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Many tasks in modern forestry are 
performed using highly effective forest 
machines. However, increasing the level of 
automation could increase productivity 
even further. Forest machines are usually 
equipped with a hydraulic crane which is 
used for performing the actual silvicultural 
tasks. Therefore, control of the crane is 
essential if automatic or semiautomatic 
forest machines are to be developed. 
In this thesis, nonlinear model predictive 
control is applied to the control of the crane. 
The goal is to move the tip of the boom along 
a predefined path while simultaneously 
damping the swaying of the tool attached to 
the tip. Also, a method for estimating the 
swaying of the tool using inertial 
measurements is developed. The results 
indicate that with the proposed methods it is 
possible to control the tip of the boom with 
reasonable accuracy. 
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Abstract 
In forestry, the level of mechanization has increased significantly in recent decades. Modern 

forest harvesters, used widely in the Nordic countries, are capable of efficiently felling, 
delimbing and bucking trees. There is also interest in mechanizing other silvicultural tasks to 
increase the productivity and decrease the demand for labor. Increasing the level of automation 
in forest machines could be the next logical step. 

Forest machines are usually equipped with some sort of hydraulic crane. A variety of different 
silvicultural tasks can be performed using different purpose-built tools that are attached to the 
tip of the boom of the forest machine. Therefore, control of the boom is essential if automatic 
or semiautomatic forest machines are to be developed. The tool is usually attached to the boom 
so that it can sway relatively freely, therefore the motion of the tool should also be taken into 
account when designing automatic control. 

The main objective of this thesis is to propose a solution to the problem of controlling the 
hydraulic crane while simultaneously damping the swaying of the tool. This makes it possible 
to increase the level of automation and productivity. The main hypothesis is that the hydraulic 
forestry crane can be controlled using nonlinear model predictive control (NMPC), a 
predefined path can be followed, and the unwanted oscillations of the tool can be damped. The 
second hypothesis is that the swaying of the tool can be estimated using inertial measurements. 
The third hypothesis is that early cleaning is a forestry operation where automatic forestry 
crane can be used together with machine perception. 

NMPC is a control method designed for systems having nonlinear dynamics and constraints 
in the states and controls. In NMPC, the optimal control trajectory is solved at each control 
interval using some optimization algorithm. The estimation and control of the system are based 
on the same dynamic models. The model of the hydraulic cylinders is relatively simple as a load 
sensing hydraulic system was used. 

Experiments using real hardware were conducted in order to test the performance of the 
NMPC. Three different target paths and different boom tip velocities were tested. The results 
show that the proposed method is able to control the tip of the boom with reasonable accuracy 
while simultaneously damping the oscillations of the tool. In addition, the developed estimators 
seem to function quite well. 
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Tiivistelmä 
Metsänhoito on koneellistunut merkittävästi viimeisten vuosikymmenien aikana. 

Pohjoismaissa laajasti käytössä olevat hakkuukoneet kaatavat puut, karsivat ja katkovat ne 
tehokkaasti. Kiinnostus myös muiden metsänhoidollisten toimien koneellistamiseen on 
herännyt. Koneellistamisella voitaisiin lisätä tuottavuutta ja vähentää työvoiman tarvetta. 
Automaation lisääminen metsäkoneisiin voisi olla seuraava johdonmukainen askel. 

Metsäkoneet on yleensä varustettu hydraulisella nosturilla, jonka päähän varsinainen 
metsänhoitoon suunniteltu työkalu on kytketty. Jos automaattisia tai puoliautomaattisia 
metsäkoneita kehitetään, on nosturin säätö oleellista. Koska puomin päässä oleva työkalu 
pääsee yleensä heilumaan vapaasti, täytyy myös sen liike ottaa huomioon. 

Työn tavoitteena on esittää ratkaisu siihen, miten puomia voidaan ohjata samanaikaisesti 
työkalun heiluntaa vaimentaen. Tämä mahdollistaa automaatioasteen ja tuottavuuden 
lisäämisen. Päähypoteesi on, että metsäkoneen puomia voidaan ohjata käyttämällä 
epälineaarista malliprediktiivista säädintä (NMPC). Tämä säädin seuraa etukäteen määrättyä 
polkua ja vaimentaa aktiivisesti työkalun heilahteluja. Toinen hypoteesi on, että työkalun 
heilahtelut voidaan estimoida inertiaalisten mittausten avulla. Kolmas hypoteesi on, että 
varhaisperkaus on metsänhoitotoimenpide, jossa voidaan hyödyntää automaattista puomia 
yhdessä konenäön kanssa. 

Epälineaarinen malliprediktiivinen säädin on säätömenetelmä, joka kykenee ohjaamaan 
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1. Introduction

This chapter will briefly present the background and motivation behind

the thesis. Also, the scope and objectives of this work are presented. The

content of the publications are summarized and the main contributions

of the author are highlighted. Finally, the structure of the thesis is de-

scribed.

1.1 Background and motivation

Trees growing in forests can provide renewable raw materials for many

industrial products. Wood can be used as a construction material, it can be

processed to pulp, paper and many different types of biomaterials. Wood,

bark, branches and other leftovers can be directly used as an energy

source or refined for biofuels. Forestry is defined as “the science of de-

veloping, caring for, or cultivating forests” while silviculture is “a branch

of forestry dealing with the development and care of forests” (Merriam-

Webster, 2014).

Forestry is a significant field of industry. Globally in 2012, the total

value of foreign trade of roundwood and forest industry products was $223

billion, which was 1.3% of total exports. In Finland the same figures were

$13 billion and 17.9% of total exports. The largest exporters of these

wood-related materials and products were the United States, Canada,

Germany, Sweden, China and Finland. Relative to the total exports of

a given country, the largest exporters were Finland, Latvia, New Zealand

and Sweden (Ylitalo, 2013).

Before logs can be processed into pulp or lumber, they first have to be

felled, delimbed (removing the branches), bucked (cutting the tree to logs)

and transported out of the forest. These procedures as a whole are known

as logging. Currently, there are three highly mechanized methods for per-
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Figure 1.1. A modern forest harvester working in a Finnish forest.

forming the logging. These methods are called whole-tree logging, tree-

length logging and cut-to-length logging. In whole-tree logging, the tree

is first felled and then dragged to a processing station where it is de-

limbed and bucked. Tree-length logging is similar to whole-tree logging

except that the tree is delimbed right after felling. In the cut-to-length

method the felling, delimbing and bucking are performed by a single ma-

chine called a forest harvester.

A forest harvester is equipped with a harvester head that has a chain

saw and delimbing blades. After trees have been processed on-site, the

logs are then transported out of the forest with a forwarder. A forwarder is

a forest machine that is equipped with a crane for loading and unloading

the logs and a load space for carrying the logs from the forest. Cut-to-

length is the dominant method used in the Nordic countries. Figure 1.1

presents a typical forest harvester preparing to fell a tree.

Forest harvesters and forwarders have been widely adopted in forestry,

increasing the productivity and decreasing the demand for labor in the

logging process. In Finland, there has also been interest in mechaniz-

ing other silvicultural tasks, such as planting tree seedlings, early clean-

ing and thinning young forests (Hallongren and Rantala, 2012). Silvicul-

tural cleaning is an operation where unwanted young trees are removed

in order to control the competition between conifers and deciduous trees

(Härkönen, 1998). Thinning is done at a later stage if the forest has grown

18
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Figure 1.2. Different tools that can be used for forest operations: A) a harvester head, B)
an uprooting device, C) a tool for thinning and cleaning and D) a tree planting
device.

too dense and some of the trees need to be cut down to allow more space

and sunlight for the rest. Some excavator-based solutions for the planting

of seedlings have also developed (Rantala et al., 2009). Figure 1.2 presents

some tools that can be attached to the boom tip of a forest harvester or an

excavator for silvicultural operations.

Automation can be considered as the logical next step after mechaniza-

tion. Robots and automatic machines have been introduced for simple

repetitive tasks that are often quite boring for humans to do. Industrial

robots have replaced humans in many such tasks, simultaneously increas-

ing the productivity and quality. Advancements in different fields of sci-

ence and engineering have made it possible to introduce robots outside

factories. In addition to fully autonomous robots, different teleoperated

and semi-autonomous applications are quite common nowadays.

As of yet, there are no commercial autonomous forest machines avail-

able. Currently, the forest machines are manually operated and only have

some functions that can be considered automatic. For example, the feed-

ing of the tree trunk to the harvester head is usually controlled so that the

trunks are easily cut to the desired length. Another example is the auto-

matic stabilization system recently introduced by one of the manufactur-

ers. It controls how the weight of the machine is distributed on different

wheels and improves the stability of the machine (PONSSE, 2013).
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There has been some research activity related to autonomous forest ma-

chines. For example, Ringdahl et al. (2011) followed a previously driven

path automatically with a forwarder in a forest environment. Hellström

et al. (2009) argue that this kind of autonomous forwarder could have

considerable commercial potential.

1.2 Research questions and objectives

As discussed in the previous section, increasing the level of automation of

the forest machines is the next logical step. The main component of the

forest machines in cut-to-length logging is the hydraulic crane. Therefore,

one possibility to increase the productivity is the automatic control of the

crane. The actual forest operations are conducted with a specialized tool

attached to the hydraulic crane. Moreover, the tool attached to the boom is

freely swaying. The main research problem in this thesis is how to control

the boom while taking into account the swaying of the tool attached.

The more specific research questions are:

• How to control a hydraulic forestry crane?

• Can boom tip path tracking be used instead of traditional trajectory

tracking?

• Is it possible to damp the swaying of the tool attached to the crane?

• How to measure the swaying of the tool?

• How to apply an automatic forestry crane in silvicultural opera-

tions?

The first objective of this thesis is to develop a path tracking controller for

a hydraulic forestry crane. This controller should also be able to damp the

swaying of the tool attached to the crane. This controller should function

in real time and operate real hardware. The nonlinear model predictive

control approach requires a dynamic model of the system. Therefore, the

dynamic and kinematic models of the crane and the swaying tool should

be derived. One particular objective is to estimate the swaying of the tool.

Reaching these objectives makes it possible to increase the level of au-

tomation in forest machines, which could boost the productivity of the

whole forest industry.

The main hypothesis is that nonlinear model predictive control (NMPC)

can be utilized for controlling a forestry crane meeting also the path track-

ing and anti-sway requirements. The second hypothesis is that inertial
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measurement system can be utilized for measuring the swaying. The

third hypothesis is that early cleaning is a silvicultural operation where

automatic forestry crane can be applied in conjunction with machine per-

ception.

1.3 Research methodology

In this thesis constructive research methodology is applied. The steps of

the constructive method are as follows. Firstly, a real world problem is

identified. Secondly, a proposed solution is designed. Finally, the con-

structed solution is evaluated.

The research problem has been identified in the previous section. The

model of the system is based on the first principle physical model and

on the identification of the system. Simulations are used for designing

the control system and tuning the parameters. Also, Kalman filters and

computer vision have been applied to make measurements of the system.

The proposed solutions are validated using experiments, and the results

are evaluated quantitatively.

1.4 Summary of the publications

This article dissertation is composed of six individual articles that are ap-

pendices to the summary part. Two of these are journal articles and four

are conference articles. The articles have been numbered in descending

order of relevance in respect to the topic of this thesis.

