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Sammanfattning 
Denna rapport är resultatet av ett examensarbete på Kungliga Tekniska Högskolan i samarbete 

med Skogforsk. Syftet är att analysera den trädkapningsprocessen hos en skördare, optimera dess 

energiförbrukning och föreslå modifieringar av systemet. 

 

En analys av skördarhuvudets energiförbrukning genomfördes baserat på testdata från 

Skogforsk. Denna undersökning gav en inblick i prestandan hos hydraulmotorn Parker F11-19 

vid kapnng av träd med varierande diameter, samt en kvantifiering av mängden energi som 

används av skördarhuvudets olika komponenter. Hydrauliska och mekaniska modeller av 

skördarhuvudet skapades med hjälp av  simuleringsverktygen Hopsan och Simulink. Dessa 

modeller användes för att verifiera optimeringsförslagen.  

 

Resultatet av denna studie är fyra optimeringslösningar för ett skördarhuvud. Det första förslaget 

är att använda en ackumulator för kinetisk energiåtervinning i matningsrullarna, vilket kommer 

att bidra med en minskning av energiförbrukningen med 6.85%. Det andra förslaget är att 

optimera sågcylinderns position, vilket kommer leda till en reduktion med 0%, dvs aktuell 

position bedöms vara optimal. Det tredje förslaget är förändring av kvistknivarnas utformning, 

vilket minskar energiförbrukningen med 2.72%. Det fjärde förslaget är att använda en alternativ 

motor som kräver mindre energi, vilket bidrar till en markant minskning av energiförbrukningen 

med 28.4%. Totalt kommer de föreslagna förändringarna att resultera i en reduktion av 

energiförbrukningen med 37.9%. Resultatet är teoretiskt och ytterligare fält- och riggprov är 

nödvändiga för att validera resultaten. 
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Abstract 
This report is the result of the Master of Science thesis project developed for KTH Royal 

Institute of Technology in collaboration with the Forestry Research Institute of Sweden 

(Skogforsk) for the Forestry Master Thesis School 2016. The purpose is to analyze the tree 

cutting process of a harvester machine, optimize the energy consumption and propose 

modifications to the system of components if applicable. 

 

A study on the energy usage of a harvester head was performed based on test data gathered by 

Skogforsk, providing insight about the performance of the hydraulic motor Parker F11-19 when 

cutting different tree diameters and quantifying the amount of energy used on each part of the 

harvester head. Hydraulic and mechanical models of the head were built using Hopsan and 

Simulink, respectively. These models were used for the verification of the optimizations 

proposed.  

 

The results from this research study are four optimization solutions for a harvester head. The first 

suggestion is to use an accumulator for kinetic energy recovery in the feeding rollers, which will 

contribute with a reduction in energy consumption of 6.85%. The second suggestion is to 

optimize the saw’s cylinder position, which did not provide any improvements. The third 

suggestion is a redesign of the delimbing knives, which will reduce the energy consumption with 

2.72%. And the final suggestion is to use an alternative motor that requires less power, which 

will result in a significant decrease of energy consumption by 28.4%. In total, the changes 

suggested will result in a reduction of the energy consumption by 37.9%. The results are 

theoretical and further testing in practice is needed in order to assess the veracity of the results. 
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NOMENCLATURE 

Notations 

Symbol Description 

Ap Piston area [m
2
] 

Ar Rod-side area [m
2
]  

F Piston driving force [N] 

Ff Friction force [N] 

P Power [W] 

Q Flow rate [m
3
/s] 

𝑄𝑡 Theoretical flow rate [m
3
/s] 

QL Internal leakage flow rate [m
3
/s] 

v Piston speed [m/s] 

V Volume [m
3
] 

𝑛𝑚 Motor speed [rev/s] 

𝑉𝑚 Motor displacement [m
3
/rev] 

∆𝑃  Pressure difference [Pa] 

M Torque [Nm] 

𝐸𝑘 Kinetic energy [J] 

m Mass [kg] 

β  Sharpness angle [º] 

th_b Blade thickness [mm]  

l_r Rib depth [mm] 

th_k Knife thickness [mm] 

d_r Distance between ribs [mm] 

th_r Rib thickness [mm] 

 

Abbreviations 

 

CTL Cut-To-Length 

CAD Computer Aided Design 

STL Stereolitography 
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1  INTRODUCTION 

This chapter describes the background, purpose, delimitations and method(s) planned to use in 

the present project. 

1.1 Background 

Forestry, the science of creating, managing, conserving and repairing forests embraces a wide 

range of applications. It is not only the exploitation of natural resources but also the protection, 

employment and creation of aesthetically appealing landscapes while preserving its biodiversity. 

Machinery and forestry has been closely related to the development of new tools and machines 

for cutting and transporting logs. As early as the 15
th

 century, the first steel saws began to be 

widely used by foresters and during the industrial revolution the widespread manufacturing of 

steel lead to an increased availability of dedicated tools. The beginning of the 20
th

 century 

marked a revolution in forestry tools with the invention of the first chainsaw in Germany and in 

the early 1980s the first harvester was introduced in the market by the Swedish company SP 

Maskiner. 

Nowadays, forestry is one of the most important segments in an industrial country´s economy, as 

wood is the most important renewable resource and requires a large workforce, employing 

millions of workers all around the world. Being such a big industry means that the efficiency of 

the machines used daily in harvesting operations is a major concern both economically and 

environmentally.  

1.2 Purpose 

This thesis work studies the usage of energy by a harvester machine. The goal is to analyze the 

tree cutting process and optimize it, proposing modifications of the system of components if 

applicable. Product data, operational data and measured data from Skogforsk´s test rig are the 

basis for developing the energy flow in the machine.  

 

 

Figure 1, Komatsu 931 harvester  
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1.3 Delimitations 

In order to set the delimitations a specific model by the manufacturer Komatsu, model 931, will 

be used as reference, being one of the most commonly used machines in the industry. 

