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Abstract

The electrification of actuation systems of mobile cranes presents challenges in ad-
aptating electro-hydraulic (EHA) or electro-mechanical (EMA) actuators. While the
implementation of EHAs promises efficiency improvement, conventional hydrostatic
systems require a dedicated electro-hydraulic energy converter (EHC) for each actu-
ator. This study proposes a solution to actuate multiple actuators sequentially using
a single EHC. The solution comprises two main parts: a hydraulic system featuring
switching the connection between the EHC and the cylinders; and a control algorithm
for automated crane movement. Performance was evaluated through simulation and
compared with two conventional systems: one using a load-sensing system with pro-
portional directional valves, and the other employing independent closed-loop circuits

with a dedicated EHC for each cylinder.
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Sequential Motion

1 Introduction

In recent decades, the development of mobile machinery has
been focused on several key areas. One major area is automa-
tion, which is ongoing on several levels. Commercially avail-
able solutions pursue the increase of productivity and simpli-
fication of machine operation [1]], while the remote operation
remains in the research phase [2]. Automatic movement has
been studied in both vehicle driving [3] and manipulator con-
trol [4]. However, the complexity and variability of the work
environment remain to be the main challenge on the way to
machine automation [5]].

Another research direction is electrification of the machine
powertrain, driven by the increase of energy efficiency and the
reduction of carbon emissions [6]]. The substitution of conven-
tional valve-controlled hydraulics with electro-hydraulic actu-
ators was found perspective for increasing energy efficiency
of the mobile machines [7]]. The common solution is to imple-
ment independent closed hydraulic circuits for each machine’s
actuator [8]. However, this approach requires an substantial
number of electro-hydraulic actuators (5-8) for machine oper-
ation, posing significant challenges in implementation.

This article revises the approach to actuating multiple cylin-
ders using a single electro-hydraulic converter (EHC) [9]]. Pre-
vious research proposed switching between cylinders using
fast on/off valves, and simulation demonstrated inconvenience
of the solution for manual operation: every switch between
cylinders caused high pressure oscillations.

To address this limitation, this study introduces path-planning,
a switching algorithm, and automatic motion control. The
system was evaluated using simulation and compared with a
load-sensing system (LS-system) with proportional directional
valves (DCVs) and a system with two independent EHC-based
circuits.

2 Description of the System Under Study

A PATUG655 mobile log crane is a hydraulic manipulator with
a typical mechanical structure, presented in fig. [I] The crane
comprises a pillar, a lift boom, and a jib (tilt) boom intercon-
nected with rotational joints, and an extension boom connec-
ted to the jib by a linear joint.
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Figure 1: Mobile hydraulic log crane PATU 655, Laboratory
of Intelligent Machines at LUT University, 2023 [10)].
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2.1 Electro-Hydraulic System Architecture

Figure [2] illustrates the proposed actuation system of a mo-
bile log crane. System parameters are listed in tab. [} The
system’s fluid power source is an EHC 1 comprising a Parker
F11-019 pump [11]] and a Parker GVM210-050 electric mo-
tor [[12]]. The crane actuators are hydraulic cylinders 3 and 4.
Parker DS162CV on/off valves 2 [13|] switch the connection
between the EHC and the cylinders. The control system meas-
ures pressure in the cylinder chambers and EHC ports using
pressure sensors 5. Pressure-relief valves 6 ensure overload
protection for the system.

Operating an asymmetric cylinder with an EHC presents a
challenge due to the need to compensate for differences in
volumetric flow in cylinder chambers. Insufficient flow can
cause cavitation, while excessive flow leads to a pressure rise.
To address this issue, various solutions and system configura-
tions have been studied [14]. In this research, a low-pressure
line (LP-line) maintains a constant pressure of 5 bar by dir-
ecting flow from the boost pump 8 or to the tank via a Parker
DS163BN 3/2 directional control valve 7 [[13].

Table 1: System parameters.