The Publication III presents the tractor and forestry crane used in this

thesis. The instrumentation of the boom is also described. To create a

model of the system used in this thesis, the dynamics of the hydraulic

crane were studied. The article describes the dynamic and nonlinear mod-

els of the individual cylinders. An identification method for the hydraulic

parameters is presented. In addition, the actual parameters that have

been identified are provided.

Using anti-sway control with a tool attached to a forestry crane requires

that the swaying is somehow measured. In Publication II, the dynamic

model of the freely swaying tool is presented. It also describes the Ex-

tended Kalman filter used to estimate the sway angles of the tool relative

to the boom using inertial measurements. Finally, this paper includes re-
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sults from a test where the estimated angles are compared to a ground

truth.

When the dynamic and kinematic models of the system were known and

the required variables were measurable, it was possible to develop the

controller. Nonlinear model predictive control (NMPC) of the hydraulic

boom is presented in Publication I. The control combines path tracking

control and anti-sway control for the forestry crane. Tests were conducted

with different paths and with different settings.

The use of NMPC requires actual implementation of some optimization

and integration algorithms. Publication IV presents a new toolkit called

VIATOC that has been designed for developing efficient NMPCs. It pro-

vides an easy way to represent the control problems and then generates

the code from the definitions. This paper compares the efficiency of the

implemented methods to other similar toolkits.

Automatic forestry operations also require environment to be observed.

Publication V presents a computer vision method developed for detecting

young spruces from above. The texture analysis algorithm is based on

Radon and wavelet transforms. To increase the performance, the most

computationally expensive algorithms were implemented using parallel

computing in the graphics processing units.

Forest harvesters fell and cut the trees into logs with a harvester head

hanging from the tip of the boom. Traditionally, the length of the logs is

measured using a measurement wheel. Publication VI presents a novel

method for measuring the length of the log based on computer vision. The

motion of the log and the harvester head are measured using stereo vision

cameras. The proposed algorithm was tested using video data gathered

from seven logs that were processed by a real forest harvester.

1.5 Contributions of the author

The main contributions of this thesis in order of the importance are as

follows:

1. NMPC is developed for controlling a hydraulic forestry crane while

simultaneously damping the swaying of the tool attached to the tip

of the boom.

2. Time-based trajectories are usually used when controlling booms or

cranes. In this thesis, path tracking control is studied. In path track-
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ing, the boom tip follows a path that is not time constrained.

3. A novel method for measuring the swaying of the tool attached to the

tip of the boom is developed. The proposed method can estimate the

two sway angles and the rotator angle and the corresponding angu-

lar velocities. This is achieved by fusing the inertial measurements

from the tip of the boom and the tool with an extended Kalman filter.

4. The dynamics of the individual hydraulic cylinder-valve pairs with

a load sensing hydraulic system are studied. An identification test

is conducted and the results are presented. As some parameters can

change, a real time estimation method has also been developed.

5. A toolkit for implementing NMPCs has been developed. It allows a

user-friendly definition of the NMPC problem and automatically dif-

ferentiates the required functions and generates efficient code from

the definitions.

6. Two new measurement systems using machine vision are developed.

One is for measuring the length of the log in the harvester head and

the other is for detecting spruce plants.

1.6 Structure of the thesis

The structure of the rest of the thesis is as follows: Chapter 2 describes

an example case where the developed methods could be used. It discusses

some of the other subsystems that have been developed for autonomous

forest machines and that are not at the core of this thesis. It also presents

the hardware that is used in the experiments. Chapter 3 surveys liter-

ature that lays the foundation for the methods used in this thesis. It

details some alternative control methods that have been used for forestry

cranes and anti-sway controls. The nonlinear model predictive control is

introduced and some applications are presented. Chapter 4 presents the

models and main methods used for controlling the forestry crane. The

results of the experiments are presented in Chapter 5. Finally, the re-

sults are discussed in Chapter 6 and some final conclusions are made in

Chapter 7.
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2. Schemes for motion control in
forestry

This chapter briefly discusses some aspects related to the autonomous

forest machines. These include, for example, a silvicultural case where

the proposed methods could be used. Also, two methods for machine vision

in forest machines are presented. The hardware used in the majority of

the experiments is also introduced. The actual methods related to the

controlling of the forestry crane are presented in the subsequent chapters.

2.1 Early cleaning

Early cleaning is one of the cases that motivated this research in the first

place. Early cleaning is the first operation that is conducted after the trees

have been planted. In Finland, it is done when the trees are around five

years old. The goal is to ensure that the plants have enough living space

and to promote the growth. For example, if a forest consisting mainly of

coniferous trees should be cultivated, the young deciduous trees are cut

down or uprooted early on. The young deciduous trees tend to grow faster

than, and therefore shadow, the coniferous trees.

The early cleaning can be done manually using a brush cutter or with a

special tool, called a point cleaning machine, attached to a boom of a forest

harvester. Point cleaning is a method of silvicultural cleaning where the

broadleaved trees are removed within a certain radius of the main stem

(Karlsson et al., 2002). Figure 2.1 shows a point cleaning machine that is

attached to the forestry crane used in the experimental part of the thesis.

The tool is lowered to the ground so that the plant to be spared is in the

middle. When the cutting blades are activated, they snap the stem of the

unwanted plants around the hole in the tool and the plant to be spared.

Vestlund and Hellström (2006) list a number of general requirements

for a robot performing selective cleaning in young forest stands. These
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Figure 2.1. Research platform ready to perform early cleaning. The tool is designed spe-
cially for the task.

requirements are: work performance, mobility in the forest environment,

size and safety. They claim that that the obstacle avoidance and target

identification and selection of the tree stems are the most difficult prob-

lems. They also remark that as an autonomous robot could work almost

continuously productivity could be lower than on a traditional forest ma-

chinery.

2.1.1 Path planning

Figure 2.2 presents a boom tip trajectory designed for automatic point

cleaning. The tip of the boom follows a predefined trajectory that covers

the area behind the machine in a systematic manner. This trajectory has

been used in conjunction with a computer vision system that detects the

spruce plants. The idea is to follow the trajectory until a new plant is de-

tected. After a detection is made the tool is moved above the plant and the

swaying of the tool is actively damped. After this the tool is lowered to the

ground where the uprooting or cutting operation can be performed. After

lifting the tool up again, and the search can be continued by following the

reference trajectory.
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Figure 2.2. Boom tip trajectory designed for automatic point cleaning.

2.2 Machine perception

The machine perception introduced in this thesis consists of two machine

vision cases: spruce plant detection and the log length measurement sys-

tem.

2.2.1 Spruce plant detection

Automating the early cleaning of tree plants requires a method for de-

tecting and localizing the young trees. Tools that have been developed for

cutting and uprooting plants (see Figure 1.2 B. and 2.1), often have a hole

in the middle that is aimed at the plant. The unwanted plants around

it are then removed by a cutting or uprooting mechanism of the cleaning

machine. Attaching a machine vision camera to the tool so that it can see

through this hole provides a good view for finding the tree plants. When

the camera is facing downwards almost directly from above the plants, the

view is much better than what the driver can see from the cabin. How-

ever, the camera has quite a limited field of view and some scanning style

trajectory, as presented in Section 2.1.1, has to be implemented in order

to cover the working area.

When the camera is attached to the tool, it is easy to control the tip of

the boom in the correct location. When the plants are localized relative

to the boom tip, the effects from small positioning errors caused by the

kinematic model or the bending of the boom, for example, can be avoided.

The proposed spruce plant detection method is based on dividing a sin-
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Figure 2.3. Principle of classification of the texture of a single image block. First the orig-
inal 64x64 pixel block is Radon transformed, then then a wavelet transform
is applied.

gle image from the video camera into smaller overlapping blocks. The

blocks are analyzed individually using texture and color. As the image is

taken from above, a rotation invariant algorithm was chosen. The tex-

ture feature extraction is based on a method using the Radon and wavelet

transforms, originally proposed by Jafari-Khouzani and Soltanian-Zadeh

(2005). The actual features used in the classification were calculated from

the wavelet transform. Figure 2.3 presents the principle of the texture

analysis.

The color of the image blocks was also used for detecting the spruces.

This was based on the observation that the hue of the spruce needles is

slightly different than that of broad-leaved trees used in the test. The

blocks were finally classified into two classes using the k-NN classifier.

Finally, the spruce is detected if there are enough individual positively

classified blocks inside a given area. The spruce is then deduced to be

located in the center of gravity of the blocks classified as being spruce.

As the algorithm has to be running in real-time to be used as part of a

control loop, it was implemented using CUDA programming language for

graphic processing units (GPUs). The GPU of the laptop computer used

in the tests had 192 parallel cores. This allowed a significant decrease in

the time required for processing the images. When the performance of the

image block processing times were compared to reference implementation

performed using CPU, the speedup was from 18 to 79 times in favor of the

GPU. When the image was divided into overlapping blocks of 32x32 pixels,

the amount of time required for processing a single image was 30.6 ms.

The total time required for classification of all blocks in a single image

depends on the amount of training data. Overall, it was possible to run

the whole algorithm in real time.

Figure 2.4 shows the original image taken using the camera attached to

the point cleaning machine. It also shows the result of the classification

of individual image blocks and the position of the detected spruce. The
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Figure 2.4. Automatic detection of spruce plants. The image on the left is the original
view from above the ground. In the image on the right, the classification
result of individual image blocks is presented using orange blobs. The larger
the blob, the higher the classification probability of a spruce plant is. The
estimated position of the plant is marked with a circle.

algorithm that has been developed for the real-time detection of spruce

plants is discussed further in Publication V.

2.2.2 Measuring log length

Forest harvesters are probably the most advanced of all machines that

are used in forests. The primary component defining these machines is

the harvester head. The harvester head is used for felling trees and cut-

ting trunks to logs that exactly match the specifications of the saw mill.

Therefore, measuring the length of the log accurately is of utmost impor-

tance. Currently, the measuring is done using a measuring wheel that is

pressed on to the log. There are multiple factors that can deteriorate the

accuracy of the measurement wheel, and it requires regular calibration.

Currently, due to the inaccuracy of the current length measurement, the

log is bucked longer than the actual length of the timber, the typical final

product of sawmills. Rainvuori (2012) estimated that if this trimming al-

lowance, typically in range from 5 to 10 cm, could be decreased by just 2

cm per log, the savings for the Finnish sawmills alone would be approxi-

mately C17.6 million.

To overcome some of the challenges related to traditional methods, an

alternative computer-vision based method is proposed. The basic prin-

ciple is to measure the motion of the log and the harvester head using a

stereo camera pair. Assuming that the log is a solid object, the total length

of the log can be determined when the position of the log, relative to the

harvester head, is known at the beginning and at the end.
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Figure 2.5. Log length measurement in a harvester head. Left and right images from
stereo camera are taken when a log is processed. The tracked features are
marked and the optical flow is shown with arrows. The detected checker-
board is highlighted.

Table 2.1. Measured log lengths. The hand-measured values are used as a reference.
Error is the difference between the previous two. The last line presents the
average of absolute values of each column.

Hand [mm] Machine vision [mm] error [mm]

2971 2971 0

3162 3162 0

3094 3095 1

3170 3158 -12

3025 3030 5

2954 2955 1

3365 3364 -1

Avg. 3106 3105 2.9

The 3D motion of the log is reconstructed by following a set of features

that can be found in both stereo images and in the next image pairs in

time. The pose of the harvester head relative to the cameras was deter-

mined by tracking a checkerboard pattern fixed to the structure. Figure

2.5 shows a single stereo image pair, the tracked features and the checker-

board.

