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In the forest industry, machines are equipped with robust and efficient hydraulic
technology. However, the work profit depends heavily on the working operations
with these machines. As a consequence, intelligent control systems are essential in
these machines to try to improve work efficiency and variation between different
human operators.

The main objective of this Master’s Thesis is to obtain a linear trajectory control of
a forestry crane in a miniature forest machine. To do that, it is important to study
the system modeling using appropriate assumptions obtaining the most accurate
response through the correct controller design. Moreover, simulation of the system
using advanced modeling and simulation tool is run once that modeling has been
done. This simulation has to include non-linearities of the components to obtain
the most realistic results. To do that, MATLAB tools are used in modeling, control
design and LMS Imagine.Lab AMESim is used in the final simulation. Control
system is designed as Proportional Integral controller due to the fact that it is a
simple controller for implementation.

This thesis is divided in two parts. First, in the theoretical chapter, modeling of the
machine is obtained according to dynamics and kinematics of the forestry crane. In
the second part, simulation in AMESim software is run to observe how the machine
responds to an input signal according to the forestry crane trajectory.
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1. INTRODUCTION

Forestry is an important field of industry. In 2015, according to official statistics
released in March, forest industry was Finland’s largest export sector. These exports
were boosted by demand for pulp and paperboard.

In the forest industry, machines are equipped with robust and efficient hydraulic
technology. However, the work profit depends heavily on the working operations
with these machines. As a consequence, modern control systems are essential in
these machines to try to reduce the human interaction in this industry. By using
an autonomous control in the hydraulic system, it is possible to obtain a desired
trajectory, which helps the driver to obtain the final position of the forestry crane.

This Master’s Thesis has been conducted as part of the cooperation between Tam-
pere University of Technology (TUT) and Usewood Forest Tec Oy, a Finnish com-
pany which provides machines and new methods to forest management.

The main purpose of this thesis is obtaining a modern control system, which will be
able to help the driver in the cutting actions. Due to the fact that having a desired
trajectory of the cutter ensures that working time is reduced, working efficiency is
highly increased. Moreover, using this autonomous control, human interaction is
not an element to consider.

Firstly, literary sources have been examined in order to obtain a general overview
about what other researchers are doing about this topic ([3], [7], [6], [4], [5], [7],
[17]). In order to obtain the simplest implementation of the control, linear control
systems have been studied to design the correct controller. This part has been done
using linear models of all parts of the forestry crane. After that, a simulation model
of the crane is built and used to test the trajectory of the cutter body. The results
of these simulation runs are discussed. Finally, possible future lines and conclusions
are discussed.
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2. MINIATURE FORESTRY MACHINES

Usewood Pro small harvester is designed for professional use as a working machine
in the management of sapling stands. This machine has a power for young forest
management due to the fact that is one of the smallest forest machines in the market.
Due to small forest machine dimensions, the movement of the crane has to be really
accurate to obtain really good results.

Figure 2.1 Usewood Forest Master [19]

2.1 The main working principle

This forestry machine is a type of an articulated manipulator with three revolute
joints. This articulated manipulator is also called a revolute or anthropomorphic
manipulator. It is a manipulator with three-joint structures which uses rotary joints
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(q1, q2 and q3) to access its work space. In this case, z2 is parallel to z1 and both z1

and z2 are perpendicular to z0. Articulated manipulator structure and work space
are shown in Figures 2.2 and 2.3. This configuration allows the gripper to reach a

z1
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z2
3q2

q1

Shoulder

Forearm
Elbow

Body

Base

q3

q2

SideTop

q1

Figure 2.2 Structure of the articulated manipulator (RRR) [15]

z1

z0

z2
3q2

q1
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Base

q3

q2

SideTop

q1

Figure 2.3 Work space of the articulated manipulator (RRR) [15]

wide working area. Moreover, in robotic systems, accuracy (attribute of how close
the end-effector can come to a desired point) and repeatability (attribute of how
close the end-effector can return to a previously taught point) are highly dependent
on the joints, control and working components.

To reach a given point with accuracy and repeatability, the intelligent control system
has to vary the joint angles correctly. These joint angles are moved using hydraulic
cylinders, which increasing or decreasing its piston displacement creates a torque,
which is able to move the forestry crane.

The hydraulic system used in this mobile application is the Load-Sensing control,
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which is shown in Figure 2.4. This system is used in forest machines or excavators
among others due to the fact that high flow is needed and load pressure varies
remarkably. The load pressure is controlled by the Load sensing system. This load
pressure sets the supply pressure and pump flow rate according to the operation
point. An important characteristic is that independent movement during parallel
operation is allowed.

21

3.11.2014

LS – control made by constant or variable
hydraulic pump

Hydraulics in mobile equipment (Bosch Rexroth) Figure 2.4 Load-Sensing control made by variable hydraulic pump [13]

The spool displacement of the proportional valve, which varies the flows through this
component, is controlled using the intelligent control system. This control system is
responsible for obtaining the input signal required to achieve the desired joint angle
in the forestry crane.

2.2 Introduction of the problem

Human operators in forestry machines have to manage lots of different actions at
the same time while they are driving or working. It means that there are several
tasks performed at the same time such as maneuvering of the vehicle, controlling the
crane actuators and cutting operations. As a consequence, the drivers experience
and skills are essential if there is not any automatic control in the machine. However,
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if control systems are included, these skills are not really important to obtain good
results and everyone is able to do this job as a professional driver.

The concept of designing autonomous operations for this industry has been contin-
uing from the 1980s. The state-of-the-art in crane control consists of using dual
analog joysticks which provide electrical signals that command the flow rate of the
hydraulic system, which is formed by a proportional valve and a hydraulic cylinder.
These valves control each hydraulic actuator and each boom joint independently.

Figure 2.5 Usewood cabin with ergonomic joystick [20]

Due to the fact that the boom joints and the joysticks are moving independently,
the driver’s skills are essential in obtaining an efficient work. Using modern control
systems instead of joysticks in the cutting operations can be useful to get easier
boom operations which help the forestry driver daily.

2.3 Purpose and objectives

The main purpose of this Master’s Thesis is the obtaining of a simple controller,
which is able to control the boom operations, having a linear trajectory of the
forestry crane. Due to this trajectory, it will be possible to get the desired movement
through the working place without any human interaction.

In Figure 2.6, the three joints of the forestry crane are shown: slewing q1, inner
boom q2 and outer boom q3. Moreover, it is possible to see the two essential reference
axis of the machine where the grapple is defined as the point where the cutter is
positioned.

First of all, system modeling is done using appropriate assumptions to obtain the
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Inner 
boom (q2)
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Outer 
boom (q3)

Xref

Yref

Xgrapple

Ygrapple

Figure 2.6 Real Usewood machine from the laboratory

most accurate response and to design the correct linear controller. This linear con-
troller is designed as a Proportional-Integral controller (PI controller). It is used
to simplify the implementation in the real machine. To do that, MATLAB and
Simulink are used to facilitate the obtaining of mathematical expressions, getting
the performance and the simulation of the ideal and linear control system.

The system modeling is done in the following two parts: kinematics and dynamics.
The relation between the joint angles q2 and q3 and the final grapple point [Xgrapple,
Xgrapple] is described in the kinematic section. After that, mechanical dynamics is
studied to obtain the relation between the forestry crane bodies and the torque in
the joints. Hydraulic dynamics explains how this torque varias as a function of the
input signal in the hydraulic system.

Once the modelling and design of the controller have been done, the complete sim-
ulation of the forestry crane is done using LMS Imagine.Lab AMESim. Using this
advanced simulation tool, it is possible to include non-linearities in the hydraulic
and mechanical systems, which are difficult to model and include in the MATLAB
control design.
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3. SYSTEM MODELING

3.1 Forestry crane kinematics

Any robot or machine can be described kinematically by giving the values of four
parameters for each link. These parameters are a convention called the Denavit-
Hartenberg notation [2]. Two of these parameters describe the link itself and the
others describe the connection between the link and its neighbour. In the case of
this machine, all joints are revolute, θi is called the joint variable and the other three
would be fixed link parameters.

