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On Modeling, Identification, and Control of a Heavy-Duty
Electrohydraulic Harvester Manipulator

Evangelos Papadopoulos, Senior Member, IEEE, Bin Mu, and Réal Frenette

Abstract—This paper focuses on modeling, parameter estima-
tion, and control for a heavy-duty electrohydraulic manipulator
of a harvester machine. The linear-graph method is implemented
in deriving mathematical models for the swing, boom and stick
subsystems. Actuation dynamics are subsequently integrated
with manipulator dynamics to result in a complete machine
model. Identification procedures employed in estimating physical
parameters are discussed in detail and key parameter results
supplied. Model validation studies show good agreement between
model predictions and experiments. A Cartesian controller for the
motion of the manipulator end-point is described and response
results are presented. It is shown that the obtained response is
very good for the purposes of this harvester machine, resulting in
very small relative tracking errors.

Index Terms—Cartesian control, heavy-duty hydraulic manipu-
lators, hydraulic servo control, parameter identification.

I. INTRODUCTION

FOR MANY nations, forestry is the most important in-
dustry in terms of people employed and contribution to the

economy, [1]. Increased global competition and strict environ-
mental laws require that forestry resources are harvested more
efficiently and more carefully than previously. This requires
sophisticated forestry equipment with better and easier-to-use
controls, increased efficiency, and self-diagnostics. Such equip-
ment will allow operators to concentrate more on planning
tree-harvesting operations, [2].

Sophistication in the form of computerized control and di-
agnostics should not increase costs significantly, while the
system should remain reliable in harsh environments. These
requirements dictate the use of industrial grade hydraulic actu-
ation systems and computers; i.e., high-end fast workstations
and expensive servo-systems are not appropriate. An important
challenge is how to achieve superior results available in high
performance robotic systems but with existing industrial grade
technology. In such cases, improving the performance can be
achieved in part by modeling and model-based control. This
is the main focus of this paper.
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Mathematical models are used toward understanding the
dynamic characteristics of electrohydraulic actuation systems
for designing and implementing control algorithms. The ma-
jority of previous work has focused on modeling of individual
servovalves, transmission lines and actuators. Mclainet al.
developed dynamic models for a complete electrohydraulic
actuation system, [3]. The models included a single-stage,
four-way, suspension-type valve, not used in industry. The
high cost of hydraulics, sensors and data-acquisition systems,
and the lack of experience in hydraulics, limit research on
heavy-duty hydraulics. Due to these reasons, control design and
coordination of articulated manipulators are not easy to achieve
[4]. Nevertheless, various identification methods for transmis-
sion lines [5], [6], actuators [7], and servovalves [8], [9], have
been proposed and implemented, and specific servo actuation
systems have been investigated [3], [10], [11]. Control studies
in hydraulics have typically concentrated on single-cylinder,
servo-control applications in a simulation or a laboratory envi-
ronment. The control approaches employed include adaptive,
robust, or time-delayed control laws, see for example [12]–[14].

Little research has been reported in the area of heavy-duty
industrial or field manipulators. Most of the available work is
control related. A resolved-mode controller has been applied
on a heavy-duty excavator. The authors dealt successfully with
the particular hydraulics found in excavator machines [15]. A
feedforward controller with desired trajectory based adaptation
was employed experimentally in the control of a heavy-duty
industrial manipulator. Results were promising but indicated
that the response improvement did not justify the additional
sensors and controller complexity, [16]. A time-delayed control
approach has been applied in excavator end-point motions with
good performance, [17].

In this paper, the dynamic behavior of the electrohydraulic ac-
tuation system of a heavy-duty harvester manipulator is studied
first. Models describing such behavior are needed in the de-
velopment of training simulators, in control system design,
and in the detection of failures. The linear graph method is
implemented in deriving mathematical models of three actua-
tion subsystems used on the vehicle, namely, the swing, boom,
and stick subsystems. The actuation dynamics are integrated
with rigid body dynamics to result in a complete manipu-
lator model. Identification procedures employed in estimating
physical parameters are discussed in detail. Model-validation
studies are carried out that show good agreement between the
model and experiments in both open and closed loop experi-
ments. The derived models can be used in designing advanced
controllers, in system fault detection and prediction, and in
graphical training simulators. Finally, a manipulator Cartesian
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Fig. 1. FERIC harvester machine and its manipulator.

controller is developed and response results are presented. It
is shown that the obtained response is very good for the pur-
poses of this harvester machine, resulting in very small relative
tracking errors.

