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1 Introduction
The SAHA robot, as shown in Fig. 1, is a (semi-)autonomous forest logging machine
developed in the DigiForest project [1]. The design is based on RCM Harveri, a
small, radio-controlled harvester intended mainly for first thinning and energy wood
harvesting for trees up to 30 cm diameter.

Figure 1: Picture of a SAHA robot.

As a small-scale forest machine, SAHA has a compact design and a short wheelbase.
These characteristics enable SAHA to navigate through dense forests and operate in
confined spaces for thinning operations. However, the short wheelbase of SAHA also
renders it less stable on uneven terrains, increasing the risk of tipping over and losing
rough terrain motility. To address this issue, actuated chassis is commonly used by
small-scale forest machines to improve stability. On the SAHA platform, each wheel
is installed on a leg that can rotate around a Hip flexion/extension (HFE) joint, as
shown in Fig. 2. Each leg is individually actuated by a hydraulic cylinder and can be
used to adjust the height of the wheel.

Traditionally, the control of the active chassis is achieved by the operator manually
adjusting the height of each wheel to keep all wheels in contact with the ground. To
achieve full autonomy, an active chassis balancing control system has been implemented
on SAHA. Utilizing the sensors on the robot that has been integrated in the first
phase of the project, the balancing control system ensures stable support of the robot
in rough terrains and facilitates autonomous tree manipulations in the future. This
report presents the active chassis balancing control system of the SAHA robot.

2 Methodology
For an active chassis balancing system, the primary objective is to manage the stability
and adaptability of SAHA robots in uneven terrains by automatically adjusting the
chassis pose through force regulation. The overall approach is thus composed of two
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Figure 2: Picture of SAHA’s left front wheel. The wheel is mounted on a leg that can
rotate around the HFE joint when actuating the hydraulic cylinder.

aspects: the precise force control of hydraulic cylinders on SAHA’s HFE joints, and
the optimal ground contact force distribution between the four legs.

2.1 Hydraulic Cylinders Force Control
The primary objective of cylinder force control is to regulate the exerted force the
hydraulic cylinders without the use of external force sensors such as load cells. We
present two approaches for force control: one using high-performance integrated control
modules (ICMs) and another using simplified hardware with standard proportional
valves and off-the-shelf pressure sensors. For the high performance control, we estimated
the cylinder force using the pressure readings from sensors integrated in the hydraulic
chambers, accounting for piston velocity and friction forces. This approach provides
accurate, high-bandwidth force control, while the solution with simplified hardware
excels in scalability and cost-effectiveness.

Friction Modeling While the pressure difference in the hydraulic chambers creates a
force on the piston, the actual force exerted by the cylinder is influenced by frictional
effects within the system. Therefore, a crucial aspect of the force control strategy is
the accurate modeling of friction within the hydraulic system. Based on experience
of modeling similar actuators [2], a simple Stribeck model is used to characterize
the friction in SAHA HFE cylinders. This model has been extensively verified on
calibrated testbenches, and demonstrated high-accuracy force estimation with minimal
deviation (less than 1% of maximum force) from actual forces [3].

Integrated Control Module To achieve fast and accurate force control, the low-level
force control loop is operated at a high frequency of 10 kHz directly on the ICM
module. Each ICM combines a high-performance Moog servo valve with integrated
electronics and a microprocessor running the force controller calibrated for the specific
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cylinder and valve. They are directly mounted on the cylinders to minimize delays
and improve performance by not having any hose in between.

Force Control with Simplified Hardware As introduced in D2.2 on hardware inte-
gration, the simplified setup only requires additional integration of pressure sensors
for force feedback. The force control is implemented without friction modeling and
compensation, which is still feasible since the friction in the hydraulic cylinders is
relatively low compared to the exerted forces [3]. However, the less-precise valve,
hoses to the cylinders, and the disturbance from the friction reduces the performance
of the force control loop. A significant delay of up to 200 ms has been observed in
the force tracking. Nevertheless, the system is still able to approximately track the
desired forces with delay. Since the SAHA robot drives at a relatively low speed, the
compromised controller was still tested in the chassis balancing task.

2.2 Chassis Balancing Control
The chassis balancing controller is designed to optimally distribute contact forces
based on the robot’s state, including the configuration of its legs and the position and
orientation of the vehicle body. We use a quasi-static approximation and small-angle
assumption to simplify the dynamics of the harvester, and use Virtual Model Control
(VMC) to regulate the pose of SAHA body.

Model Simplification The rigid body dynamics of SAHA can be described by the
equation of motion of floating-base systems

Mq̈ + b + g + λc = ST τ + λdist (1)

with the mass matrix M, the Coriolis and centrifugal vector b, the gravitational
vector g, the projected contact forces λc, the actuator torques τ , and the projected
disturbance forces λdist.