A standard harvester machine is composed of two energy sources, a diesel engine that powers 

the hydraulic system and an electric battery that can be charged with a generator in case it runs 

out of power. These sources are responsible for different components and applications inside the 

harvester. 

Table 1. Sources of energy 

Diesel/Hydraulic Engine Electric battery 

Steering Control system 

Transmission Lighting 

Brakes  

Head  

 

This thesis will solely focus on the hydraulic system and subsystems of the harvester head since 

the efficiency of electrical systems is not part of the field of study in machine design and there is 

not enough time allocated to this thesis in order to study the rest of systems that use hydraulic 

power. 

1.4 Deliverables and methodology 

There are a series of goals, objectives or deliverables that the thesis work will try to provide 

during the development of the thesis work. These deliverables should be within the delimitations 

previously defined. 

 

i. Study on current harvester technology and energy consumption 

 

In order to improve any system it is important to have a full understanding of what current 

systems can provide and which are their characteristics. Also, the tree cutting process needs to be 

defined, specifying every step in the process in order to have a complete view of how the energy 

flows during the process. Product data, operational data and measured data from Skogforsk´s test 

rig will be analysed and also implemented in the next deliverable. 

 

ii. Build harvester energy model 

 

In this deliverable is where the real technical work starts, building a numerical model that can 

replicate the flow of energy within the defined system under a certain set of circumstances 

during the tree cutting process. To do this, MATLAB will be chosen as the preferred tool for 

studying the mechanical systems, while Hopsan is the selected choice for Hydraulic system. The 

software chosen for CAD is SolidEdge but in certain circumstances SolidWorks might be used 

because of its export tools for MATLAB, which SolidEdge lack.  The operational data and 

measured data from Skogforsk´s test rig will be important to complete this model successfully 

since that data will be key in order to verify the models. 
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iii. Optimized system and proposed modifications 

 

The MATLAB and Hopsan models will provide a technical outlook that allows to verify the 

proposed changes to the systems architecture. The optimized model and proposed modifications 

of the system or subsystem of components is the most important goal to be achieved in the 

thesis. 

 

iv. Final report 

 

The thesis work will be documented in a technical report that will showcase the steps and 

methodology followed during the whole process, as well as the results and conclusions achieved. 

This is the final deliverable of the thesis. 

1.5 Process 

In order to successfully complete the proposed goals, a specific process needs to be followed  

i. V-model 

By the outlook of this project work, a method similar to the V-model would be appropriate, since 

there is a decomposition phase and an integration phase that needs to be validated. Therefore, the 

V-model will be a good way to visualize each stage of the project and adequately verify and 

validate the models. 

 

Figure 2, V-model methodology 

 

ii. Work Brake-down Structure 

 

Also, a work brake-down structure will be made of the necessary tasks to be completed. This 

facilitates the organization of the required deliverables and sub-tasks that need to be completed 

before the deliverable is completed. 

 

iii. Gantt chart 

 

The Gantt chart shows the time distribution of each task required for the completion of the 

project, this allows for a good planning and time management of the necessary tasks. 
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2  FRAME OF REFERENCE 

The present chapter is a summary of the existing knowledge and former performed research on 

forestry methods and machines. 

Since the 1980s, when the Swedish company SP Maskiner built the first harvester, there has been 

a surge of machine manufacturers that saw the potential that this new kind of machine could 

provide in terms of productivity for the forestry industry. Nowadays, Komatsu, John Deere, 

Volvo Construction Equipment, Ponsse, Rottne or Gremo are amongst the most well-known 

companies of the sector. 

In Sweden, the forest industry employs about 55.000 people and the value of export in 2014 was 

128 billion SEK. The amount of roundwood production is close to 80 million cubic meters, while 

the sawn softwood production is around 17.5 million, from which 12.3 are dedicated to exports.  

 

Figure 3, Sawn softwood in Sweden (Federation, 2014) 

 

These new technologies have allowed supplying the big demand of wood coming from overseas 

and have made the production to nearly double since the year 1980 while the domestic delivery 

and requirements of wood have remained almost constant around the 5 million cubic meters per 

year. (Federation, 2014) 

 

2.1 Hydraulic technology 
 

The use of hydraulic systems dates back to 2000 years BC, where irrigation and water clocks 

were already being used in Mesopotamia and Egypt, but the real break-through in hydraulic 

technology happened in 1647, when Blaise Pascal published the fundamental law of 

hydrostatics: “Pressure in a fluid at rest is transmitted in all directions”. This law made it 

possible for hydraulics to be applied in many everyday applications, from lifting bridges to lifts 

in buildings. It was cheap, efficient and easily transmitted at long distances, but electricity 
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eventually became the cheapest and most flexible energy source, leaving hydraulics in a second 

plane.  

Nevertheless, in 1925 hydraulics found its new place with the invention of the vane pump by 

Harry Vickers, making its way into the industrial applications world (Galal, 2009). Applied to 

the forestry industry, hydraulic systems are present in almost every machine due to its high 

power to weight ratio, high torque and stiffness, and possibility of energy storage in 

accumulators, which sets and advantage compared to electrical and mechanical systems. 

 

Hydraulic systems are not self-powered though, they need of generators that will provide the 

energy input into the system. These generators are typically driven by diesel engines that run a 

hydraulic pump. There are three kinds of hydraulic pumps: 

 

- Displacement pump: displace the liquid by contracting the their oil filled chambers 

 

Figure 4, example of a displacement pump (Online, 2014) 

 

- Rotodynamic pump: primarly uses the kinetic energy of the liquid 

 

Figure 5, example of a rotodynamic pump (Kumar, 2013) 

 

- Special effect pump: there exist several principles that run special effect pumps. 
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But a pump by itself is useless without a system of components to be powered by hydraulic 

pressure. Actuators, like cylinders, rotary actuators or hydraulic motors are the point of the 

system where the hydraulic energy is converted to mechanical and can be put into use. 