The computer vision system was tested using a data set consisting of

images taken during the processing of seven logs, all approximately three

meters long. Table 2.1 presents the hand-made measurements and the

estimated log lengths. The average difference between hand-made mea-

surements and the results of the proposed method was on average 2.9

mm, which is relatively small when compared to the accuracy of the cur-

rent measurement methods. The algorithm was developed using Matlab

and tested offline and it did not work in real time. The algorithms and the
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Figure 2.6. User interface used during the boom control tests. The blue line is the target
trajectory for the boom tip.

results from the log length measurement test are presented and discussed

in more detail in Publication VI.

2.3 User interface

A user interface (UI) was developed during the thesis work. It was used

for setting a reference trajectory, tuning the parameters and monitoring

the automatic boom control. The user interface visualizes the current

state of the boom. As the reference path and the actual achieved boom tip

trajectory were shown in real time, it was easy to observe the performance

of the controller. When the tractor position and heading information were

available, the UI also showed the position of the tractor on a real map.

The tractor position and heading estimation system based on RTK-GPS

was developed by Backman et al. (2012).

2.4 Hardware

The research platform used in the majority of the tests was composed of

an agricultural tractor and a forestry crane. The base machine is a mod-

ified Valtra T132 agricultural tractor. The forestry crane is Kesla 305T

that has been originally designed for loading tree trunks. The research

platform is shown in Figure 2.7. The boom has four controllable joints.

These are called, in order starting from the base of the boom: slew, lift,

transfer, and extension. Even though the research platform is not a full-
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Figure 2.7. The test machine used in this thesis. It consists of an instrumented forestry
crane and an agricultural tractor. A swaying mass is attached to the tip of
the boom to simulate a tool used for forest cleaning.

scale forest machine, it has the most important characteristics required,

i.e., a mobile base and a hydraulic crane. Similar machine combinations

are used especially by part-time amateur loggers who do not want to in-

vest in more expensive purpose-built machines.

One advantage of the hardware is that both of the machines can be com-

manded via the same ISO 11783 CAN (Controller Area Network) bus.

ISO 11783 is an international standard that specifies a data network

for agricultural tractors and forest machines. Its goal is to standardize

data transfer between and within the tractor and implements that are

mounted to or towed by the tractor (ISO, 2009). Tractors that are tested

and obey the standard are usually called ISOBUS compatible. The stan-

dard makes it possible for the implement to command, for example, the

driving speed of the tractor and to use the tractor’s hydraulic valves.

The hydraulic system of the tractor is used to power the hydraulic cylin-

ders of the crane. The hydraulic system is a load-sensing system, which

allows the hydraulic pump to generate only the required level of pres-

sure and flow. Each valve has a pressure compensator that tries to keep

a constant pressure drop over the spool of the valve. When a constant

pressure drop is achieved, the flow of the hydraulic oil only becomes de-

pendent on the opening of the spool. Thus, the actual force acting on the

cylinder should not affect the cylinder velocity. This system permits a
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relatively simple low-level control strategy, as it can be assumed that the

same valve opening will cause the cylinder to actuate at the same velocity.

Two different kinds of tools were being attached to the tip of the boom.

In the spruce plant detection tests and the sway estimation tests, a rela-

tively large point cleaning tool was used. This circular tool with a hole in

the middle is shown in Figure 2.1. In the control tests a smaller dummy

tool was used instead. It consisted of a steel weight attached to a bar and

is depicted in Figure 2.7. Both of these tools were attached to the boom

tip with a shackle that allowed them sway freely in two directions: left

to right and forward to back. Due to smaller dimensions, the second tool

had slightly different dynamic behavior. However, the difference in the

dynamic parameters of the tools were small.

To control the boom automatically, the position of the boom has to be

measured. Each of the four joints were instrumented individually. The

first joint, slew, was measured using a magnetic sensor. The length of the

lift and transfer cylinders were measured using magnetostrictive sensors

and the extension was instrumented using a draw wire sensor. The mo-

tion of the tool was measured with a purpose-built inertial measurement

system described in more detail in Section 4.4.2.
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3. Control systems for hydraulic cranes

In this chapter, a brief literature review on different control strategies

used for controlling hydraulic cranes is made. Approaches to anti-sway

control are also studied. Finally, the basic idea of nonlinear model predic-

tive control, some applications and toolkits for implementing the control

are presented.

3.1 Control of hydraulic cranes

La Hera et al. (2008) used a PID controller with feed forward friction com-

pensation to control each link individually. They tested the controller with

a crane similar to those used in forest forwarders. They report an average

boom tip error of less than 0.015 m on a circular trajectory at a velocity

of 0.2 m/s. A similar controller was used by Ortiz Morales et al. (2014)

with trajectories that resembled those used in trunk loading operations.

An average boom tip error of 0.028 m from the tests was reported.

Mattila and Virvalo (2000) used a model-based computed torque law

to control a two degrees of freedom hydraulic manipulator and report a

maximum cylinder position error of 0.0045 m with a maximum cylinder

velocity of about 0.15 m/s. Later Koivumäki and Mattila (2015) controlled

a redundant three degrees of freedom hydraulic crane using Virtual De-

composition Control. The maximum Cartesian tracking error was approx-

imately 0.005 m when the Cartesian velocity was 1.05 m/s. The proposed

method required using actuator an position and pressure sensor for the

feedback

Saarela et al. (2005) state that mobile hydraulic manipulators are usu-

ally using a load-sending (LS) system and mobile valves which are not

designed for closed-loop control. They used a boom of a forest forwarder

and compared the performance of closed-loop control with constant pres-
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sure, LS and electronic load sensing (ELS) systems. They conclude that

there were no noticeable differences in the accuracy between the differ-

ent systems, but pump pressure oscillations on ELS system were reduced

compared to LS system. They also state that time delay compensation in

the controllers should be used.

3.2 Control of redundant cranes

A kinematically redundant manipulator has more degrees of freedom than

required for executing a given task. For example, if the task requires only

to control the position of the end effector in three-dimensional space, the

manipulator is redundant if it has more than three degrees of freedom. In

such case, the inverse kinematics problem, i.e. how to calculate the joint

angles from task space coordinates, has an infinite number of solutions

(Chiaverini, 1997).

For a traditional, non-redundant manipulator, the inverse of the Jaco-

bian matrix can be used for mapping task-space velocities into joint space

velocities. As the Jacobians of the redundant manipulators are not square

matrices, alternative methods have to be used. The most straightforward

alternative is to use the Moore-Penrose pseudoinverse that gives the min-

imum norm solution in respect to the joint velocities. Another technique is

to use the damped least-squares method which is more robust in respect

to the occurrence of kinematic singularities (Chiaverini et al., 2008).

As the hydraulic crane used in this thesis has four controllable joints

and the goal is to control the position of the boom tip, it can be consid-

ered to be a redundant manipulator. Löfgren and Wikander (2009) have

studied the kinematic control of redundant forestry booms which has four

degrees of freedom. They propose a boom tip control approach where the

operator controls the tip of the boom instead of the individual hydraulic

actuators. The redundancy makes it possible to achieve objectives in ad-

dition to the position of the boom tip. Additional objectives could be, for

example, obstacle avoidance, dexterity, energy minimization or maximiza-

tion of the lifting capacity. They chose to maximize the lifting capacity of

the boom and present a complete algorithm that accomplishes both objec-

tives.
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3.3 Anti-sway control

Anti-sway control can be used with crane operations where the lifted load

starts swaying easily. The objective of the anti-sway control is to minimize

the swaying, and it can be used in connection with manually operated ma-

chines or cranes that are automatic controlled. Anti-sway or sway reduc-

tion control has been developed, for example, for harbor cranes (Neupert

et al., 2010) and gantry cranes (Sorensen et al., 2007). Anti-sway crane

control can be achieved using open-loop or closed-loop control.

Input shaping can be used to reduce the load oscillations on different

cranes. Input shaping generates commands that cancel out its own vibra-

tions (Singhose et al., 2000). Input shaping uses no feedback, and as a

consequence the oscillations cannot usually be removed completely. If the

swaying is not measured, the oscillations caused by external disturbances,

such as wind, cannot be compensated.

There are multiple closed-loop methods for simultaneously moving the

crane and reducing the swaying. Solihin et al. (2008) propose an optimal

tuning of the parameters of the system consisting of two PID controllers.

They have a PID controller for the trolley position control and a PD con-

troller for payload swing angle control. Optimal control or model predic-

tive control methods for crane control have been proposed by Al-Garni

et al. (1995).

Fuzzy-logic control with anti-sway feature for overhead cranes has been

proposed by Benhidjeb and Gissinger (1995) and sliding mode fuzzy con-

trol by Liu et al. (2005). Controllers utilizing neural networks have also

been studied. Méndez et al. (1999) propose an adaptive controller based

on neural networks, and Toxqui et al. (2006) combine PD control and neu-

ral networks.

In his doctoral thesis, Honkakorpi (2014) studied how MEMS inertial

sensors could be used for instrumenting a hydraulic manipulator. He also

tested anti-sway control with a pendulum as a mass attached to the tip of

a hydraulic boom. The mass could sway only in one dimension.

3.4 Nonlinear model predictive control

Nonlinear model predictive control (NMPC) is a control strategy based

on solving an optimal control problem sequentially in real time. This is

known as a moving horizon control, where each time only the first control
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signal is actually implemented (Allgöwer and Zheng, 2000). The opti-

mization is then repeated once new measurements have been received.

The optimization is based on minimizing a given objective function. This

objective function usually has quadratic costs on state and controls com-

pared to some target trajectories.

Using NMPC requires a dynamic model of the system for simulating

the state trajectory of the system. This model usually consists of nonlin-

ear differential equations. The length of the prediction horizon is usually

fixed. The states and controls of the system can have constraints, which

usually makes the optimization much more complicated.

The advantage of NMPC is its ability to predict the future state of the

system, also taking into account the possible constraints. The required

amount of computing power to solve the complex optimization problem

in real time can be a significant disadvantage. The computational cost

increases as a function of the complexity of the system, the control fre-

quency and the length of the prediction horizon. Therefore, the efficiency

of the selected optimization algorithm is very important.

Traditionally, NMPCs have been used in the process industry, often com-

bined with low-level controllers for setpoint tracking (Nagy et al., 2007).

In the process industry the time constants are often relatively slow, and

therefore the computational cost has not been a major issue. However,

lately NMPC has also been used for controlling mechanical systems where

control frequency has to be higher. NMPC has been utilized, for example,

in controlling autonomous agricultural tractors (Backman et al., 2012)

and overhead cranes (Schindele and Aschemann, 2011).

Examples of toolkits that are freely available for NMPC are HQP, ACADO

and GRAMPC. HQP (Huge Quadratic Programming) utilizes SQP as the

main optimization method. The quadratic problems are solved using in-

terior point methods. The toolkits user can provide the exact Jacobians

of the system dynamic equations and the objective function or they can

be numerically approximated. It is possible to use Omuses front-end to

formulate the continuous time optimization problem (Franke and Arnold,

2008).

ACADO is another open source toolkit designed for automatic control

and dynamic optimization. Internally it is also based on the use of SQP.