These parameters and reference frames of the forestry crane can be seen in 3.1

Figure 3.1 Reference frames to specify the DH convention (adapted from [12])

The main objective of this study is to obtain a linear movement of the forestry
crane cutter. It means that the machine will be moved in 2D instead of 3D. As
a consequence, to have a simple forest machine system, the Denavit-Hartenberg
parameters will be obtained only in 2D. Due to that simplification, z-axis will be



3.2. Geometric direct model 8

fixed around the system so link 1 will be fixed too (no movement around z0 axis).
According to the definition of these parameters, the values for each joint in the
forestry crane can be defined by:

Link i θi di (m) ai (m) αi (rad)
1 q2 0 0 0
2 q3 0 L2 0
3 0 0 L3 0

Table 3.1 DH parameters of the two-link manipulator

Using Denavit-Hartenberg parameters, the forestry crane can be defined by joint
angles θ, link offset d, link length a and link twist α. The model and simulation in
software will be done following these characteristics of the system and doing some
simplifications about the movement and components which will be described below.

3.2 Geometric direct model

The purpose of this Master’s Thesis is the control of the linear trajectory of the
forestry crane. This linear trajectory is defined by Cartesian coordinate system. As
a requirement, it is necessary to obtain the relation between this coordinate system
and the joints angles of the forestry crane. This relation is calculated based on the
geometric solution of a simple planar two-link manipulator.

To find a manipulator’s joint angles solution in a geometric method, it is necessary
to decompose the spatial geometry of the arm into several plane-geometry problems.
These joint angles can be solved using trigonometric relations applying directly plane
geometry.

Figure 3.2 shows the triangle formed by L2, L3 and the line joining the origin of
frame 1 with the origin of frame 3. Two different configurations can be seen in this
figure, elbow-up and elbow-down (dashed lines). Both of them are related to the
position of the forest machine arms. In the case of study, elbow-up configuration will
be used. Considering the solid triangle (elbow-up) and applying the law of cosines
to solve θ3, it is possible to obtain this joint angle depending on x and y coordinates.

q3 = arccos

(
L2

2 + L3
2 − x2 − y2

2 L2 L3

)
− π, (3.1)

In order to confirm this solid triangle, one working condition has to be declare. This
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Figure 3.2 Plane geometry of the manipulator (adapted from [1])

condition would be checked at this point in an algorithm to verify the existence of
solutions for the forestry crane.√

x2 + y2 ≤ L2 + L3 (3.2)

Following DH-Parameters and using the angle definition of the figure 3.2, different
machine configurations depend on the sign of q3:

- Elbow-up (solid triangle): if q3 lower than 0 then q2 = β + ψ

- Elbow-down (dashed-line triangle): if q3 higher than 0 then q2 = β - ψ

To solve q2, expressions for angles β and ψ have to be defined. Firstly, β may be in
any quadrant depending on the signs of x and y. This angle can be obtained using
two-argument arctangent:

β = arctan(x, y) (3.3)

To find ψ, law of cosines has to be used again:

ψ = arccos

(√
x2 + y2

2 L2

)
(3.4)
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Finally, using elbow-down configuration for the forestry crane, the joint angle θ2 is:

q2 = arctan

(
x

y

)
+ arccos

(√
x2 + y2

2 L2

)
(3.5)

3.3 Inverse manipulator kinematics

The system will be simplified to a planar elbow manipulator with two revolute joints.

y1

x1

x3y3

x2

q2

m1g

m2g

y2

q3

Lc2

Lc1

L2

L1

pt

ps

u

QA

QB

Figure 3.3 Two link revolute joint arm (adapted from [15])

In the Figure 3.3, for i = 2,3, qi denotes the joint angle, mi denotes the mass of
link i, Li denotes the length of the link i, Lci denotes the distance from the previous
joint to the center of mass of link i, and Ii denotes the moment of inertia of link i
about the axis coming out of the page.

This part of the modelling is important to obtain the mechanical dynamics of the
forestry crane due to the fact that Jacobian matrices of mass points and final joints
are necessary. These are calculated based on algebraic solution of inverse manipu-
lator kinematics. In the field of robotics, Jacobians are generally used relating joint
velocities to Cartesian velocities of the tip of the arm. As a requirement, linear
velocities have to be calculated to get these Jacobian matrices.

v = J(q)q̇ (3.6)
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Firstly, transformation matrices for each link have to be defined. A commonly used
convention for selecting frames of reference in robotic applications is the DH con-
vention. Using the parameters described above, each homogeneous transformation
Ti is obtained as a product of four basic transformations, where the four variables
θ, a, d and α are DH parameters [15].

Ti = Rotz,θiTransz,diTransx,aiRotx,αi
=

=


cosθi −sinθicosαi sinθisinαi aicosθi

sinθi cosθicosαi −cosθisinαi aisinθi

0 sinαi cosαi di

0 0 0 1

 (3.7)

Once those link frames have been defined and the link parameters found, link trans-
formations can be multiplied to find the single transformation that relates frame N
to frame 0.

0
NT = 0

1T
1
2T

2
3T ... N−1

N T (3.8)

Doing a simplify of Table 3.1, it is possible to obtain the DH parameters of the
link-arm manipulator from Figure 3.3

Link i θi di (m) ai (m) αi (rad)
1 q2 0 L2 0
2 q3 0 L3 0

Table 3.2 DH parameters of the two-link manipulator after simplification

Using the concatenating link transformations and having the frame 1 as a refer-
ence,forestry crane link transformations are:

2
1T =


cos(q2) − sin(q2) 0 L2 cos(q2)

sin(q2) cos(q2) 0 L2 sin(q2)

0 0 1 0

0 0 0 1

 , (3.9)

3
1T =


cos(q2 + q3) − sin(q2 + q3) 0 L3 cos(q2 + q3) + L2 cos(q2)

sin(q2 + q3) cos(q2 + q3) 0 L3 sin(q2 + q3) + L2 sin(q2)

0 0 1 0

0 0 0 1

 , (3.10)

After that, Cartesian velocities can be defined using these link transformations.
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Following Craig notation [1], the linear velocity of the frame’s origin is the same as
frame’s origin i plus a new component caused by rotational velocity of link i. (See
Equation 3.11 where P is the constant distance between two frames).

ivi+1 = ivi + iq̇i+1 × iPi+1 (3.11)

The final linear velocity is defined multiplying both sides by R:

i+1vi+1 = i+1
i R( ivi + iq̇i+1 × iPi+1) (3.12)

Using the previous equation, mass points and final joint linear velocities are defined
as follows.

vc2 =

 −Lc2 sin(q2) q̇2

Lc2 cos(q2) q̇2

0

 (3.13)

vc3 =

 −Lc3 sin(q2 + q3) (q̇2 + q̇3)− L2 sin(q2) q̇2

Lc3 cos(q2 + q3) (q̇2 + q̇3) + L2 cos(q2) q̇2

0

 (3.14)

v3 =

 −L3 sin(q2 + q3) (q̇2 + q̇3)− L2 sin(q2) q̇2

L3 cos(q2 + q3) (q̇2 + q̇3) + L2 cos(q2) q̇2

0

 (3.15)

Finally, once that linear velocities have been calculated, Jacobian matrices are ob-
tained. The Jacobian is a multidimensional form of the derivative.

J(v, θ) =
∂v

∂θ
=

[
∂vx
∂θ2

∂vx
∂θ3

∂vy
∂θ2

∂vy
∂θ3

]
(3.16)

As a consequence, Jacobians for each linear velocity are:

Jvc2 =

 −Lc2 sin(q2) 0

Lc2 cos(q2) 0

0 0

 (3.17)
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Jvc3 =

 −Lc3 sin(q2 + q3)− L2 sin(q2) −Lc3 sin(q2 + q3)

Lc3 cos(q2 + q3) + L2 cos(q2) Lc3 cos(q2 + q3)

0 0

 (3.18)

Jv3 =

 −L3 sin(q2 + q3)− L2 sin(q2) −L3 sin(q2 + q3)

L3 cos(q2 + q3) + L2 cos(q2) L3 cos(q2 + q3)

0 0

 (3.19)

3.4 Mechanical dynamics

In control and robotics, two of the methods most used for mechanical systems are
Euler-Lagrange and Hamiltonian equations. In this case, Euler-Lagrange equations
have been used to describe the mechanical dynamics of the forestry crane. These
equations describe the time evolution of mechanical systems subjected to holonomic
constraints, when the constraint forces satisfy the principle of virtual work.