II. HARVESTERMANIPULATOR

The work described here was part of a Canadian initiative in
forestry robotics, called “ATREF” (Application des Technolo-
gies Robotiques aux Équipements Forestiers), [2]. The 20-ton
harvester machine used was provided by the Forest Engineering
Research Institute of Canada (FERIC), and was equipped with
an articulated manipulator that includes a hydraulic motor-ac-
tuated swing joint, and cylinder-actuated boom and stick joints,
see Fig. 1. A Hooke-type assembly at the end point permits
free swinging of the processing head in two degrees of freedom
(dof), see Fig. 1.

The manipulator’s workspace has a diameter of 15 m and
a height of 10 m, while the payload is 700 kg. Two constant-
pressure pumps are driven by a diesel engine, rated 152 hp at
2500 r/m and supply a pressure of 3000 psi to the hydraulic
actuators.

Velocity commands, issued by an on-board operator via an
appropriate joystick, are processed by an embedded industrial
computer system and, as a result, voltages are sent to propor-
tional valves.

III. SYSTEM DYNAMICS

The dynamic characteristics of the hydraulic systems are
intricate due to the large number of components involved and
their nonlinear behavior. Access to a dynamics model of such
a system allows for understanding and designing closed-loop
controllers, for designing training simulators, and for detecting
system failures by running models in parallel to operations.
To achieve the desired level of accuracy in modeling and esti-
mating the corresponding parameters, the system was broken
into its components. Each of these is modeled individually, and
the overall dynamic model is assembled from the individual
models. The components modeled include pumps, proportional

valves, hoses, cylinders, and the swing motor. Linear graphs
were chosen as the modeling methodology, [18].

a) Pumps: Two pressure-compensated, piston pumps pro-
vide constant pressure to the test vehicle, and are modeled as
ideal pressure sources, see Figs. 2 and 3.

b) Valves: Three two-stage, four-way proportional spool
valves are used to actuate the swing, boom and stick subsys-
tems. Only the resistive effect of the valves is considered in the
dynamic models, due to the fact that their natural frequency is
much higher than that of the hydraulics and manipulator. It is
also assumed that the fluid and the geometry of the valves are
ideal (e.g., sharp edges), [19]. The valve resistance, is given by
the orifice equation

(1)

where is the pressure difference across the valve,is the
flow through the valve, and is a coefficient which is function
of fluid density , the orifice area , and the discharge coeffi-
cient

(2)

Input voltage commands modulate the orifice areas, which af-
fect the magnitude of . For most sliding-type valves at small
openings, is fairly constant when the Reynolds number is
greater than 260. If the orifice edges are sharp, as assumed pre-
viously, then the discharge coefficient is to ,
[20].

c) Hoses: A lumped-parameter modeling methodology
is applied to derive transmission line models. Its validity
depends on whether the observed frequency of oscillation in
the actuation system, is significantly lower than the frequency
corresponding to wave propagation, [21]. This criterion can be
expressed as

with (3)

where is the line-oscillation frequency observed (about 3 Hz),
is the hose length, is the velocity of sound in the oil, and
is its bulk modulus. For the oil used, N/m ,
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Fig. 2. Swing subsystem model.

Fig. 3. Boom and stick linear graphs.

kg/m , resulting in equal to 214 m. Therefore, to
develop a model that describes well the behavior of the hoses,
one lump is sufficient, even for the longest machine hose, for
which m.

The following modeling assumptions were made.

1) Turbulent flow is assumed (nonlinear pressure-flow re-
lationship) for the boom and stick. In contrast, laminar
flow is assumed for the swing model due to the fact that
the swing hoses are very short, and turbulent flow can not
develop completely.

2) Fluid compressibility and line compliance effects are
linear. They hold for relatively small pressure fluctuations
from the steady state pressure and for small expansion in
the hoses.

3) In defining fluid inertance, the momentum of the fluid on
the inlet and outlet sides of a control volume is assumed
to be the same.