 

 
 

Figure 6, energy conversion from electrical to hydraulic and to mechanical (Galal, 2009) 

 

1. Hydraulic cylinder 

 

The hydraulic cylinder is the simplest kind of actuator, transforming hydraulic energy into linear 

motion by the motion of the piston due to the difference of pressure between the high pressure 

chamber and the low pressure one. Below can be found a schematic view of a simple hydraulic 

cylinder and its dimensional parameters: 

 

 
 

Figure 7, hydraulic cylinder schema (Federation, 2014) 

Ap = piston area [m
2
] 

Ar = rod-side area [m
2
] 

F = piston driving force [N] 

Ff = friction force [N] 

∆𝑝 = pressure [Pa] 

Q = flow rate [m
3
/s] 

QL = internal leakage flow rate [m
3
/s] 

v = piston speed [m/s] 

 

2. Rotary actuators 

 

Rotary actuator also transforms the hydraulic energy into mechanical, but in this case through a 

rotary component of limited rotation angle, like, for example, the following rotary actuators: 

 

- Rack and pinion drive 

- Parallel piston  

- Vane-Type 
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3. Hydraulic motors 

 

Motors have the opposite purpose of the pump and its speed depends on the volume of oil 

running through its chamber, this is called the displacement of the motor, and the flow rate of the 

hydraulic fluid, according to the following formula: 

 

𝑛𝑚 =  𝑄𝑡 · 𝑉𝑚 
 

𝑛𝑚 = motor speed [rev/s] 

𝑄𝑡 = theoretical flow rate [m
3
/s] 

𝑉𝑚 = motor displacement [m
3
/rev] 

 

The motor is also subject to a pressure difference, which is what causes the flow rate through the 

motor, and depending on the displacement of the motor it will provide a torque output according 

to the formula: 

 

∆𝑃 =  
2𝜋

𝑉𝑚
𝑀 

 

∆𝑃 = pressure difference [Pa] 

M = Torque [Nm] 

 

 

2.2 Harvesting methodolody 

From all the wood harvested in the world, half is cut manually using chainsaws, while the other 

half is cut by mechanized systems. Regarding the methodology followed to harvest trees, 

predominates two different methods: 

 

 Tree-Length: 60% 

 Cut-To-Length (CTL): 40% 

 

In the first one, Tree-Length method, the tree is cut free of branches in the forest and then 

transported to a mill in almost its original size. The CTL method cuts the trunks into the length 

specified by the customer in order to shorten delivery times and increase effectiveness. (Ponsse, 

2016). This process is shown in Figure 8 as a flow chart of the different steps. 

CTL is the preferred method in European countries, while the old Tree-Length method is more 

widely used in North and South America due to the wide diameter of the trees in those 

continents, where the trunk can reach a butt diameter of over 70 centimeters.  
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Figure 8, Simplified FAST diagram of an all-in-one harvesting head (D. GOUBET, 2013) 

 

The first step of the processing phase is the delimbing of the log, which uses knives to cut the 

branches off of the felled logs. The rollers feed the log between the knives, which endure large 

forces and bending moments that the branches cause while being cut. The traditional design of 

the delimbing knives can be seen in Figure 9 below.  

 

 

 

 

Figure 9, Harvester head traditional delimbing knives (Engineering, 2010) 
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A schematic view of how the delimbing knife interacts with the trunk and branches is shown in 

Figure 10 below. This provides a better understanding of how the delimbing process takes place. 

The knife motion speed can be considered as the relative speed between trunk and knife, since 

sometimes it will be the knife that is moving and in other cases, the trunk will be the one 

propelled by the feed rollers. 

 

 

 

Figure 10, schematic view of the delimbing process (Fauroux, 2014) 

 

 

There exist three different gripping mechanisms for harvester heads: 

 

1. Mechanisms with concentric gripping motion 

2. Mechanisms with lateral gripping motion 

3. Mechanisms with a hybrid gripping motion 

  

Figure 11, Concentric gripping mechanism (left) and lateral gripping mechanism (right) (D. GOUBET, 2013) 
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Figure 12, Hybrid gripping mechanism (D. GOUBET, 2013) 

 

Harvester machines are the perfect tool for CTL method, since they can prepare the trunk in the 

required length in less than 60 seconds. These machines are composed of a diesel engine that 

powers the hydraulic system, used for the transmission, steering, crane and head. The harvester 

head is the most critical part of the machine, taking a large portion of the energy consumed. 

There exist different kinds of heads in the market, for example, the Komatsu C144 head, which 

belongs to the hybrid category. 

 

 

Figure 13, Komatsu C144 harvester head (Komatsu, 2016) 

 

2.3 Power requirements 
 

The C144 head should be used to cut trees of up to 580 mm in diameter and for trees of more 

than 200 mm in order to provide the highest productivity possible. The weight of this head is 

1400 kg and requires a hydraulic flow of 320 l/min at a maximum of 28 MPa of pressure.  

(Komatsu, 2016) 
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Figure 14, C144 tree diameter range of use (Komatsu, 2016) 

 

 

To provide all this power the harvester has a diesel motor with a maximum torque of 1100 Nm 

and maximum power of 185 kW as seen in Figure 15. This diesel motor powers the hydraulic 

system that provides the necessary pressure (280 bar) and flow (528 l/min) to the transmission, 

steering, crane and head. 

 

 

  

Figure 15, Torque/Power – Speed graph of the diesel engine (Komatsu, 2016) 
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3  ENERGY TRANSFORMATIONS AND LOSSESS 

This chapter studies the energy usage of the system and the identifiable losses that can occur 

based on the test data gathered by Skogforsk. 

3.1 System overview 
 

Skogforsk has developed tests on energy consumption of a harvester head in the past and have 

shared the data gathered in those tests in order to facilitate the work of this thesis. Below is the 

data from a single test cut powered by a Parker F11iP which is the same kind of motor with 

constant cut speed that can be found inside the C144 Komatsu harvester head. 