If the Lagrangian function L of the system is defined as the difference of the kinetic
and potential energy (Equation 3.20), it is possible to obtain the Euler-Lagrange
equation as Equation 3.21. These equations provide a formulation of the dynamic
equations of motion equivalent to those derived using Newton’s Second Law [15].

L = K − P (3.20)

d

dt

∂L

∂ẏ
− ∂L

∂y
= f (3.21)

It is common to write the Euler-Lagrange equations as a matrix form (Equation
3.22). This matrix form relates the derivatives of joint variables with the Lagrangian
parameters where D(q) is the inertia matrix, C(q, q̇) is the vector of Coriolis and
centrifugal torques and g(q) is the gravity torque vector. The sum of these variables
equals torque τ applied to the body.

D(q)q̈ + C(q, q̇)q̇ + g(q) = τ (3.22)

Due to the fact that joint velocities are small while forestry crain is moving , it is
possible to ignore C(q, q̇) which contains second-order velocity terms [18]. Due to
that assumption, Euler-Lagrange equations depend only on acceleration and position
of the joints.

D(q)q̈ + g(q) = τ (3.23)
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The kinetic energy of a rigid object, it is the sum of translational energy obtained by
concentrating the entire mass of the object at the center of mass and the rotational
kinetic energy of the body about the center of mass. Considering a n-link manipu-
lator, linear and angular velocities can be expressed in terms of the Jacobian matrix
and the derivative of the joint variables. As a consequence, the overall kinetic energy
of the manipulator equals to Equation 3.24 or Equation 3.25 using inertia matrix
D(q).

K =
1

2
q̇T

n∑
i=1

[miJvi(q)
TJvi(q) + Jωi

(q)TRi(q)IiRi(q)
TJωi

(q)]q̇ (3.24)

K =
1

2
q̇TD(q)q̇ (3.25)

In this case, translational part of the kinetic energy is

1

2
m1v

T
c1vc1 +

1

2
m1v

T
c2vc2 +

1

2
m1v

T
2 v2 =

1

2
q̇T (m1J

T
vc1
Jvc1 +m2J

T
vc2
Jvc2 +mGJ

T
v2
Jv2)q̇

(3.26)
Rotational kinetic energy of the overall system is based on the angular velocity
terms. These terms expressed in the base of inertial frame are shown in Equation
3.27. Due to the fact that angular velocity is aligned with k (z-axis), rotational
kinetic energy can be shown in Equation 3.28

ω1 = q̇1k , ω2 = (q̇1 + q̇2)k, (3.27)

1

2
q̇T

{
I1

[
1 0

0 0

]
+ I2

[
1 1

1 1

]
+ IG

[
1 1

1 1

]}
q̇, (3.28)

where moments of inertia Ii are defined in Equations 3.29, 3.30 and 3.31. I2 and
IG are obtained as a rod of length Li and mass mi rotating about its center and IG
is obtained as a thin solid disk of radius rG and mass mG.

I2 =
1

12
∗m2 ∗ L2

2 (3.29)

I3 =
1

12
∗m3 ∗ L3

2 (3.30)

IG =
1

2
∗m2 ∗ r2

G; (3.31)

After obtaining translational and rotational kinetic energy based on the two-link
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revolute joint arm configuration and the previous equations, Inertia Matrix D(q) is

D(q) =

(
mG L3

2 + L2mG cos(q3) L3 +m3 Lc3
2 + L2 m3 cos(q3) Lc3 + I3 + IG

mG L3
2 + m3 Lc3

2 + I3 + IG

)
,

(3.32)
After that, potential energy term has to be defined. In the case of rigid dynamics,
the only source of potential energy is the gravity. The total potential energy of the
n-link robot can be computed by assuming that the whole arm mass is located at its
center of mass (Equation 3.33), where g is the vector giving the direction of gravity
and vector rci gives the coordinates of the i-link center of mass.

P =
n∑
i=1

Pi =
n∑
i=1

gT rcimi, (3.33)

According to the total potential energy, the functions g(qi) are defined as

g(qi) =
∂P

∂qi
, (3.34)

To have a simplification of the mechanical torques in the modeling, hydraulic cylin-
ders will be moved alternately. It means that second cylinder will be fixed while
first cylinder is moving, and vice versa. In this assumption of the system, joint
acceleration in the another cylinder of study will be zero, and the joint position will
be fixed to obtain the necessary torque.

Finally, it is possible to write down the dynamical equations of the system as in
Equation 3.23.

τ2 = q̈2 [I2 + I3 + IG + l2
2 m3 + l2

2 mG + l3
2 mG + lc22 m2 + lc32 m3

+ 2 l2 l3 mG cos (q3) + 2 l2 lc3 m3 cos (q3)]

+ gmG [l3 cos (q2 + q3) + l2 cos (q2)]

+ gm3 [lc3 cos (q2 + q3) + l2 cos (q2)] + g lc2 m2 cos (q2),

(3.35)

τ3 = q̈3

(
mG l3

2 + m3 lc3
2 + I3 + IG

)
+ g l3 mG cos(q2 + q3) + g lc3 m3 cos(q2 + q3) ,

(3.36)
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3.5 Joint torques and hydraulic forces

The previous section defines the joint torques according to kinetic and potential
energy of the system. Once these torques have been obtained, the next step will be
finding the relation with the hydraulic cylinder force.

The relation between hydraulic force and mechanical torque is defined by the prin-
ciple of virtual work (Equation 3.37). This principle can be stated in words as the
work done by external forces when any corresponding set of virtual displacement is
zero. As a consequence, mechanical torque is defined in Equation 3.38.

τdq = Fdx, (3.37)

τ = F
dx

dq
, (3.38)

J(q) =
dx

dq
, (3.39)

where Fi is the force produced by the cylinder and J(q) denotes the change of the
hydraulic cylinder displacement x with respect to the angular link position q. The
derivative J(q) (equation 3.39) is obtained using trigonometric mapping.

3.5.1 Finding the relation dc2(q2)

In order to calculate the change of linear piston displacement dc2 as a function of
the measured joint angle q2, trigonometric relations are used.

As it can be seen in Figure 3.4, the hydraulic cylinder displacement is defined by
law of cosines, obtaining a function which relates body part dimensions and the first
link joint.

dc2 =

√
l1

2 − 2 cos
(
β1 −

π

2
+ β2 − q2

)
l1 l2 + l2

2, (3.40)

3.5.2 Finding the relation dc3(q3)

In the same way as the previous relation, trigonometrical relations also define the
change of dc3 as a function of q3. However, due to the fact that the second cylinder
is connected to the second arm using a quadrangle, the relationship will be more
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c

y
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q 3

q'2

q'3

q2

l1

q2

β1

l2

dc2

γ1

β2

Figure 3.4 First link geometry as function of the hydraulic cylinder

complex. The schematic presented in Figure 3.5 allows defining the geometric
relations.

In the second cylinder, the angle between l3 and l4 is related to joint link angle q3

through γ2, γ3 and d1.
γ2 =

π

2
+ β3 − β4 − β5 − q3, (3.41)

d1 =

√
l3

2 − 2 cos(γ2) l3 l4 + l4
2, (3.42)

γ34 = arccos

(
d1

2 + l3
2 − l4

2

2 d1 l3

)
+ arccos

(
d1

2 + l5
2 − l6

2

2 d1 l5

)
, (3.43)

Once that γ34 has been defined, it is possible to obtain γ5 by the angle differences
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Figure 3.5 Second link geometry as function of the hydraulic cylinder

and afterwards dc3 using law of cosines.

γ5 = 2π − π

2
− β6 − β7 − γ34, (3.44)

dc3 =

√
l5

2 − 2 cos(γ5) l5 l7 + l7
2, (3.45)

After the definition of the hydraulic cylinder displacement with respect to the an-
gular link position dci(qi), it is possible to obtain the derivative J(q). Finally, using
the previous equation 3.38 and the actuator displacement dci as x, the vector of
generalized forces is

τ =

[
∂dc2
∂q2

F2

∂dc3
∂q3

F3

]
=

[
J(q2) F2

J(q3) F3

]
, (3.46)
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3.6 Hydraulic component dynamics

A typical hydraulic system consists of a pump, one or more control valves and a
hydraulic actuator. In this case of study, pump will be simplified as a constant flow
source with a relief valve which controls the maximum pressure of the source line.
Thus, only proportional valve and hydraulic cylinder dynamics are studied in the
following sections.