There are many alternatives for arranging inertance, capac-
itance, and resistance elements for a hose model. Here, a
common “T” type is used, in which the resistance and inertance
are in series, and the capacitance is connected at their common
node, see Figs. 2 and 3. This was dictated by the need for a

smaller model and by sensor availability and feasible installa-
tion locations.

d) Hydraulic Cylinders: Two single-ended (asymmetrical)
cylinders are used to actuate the boom and stick. It is assumed
that cylinder chambers are rigid, that dominant friction effects
in the piston seals are viscous, (the oil lubricates the seals and
greatly reduces the effect of coulomb friction), and that there
is no significant leakage past the piston; leakage is further
prevented by the piston’s single-ended configuration. Since
hydraulic cylinders convert fluid to mechanical power, this
transduction is modeled in linear graphs as a gyrator. Due to
the single-ended configuration, the common two-port element
gyrator cannot be applied directly. Instead, two two-port gyrators
are used, see Fig. 3.

e) Hydraulic Motor: fixed-displacement piston motor is
used to drive the swing. Contrary to cylinders, hydraulic motors
can be modeled as single two-port gyrators, see Fig. 2. The
following assumptions are made.

1) Viscous friction of the motor is lumped into the damping
of the gear train connected to its output shaft.

2) Internal and external motor leakage is present, and slip
flow is laminar.
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Although in general, the volumetric efficiency of hydraulic mo-
tors is quite high, at low speeds the slip-flow effect becomes
more prominent. Very often, the swing motor is working within
this speed range.

f) Other Components:Filters and check valves are present
which behave as fluid resistances. However, specifications show
that their resistance is much smaller than that of the valves, and
hoses. Therefore, their effect is neglected.

Based on the above, the linear graph of the swing subsystem
was constructed as shown in Fig. 2, whereis the pump pres-
sure; are the valve-orifice resistances modulated by the
input (command) voltage; , , , , and , , are the
supply and return-line inertance, capacitance, and resistance;

are the internal and external leakage of the motor
whose volumetric displacement is ; is the gear train gear
ratio; is the gear train viscous damping; and the swing
angular velocity.

Similarly, the boom and stick models are constructed as
shown in Fig. 3. Additional parameters include the rod and
head areas of the piston , and , the cylinder
viscous damping , and the piston velocity.

The dynamic models of the manipulator were derived sepa-
rately, and have the form [22]

(4)

where is a mass matrix, includes Coriolis and
centrifugal terms, includes gravity terms, andis the joint
input torque provided by the actuators. To integrate this model
to the hydraulic actuator models, one needs to provide expres-
sions transforming pressure differences to forces or torques, and
angular velocities to flows.

For the two cylinders, the actuator to joint space differential
kinematics are given by

(5)

where is the vector of piston (actuator) displacements,is the
vector of manipulator joint angles, includes the forces gen-
erated by the actuators, and are the corresponding torques.
Since each link is independently actuated, the Jacobianis a di-
agonal matrix. For single-ended cylinders, output forces are re-
lated to pressures and flows to linear velocities by the following
equations:

(6a)

(6b)

where , , , are driving and re-
turning areas of the boom and stick pistons; , are the
forces generated by boom and stick cylinders. Similarly, ,

, , are pressures at inlet and outlet of the
boom and stick cylinders, and , , ,

are flow rates. The negative sign in the second equation is due
to linear graph conventions. The full transduction equations are

(7a)

(7b)

The transduction equation for the swing motor is simpler

(8)

The relationship between manipulator dynamics, described
by and and electrohydraulic actuator dynamics, described
by pressures and flows are set up next. The system equations for
the 3-dof manipulator consist of eighteen first-order nonlinear
differential equations given below

(9a)
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TABLE I
LINK INERTIAL PROPERTIES

where

(9b)

IV. EXPERIMENTAL IDENTIFICATION

The enormous size, weight, and power of the experimental
system, as well as the industrial environment in which this was
made available for experimentation, made identification experi-
ments quite challenging. Two sets of parameters were estimated
or identified: a) Rigid body parameters; and b) Actuation system
parameters.

A. Rigid Body Parameters

a) Component Masses:Link masses are not difficult to find
provided that the links can be disassembled from the machine
and that huge scales are available. Fortunately, the machine ma-
nipulator was partly disassembled during modification works
and its links were weighed. Center of mass locations were found
using suspension experiments. The results of these measure-
ments are shown in Table I.

b) Component Moments of Inertia:Moments of inertia can
be found using a pendulum experiment, during which, a rigid
body is suspended from a point, is angularly displaced, and then
is set free to swing. Care must be taken so that swinging oc-
curs on a single plane. The period of the resulting oscillation is
recorded, and is subsequently used to calculate the moment of
inertia around the axis of rotation according to

(10)

where is the moment of inertia of the body with respect to
the axis of swinging (a axis), is its mass, is the period
of oscillation, and is the length from the point of suspension
to body center of mass. The moments of inertia with respect
to body center of mass are then computed using the parallel
axis theorem. As shown by (10), the inertia is proportional to
the square of the time period, and this may result in substantial
estimation errors. Moreover, swinging a huge body with respect
to a single axis is a difficult task. For these reasons, pendulum
experiments were used in parallel to solid modeling techniques.