 

 

 
 

Figure 16, Skogforsk’s Parker F11iP test data (Skogforsk, n.d.). 

 

This data gives an overlook of the cutting energy consumption of the hydraulic motor. The graph 

on the second row of the right column is particularly interesting since it shows the difference 

between input and output power of the motor and therefore allows to estimate its energy loss, but 

it is important to point out that there are more sources of energy loss, like mechanical friction 
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losses, heat losses, the sword energy loss and transmission losses and leaks that could potentially 

happen. 

 

The Parker F11iP hydraulic motor has two modes: 

 

1. Cutting mode 

2. Return mode 

 
 

Figure 17, Parker F11iP modes, Cutting mode (left), Return mode (right) (Parker, 2011) 

 

The test data gathered by Skogforsk, represented in Figure 16, shows the Cutting mode only since 

the return mode energy loss is negligible compared to the energy involved in cutting the log. It is 

important to point out that the Flow sensor has a delay of 0.15 seconds, which means that when 

plotting the dataset it had to be displaced 16 time-steps from its original position. 

 

The power coming into the motor was calculated using the flow and pressure data, following the 

formula: 

 

𝑃 = 𝑄 · ∆𝑝 
P = Power in W 

Q = Flow in m
3
/s 

∆𝑝 = Pressure in Pa 

 

The power output was calculated from the torque sensor data and the motor speed, according to 

the formula: 

 

𝑃 = 𝑀 · 𝑛 
 

P = Power in W 

M = Torque in N·m 

n = speed in rad/s 

 

Once the power is calculated, it is possible to obtain the total energy required for creating a 

surface on the trunk since: 

 

 

𝑊𝑎𝑡𝑡𝑠 =
𝐽𝑜𝑢𝑙𝑒𝑠

𝑠𝑒𝑐𝑜𝑛𝑑
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The result can be seen in Figure 18 below. 

 

 

Figure 18, Total cutting energy (top), peak and average power (bottom) 

 

At the top of Figure 18 can be seen the total energy consumed for each tree diameter tested by 

Skogforsk. It can be seen that the energy required raises exponentially when increasing the tree 

diameter, which can be assumed that much higher diameters would have a considerable impact 

on energy consumption. This means that the harvester head currently used is not efficient for 

much higher diameters as Figure 14 shows. 
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The bottom plot of Figure 18 shows the peak and average power usage for each test in order to 

give a good view of how the harvester head behaves with different tree sizes. It can be seen that 

the peak power does not change dramatically from the small trees to the larger size ones, while 

the average power is the one that shows a clear and steady increase during the 200 – 400 mm 

range, being practically linear. In a similar manner, Figure 19 below, shows the energy 

consumed cutting the tree against the trunk’s surface, being almost a linear evolution. 

 

 

 

Figure 19, Total cutting energy vs. trunk surface 

 

A table showing the energy consumption for each test can be found in the next page. 
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  Table 2, energy for each cutting test 

 

Test Diameter 

[mm] 

Motor 

acceleration 

energy [kJ] 

Cutting 

energy [kJ] 

1 333.5 0.99 27.72 

2 335 0.97 29.05 

3 343 1.01 37.98 

4 333 1.03 30.03 

5 385.5 1.05 32.18 

6 386.5 1.08 31.29 

7 419.5 1.02 40.80 

8 420.5 1.12 39.66 

9 138.5 1.07 7.16 

10 139.5 1.07 5.42 

11 218 1.05 11.20 

12 218.5 1.05 10.46 

13 239.5 1.12 15.18 

14 240 1.11 14.64 

15 262 1.10 16.23 

16 260.5 1.06 16.87 

17 295 1.14 21.66 

18 292 1.12 21.16 

19 262 1.13 19.25 

20 264.5 1.05 17.22 

21 190.5 1.07 8.88 

22 189 1.09 8.67 

23 303.5 1.14 21.79 

24 296 1.11 22.29 

 

 

This table shows how the cutting energy correlates to the trunk’s diameter and the energy 

consumed for accelerating the motor on each test, which is practically the same in every case. 

Small variations in lubrication and contamination can cause the differences in energy between 

tests. 
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3.2 Energy consumption 
 

The behavior of the motor and saw chain is very similar in every test, following the same pattern 

when it comes to the increase of torque. In Figure 20 can be seen how all tests superimpose each 

other. 

 

 
 

Figure 20, Torque for every test plotted together 

 

It can be observed above that the first peak in the torque is particularly interesting, since it is a 

perfect match for every test disregarding the trunk size, which apparently only prolongs the 

cutting time but not the maximum torque reached probably for being the same kind of wood and 

therefore the same density for all of them. So it can be concluded that the first peak is a 

consequence of the acceleration of the chain before the actual cutting process of the trunk starts. 

Below is a figure showing how the motor speed, saw position and torque relate to each other in 

time to prove the previous statement. 

 

 
 

Figure 21, Cutting process showing relation between torque, saw position and motor speed (Note: the saw position 

does not correspond to any axis and is just for reference) 

 

1- Motor accelerates, which corresponds to an increase in torque because of the chain 

inertia. 

2- Chain-saw comes into contact with the trunk, starting to create a new surface. 

3- Saw comes out of the trunk. Speed moves faster and the torque goes back to almost zero. 

1 2 

3 

4 
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4- Test is over. 

The list below is an attempt at visualizing every energy consuming part of the harvester head: 

 

a) Motor shaft and chain inertia 

 

The first torque peak corresponds to the acceleration of the motor and in consequence of the 

chain, meaning that the first consumption of energy is speeding up the chain and motor shaft. 

This finding provides with the first possible solution for saving energy in the system if the 

kinematic energy of the chain can be stored when it slows down in order to use it for acceleration 

the next time. The energy was calculated to be approximately 1 kJ for every test, as shown in 

  Table 2. 

