByBSi

−BxBSi

+

(
BFv

BTv

)
+

mUMg
0
0


︸ ︷︷ ︸

b

, (21)

whereby the last vector of b corresponds to the approximated
gravity compensation of the UM.

With four legs in ground contact, the A-matrix features
a 1-dimensional null-space N (A) that allows to change the
contact force distribution without changing the reaction on the
main body. This allows to additionally optimize contact force
objectives or to comply with saturation effects by formulating

Fig. 9: Simulation test environment with a bumpy terrain.

a prioritized quadratic optimization problem with equality and
in-equality constraints like e.g.:

min xTWx

s.t. F(Cz)i > Fc,min (Prio 1)
F(Cz)i < Fc,max (Prio 1)
Ax− b = 0 (Prio 2)

(22)

The solution of this optimization problem yields the minimal
contact forces (weighted with the matrix W) that achieve
the desired virtual forces acting on the system under the
constraints that the contact forces remain within certain limits.
Due to the prioritization, the virtual forces (equality constraint
with Prio 2) are only reached in a least square optimal
manner in case of force saturation. The resulting optimal
vertical ground contact forces can be subsequently transferred
to joint torques respectively cylinder forces using the Jacobian
transposed method from (18). The same equation can also be
used to extend (22) with constraints or optimization objectives
for cylinder forces respectively joint torques.

V. SIMULATIONS

The above described control methods are implemented and
tested using the Gazebo simulation environment together with
the ROS libraries.

The performance of the controllers is evaluated in a con-
tinuous bumpy terrain experiment (Fig. 9). The bumps have a
height of 0.25 m and an interval of 3.4 m. Thereby, we imply
the control objective of keeping the chassis at the desired
attitude of zero pitch and zero roll. Without adapting the
leg suspension to the ground, the chassis largely deviates
in pitch and roll angles (Fig. 10, yellow). Moreover, the
load is almost entirely supported by the diagonal axis. When
controlling the hind legs as proposed in [28], but keeping the
front legs manually operated, the chassis pitch angle can be
automatically adjusted while the roll angle remains controlled
by the operator (red). The virtual model controller with four
automated legs is able to completely compensate for the
bumpy terrain and keeps the chassis leveled (blue).

VI. EXPERIMENTS

To test the proposed chassis balancing method, we con-
ducted a series of experiments on a real excavator. The ex-
periments were chosen to resemble some of the most relevant
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Fig. 10: Driving over a bump with fixed legs (yellow) has a significant
influence on the chassis roll and pitch angle. By controlling the two
hind flexion cylinders (red, [28]) the chassis pitch can be stabilized.
Using a virtual model controller on all four flexion cylinders (blue),
the chassis can be leveled completely, without any input from the
operator.

working task in daily operation. The results in chassis pose
control and ground contact force distribution are compared to
the simplified setup presented in [28] as well as to manual con-
trol by a trained operator. In our setup, an IMU with integrated
Kalman filter is used to estimate the chassis orientation (roll
and pitch). Potentiometers measure the angles of all chassis
joints and are used to estimate ground height. The joint angles
and orientation of the UM are not measured and therefore the
CoG of the excavator is unknown. The system model including
individual segment masses and CoG locations were directly
taken from CAD and the machine manual without further
identification.

A. Force Distribution Evaluation

1) Contact force measurements: To evaluate the accuracy
of our model (18), the estimated ground contact forces from
cylinder forces F est

(c,z)i
where compared to actual measure-

ments provided by industrial balances placed underneath all
wheels. Table I shows the result from one of the two diagonal
axis, whereby the UM is oriented to all four cardinal direc-
tions. Despite large model uncertainties (e.g. masses of the
cylinders, hoses, oil etc. are ignored), unobservable internal
(horizontal) forces, and low-accuracy joint position measure-
ments from analog potentiometers, the force differences are
less than 3% of the total body mass.

2) Cabin Pose Stability for Different Arm Directions: Since
the unobservable rotation of the UM significantly shifts the
overall CoG location, the chassis must permanently adapt the
ground reaction force distribution to keep horizontal level. In
this experiment, the UM was moved from the right front (30 ◦)
to the left front (-30 ◦) and back again. By adapting the force

F balance
RF F est

RF,z F balance
LH F est

LH,z

Front 28050 N 27050 N 25500 N 23600 N
Right 29920 N 28700 N 25600 N 22600 N
Hind 17070 N 14900 N 36980 N 37800 N
Left 14810 N 13560 N 34920 N 37140 N

TABLE I: Measured (industrial balance) and estimated (cylinder
pressure) force on two legs for four different cardinal directions of
the UM.
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Fig. 11: When shifting the CoG of the excavator by moving the UM,
the contact force distribution is adapted (a), while the chassis attitude
errors are kept very small (b).

distribution (Fig. 11(a)), the orientation of the chassis attitude
can be kept at less than 0.2◦ from the leveled configuration
(Fig. 11(b)).

3) Contact Force Limitation: The same experiment was
repeated including a constraint that artificially limits the max-
imal contact force of the left front (LF) leg to 25 kN. As
illustrated in Fig. 12(a), the force distribution looks similar
in the areas without limitation. As soon as the limit of the LF
leg is reached, the other legs (in particular the other diagonal
axis) take more load such that the cabin remains leveled
(Fig. 12(b)).