Given the slow motion of the excavator, a quasi-static assumption can be applied,
which simplifies the dynamic model by neglecting acceleration and Coriolis forces.
Thus the equation of motion can be simplified to

nc∑
i=1

JT
Ci

FCi
−

n∑
i=1

JT
Si

Fgi
= ST τ + λdist, (2)

where JCi
are the contact Jacobians of contact points i, FCi

the contact forces, JSi

the Jacobians evaluated at the COG of link i, and Fgi
the gravitational forces on link

i.
The generalized disturbance forces λdist encodes change in external load mostly

due to the different configurations of the arm and the payload, and it is assumed to
be acting on the base (chassis) of the harvester. Thus we could separate (2) into base
Degrees of Freedoms (DoFs) and leg DoFs. As vehicle body will mostly stay in a
horizontal position with only small deviations, we can further simplify the model by
assuming that the contact forces are mostly vertical and only consider the z, roll, and
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pitch DoFs of the base. Finally, the equation of motion can be reduced to
nc∑

i=1
F(Cz)i

−
n∑

i=1
mig = λdist

z (3)

nc∑
i=1

(
yBCi

−xBCi

)
F(Cz)i

−
n∑

i=1

(
yBSi

−xBSi

)
mig = λdist

(roll,pit) (4)

nc∑
i=1

jT
(Ci,z)i

F(Cz)i
−

n∑
i=1

jT
(Si,z)i

mig = τ , (5)

where yBCi and xBCi are the y and x coordinates of the contact points i in the base
frame, and yBSi and xBSi are the coordinates of the COG of link i in the base frame.
j(Ci,z)i

and j(Si,z)i
are the z-direction components of the contact and COG Jacobians

JCi
and JSi

.
The resulting model focuses on maintaining force and torque equilibrium, allowing

the system to be controlled as a static structure, primarily influenced by the weight
distribution and external forces.

Virtual Model Control We apply the classical VMC [4] to generate virtual forces
and moments that drive the harvester towards a desired configuration. The desired
virtual forces applied to the chassis of the harvester is calculated based on the desired
height and orientation of the chassis with a PID controller.

Fv = PIDp
(
zdes − zb

)
Tv = PIDr

(
φdes − φ

) (6)

Contact Force Optimization The desired virtual forces and moments on the chassis
have to be created by the contact forces on the legs. Combining the base dynamic part
of the equation of motion (3) and (4) with the desired virtual forces and moments,
we can establish the following relationship between the contact forces and the virtual
forces and moments.

 1 . . . 1
yBC1 . . . yBC4

−xBC1 . . . −xBC4




F(Cz)1

F(Cz)2

F(Cz)3

F(Cz)4

 =
n∑

i=1
mig

 1
yBSi

−xBSi

 +
(

BFv

BTv

)
+

marmg
0
0

 (7)

As we have four contact forces and only three equations, we formulate the force
distribution problem as a quadratic optimization problem, where the goal is to find
the minimal ground reaction forces that satisfy (7) and adhering to constraints on
force magnitudes. Since (7) is a linear equation on the contact force vector in the form
AF = b, we can formulate the optimization problem as

minimize
F

FT F

s.t. AF = b
Fmin ≤ F ≤ Fmax.

(8)

The solution to (8) provides the optimal distribution of contact forces, and can be
substituted into (5) to calculate the required actuator torques on the corresponding
HFE joints.
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3 Experiments

Figure 3: Experiment of SAHA driving over logs.

We evaluated the implemented controller in a variety of environments, from artificial
obstacles on flat ground to real forest terrain. Compared to the larger machines with
chassis balancing [2], the SAHA robot has a smaller HFE range of motion. This
limits the adjustability of SAHA’s chassis attitude, particularly in the pitch direction
due to the longer distance between the front and rear wheels. It is therefore not
always possible to maintain a horizontal pitch when the terrain gets complicated. As a
compromise, we define the reference pitch angle to be halfway between the horizontal
direction and being parallel to the slope of the terrain, under the constraint that
all wheels maintain contact with the ground. In the roll direction, we have better
adjustability as the narrow machine has a small distance between the left and right

Figure 4: Reference and measured commands on the four leg support joints of SAHA
during a driving experiment on uneven terrain. Each subplot corresponds to one leg
of the robot.
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Figure 5: Measured pitch (top) and roll (bottom) during the same driving experiment
on SAHA.

wheels. The reference roll angle is thus kept horizontal.
Fig. 3 shows an experiment in which SAHA drives over two logs artificially placed

on a test field. Plots of the commanded and measured joint efforts, and the measured
pitch and roll of the machine, are shown in Fig. 4 and Fig. 5, respectively. It can be
observed that the cylinder controllers are able to track the reference forces well, and
the machine maintains a stable orientation during the experiment with both pitch and
roll angle deviations kept within a few degrees.

Similar experiment is also performed on another SAHA robot, which uses the
simplified hardware setup. Despite the lower force control bandwidth, the machine is
also able to maintain all wheels in contact with the ground during a driving experiment
on uneven terrain, as shown in Fig. 6.

Figure 6: SAHA-2 with active chassis control driving over a tree trunk with its right
wheels. The active chassis balancing ensures contact of each wheel during the process.

4 Summary
This report presents the active chassis balancing control system of the SAHA robot,
including the single cylinder force control and the virtual model control for balancing
the chassis. The algorithm has successfully achieved the goal of chassis stabilization
on the SAHA platform. We also tested the algorithm on a SAHA robot without the
expensive ICM modules, and stable ground contact for all wheels was still achieved.

In the future, we plan to continue testing the controller in extensive autonomous
and teleoperated field trials, and further improve the performance of the controller.
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