 

b) Trunk cutting 

 

Creating a new surface in a trunk consumes a big part of the energy supplied by the motor. This 

part of the process is shown on Figure 21 between points 2 and 3, which depending of the 

diameter of the trunk can range from 5.42 to 40.8 kJ of energy. It is the single largest 

consumption of energy of the system. 

 

c) Oil temperature 

 

The hydraulic oil used in the system is of the ISO VG 68 kind and during the operation it 

increases in temperature when the pressure rises. There is no reliable test data about oil 

temperature, so the amount of energy that is being lost in this way cannot be quantified. 

 

d) Hydraulic motor efficiency 

 

The hydraulic motor is key when it comes to energy consumption. Its efficiency will 

dramatically affect the amount of energy consumed in the system. In this case, the F11-19 has a 

really low efficiency for a hydraulic motor at the speed that is being used for this log cutting 

application. As seen in Figure 22 the efficiency of the F11-19 at 9000 rpm is not even drafted but 

it can be assumed that it would be below 80%. This is not a positive value and it cannot be 

solved except replacing the hydraulic motor in use. 
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Figure 22, Parker F11 Speed-Efficiency graph (Parker, 2016) 

 

e) Delimbing process 

 

The delimbing process requires the rollers of the harvester head to move the log or to move the 

head along the tree. It is a costly process, since the logs have a weight more than 650 kg. The 

energy consumption for the delimbing of one 80 mm branch is estimated to be around 1.4 kJ 

according to Fauroux et al. (Fauroux, 2014). Estimating the energy used for delimbing is hard 

without the proper data about how many branches the standard log has, but what can be 

estimated is the feed rolling energy, which for a 650 kg tree it was defined as 10.81 kJ. 
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4  ENERGY OPTIMIZATIONS 

Several solutions have been proposed in order to optimize energy consumption by the harvester 

head. This chapter presents and describes how those optimizations were achieved and the 

respective improvements in energy usage. 

 

4.1 Feeding rollers regenerative power 
 

As it was seen in Figure 8, after the feeling of a tree it is necessary to proceed to the, step of the 

process that consists in a linear movement of the log through the delimbing blades which will cut 

the branches away. This step is powered by the feed rollers that hold the log from the sides and 

propel it forward with the rotary movement of the rollers. The energy involved in this step is 

considerable since it involves moving the whole tree that was once standing. A hydraulic model 

has been created to replicate the energy use by the real system. This model was creates using 

Hopsan, software developed by Linköping university and that, according to my experience, has 

proven itself to provide better results when simulating hydraulic systems than with 

SimHydraulics in MATLAB. 

 

The hydraulic schema of the feed rollers is undisclosed to the public since they are technical 

drawings that belong to the manufacturer, so this solution will be studied from the point of view 

of how much energy could be gathered from a system of the characteristics previously described 

and how it would be integrated into the motor’s hydraulic model that is available. In order to 

simulate the system, a simplified version of the real hydraulic circuit was made. Based on the 

schema that was already presented in Figure 17, elements of it were removed so that they 

wouldn’t affect the results but would facilitate the simulation process. This simplification can be 

seen in Figure 23 below. 

 

 

Figure 23, Original circuit (left), simplified circuit (right) 

 

The proposed simplified circuit does not change the main action of the motor, which is power the 

chain-saw, since the supressed valves and cylinder were only used for the vertical movement of 

the saw and to power the cylinder in the opposite direction. For the purpose of this study it is 

enough to only simulate the motor with an applied torque of the same value as measured by 

Skogforsk during their tests. Those tests will be used for the verification of the simulation model, 

comparing the flows, pressures and speeds of the components in order to have the certainty that 

the model is a faithful representation of the actual system. When creating a hydraulic model 

based on the simplified circuit proposed in Figure 23 the first step is to select the components to be 

used and configure them as their real counterparts. In this case that is the pump’s speed and 

displacement values, the motor’s displacement and the pressure relief activation pressure. 
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In the real hydraulic circuit all the energy provided by the pump that exceeds the demands of the 

motor at a certain speed is bypassed into a hydraulic tank, meaning that a lot of the energy is 

being lost due to a poor control system of the machine. This has been included in the Hopsan 

model as a pressure relief valve that activates when the pressure exceeds the recommended 

operational pressure of the motor, which according to the manufacturer stands between a 

minimum of 220 and a maximum of 280 bar. The model can be seen in Figure 24 below. 

 

 

Figure 24, Hopsan model 

 

Each component require of specific dimensioning values that are specified in the manufacturer’s 

application guide (Parker, 2011) for the hydraulic motor and the product sheet of the pump 

(Bosch, 2009). These values are presented in Table 3 and correspond to the displacement and 

speed of the pump, the displacement and torque load of the motor and the opening pressure and 

flow of the pressure relief valve.  

 

 

Table 3, Component configuration in Hopsan model 

 Displacement 

[cm
3
/rev] 

Speed 

[rad/s] 

Opening 

Pressure 

[bar] 

Flow 

[l/min] 

Torque 

load 

[Nm] 

Pump 130 136 - - - 

Motor 19 - - - 75 

Valve - - 280 170 - 

 

 

The torque load was defined as the maximum torque measured in the test, which in this case was 

45 Nm with an added 30 Nm of motor shaft torque specified in the motor product sheet. Flow of 

the valve was set to be the equal to the motors flow and its opening pressure is the maximum 

operational pressure of the motor. The results from this model compared to Skogforsk’s test data 

can be found in the next page. 
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Figure 25, Motor speed comparison between Hopsan model and real test 

 

 

Figure 26, Motor power comparison between Hopsan model and real test 

 

 

Figure 27, Motor flow comparison between Hopsan model and real test 

 

Figure 28, Motor pressure comparison between Hopsan model and real test 
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As can be seen in the comparison plots the results adjust very well to the peak values of the tests 

if we consider the average value of the oscillating signal of the model as the value to be 

compared with, and since the load value that was chosen for the model is the peak torque that 

was measured in Skogforsk’s test, it is safe to assume that the model has been correctly verified. 