ACADO is designed to be self-contained although external packages can

be used (Houska et al., 2011a). ACADO can also export C code from a

user-defined NMPC problem (Houska et al., 2011b). The exported part
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will include the selected integration method, the derivatives of the dy-

namic model and the discretization and condensing routines. Different

QP solvers, e.g., CVGEN (Mattingley and Boyd, 2009), qpOASES (Fer-

reau, 2012), and FORCES (Domahidi et al., 2012), are supported.

GRAMPC is software designed for NMPC that uses the projected gra-

dient method to solve the optimization (Kapernick and Graichen, 2014).

The step length that is taken in the direction of the steepest descent is

selected using either a polynomial approximation of the objective func-

tion, or a line search of Barzilai and Borwein (1988). However, currently

GRAMPC only supports control constraints.
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4. Methods

In this chapter the methods that have been developed for controlling the

forestry crane are presented. Firstly, the nonlinear model predictive con-

trol is introduced and the algorithms required by the NMPC are briefly

presented. Then the model of the hydraulic forestry crane is introduced.

This model is divided into the kinematic and dynamic models of the boom

and the dynamic model of the swaying of the tool attached to the tip of the

boom. After this, the proposed nonlinear model predictive boom tip con-

trol method is presented. Finally, the methods that have been developed

for estimating the state of the system are described.

4.1 Nonlinear model predictive control

In this thesis, nonlinear model predictive control (NMPC) is used as the

primary control method. NMPC predicts the future states of the system

based on a nonlinear dynamic model ẋ(t) = f(x(t),u(t)). The states of

the model are denoted by x (t) and controls by u (t). The goal is to mini-

mize cost function J (x(t),u(t), t) that usually has quadratically weighted

terms on states and controls compared to some reference trajectories. The

length of the prediction horizon is tf . The states and controls can have

constraints. These constraints may be physical limits such as the range

for the motion of a given joint, or some artificial limits in velocity that

should not be exceeded. The general structure of the NMPC problem is

min
x(·),u(·)

J (x,u)

s.t. ẋ(t) = f(x(t),u(t))

x(0) = x0

umin ≤ u(t) ≤ umax, tε[0, tf ]

xmin ≤ x(t) ≤ xmax, tε[0, tf ]

, (4.1)
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where the current measurement or estimate of the current state is set as

the initial value x0. The states and controls are box constrained from both

sides. These constraints are denoted by umin, umax, xmin and xmax.

4.1.1 Discretization of the problem

Implementing an NMPC control requires multiple steps. First the con-

tinuous time problem is discretized. The prediction and control horizons

are divided into N equally spaced intervals and the control trajectory is

assumed to be piecewise constant. Thus, the discretization step is h =
tf
N .

The discrete state trajectory is a sequence x (t1) ,x (t2) , ...,x (tN ) and the

control trajectory is u (t0) ,u (t1) , ...,u (tN−1). To calculate the predicted

state trajectory from the control trajectory, some integration method is

required. The developed NMPC toolkit, VIATOC, supports a variety of

different integration methods, both explicit and implicit. In all methods

the integration step is fixed and equal to the discretization step. The 4th

order Runge-Kutta integration method was used in the test in this thesis.

A discretized NMPC problem is

min
x(·),u(·)

J (x,u)

s.t. x(tk+1) = f̄(x(tk),u(tk))

x(0) = x0

umin ≤ u(tk) ≤ umax

xmin ≤ x(tk) ≤ xmax

, (4.2)

where the discretized objective function with the standard quadratic

function is

J (x,u) = ΣN−1
k=0

(
‖x(tk+1)− xref (tk+1)‖2Q + ‖u(tk)− uref (tk)‖2R

)
+‖x(tN )− xref (tN )‖2P

(4.3)

and Q, R and P are positive semidefinite weighting matrices for the

error in state and control trajectory and in the final state. xref (t) and

uref (t) are the state and control reference values at a given time. The

discretized dynamic function f̄(x,u) describes how the next state vector

can be predicted using the control and the previous state values using the

chosen integration method.

The sensitivities of the dynamic function are required for the optimiza-

tion process. Matrices Ak and Bk predict how an infinitesimal change in

the k:th state or control vectors affect the next state values
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Ak =
∂x(tk+1)
∂x(tk)

= ∂ f̄(x,u)
∂x (x(tk),u(tk))

Bk =
∂x(tk+1)
∂u(tk)

= ∂ f̄(x,u)
∂u (x(tk),u(tk))

. (4.4)

The sensitivities can also be used for linearizing the state prediction.

The linearized state dynamic model is

x(tk+1) ≈ Akx(tk) +Bku(tk) + ck, (4.5)

where ck is constant depending on the linearization point. Naturally, the

accuracy of the state trajectory predicted with the linearized model de-

pends on how far away from the linearization point it is used and how

linear the actual dynamic model is. Using this linearization can speed

up the optimization significantly if the original model or the selected in-

tegration method is complex. Therefore, in the VIATOC implementation,

the nonlinear integration of states from controls is not done at every op-

timization step, and the linearized model (4.5) is used instead. In the

experiments conducted in this thesis, the integration and calculation of

sensitivities were performed after every tenth iteration.

4.1.2 Gradient projection method

The actual optimization method utilized in this work is based on the gra-

dient projection method. The basic gradient projection method proposed

by Rosen (1960) is designed for minimizing or maximizing an objective

function with linear constraints. The principle of the gradient projection

is to calculate the direction of the steepest descent, i.e., the negative to-

tal derivative of the objective function with respect to the discrete control

trajectory. The direction of the steepest descent is then projected to a di-

rection that is valid in respect to the constraints.

The direction of the steepest descent g is the total derivative of the dis-

cretized objective function in respect to the control trajectory

g = −
[

dJ̄
du(t0)

... dJ̄
du(tN−1)

]T
. (4.6)

The constraints are defined with the normals of the constraining hyper-

planes in the control trajectory space. As the state trajectory is a nonlin-

ear function of the control trajectory, the state constraints also have to be

linearized before they can be used with the gradient projection method.

The constraints can be divided into two groups: active and inactive. The

active set of constraints contains those constraints, state or control, that
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need to be taken into account when projecting the gradient. The active

constraint vectors are combined into a matrix M. The actual projection

of the steepest descent g into a feasible direction ĝ is achieved using the

following matrix calculation:

ĝ = Pg =
(
I−M

(
MTM

)−1
MT

)
g. (4.7)

The gradient projection is an iterative process as it is not usually known

beforehand what the correct set of the active constraints is.

After the projection, a line search is made in the projected direction.

There are different ways to select the step length of the line search, i.e,

how far to go in the search direction. The method for the step length

selection is crucial in respect to the convergence of the algorithm. The

naive way of selecting the step length so that the objective function is

minimized can cause a poor convergence rate near the optimum. This is

due to a phenomenon called zig-zagging. Therefore, an alternative line

search method, based on that proposed by Barzilai and Borwein (1988)

has been used instead.

Thus, the basic stages in the NMPC are: integrating the state trajectory

and calculating the sensitivities, calculating the direction of the steepest

descent, projecting the steepest descent, and taking the appropriate step

in that direction. These stages are repeated until a predefined number of

iterations or a given time limit is reached. The goal is not to reach the

exact optimum, but a trajectory that is sufficiently close to it.

4.1.3 Toolkit for developing NMPCs

In this thesis an NMPC toolkit, called VIATOC, is used. VIATOC has

been developed by the author during his PhD project. VIATOC can be

used for a wide variety of NMPC problems. The user will first define the

problem and the required parameters in a C++-program that generates

the required code. Most important are the dynamic model and the objec-

tive function and their sensitivities. The actual optimization algorithms

are then compiled with the generated code. In this way it is possible to

create efficient and fast control software that can be run in real time.

The VIATOC toolkit can differentiate the dynamic model and the objec-

tive function if it is given in the standard quadratic form. These deriva-

tives are required for solving the optimization problem. For a more com-

plex objective function, required for example in the the path tracking con-
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trol discussed in Section 4.3.2, the Jacobians of the objective function can

be differentiated by hand and provided as separate c-functions.

The descriptions of the developed VIATOC toolkit and the optimization

algorithms are presented in more detail in Publication IV.

4.2 Model of the system

As the name suggests, the nonlinear model predictive control approach is

dependent on a model of the system that is being controlled. Therefore,

such a model of the hydraulic crane with the swaying tool is derived. It is

not necessary to take into account all the possible phenomena that could

affect the outcome. Relatively simple models for the hydraulic system and

the structure of the crane shall be presented. The models are labeled as

dynamic and kinematic. In this thesis, the dynamic models represent sys-

tems that are time-dependent. The kinematic model of a crane describes

a direct mapping from an actuator space to joint space and then to the

position of the tip of the boom in Cartesian space. In addition, the map-

pings of the velocities and accelerations in the joint space to the boom tip

velocities and accelerations are required.

4.2.1 Dynamics of a hydraulic cylinder

The model of the hydraulic cylinder can be divided into two sub-models,

the steady-state nonlinear model and the actual dynamic model. Due to

the load sensing hydraulic system, the basic assumption is that the load

does not affect the control. Cross effects between different cylinders are

not taken into account. It should be noted that these assumptions fail

if the pressure required to move a specific cylinder becomes larger than

which the pump can deliver, or if the total required hydraulic fluid flow is

larger that which the maximum output of the pump is.

The first step in the modeling was to find a steady state mapping be-

tween a given control command and the actual cylinder velocity. When us-

ing an ISO 11783 compatible tractor, the hydraulic valves are commanded

using a dimensionless flow command between -100% and 100%. As the

cylinders are usually non-symmetrical, the velocity of the cylinder shaft

is dependent on the direction. For this reason there is a different gain for

negative and positive directions. For the generic model, these gains are

called k− and k+. After analyzing the results from the identification test,
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Figure 4.1. A steady state model between a control input and the velocity of a cylinder.

it was discovered that there is dead zone near the zero control. The dead

zones are b− and b+. For an arbitrary control uc, causing cylinder velocity

ḋ∗c , the following steady state model is used

ḋ∗c =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

k− (uc − b−) , uc < b−

0 , b− ≤ uc ≤ b+

k+ (uc − b+) , uc > b+

. (4.8)

The steady state model between a given valve command and the actual

cylinder shaft velocity is visualized in Figure 4.1. The dead zone is most

probably caused by the construction of the hydraulic valve and the way

that the low level controller behaves. The steady state parameters are

individually identified for all the four controllable hydraulic cylinders of

the crane.

It is possible that these parameters change from time to time or even

during a single test. In particular, the gains can change as the flow over

the valve spool is dependent on the viscosity of the hydraulic fluid, which

in turn changes as a function of the temperature. Therefore, a real time

estimation of the gain parameters is discussed further in Section 4.4.1.

In addition to the model of nonlinearity, there is also dynamic behavior

in the cylinder model. The dynamics between the controlled velocity and

the actual velocity of the cylinder is modeled as a first-order low-pass filter

and a delay

G (s) =
1

1 + sTF
e−sL, (4.9)

where TF is the time constant of the low-pass filter and L is the constant

lag. The constant delay could be a result of time delays in the different

controllers and buses. The hydraulic cylinder model consisting of the low
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Figure 4.2. The principle of calculating the angles of lift and transfer joints from the
cylinder lengths.

pass filter and the nonlinear mapping is essentially the same as that in-

troduced by Oksanen (2010).