3.6.1 Proportional valve

The proportional valve used to drive the oil in this system is a typical three-land-
four-way spool valve (Figure 3.6). In this figure, pressures Ps and Pt correspond to
the source and tank pressures respectively.

y1

x1

x3y3

x2

q2

m1g

m2g

y2

q3

Lc2

Lc1

L2

L1

pt

ps

u

QA

QB

Figure 3.6 Three-land-four-way spool valve (adapted from [8])

This hydraulic component has orifices with variable areas controlled by the inter-
nal spool’s displacement xv. This displacement will be explained below. The flow
through an orifice is given by the general equation [11]:

Q = Cd A

√
2

ρ
∆P , (3.47)

where Cd is called discharge coefficient which is approximately equal to the contrac-
tion coefficient, ∆P is the pressure drop across the orifice, ρ is the density of the
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fluid and A is the orifice area which depends on valve geometry.

In this case, it is assuming that valve orifices are matched and symmetrical, which
is the case for most of the spool valves manufactured. As a consequence, only one
orifice, i.e., orifice A, is needed to be defined in the proportional valve dynamic.

A1(xv) = A3(xv) = A2(−xv) = A4(−xv) = A(xv), (3.48)

Moreover, if the orifice areas are linear with valve stroke, only one parameter is
required. This parameter is called area gradient w and it is related to the width of
the slot in the valve sleeve. Area gradient is the rate of change of orifice area with
stroke. The relationship between w and A is given by

A = w xv, (3.49)

where
w = πdspool, (3.50)

According to the modeling of the proportional valve flows, Equation 3.47 can be
rewritten to obtain flows QA and QB, which go to and come from the hydraulic
cylinder respectively.

QA = Cd w xv

√
2

ρ
|∆PA|, (3.51)

QB = Cd w xv

√
2

ρ
|∆PB|, (3.52)

where

∆PA =

{
Ps − PA if xv > 0

PA − Pt if xv < 0
(3.53)

∆PB =

{
PB − Pt if xv > 0

Ps − PB if xv < 0
(3.54)

As it can be seen in Equations 3.53 and 3.54, the response of the system differs
according to the direction of motion in the proportional valve [5]. It means that the
orifice flow changes in relation to the sign of the spool displacement. To place this
considerations in mathematical terms, it is possible to consider from 3.51, 3.52,
3.53 and 3.54 that

QA = Cd w xv

√
2

ρ

∣∣∣∣Ps − Pt2
+ sign(xv)

(
Ps + Pt

2
− PA

)∣∣∣∣, (3.55)
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QB = Cd w xv

√
2

ρ

∣∣∣∣Ps − Pt2
− sign(xv)

(
Ps + Pt

2
− PB

)∣∣∣∣, (3.56)

According to spool valve displacement, its dynamics can be derived following a linear
second order differential equation, which is a widely used with sufficient approxima-
tion [16].

d2xv(t)

dt2
+ 2 ωn ξ

dxv(t)

dt
+ ω2

nxv(t) = ω2
n u(t), (3.57)

Typical values of spool valve parameters are: natural frequency ωn = 30 − 50Hz

and damping ratio ξ = 0.7− 1.0.

3.6.2 Hydraulic cylinder

Once the proportional valve flows have been defined as a function of the spool
valve displacement, it is possible to obtain the relation between its input signal
and the hydraulic cylinder displacement using hydraulic cylinder dynamics. As it
was discussed earlier, proportional valve orifices are assumed to be matched and
symmetrical. According to equation 3.58 (state equation) and 3.59 (continuity

u

xv

PtPs

QBQA
A2

PA V1

PB

Fload

A1

V2

lrod

pl cl

rl

cd

rd

ct

lcyl

lp

xp

Figure 3.7 Schematic diagram of a hydraulic actuator (adapted from [16])
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equation), it is possible to combine both to get a more useful one (Equation 3.60)
[11].

ρ = ρi +
ρi
βe
P, (3.58)

∑
Win −

∑
Wout = g

d(ρV0)

dt
= gρ

dV0

dt
+ gV

dρ

dt
, (3.59)∑

Win −
∑

Wout =
dV0

dt
+
V0

βe

dP

dt
, (3.60)

Applying the continuity equation to each of the piston chamber yields

QA − Cip(PA − PB)− CepPA =
dV1

dt
+
V1

βe

dPA
dt

, (3.61)

Cip(PA − PB)− CepPB −QB =
dV2

dt
+
V2

βe

dPB
dt

, (3.62)

where

V1 : volume of forward chamber (including valve, connecting line and piston).

V2 : volume of return chamber (includes valve, connecting line and piston).

Cip : internal or cross-port leakage coefficient of piston.

Cep : external leakage coefficient of piston.

βe : bulk modulus obtained from general hydraulic fluid properties.

Considering no leakage flow in the cylinder,internal and external leakage coefficients
equal to zero, the following equation can be obtained

QA =
dV1

dt
+
V1

βe

dPA
dt

, (3.63)

−QB =
dV2

dt
+
V2

βe

dPB
dt

, (3.64)

The volumes of the piston chambers may be written as:

V1 = V ′1 + A1xp, (3.65)

V2 = V ′2 − A2xp, (3.66)

where

Ap : area of piston
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xp : displacement of piston

V ′1 : initial volume of forward chamber

V ′2 : initial volume of return chamber

Using the previous volume of the piston chamber equations and assuming that
V ′i >> Aixp, the continuity equations of each piston are

QA = A1
dxp
dt

+
V ′1
βe

dPA
dt

, (3.67)

−QB = −A2
dxp
dt

+
V ′2
βe

dPB
dt

, (3.68)

These equations relate the flow inside and outside the cylinder with the piston
displacement and the pressure in both chambers. To simplify these two previous
equations, some variables have to be predefined. These variables are the cylinder
volume of the piston side V1 and the cylinder volume of the piston rod side V2.
Firstly, piston areas have to be calculated depending on the piston and rod diameter:

A1 =
π d2

p

4
, (3.69)

A2 =
π (d2

p − d2
r)

4
, (3.70)

After that, initial volumes of both chambers are obtained based on the dead volume
at the port i Vi0, the free length of the actuator lx0 and the length of the stroke
lc. Moreover, it is assumed that the cylinder is in the middle position. Using these
parameters, Equations 3.65 and 3.66 can be rewritten as:

V ′1 = V10 +

(
lx0 +

lc
2

)
A1, (3.71)

V ′2 = V20 +
lc
2
A2, (3.72)

The final equation arises by applying Newton’s second law to the piston forces

Fcyl = A1PA − A2PB = Mt
d2xp
dt2

+Bp
dxp
dt

+Ksxp + FL, (3.73)

where

Fcyl : force generated or developed by piston
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Mt : total mass of piston and load referred to piston

Bp : viscous damping coefficient of piston and load

Ks : load spring gradient

FL : arbitrary load force on piston

This equation is used to obtain the relation between the force developed by the
piston and both pressures in the cylinder. Doing a simplification of the system,
viscous damping coefficient will be the only parameter that will affect the system.
Moreover, Fcyl is obtained from the relation between the joint torques (mechanical
dynamics) and hydraulic cylinder geometry, using the vector of generalized forces
(Equation 3.46).

3.7 Relations between system variables

As explained earlier, each part of the system has its own modeling. Thus, to be able
to design the controller of the forestry crane, all these models have to be included
in a single one. To do so, every component of the machine has to be related to the
rest of the components.

The forestry crane can be modeled in two different parts, which correspond to each
hydraulic cylinder. The first hydraulic cylinder moves the second joint q2 and the
second cylinder moves the third joint q3. It is important to remember that the first
joint q1 is fixed in the same position without movement around z-axis.

Each hydraulic system of the forestry crane parts is formed by a proportional valve
and a hydraulic cylinder. These are the two blocks that will be included in Simulink
to obtain the space-state equations of the system. The working principle of this
hydraulic system is adding an input signal u, which is related to the spool dis-
placement xv, obtaining the hydraulic actuator displacement xp. This displacement
is able to move the forestry crane bodies getting different joint angles and thus,
different Cartesian axis positions.