Below, in Table 4, can be found a numerical comparison of the results. 

 

Table 4, Numerical comparison of results 

 
Hopsan 

model 
Test Error 

Motor speed 

[rpm] 
8851 8660 +2.2 % 

Power  [kW] 70.41 69.89 +0.7 % 

Flow  [l/min] 169.2 173.5 -2.5 % 

Pressure 

[bar] 
250.5 241 +3.5 % 

 

 

An error below 5% is considered to be acceptable for the purpose of this thesis since the model is 

just supposed to be used as a reference to further modifications of the circuit. It is also important 

to point out that the real test has a load that varies over time and makes it harder to choose a 

reference point to compare with the model. 

 

Now that the model has been verified by the test data, it is possible to dimension how much 

energy could be stored from the kinetic energy of a log that was accelerated by the rollers. To do 

this it is necessary to know what kind of tree is being cut during the typical use of the harvester 

and its dimensions, luckily, Skogforsk was able to provide the diameter and weight of the 

standard tree cut in Sweden, which can be seen in Figure 29 below. 

 

 

 

 

 

 

 

 

 

 

Figure 29, Standard tree dimension in Sweden 

From the previous figure can be concluded that the weight of the whole log is around 650 kg 

after felling, at this point, the operator usually runs the harvester head along the log which is 

resting on the floor instead of using the rollers to propel the log forward, which would require a 

bigger amount of energy. After the second cut, when the log is considerably lighter, the rollers 

are used for the delimbing process, accelerating the log up to a speed 7 m/s in some 

manufacturer’s harvester heads (Deere, 2014), but in most of Komatsu’s heads, the maximum 

speed is 5 m/s. (Komatsu, 2014) 

Ø 320 mm 

600 kg 

 

Ø 110 mm 

40 kg 

Waste 

 
1

st
 cut 2

nd
 cut 3

rd
 cut 
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If we use 5 m/s as the speed that the 40 kg is being accelerate to by the rollers, then, it is possible 

to calculate the kinetic energy that it has and that could be recovered from it. Using the basic 

formula for kinetic energy we obtain: 

 

𝐸𝑘 =
1

2
· 𝑚 · 𝑣2 

 

𝐸𝑘 =
1

2
· 40 · 52 = 500 𝐽 

 

If we assume the operator moves the whole tree instead of following with the harvester head then 

the amount of energy that could be recovered would be: 

 

𝐸𝑘 =
1

2
· 650 · 52 = 8.13 𝑘𝐽 

 

It is hard to determine if this energy could be recovered, since part of the purpose of feed rolling 

the log is to cut the branches, delimbing the log, and meaning that part of the kinetic energy 

would be lost when cutting those branches. Nevertheless, not all trees have the same amount of 

branches and the bottom part of the trees typically possesses less branches than the top segment, 

which could be translated into assuming that if the log is fed rolled right after felling, those 8.13 

kJ of energy could potentially be recovered in the best of cases.  

 

1. This amount of energy can be put into perspective comparing it to the energy consumed 

when cutting the log during the first or second cut. If the energy can be recovered after 

felling the tree that means that the energy recovered could be applied during the second 

cut of the log, which according to the standard tree dimensions would correspond to a 

110 mm diameter cut. If that diameter is compared to the diameters from the tests that 

can be found in   Table 2 it can be seen that the minimum diameter tested 

was 138.5 mm, which corresponds to 7.16 kJ of energy for the cut and a motor/saw 

acceleration 2.14 kJ. In the case of a 110 mm, there is no data to support the energy that 

would be used but it can be assumed that it would fall in the 4-5 kJ range. If that 

assumption is taken then it is possible to determine that 8.13 kJ of recovered energy 

would save  

 

𝐸𝑡𝑜𝑡 = 𝐸𝑓𝑖𝑟𝑠𝑡_𝑐𝑢𝑡 + 𝐸𝑟𝑜𝑙𝑙𝑖𝑛𝑔 + 𝐸𝑠𝑒𝑐𝑜𝑛𝑑_𝑐𝑢𝑡 + 𝐸𝑟𝑜𝑙𝑙𝑖𝑛𝑔 + 𝐸𝑡ℎ𝑖𝑟𝑑_𝑐𝑢𝑡 + 3 · 𝐸𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

 

 

𝐸𝑡𝑜𝑡 = 35 𝑘𝐽 + 10.81 𝑘𝐽 + 4.5 𝑘𝐽 + 0.67 𝑘𝐽 + 1 𝑘𝐽 + 3 · 0.98 𝑘𝐽 = 54.92 𝑘𝐽 
 

 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (%) =
8.13 𝑘𝐽 · 100

54.92 𝑘𝐽
= 14.8% 

 

 

Compared to the energy for processing the whole tree, recovering the kinetic energy of 

the log would imply an improvement of 14.8% per tree in the best of cases if all 

assumptions are true. There is no data about the energy involved into felling the tree but 

it has been assumed that it would take a 33% more of energy than cutting the same 

diameter once felled. The energies for rolling the tree are considered to be the kinetic 

energy of the trunks plus a 10% of losses of a given hydraulic system. 
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2. In the case that the log has not been delimbed yet and it possess branches and nails along 

the trunk then a second case needs to be studied. In this second case the branches would 

slow down the trunk as the rollers feed it forward since the knives would offer resistance 

to the movement. At least 50 % of the energy would be lost because of cutting the 

branches and between 5 and 10 % would also be lost recovering the kinetic energy into 

the system. 

 

 

𝐸𝑘 · 0.5 · 0.925 = 8.13 · 0.5 · 0.925 = 3.76 𝑘𝐽 
 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (%) =
3.76 𝑘𝐽 · 100

 54.92 𝑘𝐽
=  6.85% 

 

 

An improvement in efficiency of 6.85%, even with all the potential losses taken in 

consideration, would drastically improve the harvester’s performance and constitutes a 

noticeable improvement. This proves that this solution is something that should be 

considered when designing a harvester head.  