Parameter Value

Lift cylinder piston diameter, mm 100
Lift cylinder rod diameter, mm 56
Lift cylinder stroke, mm 535

Tilt cylinder piston diameter, mm 90

Tilt cylinder rod diameter, mm 56
Tilt cylinder stroke, mm 780
Pump displacement, cm?®/rev 19

In the present research, only the movements of the lift and
tilt cylinder are considered. However, the proposed system
architecture can be expanded to a larger number of actuators.

3 Automatic Motion Algorithm

The automatic motion of a log crane is achieved through sev-
eral steps:

1. Planning a path between the given start and end points
considering crane kinematics limitations and obstacles
within the discretized crane workspace.

2. Building a smooth trajectory along the obtained path.

3. Automatic movement of the hydraulic cylinders along the
trajectory.

Considering movement of only the lift and tilt cylinders, the
crane workspace is planar. However, the proposed automation
approach can be expanded to spatial cases.

3.1 Path-planning Algorithm

A* path-planning algorithm provides a direct and simple solu-
tion for finding the shortest path in a weighted graph [15].
The implementation of this algorithm requires workspace dis-
cretization, and previous studies have used square cells in
Cartesian coordinates to represent possible crane tip positions
constrained by the crane kinematics [10].

However, linear tip movements in Cartesian coordinates re-
quire simultaneous control of both the lift and tilt booms,
which is not possible with the proposed actuation system. To
address this issue, the crane workspace was discretized with
a step size 0.05 m using cylinder positions S1 and S2 instead
of Cartesian coordinates (X,Z). The dependency between the
tip position and the cylinder positions is determined by crane’s
geometry.

Constraining the A* algorithm to move only along coordinates
S1 and S2 (excluding diagonal movements) allow crane oper-
ation using one cylinder at a time. Hence, the path-planning
algorithm provides a sequence of cylinder movements to move
between the given start and end points.

3.2 Trajectory Generation Algorithm

Cylinder trajectories are generated based on the sequence of
cylinder motions provided by the A* path-planning algorithm.
The crane movement consists of two successive phases: cylin-
der actuation and switching between active cylinders.

The trajectory of each cylinder is formulated using a jerk-
bounded quintic polynomial method [[16]. This approach en-
sures smooth trajectories between two given points with min-
imized movement duration, yet secures velocity, acceleration,
and jerk constrains. The limits considered in this study are
listed in the tab. 21

Table 2: Actuators limits.

Parameter Value

Lift cylinder maximum velocity, m/s 0.1
Lift cylinder maximum acceleration, m/s? 0.2
Lift cylinder maximum jerk, m/s* 0.2
Tilt cylinder maximum velocity, m/s 0.15

Tilt cylinder maximum acceleration, m/s? 0.2

Tilt cylinder maximum jerk, m/s> 0.2

Switching between cylinders can cause pressure oscillations in
the system [9]]. In static conditions, the pressure in cylinders is
primarily determined by the applied load and depends on the
crane configuration. Before switching, the pressure at the EHC
ports equals to that of the previously operated cylinder. When
the valves 2 open to connect the EHC to the next cylinder, the
difference in pressure leads to uncontrolled flow through the
valves, resulting in pressure oscillations.

To mitigate the problem, a switching algorithm has been de-
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Figure 2: A diagram of the electrohydraulic actuation system featuring sequential control of multiple actuators using a single

EHC

veloped. Firstly, the cylinders have to fully stop before switch-
ing. Secondly, a 0.5-second delay is introduced, when the
EHC is temporarily disconnected from all cylinders.

During this pause, the algorithm identifies the chamber of the
next cylinder with the load-holding pressure and sets it as
the reference pressure for the corresponding EHC port. At
the same time, the second EHC port is connected to the low-
pressure line through valves 2.5 or 2.6 and to the low-pressure
chamber of the next cylinder through valves 5.2, 5.3, or 5.4.
After that, the EHC controls pressure at its ports to match that
of the next cylinder. Once the pressure is stabilized, the cor-
responding on/off valves open, connecting the EHC and the
cylinder.