4.2.2 Kinematic model of the crane

The kinematic model of the boom consists of four degrees of freedom: three

rotary and one prismatic. As the usual objective is to control the 3D po-

sition of the boom tip, there is one extra degree of freedom and the crane

can be considered being a redundant manipulator. This redundancy has

its advantages and disadvantages. Having four degrees of freedom in-

creases the maximum distance where the tip of the boom can reach and

also adds some flexibility to the work. For example, avoiding obstacles be-

comes easier with a redundant manipulator. On the other hand, the con-

trol strategy for a redundant manipulator is more complicated as there is

no unambiguous mapping from a given boom tip position to joint angles.

From actuator space to joint space

The mapping from actuator space to joint space, i.e. from the length of the

cylinders to the joint angles, can be calculated using some basic trigonom-

etry. Differentiating these equations provides the functions between the

actuator velocities and joint velocities. The calculation of the transfer

joint angle is the most complex one due to the scissor-like structure. Fig-

ure 4.2 shows the structure of the mechanism that transforms the linear

motion from the lift and transfer cylinders into the rotational motion of

the corresponding joints.

The lift joint angle can be calculated from the lift cylinder length dc2 and

the known constant distances l1 and l2 using the law of cosines.
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γ1 = arccos

(
l21 + l22 − d2c2

2l1l2

)
. (4.10)

The law of cosines relates the lengths of the sides of a triangle and any

given angle between the sides of the triangle. The actual lift joint angle

can be calculated by adding a kinematic constant angle to the calculated

angle: θ2 = γ1 + θ2b.

The mechanical structure consisting of the transfer cylinder and the

levers can be decomposed into three triangles. The unknown angles γ2, γ4

and γ5 and the unknown distance l6 can be solved using the law of cosines.

The length of the hydraulic cylinder dc3 and all distances except l6 are

assumed to be known. The angle γ3 is solved by the fact that due to the

rigid structure of the boom, the sum of angles γ2 and γ3 is constant γ23.

Solving the unknowns yields the following relations:

γ2 = arccos
(
l23+l24−d2c3

2l3l4

)
γ3 = γ23 − γ2

l6 =
√
l24 + l25 − 2l4l5 cos γ3

γ4 = arccos
(
l26+l25−l24
2l6l5

)
γ5 = arccos

(
l26+l27−l28
2l6l7

)
. (4.11)

The actual transfer joint angle is calculated by subtracting the interme-

diate angles from a constant angle: θ3 = θ3b − γ4 − γ5.

From joint space to Euclidean space

To control the tip of the boom in the 3D-space requires a kinematic model

of the crane. A Jacobian matrix defining a mapping between the joint an-

gles and velocities and the boom tip velocity vector is also required. The

kinematic structure of the boom and the freely swaying tool is shown in

Figure 4.3. The position of the tip of the boom in Cartesian space as a

function of the joint angles is calculated using the Denavit-Hartenberg

notation. The convention for the kinematic representation is by Waldron

and Schmiedeler (2008). The pose, i.e. the position and orientation, of an

individual link i relative to the previous link is defined with a homoge-

neous transformation matrix:

T i−1
i =

⎡
⎢⎢⎢⎢⎢⎣

cos (θi) − sin (θi) 0 ai

sin (θi) cos (αi) cos (θi) cos (αi) − sin (αi) − sin (αi) di

sin (θi) sin (αi) cos (θi) sin (αi) cos (αi) cos (αi) di

0 0 0 1

⎤
⎥⎥⎥⎥⎥⎦
,

(4.12)
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Figure 4.3. The Kinematic structure of the crane and the swaying mass. Arrows show
the positive rotation directions.

where ai, di, αi and θi are the variables and constants describing the struc-

ture and the current state of the boom.

Total transformation Ttip from the base to the tip can be calculated by

multiplying all individual transformation matrices

Ttip = T 0
1 (θ1)T

1
2 (θ2)T

2
3 (θ3)T

3
4 (d4) , (4.13)

and the position of the tip ptip of the boom can be extracted from the total

transformation matrix

ptip =

⎡
⎢⎢⎣

cos (θ1) (a2 − d4 sin (θ2 + θ3) + a4 cos (θ2 + θ3) + a3 cos (θ2))

sin (θ1) (a2 − d4 sin (θ2 + θ3) + a4 cos (θ2 + θ3) + a3 cos (θ2))

d1 + d4 cos (θ2 + θ3) + a4 sin (θ2 + θ3) + a3 sin (θ2)

⎤
⎥⎥⎦ .

(4.14)

Differentiating (4.14) once in respect to time yields vtip, the velocity of the

boom tip, and differentiating it twice gives atip, which is the acceleration

of the tip of the boom.

The tool sway angles θ5 and θ6 are calculated relative to the direction of

gravity to make the presentation of the swaying dynamics simpler. When

both sway angles are zero, the tool is parallel to the direction of gravity,

regardless of the configuration of the other joints.
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4.2.3 Dynamics of the swaying tool

As the goal of the controller is to simultaneously move the tip of the boom

and damp the oscillations of the attached tool, a dynamic model for the

tool is required. The assumption behind the derivation of the model is

that the tool can be represented as a pendulum consisting of two rigid

links and a point mass. No external forces except the gravity and the

forces caused by the motion of the tip of the boom are taken into account.

Viscous friction is assumed to affect the joints.

The dynamic equations of the swaying tool can be derived using the

Lagrangian. The Lagrangian L is the difference between the kinetic T

and potential energy V of the system

L = T − V. (4.15)

The torques affecting a given joint i can be defined using the Lagrangian

τi =
d

dt

∂L

∂θ̇i
− ∂L

∂θi
. (4.16)

Solving the torques affecting the joints θ5 and θ6 yields the following

equations

τ5 = ml3(l3θ̈5 + cos (θ5) ÿm + sin (θ5) (z̈m + g)− 2l2 sin (θ6) θ̇5θ̇6

−l2 cos (θ5) sin (θ6) θ̈1 − l3 sin (θ5) cos (θ5) θ̇1
2 − 2l2 cos (θ5) cos (θ6) θ̇6θ̇1)

τ6 = ml2(l2θ̈6 − cos (θ6) ẍm − sin (θ5) sin (θ6) ÿm

+cos (θ5) sin (θ6) (z̈m + g) + l3 sin (θ6) θ̇
2
5 + sin (θ5) (l1 cos (θ6) + l2)θ̈1

+sin (θ6)
(
l1 − l3 cos (θ5)

2
)
θ̇21 + 2l3 cos (θ5) cos (θ6) θ̇5θ̇1)

,

(4.17)

where the only torques are assumed to be the viscous frictions that are

linearly dependent on the angular velocities

τ5 = −b5θ̇5

τ6 = −b6θ̇6
. (4.18)

Combining a linearized version of (4.17) with (4.18) and solving the an-

gular accelerations yields the actual dynamic model used in the estimator

and the NMPC

θ̈5 =
−ÿm−(z̈m+g)θ5+2l2θ6θ̇5θ̇6+l2θ6θ̈1+l3θ5θ̇1

2
+2l2θ̇6θ̇1− b5/m

l3
θ̇5

l3

θ̈6 =
ẍm−(z̈m+g)θ6−l3θ6θ̇25−l3θ5θ̈1+l2θ6θ̇21−2l3θ̇5θ̇1− b6/m

l2
θ̇6

l2

l3 = l1 + l2

. (4.19)
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The dynamic model of the swaying tool and its derivation are presented

in more depth in Publication II.

As the dynamics of the tool depend on the accelerations of the tip of the

boom, a model is required for defining the relation between the joint accel-

erations and the boom tip accelerations. The accelerations ẍm and ÿm are

calculated in a rotating coordinate system in order to simplify the equa-

tions. This coordinate system is rotated so that x-direction is always to

the right and y-direction is forward relative to the boom. The boom tip ac-

celeration can be derived by calculating the second time derivatives of the

boom tip position in (4.14) and transferring it into the rotated coordinate

system

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ẍm = r̈tip − rtipθ̇
2
1

ÿm = rtipθ̈1 + 2ṙtipθ̇1

z̈m = z̈tip

, (4.20)

where rtip is the shortest distance of the boom tip in the xy-plane and ztip

is the z-coordinate of the boom tip position:

rtip = a2 − d4 sin (θ2 + θ3) + a4 cos (θ2 + θ3) + a3 cos (θ2)

ztip = d1 + d4 cos (θ2 + θ3) + a4 sin (θ2 + θ3) + a3 sin (θ2)
(4.21)

and ṙtip, żtip, r̈tip, z̈tip are the according time derivatives. The whole deriva-

tion of the boom tip acceleration is presented in Appendix A of Publication

I.

4.3 Boom tip control

After the dynamic model of the system is derived, it is possible to develop

the actual controller. Figure 4.4 presents the basic structure of the pro-

posed boom tip control system. It consists of a dynamic state a estimation

block (labeled as EKF), kinematic transformations between different vari-

ables and the actual NMPC. The main purpose of the EKFs is to estimate

the hydraulic gain parameters. The state estimation is discussed in Sec-

tion 4.4.1 and the Section 4.3.1 describes the NMPC.

All the boom joint values and the sway angles are combined into a single

vector q =
[
θ1 θ2 θ3 d4 θ5 θ6

]T
. NMPC’s inputs are the predicted

joint values q̂ and velocities ˆ̇q . The outputs are the requested joint veloc-

ities q̇u, which consist of only the first four joints that can be controlled.
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Figure 4.4. Structure of the controller.

The non-linearity between the requested velocity and the control value is

corrected by the inverse function of (4.8). This corrector block operates

again in the actuator space, and therefore the requested joint velocities

are transformed into requested actuator velocities ḋcu. The output of the

whole control system is the control vector uc for the four hydraulic valves.

These control values are relayed by the ISO 11783 CAN bus to the desig-

nated hydraulic valves.

4.3.1 NMPC for boom tip control

NMPC is based on finding a solution that minimize an objective func-

tion taking into account the dynamic model and other constraints. After

the dynamic model has been derived the next step is to decide what is

the structure of the objective function. The selection of the length of the

prediction horizon and the number of discretization steps are design pa-

rameters that also affect the performance of the controller.

The states of the NMPC for the boom tip control consist of all the boom

joint values and tool sway angles and the corresponding velocities. As the

boom had four and the tool had two degrees of freedom, the state vector

has a total of 12 states:

x =
[
θ1, θ2, θ3, d4, θ5, θ6, θ̇1, θ̇2, θ̇3, ḋ4, θ̇5, θ̇6

]T
. (4.22)

The control vector consists of the requested joint velocities

u = q̇u =
[
θ̇u1, θ̇u2, θ̇u3, ḋu4

]T
. (4.23)

The continuous time dynamic model consists of four integrators, four

low-pass filters that describe the motion of the boom, and the dynamic

model of the swaying tool. The dynamic model is relatively complex, be-

cause it consists of the nonlinear mapping from the joint accelerations to

the boom tip accelerations and the dynamics of the swaying tool.

The objective function for boom tip control is defined as
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J =
´ tf
0

[∑4
i=1Quiu

2
i +Qd4 (d4 − d4ref )

2 +Qsway

(
θ25 + θ26

)
+QswayV el

(
θ̇25 + θ̇26

)
+Qpos ‖ptip − pref‖ ² +Qvel ‖vtip − vref‖ ²

]
dt

.