 

3. The third case that could happen is that the harvester head is ran along the log, meaning 

that no kinetic energy can be recovered from the first larger piece of the trunk, limiting 

the energy to be recovered from the second smaller piece of the log. This situation would 

only be beneficial if the log is heavier than the harvester head (1400 kg). The same losses 

as in the previous case will be applied since in the most upper parts of the log there are 

higher chances of finding more branches. 

 

 

𝐸𝑘 · 0.5 · 0.925 = 500 · 0.5 · 0.925 = 231.25 𝐽 
 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (%) =
0.231 𝑘𝐽 · 100

 54.92 𝑘𝐽
=  0.42 % 

 

  

The amount of energy that could be saved in this case is not as encouraging as the 

previous one, and it could be assumed that a 40 kg piece of wood is even lighter than the 

harvester head rollers, meaning that this log segment would not be able to give the power 

back to the system. 

 

 

The energy can be recovered by running the rollers in the opposite direction and using a gas 

accumulator to storage it for a later use. This accumulator can now be dimensioned from the 

amount of energy calculated and tested in the Hopsan model. In order to do this, the volume of 

gas needs to be calculated from the development of the ideal gas law. 

 

 

𝑝𝑉 = 𝑛𝑅𝑇 
 

 

𝑊𝑎−𝑏 = ∫ 𝑝𝑑𝑉
𝑉𝑏

𝑉𝑎

=  ∫
𝑛𝑅𝑇

𝑉
𝑑𝑉

𝑉𝑏

𝑉𝑎

= 𝑛𝑅𝑇 ∫
1

𝑉
𝑑𝑉

𝑉𝑏

𝑉𝑎
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𝑊𝑎−𝑏 = 𝑛𝑅𝑇(ln 𝑉𝑏 − ln 𝑉𝑎) = 𝑛𝑅𝑇 ln
𝑉𝑏

𝑉𝑎
= 𝑛𝑅𝑇 ln

𝑝𝑎

𝑝𝑏
= 𝑝𝑎𝑉𝑎 ln

𝑝𝑎

𝑝𝑏
 

 

 

And since, 

 

𝑝𝑉 = 𝑝𝑎𝑉𝑎 = 𝑝𝑏𝑉𝑏 
 

It can be concluded that: 

 

𝑊 = 𝑝𝑏𝑉𝑏 ln
𝑝𝑎

𝑝𝑏
 

 

 

The amount of energy that is wanted to be stored is W = 1.1  kJ, but in order to prove that the 

energy storage can help accelerate the motor, the chosen energy to be stored in the accumulator 

will be enough to accelerate the motor by just using the accumulator instead of accumulator and 

pump at the same time. Meaning that the energy that will be used to dimension the accumulator 

will be 2.2 instead of 1.1 kJ since the energy release after the first half would correspond to a 

decrease in relation to the first half. From the formula, the results obtained that adjust to the 

required energy correspond to the following values for pressure and volume: 

 

𝑝𝑏 = 4 𝑀𝑃𝑎 
 

𝑉𝑏 = 0.3 𝑙 
 

These values were introduced in the simulation model, giving the following speed plot: 

 

 

 
 

Figure 30, First comparison of Hopsan model with and without accumulator 

 
Note: The difference in the time axis is due to the necessity to charge the accumulator with the pump before opening 

the circuit and releasing the fluid into the motor. Therefore, the simulation with accumulator was delayed 0.5 

seconds. 

 

As can be seen in Figure 30 the accumulator provides the right amount of energy to accelerate the 

motor even faster than when the pump is being used. This makes this solution something that 

should be studied in depth as an addition when designing new harvester heads in the future. 
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Figure 31, Hopsan model with accumulator 

 

Is has been proven that an accumulator of 0.3 litres of volume and 4 MPa of pressure is enough 

to accelerate the motor to the optimal speed. In the case of the real harvester, the accumulator 

could be even bigger in order to accumulate all the energy that could potentially be stored from 

the kinetics of the log, but this model was used as a case study to show the viability of adding an 

accumulator to the system. 

 

The solution presented by the model recovers 2.2 kJ of energy, which corresponds to 3.66 % of 

the total energy of processing a tree of standard dimensions. 

 

 

4.2 Hydraulic cylinder position optimization 
 

The position of the cylinder affects the angle of attach of the piston on the saw, and therefore, the 

torque caused on the joint between the saw and the rotational joint with the motor. Moving the 

cylinder to a different position will cause the forces on the joint to vary depending on the 

alignment between the cylinder longitudinal side and the attachment of the plunger to the saw 

structure. 

 

In order to study this phenomena and look for the optimal placement of the cylinder in which the 

force is totally translated to movement of the saw and not taken by the own fixed structure of the 

harvester head an iterative simulation will be run. This iterative simulation will change the 

coordinates of the points defining the position of the cylinder, plunger and attachment point of 

the cylinder represented by a fixed bolt. These elements will rotate around the point of action of 

the plunger on the saw structure, meaning that the coordinates can easily be calculated by 

assuming a perfect circle with center that particular point.  
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(𝑥 − 𝑥0)2 + (𝑦 − 𝑦0)2 = 𝑟2 
 

 

Knowing the basic formula for a circle, the radius, which is equivalent to the combined lengths 

of plunger and cylinder in its initial position, and the initial coordinates of the cylinder and 

plunger it is possible to place every component in their new positions. The combined length of 

the cylinder and plunger in their initial state corresponds to the radius of the circle and is the line 

between the fixed attachment of the cylinder and the point of action of the plunger. This length 

has been calculated using the Pythagoras theorem for the right triangle. Given the initial 

coordinates of the cylinder and plunger it is simple to use the x and y positions to calculate the 

hypotenuse. 