3.7.1 Proportional valve in the hydraulic system

The proportional valves used in the system are identical for each hydraulic system.
The useful parameters to define this component in the modeling are the orifice
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flows QA,QB and the spool displacement xv. These parameters were described in
Equations 3.55, 3.56 and 3.57. The input parameter in the closed-loop control is
the spool valve displacement xv, which its transfer function is defined as

xv =
1

1
ω2
n
s2 + 2ξ

ωn
s+ 1

u, (3.74)

The valve natural frequency used in the modeling is ωn = 2 π 50 rad
s

and the valve
damping ratio is ξ = 0.8. Another important parameter is the valve rated current,
i.e., irate, that is used to normalize the input signal u. This parameter is taken as 1
mA and will be included as a gain in the modeling.

According to orifice flows, the values used for these parameters are the discharge
coefficient Cd = 1, the diameter of the spool dspool = 10mm and the source and tank
pressures Ps = 150 bar and Pt = 0 bar respectively.

The proportional valve block in Simulink (Figure 3.8) includes the transfer function
and both orifice flow equations in each hydraulic cylinder. With the use of this block,
flows QA and QB, which go to and come from the proportional valve respectively,
are calculated. Inputs PA and PB are obtained from the hydraulic cylinder block
explained below.

Figure 3.8 Simulink block diagram of the proportional valve model

3.7.2 Actuator in the hydraulic cylinder

Hydraulic cylinders used in the system are different in their design parameters. The
equations which will be used in the modeling, are 3.67, 3.68 and 3.73. The
continuity equations of each piston depends mainly on the dimensions of the piston,



3.7. Relations between system variables 26

rod and stroke. Parameters and dimensions of both hydraulic cylinders are shown in
Table 3.3, where the second column corresponds to the inner boom (first cylinder)
and the third column corresponds to the outer boom (second cylinder).

90x40-360 A590 80x40-420 A650
Piston diameter dp (mm) 90 80
Rod diameter dr (mm) 40 40
Length of stroke lc (mm) 360 420
Dead volume V10 (mm3) 50 50
Dead volume V20 (mm3) 50 50
Viscous friction coefficient Bp (N/(m/s)) 100 100

Table 3.3 Dimensions and parameters of the hydraulic cylinders

The equation related to the Newton’s second law calculates the force exerted by
the actuator rod Fcyl based on the areas and pressures in both chambers. In this
equation, as is talked above, only viscous damping coefficient affects, obtaining the
following equation:

Fcyli = A1iPAi − A2iPBi −Bpi
dxpi
dt

, (3.75)

Fcyl relates the body of the forestry crane with the hydraulic part of the system.
Vector of generalized forces (Equation 3.46) is used to obtain this force. For the
hydraulic cylinder, the force exerted by the hydraulic cylinder is calculated by using
the derivative J(qi), as:

Fcyli =
τi

J(qi)
, (3.76)

where τi and J(qi) are obtained from the mechanical dynamics (subchapter 3.4) and
from the relation between dci and qi (subchapter 3.5) respectively.

Although the force exerted by the actuator rod Fcyli depends on the joint angles
qi, it is considered constant in the Simulink modeling to obtain a simpler model
equations. Once that this force is defined, it is possible to relate the proportional
valve orifice flows QA, QB to the pressures in the chambers PA, PB and the piston
displacement xp in each hydraulic cylinder. The hydraulic cylinder parameters are
obtained by using Equations 3.67, 3.68 and 3.75.. To obtain the variables from
the derivative, integrator 1/s has to be used.

ṖB = − 1

K
qB +

A2

A1

1

K
qA, (3.77)
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PA =
Fcyl
A1

+
A2

A1

PB, (3.78)

ẋp = − 1

A1

qA +
V ′1
βe

A2

A2
1

ṖB, (3.79)

where K is a constant defined as

K =
V ′1
βe

A2
2

A2
1

+
V ′2
βe
, (3.80)

After the definition of these variables, it is possible to model the Simulink block.
This block is shown in Figure 3.9 where PA, PB and xp are obtained from QA and
QB.

Figure 3.9 Simulink block diagram of the cylinder model

3.8 Control of the crane

In this section, control of the forestry crane is studied and explained. In order
to achieve the objective of this Master’s Thesis, once that modeling has been done,
control is the next essential part to obtain the desired linear movement of the cutter.
To do that, using the Simulink model explained in the previous sections, state-space
of the system will be modeled to obtain the linear analysis of the system, which can
consequently be used to tune the controller in the closed loop control afterwards.
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3.8.1 Complete Simulink model and space-state

After designing the proportional valve and hydraulic cylinder blocks in Simulink,
they have to be connected to be able to obtain the space-state linear model of
the system. These blocks are connected as a closed loop control, using the output
pressures of the hydraulic cylinder as inputs in the proportional valve block. The
complete Simulink model is shown in Figure 3.10.

Figure 3.10 Simulink block diagram of the hydraulic system model

To obtain the space-state linear model, linmod function from MATLAB is used.
This function gets the state-space linear model of the system of ordinary differential
equations described in the block diagram.

State-space analysis is a method for describing the equations of motion for a dynamic
system. This method can be used with both linear and nonlinear systems. However,
to simplify the case of study, it will be done with linear time-invariant systems.

The state-space equations consist of state variables, input variables and output
variables [9]. For this linear case, these variables are related to each other through
the following state-space equations:

ẋ = Ax+Bu, (3.81)

y = Cx+Du, (3.82)

where x is a vector of state variables, u is a vector of input variables, y is a vector of
output variables, A is called state matrix, B is called the input matrix , C is called
the output matrix, and D is called the direct-transmission matrix.
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These four space-state matrices are obtained from the MATLAB function and they
are used to obtain the final transfer function of each hydraulic model of the forestry
crane. It is important to define the input variable u as the proportional valve input
signal ui and the output variable y as the piston displacement xp.

After these matrix definitions, it is possible to obtain the transfer function of the
hydraulic system model. This continuous function relates the output of the system
xp to the input ui. Moreover, it is calculated using the ss2tf function from MATLAB,
which transforms the space-state matrices to continuous transfer function (Equation
3.83).

Gi(s) =
numGi(s)

denGi(s)
= C(sI − A)−1B +D, (3.83)

After the calculation of the transfer function in continuous-time, discretization has
to be done in both of the cylinder models. This step means the transformation from
continuous-time dynamic system to discrete time. To do that, the sampling time T is
defined using the natural frequency of the proportional valve and the discretization
method is Zero-older hold on the inputs (holding each sample value for one sample
interval). Hence, it is possible to obtain the simulation as fixed steps and to have
a digital signal through the closed-loop control. This digital signal is an important
part for the implementation in the real forestry machine.

Finally, using all parameters of the system (mechanics and hydraulics), two different
discrete-time transfer functions are obtained. These functions depend on which
hydraulic system has been modeled. Thus, it is possible to tune the controller of
the intelligent control system.

3.8.2 PI Control

After discretization of the model transfer function, controller can be tuned to obtain
the desired output signal in a closed-loop control. This control is shown in the figure
3.11 using Simulink blocks and having the piston displacement dci as a reference
obtained from a desired Cartesian position [X, Y ].

In this closed-loop, the reference position of the hydraulic cylinder is calculated
for q2 = 0o and q3 = −90o. Having a reference position dc2, the controller has
to be tuned to obtain the minimum error at the permanent state. This controller
attempts to minimize the error by adjusting of a control variable determined for a
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Figure 3.11 Simulink block diagram of the closed loop control model

Proportional-integral-derivative controller by the sum:

u(t) = Kp e(t) +Ki

∫ t

0

e(τ)dτ +Kd
de(t)

dt
, (3.84)

with its Laplace transformation:

u(t) = Kp e(t) +Ki
1

s
+Kds, (3.85)

where u(t) is the output signal of the controller, e(t) is the error signal of the control
and Kp, Ki, Kd denote the coefficients for the proportional, integral and derivative
terms respectively.

Proportional-Integral (PI) controller is used in this modeling of the forestry crane
because simple controllers are always the easiest way to implement in real appli-
cations. Proportional controller would be the simplest controller that can be used
in this closed-loop control. However, P controller does not cancel the permanent
error in the output signal. Therefore, PI is the suitable controller for this applica-
tion. The contribution of the integral term is proportional to the magnitude and
the duration of the error. Using this controller, error position is zero (permanent
is guaranteed) and transitory can be improved, hence increasing the gain. For a
discrete-time parallel PI controller, using Equation 3.85, the transfer function takes
the form

C(z) = Kp +Ki
Ts
z − 1

, (3.86)

where Forward Euler is the integrator method for the discrete-time settings for a
sampling time of Ts = 0.02s. Controller parameters Kp and Ki are defined based on
the response time and the transient behavior. Increasing the response time and the
transient behavior improves stability and reduces overshoot in the tracking response,
although leading to longer settling time. Due to the fact that a robust controller is
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required for this application, both of these last parameters are high in comparison to
the ideal parameters. Due to that, closed-loop control will response suitably versus
any disturbance related to non-linearities. A maximum transient behaviour 0.9 and
a response time of T = 0.5 sec is used.