(4.24)

The objective function is a sum of controls, states and some derived vari-

able terms squared. The boom extension, boom tip position and boom tip

velocity have target values, d4ref , pref and vref , that are subtracted before

squaring. The constants Qui, Qd4, Qsway, QswayV el, Qpos and Qvel are used

for weighting the different squared terms.

The NMPC solves the unambiguity problem of the redundant manipu-

lator with different weighting parameters for each joint. Increasing the

weight of a given joint control causes the controller to use that joint less.

The final time of the prediction horizon is tf = 10 s, and the discretiza-

tion step was selected as h = 0.1 s. Thus, the lengths of the control and

state horizons are both 100 steps. If longer prediction horizons had been

used, the computational cost for the optimization would have increased

to too high level. With the selected parameters it was possible to run the

optimization algorithm for sufficient iterations.

Appendix A presents C++-code that can be used with VIATOC for gen-

erating NMPC for the boom tip control that also has the anti-sway ca-

pability. The code defines the dynamic models presented in the previous

sections and the objective function 4.24.

4.3.2 Trajectory vs. path control

Traditionally, NMPC is used in conjunction with trajectory tracking. How-

ever, in this thesis it was also used for path tracking. The reference path

and trajectory are some specified routes in 3D space that the boom tip

should follow. Similar concepts can be used in the two-dimensional case,

for example when controlling vehicles. Originally, the idea of converting

a trajectory tracking controller into a path tracking controller was pro-

posed by Hauser and Hindman (1995). The reference trajectory can also

be called a time-based trajectory and the path as a space-based trajectory.

Subsequently in this thesis, just the terms trajectory and path are used

to distinguish between the two approaches.

Let us assume that there is some continuous target position trajectory

p̂ref that is used as the reference for the tip of the boom. There is also a

reference velocity trajectory v̂ref that is usually the time derivative of the

target position trajectory.
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Figure 4.5. The difference between a discrete trajectory tracking and a path tracking
approach. The reference trajectory and paths are marked with a dotted line
and the predicted trajectories with a solid line.

In trajectory tracking, the boom tip reference point pref and velocities

are fixed to time:

pref (t) = p̂ref (t)

vref (t) = v̂ref (t)
. (4.25)

In path tracking, the boom tip reference point at a time t is defined as

the one that is closest to the boom tip position in Cartesian space.

pref (t) = p̂ref (i)

vref (t) = v̂ref (i)

i = argmin
j

‖ptip (t)− p̂ref (j)‖
. (4.26)

Figure 5.2 emphasizes the differences of trajectory and path tracking.

In both cases the reference trajectories and actual trajectories are the

same. The trajectory and the path are based on discrete points connected

by lines. In the path tracking approach the distance is always calculated

to the nearest point, whereas in the trajectory tracking approach this is

not the case.

Just by comparing the definitions (4.25) and (4.26) it becomes clear that

the trajectory tracking is an easier and in a computational sense a more

efficient approach. In trajectory tracking the reference point is dependent

only on time. When path tracking is implemented, it is required to com-

pare the predicted positions with multiple points along the path and the

individual reference points can change as more iterations of the optimiza-

tion are carried out.

However, the path tracking approach also has its advantages. Perhaps

the most significant is that the velocity can be reduced at places where the

path is difficult. Also, it is possible that the controller can let the boom tip
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fall behind the planned schedule, without the need to accelerate or start

cutting corners.

In the boom tip and anti-sway control objective function in (4.24), the

boom tip position and velocity references pref and vref use the path track-

ing approach.

4.4 State estimation

When a system is controlled using a feedback scheme, some information

about the current state of the system is required. Usually this informa-

tion is gathered by taking some measurements of the system that are

then fed to the controller. State estimation is required when some of the

measurements are noisy, delayed or have to be calculated indirectly from

other measurements.

The extended Kalman filter (EKF) is a popular method for estimating

the dynamic state of a system. The EKF is based on a discrete nonlinear

state model and a nonlinear measurement model. Both of these models

usually contain some additive noise. If the state and measurement models

are linear, the filter is the traditional linear Kalman filter. In the linear

case, assuming that the additive noises are white, the Kalman filter is an

optimal estimator. In the more general EKF, where at least one of the

models is nonlinear, this optimality is not achieved. However, the EKF

approach is very popular, and has proved to be an efficient method for

estimating the states and parameters of real systems.

The VIATOC toolkit can also be used for generating EKFs based on dy-

namic and measurement models. VIATOC was used for developing the

actuator filters presented in Section 4.4.1, but not for the tool sway EKF

of Section 4.4.2.

4.4.1 Estimation of hydraulic actuator state

The dynamic model of the individual actuators was presented in Section

4.2.1. The model consists of a nonlinear part and a low pass filter plus

a fixed lag. The nonlinearity model had four parameters: two bias and

two gains. As the gains can slowly change if the viscosity of the hydraulic

fluid changes, an estimator for each of the four hydraulic valve-cylinder

systems is designed. The dead zone parameters are always assumed to

be constant. A single estimator has four states: velocity of the cylinder,
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length of the cylinder, negative gain and positive gain. The input is the

velocity control and the measurements are the measured velocity and the

length of the cylinder.

The fixed lag related to each cylinder was taken into account in the de-

sign of the filter. First, the fixed lags were rounded so that they were a

multiple of the discretization step h = 100 ms. The inputs to the filter

were delayed according to the lag. Then the estimated cylinder velocity

and cylinder length were predicted using the control history according to

the length of the lag. This way the NMPC could be designed without tak-

ing the delay into consideration.

The nonlinear mapping (4.8) from the control to the cylinder velocity is

approximated using hyperbolic tangent functions:

ḋ∗c =
1
2 (1− tanh (100 (uc − b−))) k̂− (uc − b−)

+1
2 (1 + tanh (100 (uc − b+))) k̂+ (uc − b+)

. (4.27)

The hyperbolic tangent functions effectively approximate a step function.

The magnitude of the constants, which were set to 100, define how closely

the approximation follows the ideal model.

4.4.2 Tool sway estimation

The tool angles θ5 and θ6 and the corresponding angular velocities θ̇5 and

θ̇6 are needed in the anti-sway control. As the angles would be relatively

hard to measure directly, an EKF was developed. The filter also estimates

the rotator angle θ7 even though it is not needed in the controllers pre-

sented in this thesis. However, when using tools that are asymmetrical

around the z-axis, such as the harvester head, knowing the rotator angle

is naturally very important. The motion of the tip of the boom was mea-

sured using a set including a 3-axis accelerometer and a 3-axis gyroscope.

Another similar set was installed on the tool. Actually, only the gyroscopic

measurements from the tool are required in the EKF. The filter is based

on the assumption that the accelerations of the tip of the boom cause the

tool to sway freely. From this pendulum-like motion the required angles

and velocities can be estimated. The novelty of the filter is that the rotator

angle can also be estimated and the tool can rotate around three different

axes relative to the tip of the boom.

The estimation is based on the linearized dynamic model of the swaying

tool in (4.19). The dynamic model was discretized using the Euler method.

The the Kalman filter model is
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x(k + 1) = f (x(k),u(k)) +wk

y(k) = h (x(k),u(k)) + vk

, (4.28)

where f [x(k),u(k)] is the dynamic model and the h (x(k),u(k)) presents

the measurement model. The states x and controls u used in the filter are

chosen so that there is a minimal amount of states required. The state

vector is

x =
[
θ5 θ6 θ7 θ̇5 θ̇6

]T
, (4.29)

i.e. it consists only of the tool angles and angular velocities of the two

sway angles. The measured boom tip motion and the tool rotation are set

as inputs to the system. The control vector is

u =
[
ẍm ÿm z̈m θ̇1,m θ̈1,m θ̇7,m

]T
. (4.30)

The EKF was implemented on an embedded computer that was placed

in the tip of the boom. The filter runs real-time in 100Hz. The estimated

angles are sent through the measurement CAN bus to the main computer.
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5. Results

This chapter describes and presents the results from the experiments that

have been performed in order to validate the most important methods of

the thesis. These are the sway estimation and the NMPC boom control

experiments.

5.1 Parameters of the system

Section 4.2 presented the dynamic and kinematic models used in this the-

sis. These could be used for modeling a large number of different cranes

with a similar kinematic structure and load sensing hydraulics. For dif-

ferent cranes the model can be the same, but the parameters different.

For the system used in this thesis consisting of Kesla 305T crane and the

modified Valtra T132 tractor, the measured and estimated parameters are

presented in this section.

5.1.1 Kinematic and dynamic parameters of the crane

The kinematic parameters of the crane were measured from technical

drawings of the Kesla 305T forestry crane. The technical drawings were

provided by the manufacturer. After the actual tests were conducted, it

was discovered out that one of the parameters describing the position

of an axis in the transfer structure had a wrong value. This wrong pa-

rameter value causes an error between 0.7º to 7.8º in the transfer angle.

However, as the same parameter value was used when the tests were con-

ducted and in the results presented later on, the effect on the results is

negligible. Only if an external measurement system was used to mea-

sure the position of the tip of the boom, the effect of this error would

have become evident. Table 5.3 gives both the correct parameter values

from technical drawings and the values that were actually used during
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Technical drawing Used in the tests

l1 1175.1 mm 1175.1 mm

l2 346.0 mm 345.9 mm

l3 1556.0 mm 1551.6 mm

l4 480.0 mm 480.0 mm

l5 200.6 mm 200.5 mm

l7 299.6 mm 299.7 mm

l8 480.0 mm 480.0 mm

θ2b -57.0º -57.0º

θ3b -22.7º -30.5º

γ23 166.3º 175.1º

Table 5.1. Kinematic parameters required for calculating the joint angles from the
lengths of the hydraulic cylinders. The parameters derived from the techni-
cal drawings are on the left column and parameters used in the experimtns
are on the right column.

i αi ai di θi

1 0º 0 1.59 m θ1

2 90º -0.09 m 0 θ2

3 0º 2.99 m 0 θ3

4 -90º -0.24 m d4 0º

Table 5.2. Denavit-Hartenberg parameters describing the kinematic model of the boom.

the tests. The Denavit-Hartenberg parameters for the crane are listed in

Table 5.2.

The time constants of the four hydraulic cylinders and the parameters

for the swaying tool used in the EKFs and NMPC are listed in Table 5.3.

These hydraulic parameters are based on the tests where each joint was

identified individually. The identification protocol of the hydraulics is pre-

sented in Publication III. The time constants of the hydraulic cylinders

are not exactly the same as in the mentioned publication. The used lags

of the four cylinders have been calculated by adding 50 ms to the identi-

fied values and rounding up to the nearest multiple of 100 ms. The 50 ms

is approximately the delay caused by the optimization used in the NMPC.

The length of the tool arms and damping constants were estimated from

data by measuring the oscillation frequency and damping rations of the

swaying in two directions.
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Constant Description Value

L1 Joint 1 lag 0.3 s

L2 Joint 2 lag 0.2 s

L3 Joint 3 lag 0.2 s

L4 Joint 4 lag 0.2 s

τ1 Joint 1 time constant 0.1 s

τ2 Joint 2 time constant 0.075 s

τ3 Joint 3 time constant 0.06 s

τ4 Joint 4 time constant 0.108 s

l1 Length of the first tool arm 0.22 m

l2 Length of the second tool arm 0.92 m

b5/m Damping of the first sway angle 0.2 Nm
kg rad/s

b6/m Damping of the second sway angle 0.5 Nm
kg rad/s

Table 5.3. The dynamic parameters of the hydraulics and the swaying tool used in the
controller and the state estimator.