Hence, the trajectory generation algorithm produces reference
position, velocity, and acceleration of the cylinders, and regu-
lates the switching order of the on/off valves.

3.3 Movement Control Algorithm

Cylinder movement control is based on the Virtual Decom-
position Control (VDC) approach, which calculates the actu-
ator forces needed to achieve the required motion by calculat-
ing the manipulator dynamics [17]]. This versatile algorithm
has been successfully implemented in hydraulic manipulators,
demonstrating high accuracy [4].

The reference rotation velocity of the EHC, @y, is calculated
based on the required pump volumetric flow Q,.r and closed-
loop proportional force and velocity control:
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where Vp is a pump displacement, m3/rev; F, and Feqs are
actuator reference and measured forces, respectively, N; v s
and vy,eqs are cylinder reference and measured velocities, re-
spectively, m/s; and kg and k, are proportional coefficients for
feedback force and velocity control, manually tuned for suit-
able performance.

The required pump volumetric flow rate Q. r is determined
using the dynamic continuity equation:

Qref =<, 1(_% _tAA) Vrefs if G > 0 )
%emeus +Ap -V, otherwise

where B, is the effective bulk modulus of oil in a chamber, Pa;
Xmax 18 a cylinder stroke, m; and A4 and Ap are piston-side and
rod-side cylinder areas, respectively, m’>; G € —1,1 corres-
ponds to the direction of the gravity force estimated from the
crane position and determines the cylinder chamber with the
load-holding pressure. For the lift cylinder, G is not calculated
because of its unidirectional load.

The force balance equation is used to estimate the generated
cylinder force Fyeqs:

Fmeas:pA'AA_pB'AB_kV'Vref 3)



where p4 and pp are the pressures in the piston-side and rod-
side cylinder chambers, respectively, Pa; and ky is the coeffi-
cient of cylinder viscous friction, N/(m/s).

The control system coefficients were found empirically and
are listed in the tab.

Table 3: Control system parameters.

Parameter Value

Lift cylinder kx 2107
Lift cylinder k, 10

Tilt cylinder k¢ if G>0 2107

Tilt cylinder k, if G >0 10
Tilt cylinder k if G <0 -1-107
Tilt cylinder &, if G < 0 10

4 Simulation

The system performance was analyzed using a simulation in
MATLAB/Simulink. The multibody dynamics of the crane
was modeled using an iterative Newton-Euler dynamic formu-
lation [ 18] and verified against the physical crane at LUT Uni-
versity (fig. [T). Since the reference crane is not equipped with
a grapple, load swing was not considered, and logs were not
explicitly modeled. Instead, a point mass of 180 kg, attached
to the crane tip, represented the payload of a single log.

The electro-hydraulic system model incorporates the crane
cylinders, the EHC, and on/off valves. The cylinder models
neglect the leakages but include a friction model developed
in previous research [18]]. The EHC model accounts for the
first-order dynamics of the electric motor, with a 50 ms rise
time, and incorporates a laminar pump leakage model based
on the manufacturer data [11]]. Estimation of consumed power
comprises the calculation of mechanical energy delivered to
the pump and accounts for the motor efficiency based on the
charts from the datasheet [12]]. The on/off valves are modeled
using the first-order dynamics and flow characteristics derived
form the datasheet [13]].

Pressure-relief valves were excluded, as system operation
during overload conditions is not considered in this study.
To avoid unnecessary model complexity, the LP-line, boost-
pump, and 3/2 valve were simplified to a constant pressure
source of 5 bar.

The Simulink model incorporates the previously described
movement control algorithm and valve-switching logic. Path-
planning and trajectory-building algorithms are implemented
in MATLAB script.

4.1 Reference Systems

The proposed electro-hydraulic system is compared with two
state of the art approaches: an LS-system with DCVs; and a
system with an independent EHC for each cylinder. The im-

plementation of the modified A* algorithm for both reference
systems to find the shortest path was investigated in a previ-
ous study [10]. The movement velocity was adjusted to limit
the cycle duration to 11-13 seconds, which represents typical
operator performance [19].