Using these assumptions, PI controllers in both hydraulic system have the following
parameters:

PI First Cylinder PI Second Cylinder
Proportional Gain Kp 5.1102 6.9067
Integral Gain Ki 0.35769 0.48344

Table 3.4 Parameters of the Proportional-Integral controller

3.8.3 Performance of the controller

Once the PI controllers have been designed with suitable parameters for the system,
plots and diagrams can be used to analyze the closed-loop response in the presence
of a reference signal.

In the figure 3.12, system modeling in Simulink is shown with both PI controllers
included. In this design, the references of the system are the Cartesian coordinates
of the grapple point (Xgrapple and Ygrapple as shown in figure 2.6). Due to the relation
between Cartesian coordinates and joint angles defined in the section 3.2, q2 and q3

are obtained. After that, hydraulic cylinder displacement is defined by these joint
angles (section 3.5), being the reference of the closed-loop control.

Some useful results can be obtained from this model. Signal outputs show how the
system responds from the initial position to the desired one. Moreover, Bode plot
from the control design is used to know the oscillation and the time response of the
controller according to the control parameters Kp and Ki.

Results for both PI controllers are bode plots for open loop, R-locus for open loop
and step response. For the PI controller in the first hydraulic cylinder, these plots
are shown in figures 3.13, 3.14 and 3.15 respectively.

In the Bode plot of the Figure 3.13 it is possible to see which order system is, using
magnitude and phase plot. Moreover, depending on the gain of the system, stability
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Figure 3.12 Simulink block diagram of the complete system model

and oscillations of the response vary. In this case, due to the fact that controller has
been defined following robust parameters, phase margin is close to 90 degrees and
gain margin is negative. If system gain would be increased, time response would
be decreased having higher oscillations in the response. If system gain is increased
enough, the system can be unstable.

Figure 3.13 Bode plot for open loop in the first hydraulic cylinder

The root locus can be used for the analysis of the stability in discrete time. In
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this situation, the stability condition is that every root has to be |zi| < 1. As it is
shown in Figure 3.14, every root in this system are inside the circle of radius z = 1,
demonstrating the stability of the system.

Figure 3.14 Rlocus for open loop in the first hydraulic cylinder

Another possibility to see how stable and how much error positioning the system
has is having a step as an input signal of the close-loop control. As it can be seen
in Figure 3.15, there is not any oscillation and the error position in the permanent
state is not significant even though the time response is higher in comparison with
controllers with higher damping ratio. It means that these controllers have a robust
and stable output response. In these cases, the hydraulic cylinder goes from the
initial position dc2,ref and dc3,ref in [Xgrapple = 2.2 m,Ygrapple = −1.669 m] to the
desired actuator displacement in [Xgrapple = 2.2 m,Ygrapple = −1.3 m].
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(a) First hydraulic cylinder

(b) Second hydraulic cylinder

Figure 3.15 Output vs desired displacement in the hydraulic cylinders
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4. SIMULATION OF THE CRANE CONTROL

USING AMESIM

4.1 Software description

LMS Imagine.Lab AMESim is the simulation software used in this Master’s Thesis.
AMESim is a platform for modeling, simulation and analysis of multi-domain con-
trolled systems, being part of systems engineering domain and it is categorized as
mechatronic engineering field. Moreover, this software provides libraries for different
engineering fields such as fluids, thermodynamics, electromechanical, mechanical or
signal processing among others [14].

AMESim software is used instead of MATLAB/Simulink due to the fact that there
is a possibility to easily include non-linearities of the hydraulic components in the
simulation. These non-linearities have been avoided in the system modeling to
simplified the equations. Moreover, there are more advantages using an advanced
modeling and simulation tool instead of MATLAB/Simulink, i.e. forestry crane
arms can be included as rigid bodies and perfect joints, possibility to obtain a 2-
Dimensions simulation or the ease to obtain plots and result variables from the
machine components.

4.2 Component descriptions

Following the sections described in Chapter 3, the simulation model is designed us-
ing three different parts: mechanical, control and hydraulic. The circuit schematic
includes submodels from AMESim library, in which the MATLAB parameters and
machine dimensions are defined. These component submodels are generally de-
scrived in Appendix B.
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4.2.1 Hydraulic submodels

Hydraulic model has the components described in section 3.6. These components are
proportional valve, hydraulic cylinder, hydraulic pipes or hoses, hydraulic pressure
source and tank. In the real forestry machine, load-sensing system (LS) is used with
an axial piston variable pump (see Figure 4.1). The variable displacement pump
delivers only the volume required at any given moment and the supply pressure is
limited using a pressure relief valve. Moreover, there is a electro-proportional control
with controller cut-off which is able to vary the pump volumetric displacement.

Figure 4.1 Hydraulic AMESim model in the real machine

In this Master’s Thesis, a simplification of the system has been done in the hydraulic
schematic, more specifically in the pressure source. As was explained above, the
pressure source is limited by the pressure relief valve. To have a constant value of
the pressure source, these hydraulic components have been replaced by a constant
pressure source Ps with value 150 bar. This simple schematic is shown in Figure
4.2. The same simplification has been done in the system modeling, so hydraulic
dynamics are similar in both cases.

Finally, submodel parameters, described in 3.6, are defined following the same as-
sumptions than system modeling. However, due to the fact that non-linearities are
included in this simulation software, the mathematical expressions which define con-
nections between components and the proportional valve are different than system
modeling.

The hydraulic pipes are defined depending on the position as a direct connection
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Figure 4.2 Hydraulic AMESim model simplified

or compressibility + friction hydraulic line (C-R). The difference between them can
be seen in the Appendix B. C-R hydraulic line parameters are compressibility and
friction:

• Compressibility: The compressibility of the fluid and expansion of the pipe
wall with pressure are taken into account by using an effective bulk modulus.
It is calculated based on the wall thickness and Young’s modulus for the wall
material. In this simulation, Young’s modulus for material is 50.000 bar and
wall thickness is 1.245 mm (from SCH 5s [21]).

• Friction: Pipe friction is taken into account using a friction factor based on
the Reynolds number and relative roughness.

There are two different C-R hydraulic lines, type 1 from pressure source to the
proportional valve and type 2 and 3 from proportional valve to actuator in the first
and second hydraulic cylinder respectively. These line parameters are shown in 4.1.

Type 1 Type 2 Type 3
Pipe diameter dpipe[mm] 18.00 10.00 10.00
Pipe length Lpipe[m] 0.50 2.00 4.00

Table 4.1 Parameters of the C-R hydraulic lines

In the case of the proportional valve, two AMESim utilities are used to define the
orifice area areap and the flow rates Qa and Qt. The equivalent area and hydraulic
diameter, which satisfy a giving pressure drop ∆P and a volumetric flow rate Q, are
estimated solving the following equation, similar than Equation 3.47.

q = A cqmax

√
2∆P

ρ
tanh

2 dspool
√

2∆P
ρ

ν λc

 , (4.1)
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where

ρ : density of hydraulic fluid [kg/m3]

Q : flow rate [m3/s]

∆P : corresponding differential pressure [Pa]

cqmax : maximum flow coefficient

ν : kinematic viscosity of hydraulic fluid [m2/s]

λc : critical flow number (transition between laminar and turbulent flow)

Flow rate through an orifice Q and the corresponding flow coefficient cp and flow
number λ are also calculated in this proportional valve [10].

In addition to that, friction evaluation is an essential part in a hydraulic system.
Friction affects in the hydraulic system in two different components: hydraulic lines
and hydraulic cylinders.

• Hydraulic lines: As it is explained above, C-R hydraulic lines are used and the
friction is calculated based on the Reynolds number and relative roughness.

• Hydraulic cylinder: Viscous friction and leakage coefficient are the parameters
related to friction. In this case, assuming that leakage coefficient is zero, only
viscous friction coefficient Bp affects the hydraulic system friction evaluation.