5.1.2 Objective function parameters

The weighting parameters for the objective function (4.24), used in the

boom tip control tests, are given in Table 5.4. The weighting parameters

were tuned experimentally to achieve a satisfactory dynamic response.

Initial tuning was achieved using a simulator and fine tuning was per-

formed using the real hardware. The relative values for Qu2, Qu3 and Qu4

were selected so that the corresponding parts of the objective function

would approximate the squared consumption of hydraulic oil. Relative

values for Qsway and QswayV el were selected based on the ratio of the po-

tential and kinetic energy of the swaying tool.

5.2 Sway estimation

To validate the tool sway estimation filter presented in Section 4.4.2, tests

were performed. The test setup consisted of the same tractor and forestry

crane used in other tests. However, the point cleaning tool, shown in

Figure 2.1, was used. It was larger than the mock-up tool used in the

control tests, and therefore had slightly different dynamic parameters.

Visual markers were attached to the tool and the crane, and reference

data was collected with two machine vision cameras. To generate the ac-

tual reference measurement for the sway angles θ5 and θ6 and the rotator
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Parameter Description Value

Qu1 Turn velocity control 2.0

Qu2 Lift velocity control 1.0

Qu3 Transfer velocity control 0.528

Qu4 Extension velocity control 0.181

Qpos Boom tip position 10.0

Qvel Boom tip velocity 2.0

Qsway Tool sway angles 0.0 or 1.0

QswayV el Tool sway angular velocities 0.0 or 0.1325

Qd4 Extension length 0.005

Table 5.4. Weighting parameters for NMPC in the anti-sway control tests.

angle θ7, some of the markers in each of the images were clicked and a

model of the tool was fitted to the data.

The test consisted of manually controlling the boom left, right, up and

down. The tool was lowered to the ground four times to test the robustness

of the Kalman filter in situations where the pendulum dynamics assump-

tions would not hold up. The actual Kalman filter was calculated off-line

in Matlab using the data collected during the test. Figure 5.1 presents

the estimates of the tool angles and the reference measurement. The first

two oscillations of the tool occurring at 21.5 s to 43.6 s and 55.8 s to 70.3

s are highlighted.

All the state estimates were initially zero. The actual initial rotator

angle was around 100º, which enables us study how well the rotator angle

estimate converges. The initial values for the covariance matrix were

selected so that the rotator angle had a larger variance than other states

and the matrix was diagonal. This selection was due to the assumption

that there was a greater uncertainty in the rotator angle.

5.3 Anti-sway control

The experiments for the combined anti-sway and boom tip path control

were conducted on relatively level ground, as presented in Figure 2.7. The

tractor was parked during the test. However, as no stabilizer jacks were

available and the heavy boom was moved from side to side, the tractor

swayed slightly. As the position of the tip of the boom is calculated relative

to the base coordinate system of the boom, the motion of the tractor is
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Figure 5.1. Estimated tool sway angles θ5 and θ6 and rotator angle θ7. The reference
measurements are represented by dashed lines.

not taken into account in the control or the presented results. Also, the

bending of the boom is not measured or taken into account.

Three different reference trajectories used in the tests are presented in

Figure 5.2. The first reference path is a square with up-down and forward-

backward motions. As the first joint is not needed it can be considered to

be the easiest one. The second path is square in an xy-plane and all the

four degrees of freedom of the boom are utilized. The third path can be

described as a coil that is turned around a circle so that the start and end

points are joined. These three reference paths are labeled as “SquareXZ”,

“SquareXY” and “Toroid”.

Figure 5.3 presents the tracking error and measured velocities for the

different tests conducted using box and whisker plots. It also shows the

distribution of the measured sway angles. The box in the box and whisker

plot shows the 25th and 75th percentile and the median. The whiskers are

the most extreme measurements not considered as outliers. The outliers

are marked using crosses. In SquareXZ tests, the average tracking error

was from 1.5 cm to 3.4 cm. In the SquareXY test, the corresponding error

was from 2.2 cm to 5.8 cm and in Toroidal path tests from 5.5 cm to 11 cm.

When the anti-sway control was activated, the tracking error increased in
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Figure 5.2. Three different trajectories used in the boom tip control tests. The dashed
lines represent the reference trajectories and the solid lines the actual mea-
sured trajectories.

some cases and decreased in others.

On SquareXZ and SquareXY paths, the difference between the target

and measured velocities of the boom tip were between -5% and 5%. In

Toroidal path tests, the actual velocity was always higher than the target

velocity. When the anti-sway control was set on, the average velocity was

reduced between 0.02 m/s to 0.13 m/s.

The amplitude of the swaying in θ5-direction was decreased between

45% and 69% in the SquareXZ tests when anti-sway control was on. In

SquareXY tests, the amplitude of θ5 was reduced between 51% and 76%

and amplitude θ6 between 17% and 54%. In Toroidal tests, swaying in the

θ5-direction was reduced 39% - 50% and in the θ6-direction 2% - 44%.

5.3.1 Estimates of hydraulic gains

Figure 5.4 shows how the accuracy of the boom tip control increases as the

estimates of the parameters for different hydraulic joints change. In the

beginning of the first round, the velocity of the boom tip was also slower.

The experiment was performed using the SquareXZ reference path and

the target velocity was 1.0 m/s. The anti-sway control was disabled.
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Figure 5.3. Tracking error, velocity and sway angle box and whisker plots for the differ-
ent tests. OFF stands for tests where the anti-sway control was disabled and
ON for tests where it was active.
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6. Discussion

In this thesis it has been shown that a hydraulic forestry boom can be

controlled using nonlinear model predictive control. A novel method for

estimating the pose and the motion of a freely swaying tool has also been

presented. The selected methods and the previously presented results are

discussed further in this chapter.

6.1 Models

In Section 4.2.1 the dynamic model of the individual hydraulic valve cylin-

der pairs was presented. The underlining assumption is that the load

sensing system can adapt to the required pressure level and that the

pump can deliver the required hydraulic flow. The main advantage of the

model is that it is very simple. A single actuator requires only a low pass

filter and a piecewise-defined function that captures the nonlinearity.

The ideal dynamic model of the hydraulic system might not always be

accurate. The velocity of the cylinder becomes lower than expected if the

required pressure is larger than the system can deliver. This can happen

if the force acting on the cylinder is too large, or if the required cumula-

tive hydraulic oil flow is greater than that which the pump can deliver.

A large negative load can cause an overrun situation, where the velocity

is higher than required. There can also be interactions between differ-

ent cylinders that are not taken into account as the model is based on

individual modeling of valves and cylinder pairs.

Adding pressure sensors to each cylinder and more complex models could

allow the handling of these adverse effects to be improved. On the other

hand, some of the simplicity of the presented model would be lost if the

pressures were taken into account.

The kinematic model of the boom is based on the measures taken from
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the mechanical drawing. The accuracy of these measures can vary from

boom to boom and are dependent on the manufacturing precision. The

bending of the boom, dependent on the position and the load, was not

modeled. The tractor used as the platform can also sway from side to

side. This motion was not considered as the coordinate system was fixed

to the base of the boom. For accurate boom tip control in the world coor-

dinate system, the pose of the platform should be measured. More effort

should also be focused on the modeling of the boom and on the validation

and calibration of the parameters. Due to the multiple factors reducing

the accuracy achieved by internal instrumentation of the boom, a method

that can measure the position of the tip of the boom directly should be

considered.

6.2 Sway estimation

The three joints of the shackle can be difficult to instrument using tradi-

tional encoders. Therefore an estimation method based on inertial sensors

has been presented. Inertial sensors are a cost-effective method for mea-

suring the position of the tool relative to the boom. They are also robust

and can easily be encased to protect them from mechanical stress and

rainwater.

The tool sway estimation is based on two sets of 3-axis accelerometers

and gyroscopes. The first one is placed into the tip of the boom and the

other one on the tool. The goal was to estimate the swaying of the tool

sideways and forward-backward, while simultaneously estimating the ro-

tator, i.e. yaw, angle. If the measurement of the rotator angle was not

required, or the rotator was fixed to a known position, the estimation of

the sway angles would be much more straightforward. However, the tools

attached to forest machines often require the use of this third degree of

freedom.

When the boom and the tool are stationary, the filter does not receive

any new information about the rotator angle. I.e. the system is then non-

observable. Only after there is some motion present is it possible for the

estimate to start to converge to the correct value. As there is always some

noise the measurements, the rotator angle estimate starts to drift if the

tool is stationary.

Figure 5.1 shows the results from the sway estimation tests. After the

convergence of the filter, at around 70 s, the difference between the esti-
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mated rotator angle and the reference value is from -6º to 5º. The absolute

difference in the sway angles compared to the reference is usually less

than 2º. In addition, the timing and the amplitude of the sway estimates

and references match very well. One peculiarity is that the convergence

of the rotator angle starts almost immediately, even though the crane has

not yet been moved. This could be due to the small vibrations in the boom

caused by the engine running.

The sway angles do not converge exactly to zero in the end when the

boom does not move anymore and the swaying nearly stops. A probable

cause for this is that there is some bias in the acceleration or angular

velocity measurements.

There are some drawbacks in the proposed method. The model does

not capture the rotational inertia. However, adding the inertial tensor

would significantly complicate the dynamic model. The rotational inertia

is not significant if the mass is distributed over a small volume compared

to the length of the tool. The basic assumption is that the tool sways

relatively freely from the shackle and that there are no external forces

except gravity and a viscous friction. The tool is basically modeled as

a two-dimensional pendulum. If the tool is lowered to the ground or it

hits something, this assumption is no longer valid. The four occasions

when the tool was lowered to the ground during the tests did not seem to

significantly impair the performance of the filter. This indicates that the

proposed Kalman filter is relatively robust.

6.3 Anti-sway control

From the results presented in Section 5.3 it can be seen that the tracking

error increases as the reference velocity is increased. When comparing

the tests where the anti-sway control was inactive to otherwise identical

experiments where it was active, the effectiveness of the controller can

be seen. The anti-sway control reduces the oscillations significantly, es-

pecially in the forward-backward direction. The reason for the sideways

oscillations not being damped as efficiently could have been caused by the

fact that the first order model did not function as well on the slew joint

as on the other three joints. The side-to-side motion of the boom made

the whole tractor tilt more than motion in other directions. The effect of

activating the anti-sway control on the tracking accuracy and the average

velocities are insignificant.
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The objective function that is minimized in the NMPC consists of squared

terms on the controls and states of the dynamic model of the system. Also,

there are terms that minimize the error in the position and velocity of the

boom tip compared to the reference path. In addition to the proposed

objective function, there could be additional costs and constraints. The

objective could be, for example, to maximize the lifting capacity, maxi-

mize some dexterity measure or to minimize the energy consumption of

the crane.

Path tracking was used instead of common trajectory tracking in the

anti-sway control test. The difference between these two is that in the for-

mer there is no strict time requirement for the points of the path. To get

the boom moving at all, there has to be a term for the target velocity in

the objective function. One advantage of path tracking control is that the

boom tip should not start cutting corners if it lags behind. The controller

can also slow down the velocity of the boom if it, for example, helps to pre-

vent excessive swaying of the tool. One disadvantage of the path control

is that the required number of optimization iterations can be larger than

in an NMPC using trajectory tracking.