4.1.1 LS-system with DCVs

Figure [3] illustrates the hydraulic diagram of the LS-system
with DCVs. It uses the same EHC 1 for power supply as in the
proposed electro-hydraulic system. The DCVs 4 are Bosch
Rexroth 4WRPEH 6 with a rated flow of 40 1pm [20].
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Figure 3: Hydraulic diagram of the LS-system with DCVs

The LS-system maintains the supply pressure at a level greater
than the highest pressure in the cylinders by a predefined oft-
set, commonly of 35 bar. Conventionally, this function is con-
trolled hydro-mechanically with a variable-displacement LS-
pump [21]]. However, in this system, pressure regulation is
performed by adjusting the EHC’s rotation velocity based on
real-time cylinder pressures measured by pressure sensors 6.1-
6.4.

An open-loop model-based control is implemented to calcu-
late the EHC reference rotation velocity @y y:
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where pyg is the measured supply line pressure, Pa; Ap; is the
pressure offset, Pa; p;. is the maximum cylinder pressure,
Pa; k;5 = 5 is a proportional feedback coefficient; Aj;s; and
Ay are cylinder areas depending on the movement direction,
m?.

The cylinder motion control combines three components: an
open-loop model-based control Uyp; a closed-loop propor-
tional position control; and a closed-loop PD velocity control:



Upcv = ky - (xref - xmeas) +kyp- (Vref - Vmeas)
d(Vref - Vmeas)
dt
where Upcy is the DCV control voltage, V; kx = 30 is a closed-

loop position proportional coefficient; k,p = 20 and k,p = 10
are closed-loop PD velocity control coefficients.

+kvp - +Uus (5)

The model-based control component Uyp is defined as:

Ui — Y

MB = —F———
Cv-\pLs—p

where Q = %, - A is the volume flow rate required to achieve

the reference cylinder velocity ., m3/s; and Cy is a valve
flow coefficient.

(©)

4.1.2 System with independent EHCs

A reference closed-loop circuit with an independent EHC for
each cylinder is presented in fig. [l The illustrated system
controls a single cylinder, so the considered crane requires two
such systems to actuate lift and tilt cylinders. The model of
the system and the control algorithm were developed in the
previous research [22]]. The on/off valves 5.1 and 5.2 were
not modeled because this research does not consider system
behavior during overloading conditions.

6.1 | A 6.2

Figure 4: Diagram of the hydraulic system with independent
EHCs [22]

4.2 Simulation Conditions

The simulations replicated typical log crane operations: logs
loading from the pile into the trailer, and unloading them to
the ground. Figure|§]illustrates the crane, an obstacle, and start
and end points considered in the simulation. The logs are sup-
posed to be grabbed close to their center of mass for ensuring

the balance. Therefore, the brown circles describe positions
of the centers of mass of the logs, even though normally the
logs are pointed orthogonally to the road. The simulation con-
ditions included a vertical obstacle representing the log trailer
bunks.

Figure 5: Diagram of the simulated working environment. The
gray vertical line represents the obstacle, and brown circles
depict log positions

The set of points included 6 positions in the pile and 6 posi-
tions in the truck, resulting in 36 combinations of start and end
points. For each combination of the points, two shortest paths
were found: one with the proposed electro-hydraulic system,
and one with reference systems.