Solid modeling techniques can be used to obtain all mass
properties and center-of-mass positions, assuming that the ma-
terial and the geometry of a body or link are precisely known.
However, this is not always the case. To match solid modeling
estimates to measurements, static suspension, weighing, and
pendulum experiments were used to refine solid models to the
point that both the estimated and measured total mass and mo-
ment of inertia were in agreement. The solid models generated
for the swing and the boom are shown in Fig. 4. Following the

Fig. 4. Solid models for the (a) swing, (b) boom, and (c) stick.

Fig. 5. ValveC (V ) experimental data and fitted curve.

techniques described above, the inertia parameters of the links
were obtained and are given in Table I.

B. Actuation System Parameters

The majority of the actuation system parameters were iden-
tified individually in order to minimize estimation errors. The
damping associated with the joints was estimated using least-
square techniques after all other parameters were identified. The
data-acquisition system used included a STD32-bus Ziatech-
8902, 486 DX-2 computer installed at the back of the cabin on
the vehicle. The data were collected under the QNX real-time
operating system at a rate of 200 Hz, and sent to a remote QNX-
based 486 DX-2 computer via an Ethernet connection.

a) Valves: Since the three proportional valves used for the
swing, boom, and stick are identical, one of them was tested
experimentally and its calculated. By varying the magni-
tude of voltage commands, several sets of pressures,
and flow rates were collected. Using (1) and a curve-fitting
algorithm, a third-order polynomial representation of
was found, see Fig. 5. Fitting , instead of its inverse, is more
difficult due to the large values during valve closure, and
usually it requires more than one polynomial to achieve accept-
able curve-fitting. The region between 0 and 1.2 V corresponds
to valve deadband.

b) Hose Resistance:For incompressible, fully developed
turbulent flow in hoses, the pressure drop is related to flow
according to (1). To estimate hose , a SAE 100R12 hose
of 4 meters in length and 3/4″ in diameter was connected to
valve ports A and B. The valve orifice was changed so as to
obtain different steady flows. The flow was measured by an
FTI Flow Technology turbine sensor, placed at the middle of
the hose, while the two pressures were measured by Webster
LPT sensors placed at hose ends. Fig. 6 shows the results,
where the solid line represents experimental measurements
and the dotted line is the polynomial curve fitting result,
i.e., Pa/(m /sec) . The flat region at the
beginning of the solid line is due to flow sensor limitations.

The SAE 100R12 very-high-pressure hydraulic hose is the
only type of hose used on the vehicle. For hoses with different
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Fig. 6. Hose resistance measurement.

diameters and lengths, their resistance can be calculated using
the following exact formula, [20]

(11)
where is a constant depending on the units,is the absolute
oil viscosity, is the oil density, is the pipe length, and is
the inside diameter of the pipe. To obtain a new, is
approximated by .

c) Inertance and Capacitance:The line inertance and
capacitance are estimated from pressure and flow rate readings
based on element equation definitions, [18]. To this end, a
simple T-model was assumed, see Figs. 2 and 3. At the ends
of the hose, a flow and a pressure sensor were added. Using
the valve, line transients were induced, and the inlet and outlet
pressures, , and , and the inlet and outlet flow, , and

, were recorded. Using element equations, the capacitance
and inertance were approximated by

(12)

(13)

Pressure corresponds to pressure in Figs. 2 and 3 and
was estimated as

(14)

For a machine hose with length of 4 m and diameter of 3/4″,
four groups of data, corresponding to different excitations, were
collected. The mean values for the inertance and capacitance
were calculated from each group. Averaging these yielded,

m /N, and kg/m .
d) Motor Leakage:Two types of leakage flows exist in

hydraulic motors: the internal or cross-port leakage between
higher and lower pressure chambers, and the external leakage
from each motor chamber passing through motor pistons to the
case drain. Because all clearances in a motor are intentionally
made small to reduce losses, these leakage flows are laminar
and, therefore, proportional to pressure differences.