4.2.2 Signal and control submodels

Control components are shown in Figure 4.3. An important component is the
Simulink to AMESim block, where the forestry crane kinematics and the geometric
direct model are included. Using this block and having [Xgrapple, Ygrapple] as an input
value, the hydraulic cylinder displacement related to each point of the trajectory can
be obtained. As it can be seen in Figure 4.3, there are two constant signals called
Offset.cyl.1 and Offset.cyl.2. These components are used to compensate the free
length of the actuator in the translational actuator submodel.

Once that this displacement is defined, the feedback signal in the closed-loop control
is obtained using a sensor displacement in the hydraulic cylinder. This sensor gets
the position of the actuator at each moment. As a consequence, the trajectory of
the cutter is transferred to hydraulic displacement, facilitating the reference signal
in the closed-loop control.
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After obtaining the error signal from the difference between reference and feedback
signal, it is transformed to the action through the PI controller. Finally, the PI
output is sent to the proportional valve as u variable.

Figure 4.3 Control AMESim model

4.2.3 Mechanical submodels

Mechanical schematic is built using Planar mechanical submodels as body parts,
joints and translational actuators. Body parts are defined using the same machine
dimensions and specifications are described in section 3.2 and shown in Table 4.2.
Translational actuator parameters are defined following the hydraulic cylinder char-
acteristics described in section 3.6.

Component Dimension [m] Mass [Kg]
Body 2 L2 = 2.200 73.70
Body 3 L3 = 1.669 49.20
Body 4 L4 = 0.273 5.00
Body 5 L5 = 0.270 5.00
Body G rG = 0.200 189.00

Table 4.2 Parameters of the mechanical AMESim model

4.2.4 Complete model

The complete schematic using the components described above is shown in Figure
4.4. All submodels described above are included. Moreover, using PLM assembly,
the parametrization and the simulation animation of the planar system is visualized.
This animation of the simulation run is shown in Figure 4.5, where all planar
mechanical submodels are included.
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Figure 4.4 AMESim block diagram of the complete model

4.3 Simulation results

Two different simulations have been done in AMESim Software. Both of them
earn the same positions, however, the input signals are different. As it has been
explained in earlier chapters, the aim of this Master’s Thesis is the obtaining of
a simple controller which is able to control the boom operations, having a linear
trajectory of the forestry crane. The controller has been tuned using Simulink tool
and the linear trajectory is obtained using a linear signal source. Desired [Xgrapple,
Ygrapple] positions are these signal source stages making a linear trajectory.

The first simulation is done with a step signal and it is compared with the controller
performance obtained from Simulink. In the second one, the input signal is a ramp
with the same values than the previous trajectory. These positions of the trajectory
are shown in Table 4.3 and Figure 4.6. These points are reached separately having
enough time to stabilize the forestry crane. To obtain the permanent state, the time
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Figure 4.5 Planar animation of the forestry crane at initial position

simulation is 40 seconds in both cases.

Position Xgrapple [m] Ygrapple [m]
Initial value 2.200 -1.669
Point 1 2.200 -1.400
Point 2 3.000 -1.400

Table 4.3 Points of the forestry crane trajectory

Figure 4.6 Forestry crane trajectory
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4.3.1 Step response simulation

Once that the forestry crane trajectory has been defined, it is possible to obtain
some relevant simulation results to know how the system response. In this first
simulation, a step response in the input signals is introduced. Due to the fact
that the step function is the fastest way to reach the next point in the trajectory,
minimum time response in the simulation is studied. Moreover, it is possible to
compare this simulation with Simulink results.

The accurate of the control system is measured in the Figure 4.7. Comparison of
desired forestry crane trajectory and simulation results shows that error position is
not relevant. As it can be seen in these plots, the maximum error is produced while
the forestry crane is going to the next step in the trajectory. In the permanent state,
this Y-axis error position is approximately 2 cm, which is an insignificant value in
this forest industry.

(a) Xgrapple

(b) Ygrapple

Figure 4.7 Comparison of desired and simulated Xgrapple, Ygrapple in step function

Another simulation result to test the accuracy of the system is the comparison of
reference and simulation piston displacements. As it can be seen in Figure 4.8, the
accuracy of the system is suitable for the application, reaching approximately the



4.3. Simulation results 43

given point. Despite of the fact that time response of the system is higher than
Simulink model, it is still suitable for this case, being less than 1.5 sec.

(a) First hydraulic cylinder

(b) Second hydraulic cylinder

Figure 4.8 Comparison of desired and simulated piston displacement in step function

According to the proportional valve results, it is possible to see how the system
works with the input signal obtained from the PI controller. In the Figure 4.9, three
different plots are shown from the proportional valve of the first hydraulic cylinder.
The flows through the proportional valve vary according to spool displacement. This
spool displacement is directly proportional to the output from PI controller. In the
third plot, it is possible to see how the first actuator piston displacement vary with
the spool displacement.

Friction evaluation is an essential variable in this simulation. As it was explained
in the hydraulic submodel, the components which include friction are hydraulic
lines and hydraulic cylinders. However, actuators are the main component in this
friction study. According to the application of Newton’s second law to the piston
forces (Equation 3.73), there are four different parameters which affect on the force
developed by piston Fcyl. In this case of study, the viscous damping coefficient
Bp and the actuator piston velocity ẋp produces a friction force opposite to Fcyl.
The maximum ẋp is 0.08 m/s, moment that actuators are moving from Point 1 to
Point 2. Using hydraulic cylinder values described in the Table 3.3, Bp is equal
to 100 N/(m/s). It means that the maximum friction force is 8 N, which is small
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(a) PI controller output signal

(b) Flow rate at port A and B in proportional valve

(c) Piston displacement in the first hydraulic cylinder

Figure 4.9 First actuator results from the simulation

compared with the force exerted by actuator rod Fcyl at the same time (30.000 N).
As a consequence, the friction in this simulation is not a relevant variable to be
considered.

4.3.2 Ramp function simulation

Ramp function is better for the forestry crane working performance. This is due to
the piston displacement can vary linearly having a soft slope. The error position is
still not relevant, as it can be seen in the Figure 4.10. In addition, despite the time
response, the trajectory created with ramp function allow the obtaining of a safe
response. The linear piston displacement can be seen in the Figure 4.11.
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(a) Xgrapple

(b) Ygrapple

Figure 4.10 Comparison of desired and simulated Xgrapple, Ygrapple in ramp function

(a) First hydraulic cylinder

(b) Second hydraulic cylinder

Figure 4.11 Comparison of desired and simulated piston displacement in ramp function
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5. DISCUSSION

Once the simulation results have been obtained from an advanced modeling and
simulation tool, it is possible to verify the accuracy and repeatibility of the system.
As it was explained in the step and the ramp function results, the error position
using a simple controller is not relevant due to the fact that it is approximately 2
cm in Y-axis. Moreover, the time response in the ideal situation (step function) is
correct enough for the application in study.

In spite of the fact that every part and component of the real machine has been
studied in modeling and simulation, some simplification of the system have been
done along this Master’s Thesis. As a consequence, it would be important to include
the same configuration in the simulation than the real machine such as pressure
source configuration and the movement in z-axis of the first joint q1. These two
simplifications, as previously explained, have been done to obtain a similar simple
model in MATLAB/Simulink and AMESim software.

Due to the simplification in the pressure source configuration, there are some im-
portant variations in the flow rates and pressures included in hydraulic system. In
a future study, every component from the Load-sensing system has to be included
to analyze how the system response with. It means that pressure relief valve, ax-
ial piston variable pump and the electro-proportional control with controller cut-off
are components of the real hydraulic AMESim model. Moreover, it means that
non-linearities are completely studied, obtaining an accurate results of the forestry
crane.

According to the forestry crane structure, only two joint angles are controlled in this
Master’s Thesis: inner boom q2 and outer boom q3. The slewing q1 is defined as
a fixed value to obtain a 2-Dimension movement. Nevertheless, the complete work
space in an articulated manipulator includes three-jointed structures q1, q2 and q3.
As it can be seen in the Figure 2.3, the complete forestry machine work space
involve a 3-D movement. Including this slewing joint angle in the controller, every
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point of the work space would be accessible.

However, this intelligent control system is good enough to be implemented in the
real machine. As it has been studied in the simulations, accuracy, pressure and flow
rates and piston displacement in both actuators are within the operating range of
the components used. In addition, Proportional-Integral controller is simple and
easy to included in an integrated circuit.