5 Results

Figure[6]presents a boxplot comparing the ratio of total energy
consumption per cycle during a single simulation of the pro-
posed system (E) to that of the LS-system with DCV's (EPEY)
and the system with independent EHCs (E£HC). Summary
statics is presented in the tab. [

Table 4: Summary statistics of the ratio of total energy con-
sumption per cycle of the proposed system (E) compared to
the LS-system with DCVs (EPCV) and the system with inde-
pendent EHCs (EEHC),

Parameters ED% ﬁ
75th percentile | 31.38 % | 75.10 %

Loading logs Median 28.33 % | 68.50 %
25th percentile | 26.10 % | 61.98 %
75th percentile | 35.55 % | 48.87 %

Unloading logs | Median 3237 % | 42.10 %
25th percentile | 25.31 % | 32.74 %

Figure [7) illustrates the boxplot of a ratio of cycle durations



Table 5: Summary statistics values of the ratio of cycle dura-
tions of the proposed system (E) to those of the LS-system with
DCVs (EPCV) and the system with independent EHCs (EFHC),

Parameters TD% TE%
75th percentile | 117.50 % | 110.57 %

Loading logs Median 98.11 % | 101.90 %
25th percentile | 88.41 % | 92.21 %
75th percentile | 160.37 % | 173.78 %

Unloading logs | Median 116.75 % | 124.31 %
25th percentile | 87.43 % | 89.27 %
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Figure 6: Ratio of total energy consumption per cycle of
the proposed system (E) to that of the LS-system with DCVs
(EPSV) and the system with independent EHCs (EFHC)

during operation of the proposed system (7') to those of the
LS-system with DCVs (T°€V) and the system with independ-
ent EHCs (TFHC). Table [5| contains the corresponding sum-
mary statistics.
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Figure 7: Ratio of cycle durations of the proposed system (T)
to those of the LS-system with DCVs (TPCV) and the system
with independent EHC (TEHC)

An example of the shortest paths found during a simulation is
presented at fig. [8] The green and pink circles illustrate the
start and final points, respectively, and the green lines repres-
ent the starting crane configuration. The trajectory building
algorithm transforms the paths into reference commands for
actuation systems. Figure 0] demonstrates reference trajector-
ies and actual crane tip positions obtained in a simulation for
each actuation system.

Proposed system 35
I M Reference systems
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Figure 8: An example of the paths found by the developed
path-planning algorithm for the proposed and reference sys-
tems
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Figure 9: Trajectories generated based on the found paths,
and actual crane tip movements when following them



Conclusion

A solution featuring a single EHC for the automatic sequential
control of hydraulic cylinders in the log crane was developed
in this study. Simulations demonstrated significant reduction
in energy consumption with median values reaching 28.33 %
and 68.50 % for log loading cycles and 32.37 % and 42.10 %
for log unloading cycles compared to the reference LS-system
with DCVs and the system with independent EHCs, respect-
ively.

The decrease in energy consumption was achieved due to
two key factors. First, controlling only a single actuator at
a time simplifies trajectory building and cylinder position con-
trol, allowing the EHC to operate in its high-efficiency range.
Second, when cylinders are disconnected, they don’t consume
energy for load holding, unlike systems using DCVs or inde-
pendent EHCs.

The cycle durations of the proposed system were close to ones
of the reference systems during log loading cycles. However,
during unloading, the cycle time increased, with median val-
ues reaching 116.75 % and 124.31 % compared to the LS-
system with DCVs and the system with independent EHCs,
respectively. Moreover, the 75th percentile of the duration ra-
tio reached 160.37 % and 173.78 % relative to the reference
systems. This significant cycle slowdown is primarily attrib-
uted to the high correlation between the number of switches
between the cylinders and cycle duration. Every switch intro-
duces a fixed 0.5 s delay for pressure stabilization, and since
the cylinders have to stop for switching, movement speed is re-
duced due to additional acceleration and deceleration phases.

The proposed system provides a wide range of opportunit-
ies for further study. First, optimizing the path-planning al-
gorithm to minimize switches between the cylinders could im-
prove work cycle duration. Second, the approach of actuat-
ing multiple cylinders with the fewest possible EHCs allows
for a wide variety of potential modifications and combinations
within actuation systems. Third, incorporating the extension
boom introduces redundancy, which can be used for energy
efficiency improvement and control optimization. Finally, fur-
ther investigation into the implementation of the VDC in EHC-
based systems is needed for maximizing the system perform-
ance and accuracy.
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