The internal leakage, , is proportional to the pressure dif-
ference across the inlet and outlet motor ports,

(15)

where is the internal flow. To calculate , the manipulator
is rotated by 90 from its normal forward position with respect
to the swing motor axis. Then, the platform of the harvester is
tilted in order to use gravity to rotate the swing motor. With
the swing valve completely shut, the manipulator rotates slowly
under the effect of gravity, due to the existence of the internal

leakage. Measuring the swing angular speedwith the swing
resolver yields the internal flow according to

(16)

Measuring at the motor and using (15) and (16) yields
as a function of time, see Fig. 7(a). Time averaging such

results yields N s/m .
The external leakage in each piston chamber is proportional

to the chamber pressure and can be written as

(17)

where is the external resistance, is the pressure in for-
ward chamber, is pressure in return chamber, and and

the corresponding leakages. To estimate, the swing
motor was commanded to rotate at steady conditions. Pressures
at its ports, as well as leakage from its drain port were measured.
Then, the is found as

(18)

where is the volume of oil collected over a period . The
results of seven independent experiments shown in Fig. 7(b)
yield N s/m .

e) Friction Parameters:The manipulator is subject to both
Coulomb and viscous friction at all manipulator joints, piston
seals, and motor gear train. Because it was not possible to mea-
sure the force or torque at the verge of motion due to experi-
mental limitations, only viscous friction was estimated after all
other parameters were identified, and any accumulative errors
were lumped into it.

By assuming all other parameters known, and by driving the
system at a constant joint velocity, Equations (4) and (5) can
be rewritten into the form of for the swing, and

for the boom and stick subsystems. Using a number
of experimental sets and a least squares approach yielded the
damping coefficients given in Fig. 8. The average values were

N m/(rads and
N/(m s .

V. MODEL VALIDATION

Open-loop validation. The model given by (9) was imple-
mented in Simulink. To validate it, various input voltage com-
mands were fed to the valves, and simulated responses were
compared to experimentally obtained ones. Fig. 9(a) displays
the response of key swing subsystem variables, for a triangular
input command. The solid line stands for actual measurements
and the dotted line is for predicted ones using the derived dy-
namic models.

The prediction of angular displacements and speeds is very
close to the actual ones. The flow-rate prediction is also very
good because of its relation to angular rates. The predicted
pressure profiles are close to the real ones, although some of
the peaks were slightly underestimated. This may be partly due
to small discrepancies between the actual and the calculated
mass properties, and the fact that a processing head was
attached via 2-dof pendulum at the manipulator end-point just
before the experiments were conducted. Periodic motions of the



184 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 8, NO. 2, JUNE 2003

Fig. 7. (a) Internal and (b) external swing motor leakage.

Fig. 8. Viscous friction coefficients for: (a) the swing and (b) the stick.

Fig. 9. Model validation studies for: (a) swing and (b) stick.

manipulator caused swinging motions of this head. Although
its mass properties were known, and taken into account, the
dynamic effects of this motion were neglected due to the
lack of pendulum sensors. A more accurate friction model
might also contribute in improving the results to some extent.
However, the developed models predict well the motions of the
manipulator and are considered good enough for the reasons

for which they were developed. Results for the other dofs are
similar to those presented here. For example, Fig. 9(b) depicts
the response of key variables for the stick.

Closed-loop validation.A PID controller was implemented
at the joint level, without the feedforward part, see Fig. 10. Re-
solvers were used for joint angle feedback, while velocities were
computed.
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Fig. 10. Joint space PID controller and actuation system.

Fig. 11. Desired and actual stick angle response (responses overlapping).

Fig. 12. Comparison of stick experimental and simulated tracking errors.

Fig. 13. Comparison of stick rod-end experimental and simulated pressures.

Closed-loop validation for each joint included feeding a sinu-
soidal angle command to the joint controller. The PID controller
used was first introduced in the derived models and appropriate
gains were computed for an average configuration. The gains
were further tuned by simulations and by experiments on the
machine. The same gains were used both in simulation and in
experiment. As an example of the response obtained, the stick
subsystem response is displayed in Figs. 11–13. The same fig-
ures also display the response of the controlled system, simu-
lated in Simulink.