48

6. CONCLUSIONS

The main purpose of this thesis was the obtaining of a modern control system which
will be able to help the driver in the cutting actions. This intelligent control system
is able to create a linear trajectory of the cutter in the forestry crane. This linear
trajectory enhance the working efficiency and reduce the human interaction.

As a start to the control system design, every part of the forestry crane has been
modeled in MATLAB/Simulink. Some small assumptions have been done to try
to keep the mathematical expressions rather simple. In this model, kinematics are
approximate to articulated manipulator with two revolute joints. Moreover, me-
chanical and hydraulic dynamics are studied to include in Simulink blocks. These
Simulink model is used to tune the controller of the closed-loop system. To simplify
this intelligent control system, Proportional-Integral controller has been introduced
in the system. Modeling and simulation are done following dimensions and param-
eters from Usewood Pro small harvester. As a consequence, every plot and result
has been tested to ensure the operating range of the components.

LMS Imagine.Lab AMESim is used to run the simulation of the system. This ad-
vanced simulation tool includes non-linearities of the hydraulic components in the
simulation. Furthermore, it is possible to obtain a 2-Dimensions simulation or the
ease to obtain plots and result variables from the system components.

Using this advanced simulation tool, the modern control system response has been
studied. According to inverse kinematics and geometry of the forestry crane, piston
displacements can be defined. The movement of the forestry crane is done with
different desired points following a linear trajectory. The accuracy and the repeata-
bility of the control system is good enough for the forest applications.

Future research topics in this topic could include the whole Load-sensing system in
the hydraulic system and the slewing movement in the forestry crane. These two
topics bring the simulation closer to the real forestry machine. The final step in this
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Master’s Thesis topic will be the implementation in the real forestry machine.
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52

APPENDIX A. MATLAB CODE WITH

FORESTRY CRANE PARAMETERS

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−− Fluid properties −−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%Bulk modulus

beta_e = 17000; %bar

beta_e = beta_e * 1e+5; %Pa

%Density

rho = 850; %kg/m^3

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−− Parameters of the forestry crane −−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%Masses

m_2 = 73.7; %kg

m_3 = 41.8 + 7.4; %kg

m_G = 155 + 34; %kg

g = 9.81;

%Lengths

L_2 = 2.2; %m

L_3 = 1.669; %m

r_G = 0.2; %m

Lc_2 = 1.064; %m

Lc_3 = 0.570; %m

%Inertias

I_2 = 1/12*m_2*L_2^2;

I_3 = 1/12*m_3*L_3^2;

I_G = 1/2*m_2*r_G^2;

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−Variables of hydraulic cylinder geometry−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%First hydraulic cylinder geometry

beta_1 = sin(0.1305/0.787); %rad

beta_2 = tan(0.120/0.217); %rad

l_1 = 0.787; %m

l_2 = sqrt(0.120^2 + 0.217^2); %m

%Second hydraulic cylinder geometry
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beta_3 = deg2rad(6); %rad

beta_4 = 0.48; %rad

beta_5 = deg2rad(22); %rad

beta_6 = deg2rad(180 − 90 − 22); %rad

beta_7 = 0.547; %rad

l_3 = 0.130; %m

l_4 = 0.155; %m

l_5 = 0.270; %m

l_6 = 0.273; %m

l_7 = 0.855; %m

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−− Hydraulic parameters − First Cylinder −−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%Dead volume at port end

V_10_1 = 50*1e−6; %m^3

V_20_1 = 50*1e−6; %m^3

%Length of stroke

l_c_1 = 0.420; %m

%Initial displacement of the actuator

l_c_0_1 = l_c_1/2; %m

%Free length of the actuator

l_x_0_1 = 0.650; %m

%Piston and rod diameter

d_p_1 = 0.080;%m

d_r_1 = 0.040;%m

%Piston area

A_1_1 = pi/4*(d_p_1)^2; %m^2

%Ring area = piston area − rod area

A_2_1 = pi/4*(d_p_1^2 − d_r_1^2);

%Cylinder volume of the piston side

V_1_1 = V_10_1 + (l_x_0_1 + l_c_0_1)*A_1_1;

%Cylinder volume of the piston rod side

V_2_1 = V_20_1 + l_c_0_1*A_1_1;

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−− Hydraulic parameters − Second Cylinder −−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%Dead volume at port end

V_10_2 = 50*1e−6; %m^3

V_20_2 = 50*1e−6; %m^3

%Length of stroke

l_c_2 = 0.360; %m

%Initial displacement of the actuator
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l_c_0_2 = l_c_2/2; %m

%Free length of the actuator

l_x_0_2 = 0.550; %m

%Piston and rod diameter

d_p_2 = 0.090;%m

d_r_2 = 0.040;%m

%Piston area

A_1_2 = pi/4*(d_p_2)^2; %m^2

%Ring area = piston area − rod area

A_2_2 = pi/4*(d_p_2^2 − d_r_2^2);

%Cylinder volume of the piston side

V_1_2 = V_10_2 + (l_x_0_2 + l_c_0_2)*A_1_2;

%Cylinder volume of the piston rod side

V_2_2 = V_20_2 + l_c_0_2*A_1_2;

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−− Spool valve parameters− First cylinder −−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%Diameter of the spool

d_spool_1 = 0.010; %m

%Area gradient = pi*d_spool

w_1 = pi*d_spool_1; %m

%Discharge coefficient

C_d_1 = 1;

%Valve natural frequency

omega_n_1 = 2*pi*50; %rad/s

%Valve damping ratio

xi_1 = 0.8;

%Supply pressure

P_s = 150; %bar

P_s = P_s * 1e+5; %Pa

%Tank pressure

P_t = 0; %bar

P_t = P_t * 1e+5; %Pa

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−− Spool valve parameters− Second cylinder −−−−−−−−−−−−−−−−−−%
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%Diameter of the spool

d_spool_2 = 0.010; %m

%Area gradient = pi*d_spool

w_2 = pi*d_spool_2; %m

%Discharge coefficient

C_d_2 = 1;
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%Valve natural frequency

omega_n_2 = 2*pi*50; %rad/s

%Valve damping ratio

xi_2 = 0.8;

%Supply pressure

P_s = 150; %bar

P_s = P_s * 1e+5; %Pa

%Tank pressure

P_t = 0; %bar

P_t = P_t * 1e+5; %Pa
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APPENDIX B. AMESIM BLOCKS USED

Hydraulic items
Double hydraulic chamber single rod jack
supplying a force: includes pressure dynam-
ics, viscous friction, and leakage.

3 position 4 port hydraulic valve: Spool dy-
namics is modeled as a 2nd order system.

Piecewise linear hydraulic pressure source.

Tank modeled as constant pressure source.

Compressibility + friction hydraulic line:
These parameters of the hose are calculated
using an effective bulk modulus.

Hydraulic direct connection.

3-port hydraulic junction: The bold line indi-
cates from which port the pressure is imposed
to the sub-model.

Signal/Control items
Piecewise linear signal source: It generates
piecewise linear signals like ramps, steps,
squares, saw tooth or trapezoidal signals.

Constant signal: it generates a constant
value.
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Proportional integral derivative controller
(PID): Controller is defined by the gains Kd,
Kp, Ki and Ks.

Comparison junction differencing inputs:
The output signal at port 2 is the difference
between the input signals at ports 1 and 3.

Control direct connection.

Planar mechanical items
Rigid body accepting n-number of joints:
The mathematical model is based on the La-
grange equations and it can be connected to
any joint component.

Translational actuator: The input from this
port is a force that is sent to the planar me-
chanical ports.

Revolute pair: The two constraint equations
are obtained by expressing the coincidence of
points at port 1 and 2.

Reference fixed body: It can be considered
as a zero acceleration, velocity and displace-
ment source.

Zero force source: It is a zero torque and
force source.

Planar mechanical direct connection
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Mechanical items
Displacement sensor with offset and gain: It
is necessary to include a negative gain to get
correctly the sign of the signal.

Mechanical direct connection

Cosimulation mode
Simulink to Amesim block: transforms de-
sired Cartesian coordinates to actuator dis-
placement

Others

Generation of an assembly process before the
simulation run.

Indexed hydraulic fluid properties: It is used
to set the characteristics of the hydraulic
fluid.
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