The proposed controller using path tracking and anti-sway capability

could be used for silivicultural tasks such as early cleaning where the tool

is moved near the plants. As the tool can easily cause damage to plants

it should not sway too much. At difficult parts of the path, the controller

can slightly adjust the speed to avoid excessive oscillation.
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The primary objective of this thesis was to develop a nonlinear model pre-

dictive controller for a hydraulic forestry crane. Instead of traditional tra-

jectory control, the objective was to use a path tracking approach. At the

same time as the boom tip is controlled, the swaying of the attached tool

should be damped. Another objective was to present a tool sway estima-

tion method that was based on inertial measurements. Also, the dynamic

and kinematic models of the system were to be derived.

In this thesis, a control approach for a hydraulic forestry crane using

NMPC was presented. The dynamic and kinematic models of the hy-

draulic system, crane and the attached tool were introduced. The dy-

namics of the individual hydraulic cylinders were modeled using a simple

low pass filter combined with a fixed lag. Nonlinear mapping was added

to the hydraulic model due to the asymmetrical cylinders and a dead zone

near the region of zero input.

A novel estimation method for the swaying of the tool was also intro-

duced. The acceleration of the tip of the boom and the angular velocities

of the tool were combined using an extended Kalman filter. The sway

estimation was based on the same dynamic model of the tool that the con-

troller was using. To test the proposed estimation method, an experiment

with an external reference measurement system was carried out. The out-

come was that the rotator angle and the two sway angles can be estimated

relatively accurately. In addition, the positive and negative gains of the

hydraulic cylinders were estimated in real time using EKF.

As a by-product of this thesis a new toolkit for NMPC was developed,

called VIATOC. It allowed an easy definition of the control problem, from

which some of the code was automatically generated for the actual imple-

mentation of the controller.

To validate that the developed controller and estimation methods would

71



Conclusions

actually work together, some experiments were conducted using real hard-

ware. Several test runs were performed using three different reference

paths. The target velocity was varied and the anti-sway control was ac-

tivated and deactivated. The conclusions from these tests is that it is

possible to control a forestry crane using the proposed NMPC approach.

The anti-sway control effectively damped the oscillations of the tool, espe-

cially in the forward-backward direction. The reduction of the sideways

oscillation was not as large. The tracking error increased as the velocity

was increased, but the activation of the anti-sway control had no clear

effect on the accuracy of the boom tip control.

The advantages of the proposed NMPC is that it is easy to take the me-

chanical constraints of the system into account. It is also possible to in-

troduce virtual constraints. For example, the angular velocity of the indi-

vidual joints can be constrained. The tuning of the controller is relatively

straight forward as each tuning parameter is related to some concrete

variable such as a state or control in the dynamic model. A disadvantage

of the NMPC approach is that it can be computationally expensive. How-

ever, as this thesis has proven, it is possible to control a hydraulic crane

in real time even when the prediction horizon is 10 seconds long.

In relation to state of the art in this thesis a few advances have been

made. To our knowledge, this is the first time that NMPC has been ap-

plied for control of hydraulic forestry crane. Also, applying path tracking

control using NMPC on a hydraulic crane is a novelty. The proposed state

estimation method for the tool attached to the crane can be considered as

an advancement relative to the state of practice.

The research questions of the thesis are: How to control a hydraulic

forestry crane? Can boom tip path tracking be used instead of traditional

trajectory tracking? Is it possible to damp the swaying of the tool attached

to the crane? How to measure the swaying of the tool? How to apply

an automatic forestry crane in silvicultural operations? The hypotheses

have been formulated so, that if they are correct, they give answers to all

of the presented research questions. The main hypothesis of this thesis

was that a path tracking and anti-sway controller for a forestry crane can

be done using NMPC. The second hypothesis was that inertial measure-

ment system can be utilized for measuring the swaying of the tool. The

third hypothesis was that early cleaning is a silvicultural operation where

automatic forestry crane can be applied in conjunction with machine per-

ception. The results obtained in this thesis confirm all of the hypotheses.
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Appendix A: Defining an NMPC problem

The following C++-code defines an NMPC for the boom tip trajectory con-

trol with anti-sway capability. It defines the dynamic model and the objec-

tive function. When this code is compiled against the VIATOC toolkit, it

generates C-code that is required for the state trajectory integration and

the objective functions and the required sensitivities. The difference in

the objective function compared to the one used in the tests in this the-

sis is that the joint velocity controls are used instead of the joint velocity

values. Also, in the controller uses traditional trajectory tracking. A path

tracking controller cannot be fully exported automatically and requires

some parts of the objective function to be implemented manually.

#include "mpcexport.h"

//Denavit-Hartenberg parameters

#define A2 -0.090

#define A3 2.990

#define A4 -0.240

#define D1 1.590

//Dynamic parameters

#define TAU1 0.1

#define TAU2 0.08

#define TAU3 0.06

#define TAU4 0.10

#define G 9.81

#define L2 0.92

#define L3 1.14

#define BA 0.2

#define BB 0.5

int main ( )

{

//dynamic states

DifferentialState theta1,thetaV1,theta2,thetaV2,theta3,thetaV3,d4,dV4,

alpha,beta,alphaV,betaV;

//controls
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Control thetaU1, thetaU2, thetaU3, dU4;

//auxiliary variables

IntermediateState thetaA1, thetaA2, thetaA3, dA4;

IntermediateState r, z, dr_dth3, dz_dth3, dz_dth2, dr_dth2, dr_dt,dz_dt;

IntermediateState x, y, dx_dt, dy_dt;

IntermediateState accX, accY, accZG;

//accelerations of the joints

thetaA1 = -thetaV1/TAU1 + thetaU1/TAU1;

thetaA2 = -thetaV2/TAU2 + thetaU2/TAU2;

thetaA3 = -thetaV3/TAU3 + thetaU3/TAU3;

dA4 = -dV4/TAU4 + dU4/TAU4;

//boom tip position , velocity and partial derivatives in polar

coordinates

r = A2 - d4*sin(theta2 + theta3) + A4*cos(theta2 + theta3) + A3*cos(

theta2);

z = D1 + d4*cos(theta2 + theta3) + A4*sin(theta2 + theta3) + A3*sin(

theta2);

dr_dth2 = -d4*cos(theta2 + theta3) - A4*sin(theta2 + theta3) - A3*sin(

theta2);

dr_dth3 = -d4*cos(theta2 + theta3) - A4*sin(theta2 + theta3);

dz_dth2 = -d4*sin(theta2 + theta3) + A4*cos(theta2 + theta3) + A3*cos(

theta2);

dz_dth3 = -d4*sin(theta2 + theta3) + A4*cos(theta2 + theta3);

dr_dt = dr_dth2*thetaV2 + dr_dth3*thetaV3 - sin(theta2 + theta3)*dV4;

dz_dt = dz_dth2*thetaV2 + dz_dth3*thetaV3 + cos(theta2 + theta3)*dV4;

//boom tip in xyz coordinates

x = r*cos(theta1);

y = r*sin(theta1);

dx_dt = dr_dt*cos(theta1) - r*thetaV1*sin(theta1);

dy_dt = dr_dt*sin(theta1) + r*thetaV1*cos(theta1);

//acceleration of the boom tip

accX = (-dz_dth2*(thetaV2*thetaV2) + dr_dth2*thetaA2 - dz_dth3*(thetaV3*

thetaV3) + dr_dth3*thetaA3 -sin(theta2 + theta3)*dA4) - r*thetaV1*

thetaV1;

accY = r*thetaA1 + 2*dr_dt*thetaV1;

accZG = (dr_dth2*(thetaV2*thetaV2) + dz_dth2*thetaA2 + dr_dth3*(thetaV3*

thetaV3) + dz_dth3*thetaA3 +cos(theta2 + theta3)*dA4) + G;

//dynamic model

DifferentialEquation f;

f << dot(theta1) == thetaV1;

f << dot(thetaV1) == thetaA1;

f << dot(theta2) == thetaV2;

f << dot(thetaV2) == thetaA2;

f << dot(theta3) == thetaV3;

f << dot(thetaV3) == thetaA3;

f << dot(d4) == dV4;

f << dot(dV4) == dA4;

f << dot(alpha) == alphaV;
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f << dot(beta) == betaV;

f << dot(alphaV) == (-accY -alpha*accZG -BA*alphaV/L3 + 2.0*L2*beta*

alphaV*betaV + L2*beta*thetaA1 + L3*alpha*thetaV1*thetaV1 + 2.0*L2*

betaV*thetaV1)/L3;

f << dot(betaV) == (accX -beta*accZG -BB*betaV/L2 - L3*beta*alphaV*

alphaV - L3*alpha*thetaA1 + L2*beta*thetaV1*thetaV1 - 2.0*L3*alphaV*

thetaV1)/L2;

//weighting parameters

const double Qpos = 10, QVel = 2,

const double kSway = 1.0, kSwayVel = 0.1325;

const double kExt = 0.005;

const double kVel1 = 2.0, kVel2 = 1.0, kVel3 = 0.528, kVel4 = 0.181;

//variables in the objective function

Function h;

h << thetaU1 << thetaU2 << thetaU3 << dU4 << d4 << alpha << beta <<

alphaV << betaV;

h << x << y << z << dx_dt << dy_dt << dz_dt;

//weighting matrix of the objective function

Matrix Q(15, 15);

Q(0,0) = kVel1; Q(1,1) = kVel2; Q(2,2) = kVel3; Q(3,3) = kVel4;

Q(4,4) = kExt;

Q(5,5) = Q(6,6) = kSway;

Q(7,7) = Q(8,8) = kSwayVel;

Q(9,9) = Q(10,10) = Q(11,11) = Qpos;

Q(12,12) = Q(13,13) = Q(14,14) = QVel;

//define the NMPC problem

MPCexport mpc(0.0, 100*0.1, 100);

mpc.minimizeLSQ(Q, h);

mpc.subjectTo(f);

//control constraints

mpc.subjectTo ( -0.3 <= thetaU1 <= 0.3 );

mpc.subjectTo ( -0.15 <= thetaU2 <= 0.15 );

mpc.subjectTo ( -0.2 <= thetaU3 <= 0.2 );

mpc.subjectTo ( -0.5 <= dU4 <= 0.5 );

//state constraints

mpc.subjectTo ( -1.6000 <= theta1 <= 1.6000 );

mpc.subjectTo ( -0.4917 <= theta2 <= 1.4199 );

mpc.subjectTo ( -3.1260 <= theta3 <= -0.2 );

mpc.subjectTo ( 2.2000 <= d4 <= 5.6000 );

//export the code

mpc.set( INTEGRATOR_TYPE , INT_RK4 );

mpc.set( TUNABLE_PARAMETERS , YES );

mpc.exportCode("../NMPC_crane");

return 0;

}
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Errata

Publication I

In Equation 6, in the preceding paragraph and in Figure 4 the cylinder

velocity should be labelled ḋc, not dc. In Equation 24, the last element of

the boom tip acceleration vector should be z̈tip, not żtip.

Publication II

In Table 1. the units of axle frictions should be Nm
kg rad/s , not 1

s .
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