Note that the simulated and actual tracking errors are almost
identical. The small oscillations close to 6 and 16s are due to
hose dynamics. A simplified model of the actuation system ex-
cluding these dynamics predicts accurately the mean response
but it is faster, and may therefore be preferred for control or sim-
ulation purposes, [23]. Pressure predictions are very good in the
mean. Discrepancies are mostly due to load swinging which was
not accounted for in the model.

Fig. 14. Feedforward prediction compared to PID voltage command.

VI. CARTESIAN AND VALVE MODEL-BASED CONTROL

Originally, the manipulator was controlled at the joint level
via a bank of levers. To move the end point in Cartesian space
and reach a tree, the operator had to do the inverse kinematics
mentally. The new system that was developed allowed for co-
ordinated control of the end-point in Cartesian space or polar
coordinate space. To implement this control system, a 3-dof
armchair-mounted, heavy-duty joystick, rugged joint resolvers,
pressure transducers, and an embedded industrial-grade com-
puter system were installed on the harvester.

The control system running on the computer receives
Cartesian speed commands, resolves them into cylinder
displacements and sends voltage commands to the joint pro-
portional valves. The joint level controller, depicted in Fig. 10,
includes both a feedforward and a feedback part.

Design of the feedforward term is based on the valve charac-
teristic shown in Fig. 5, as follows. Assuming that the tank pres-
sure is zero, the approximate pressure drop at a valve is given
by

(19)

This pressure can be available on-line by measuring, ,
. Equation (1) is written as

(20)

where is the flow through the valve. A given speed
command by the operator allows computation of the desired
flow through the valve, . Then, the voltage sent to the
valve, , is found using the function shown in Fig. 5 and the
following:

(21)

As shown in Fig. 10, the feedforward signal is multiplied by
a factor . If this feedforward term were all that was needed,
then , and no feedback loop would be necessary. How-
ever, due to modeling errors and to simplifications made above,

is taken less but close to one, and co-exists with the feed-
back law.

The usefulness of the feedforward controller was first demon-
strated off-line. The values recorded during the experiments for
closed-loop validation, (trajectory shown in Fig. 11), were fed
into a Matlab program that computes the feedforward voltages
as explained above. The results are shown in Fig. 14; a dif-
ference between the feedforward command estimation and the
experimental feedback command is only noticeable when the
spool is moving from one side of the valve to the other (i.e.,
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Fig. 15. Cartesian and joint angular errors for the Cartesian motion starting at(x; y; z) = (2:0279; 3:5139; 0:15529) m and ending at (0.016 382, 4.1488,
�4.1062) m. (a) Cartesian path command and response, (b)–(d) Cartesianx, y, z tracking errors, (e)–(g) Joint space tracking errors.

when the polarity of the command changes). Since the valve
model provides a good approximation of the voltage needed to
produce the desired motion, the feedforward term is proven to
be beneficial. More accurate results can be obtained if the valve
is modeled as two resistances, one for each port, and an indi-
vidual for each port is used.

Next, a Cartesian three-dimensional motion of the end-point
is evaluated. The endpoint in such machines is commanded by
the operator using velocity commands and corrections obtained
visually, i.e., the loop with respect to position is closed visually.
To yield the commanded path, the velocity commands must be
integrated with time.

As an example, the manipulator endpoint is commanded to
move in the – – Cartesian space for a distance along the path
approximately equal to 5 m, see Fig. 15(a). The resulting path is
also presented in the same figure, while the Cartesian and joint
space errors are shown in Fig. 15(b)–(d) and (e)–(g). As it can
be computed from Fig. 15(b)–(d), the rms tracking error does
not exceed 5 cm, and the resulting error is about 1%, i.e., very
good for forestry operations.

VII. CONCLUSION

In this paper, the dynamic behavior of the electrohydraulic
system of a heavy-duty harvester manipulator was studied.
Linear graphs were employed in deriving models for the swing,

boom and stick subsystems. The actuation dynamics were
integrated with rigid body dynamics to result in a complete
manipulator model. Estimation procedures employed in ob-
taining values of physical parameters were discussed. Model
validation studies showed good agreement between the model
and experiments. A Cartesian controller that incorporates a
valve-based model was developed and response results were
presented. It was shown that the obtained response is very good
for the purposes of a harvester machine, resulting in small
relative tracking errors. This work indicates that modeling
and control can improve the response of heavy-duty hydraulic
manipulators and their field effectiveness.
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