B. Chassis Height and Orientation Tracking

Changing level of the machine requires to move all four
flexion cylinders in the front and back. During manual control,
the operator needs to open the corresponding valves using
two thumb joysticks per hand. Hence, the two front and two
rear joints are usually sequentially moved (Fig. 13(a), yellow),
leading to tilting of the chassis (Fig. 13(b), yellow). With
the method presented in [28], the hind legs automatically
follow the commanded front motion such that the machine
automatically keeps its pitch orientation (Fig. 13(b), red). The
virtual model control method allows to directly command the
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Fig. 12: The same experiment as shown in Fig. 11 was performed
while limiting the contact force of the left front leg to 25 kN. While
When moving the UM to the left, the LF contact force enters
saturation (a). Thus, most of the excavator weight is supported by
the diagonal axis (LH-RF). Moreover, the chassis can be kept leveled
during the whole experiment (b).
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Fig. 13: Lifting the chassis with manual control (yellow) requires
coordination of four thumb joysticks and can lead to large inclination
errors (b) while the automated controllers keep the inclination almost
constant with only two (red) respectively one (blue) user inputs.
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Fig. 14: The chassis pitch and height (b) can be kept almost constant
while applying a ramp reference signal (from -5 to +5 degrees) to
the chassis roll angle (a). The overshoot is due to the integrators that
are compensating for the unknown COG.

chassis height as a single input command that is accurately
followed (Fig. 13, blue).

Furthermore, reference tracking was also evaluated for the
body orientation. Roll angle experiment is depicted in Fig. 14
and the pitch response looks very similar. Due to the relatively
large modeling error in CoG of the cabin and arm, and the
correspondingly large integral values of in the virtual force,
both experiments exhibit a small overshoot at the end of
the reference tracking. The errors in chassis height and the
remaining angle can be kept small in both experiments.

C. Moving on Uneven Ground

Finally, the excavator was tested when partially moving on
an inclination (Fig. 15(a)). This is a typical working situation
which involves adjustment of all four legs.

As illustrated in Fig. 15(b), even a very experienced driver
is not capable of achieving an acceptable distribution of the
weight on all four wheels when driving manually (yellow):
The force distribution entirely shifts from the left to the right,
meaning that the excavator is only supported by its diagonal
axis.

As already demonstrated in [28], the supporting forces
remain evenly distributed with activated balancing control
(Fig. 15(b)). Moreover, as depicted in Fig. 15(c), the required
peak forces in the cylinders are significantly lower than in the
manual control mode which clearly supports the claim of less
damage to the mechanics and ground.

When comparing the human operator performance (yellow
lines) and the pendulum axis experiments performed in [28]
(red lines) with the control method proposed in this paper
(blue lines), we see a clear improvement in maintaining a



(a) Experimental setup for driving up and down a ramp.
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(c) Measured cylinder forces of the hind leg cylinders.
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Fig. 15: Driving up and down the ramp.

leveled chassis during the entire maneuver. Importantly, the
proposed balancing strategy of this paper does not require any
human input, such that the operator can fully concentrate on
the working task.

VII. CONCLUSION

A walking excavator is one of the most versatile con-
struction machines. The versatility comes at a price: Con-
trolling all joints of all legs while driving on uneven terrain
requires skilled and specially trained operators. In this paper,
we presented a force-based control method that (i) enables
automatic adaptation of the legs to uneven terrain, (ii) an
optimal force distribution among the legs, and (iii) simple
high-level commands for body height and orientation. To
this end, the authors developed a high-performance valve
with integrated electronics for fast and precise pressure based
cylinder force control. By approximating the system dynamics
as quasi-static and by simplifying the force equilibrium around
a level cabin orientation, the proposed virtual model control
problem is simplified and finally formulated as prioritized
contact force optimization with inequality constraints. While
moving over uneven ground, it is possible to keep the chassis
leveled or change its configuration using high-level task-space
commands. The controller is able to robustly compensate
for the large disturbances coming from the unknown UM
configuration, which weighs more than 50% of the total
machine weight and which can shift the overall CoG by more
than 1.5 m in all directions. Having four legs in simultaneous
ground contact, it is possible to exploit the contact redundancy
and hence to optimally distribute the ground reaction forces.
Extensive experiments with the, to the best our knowledge,
world-wide first automated walking excavator chassis have not
only demonstrated the applicability and the outstanding perfor-
mance of the proposed method, but additionally confirmed the
benefits with respect to lower peak forces on the mechanical
structure as well as on the ground.

In future work, we plan to extend the proposed method in
different ways. First of all, the influence of the motion and
orientation of the cabin and arm can be better modeled by
either instrumenting it or through online estimation from the
measured cylinder forces. Second, we will evaluate the benefits
when accounting for dynamic effects. Instead of the purely
static approach used in the present work, the problem can be
solved as a whole body control problem similar to our work
with smaller legged robots [26]. To this end, the machine will
be equipped with more accurate joint position sensors that
enable better estimation of the complete machine state. Third,
it is our goal to extend the high-performance cylinder force
control technology from the four main cylinders of the chassis
to all joints in order to develop the first fully force controllable
walking excavator.
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