 

 

Figure 32, Initial coordinates of the cylinder and plunger position 

Point A in Figure 32 corresponds to the fixed end of the cylinder whereas point B is the action 

point of the plunger. Point C is a virtual point in order to calculate the hypotenuse in relation to 

the other two sides. This resulted in a length of 322.1 mm for the radius. Now it is possible to 

draw the circle that will correspond to the rotation of the cylinder around the plunger’s point of 

action. 

A 

B C 

r 
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Figure 33, Calculated positions for the cylinder 

The possible positions for the cylinder are contained within the circumference of its initial 

position radius. This circumference can be seen in Figure 33, where B is the point of action of the 

plunger and A is the initial position of the cylinders fixed end that will be modified during the 

iterative test following the trajectory of the circle. In order to perform the simulation a 

mechanical model of the physical system as seen in  Figure 34 was created with Simulink inside 

MATLAB and was controlled by a script file which at the same time performed the calculations 

of the new coordinates for the cylinder and plunger. 

  

Figure 34, Body (left) and cylinder, saw and motor group (right) of a Rottne EGS 402 

 

From the previous figure: 

 

1- Hydraulic cylinder which controls the saw’s rotational movement. 

2- Hydraulic motor which powers the chainsaw. 

3- Saw blade. 

B 

A 

1 

2 

3 
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Figure 35, SimMechanics model of the physical system from Figure 34Figure 34 

As seen in Figure 35, it is possible to create in the Simulink environment a model that recreates 

the actual mechanical system of the harvester head. In this case the model was generated by 

importing a CAD model from SolidWorks using MATLAB’s own CAD model import tool, 

although the joints were not entirely accurate and they had to be tuned to their actual behaviour. 

This mechanism is actuated by a ‘Joint Actuator’ that inputs a force into the cylindrical constrain 

between the cylinder and the plunger, causing a  longitudinal movement as a piston would do in 

real life. The resultant view of this model is the one presented in Figure 36 below.  

 

 

Figure 36, Top (left) and perspective (right) views of the SimMechanics mechanical model 
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At this point it can be noticed that there exists certain positions that are physically impossible 

due to the geometry of the components. The hydraulic motor blocks certain positions of the 

cylinder, meaning that the available positions that can be tested lay below this component.  

 

 

 
 

Figure 37, Potentially available (green) and not available (red) positions for the cylinder 

 

In Figure 37 it can be seen what positions are potentially available for the cylinder in a green 

colour and, in red, the ones that would be blocked by other components of the system. This gives 

a span of approximately 240 degrees to be studied, starting from the initial position, located at an 

estimated 130 degrees in the reference circumference. 

 

Besides the coordinates of the different points of the cylinder’s and plunger’s geometry, it is 

necessary to recalculate the orientation of the cylindrical joint and the STL files which otherwise 

would remain in the same angle as they were first imported from SolidWorks. In order to do this, 

a new rotation matrix had to be defined for each new position, calculating the new angle that the 

cylinder is positioned in respectively to the plungers head and the cylinders fixed edge. Since the 

model is being displaced in the xz plane, the rotational matrix was defined relative to the y axis. 

 

 

𝑅𝑦(𝜃) = [
cos (𝜃) 0 sin (𝜃)

0 1 0
−sin (𝜃) 0 cos (𝜃)

] 

 

 

Calculating the new angle 𝜃 from the respective vectors between the points and the reference 

axis it was possible to substitute it into the orientation matrix and properly simulate the change in 

position of the piston. The results of the simulation along the 240 degrees that could potentially 

benefit the torque produced by the piston are presented in Figure 38 in the next page. 
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Figure 38, Cylinder torque generation (Top) and saw rotation caused by the cylinder (Bottom) 

 

From the results it can be concluded that the maximum torque measured in the joint corresponds 

to the first test of the series (test 1), this means that the current position of the hydraulic actuator 

is the optimal one according to the simulation performed. The curvature of the surface shows 

that the torque could be higher if the cylinder were to be moved to a position in the clockwise 

direction from Figure 37 instead of counter clockwise, which were the ones tested, but as was 

explained before, there are components and body parts that does not allow to move the cylinder 

in said direction. Nevertheless, this model can be useful in the future as a test for future harvester 

head redesigns.  
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4.3 Alternative motor 
 

The hydraulic motor currently in use, Parker F11-19 has proven itself to have a really low 

efficiency from what can be expected from a hydraulic system, so that makes one wonder why is 

it that this motor is used for this application in which it shows that it cannot deliver an efficient 

performance. If the efficiency graph that can be found in Parker’s motor product sheet, shown in 

Figure 22, is extrapolated to the operational speed that the motor is used in it can be seen that the 

efficiency obtained would be around or below 80% assuming the line would follow a linear 

evolution which, most likely, would not be the case. Therefore, there is potential for 

improvement if the motor is substituted for a different one that provides a higher efficiency than 

the current one.  

 

Parker and Bosch Rexroth are the two main hydraulic pumps and motors manufacturers, their 

catalogue was examined in order to find a more suitable replacement to the motor currently in 

use but the offer of high speed hydraulic motors is very limited, being the motor used the only 

one that is capable to reach the operating speed currently in use. 

Below in  

Figure 39 can be found a table with the specifications of the F11 and F12 series by Parker. 
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Figure 39, Parker F11 series specifications 

Using a motor with a lower displacement would reduce the torque generated as seen in the 

hydraulic motor basic formulas below: 

 

𝑞 (𝐹𝑙𝑜𝑤) =  
𝐷 · 𝑛

1000 · 𝜂𝑣
 [𝑙/𝑚𝑖𝑛] 

 

𝑀 (𝑇𝑜𝑟𝑞𝑢𝑒) =  
𝐷 · ∆𝑝 · 𝜂ℎ𝑚

63
 [𝑁𝑚] 

 

𝑃 (𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡) =
𝑞 · ∆𝑝 · 𝜂𝑡

600
[𝑘𝑊] 

 

 

D = motor displacement [cm
3
/rev] 

n = shaft speed [rpm]  

∆𝑝 = pressure difference between inlet and outlet [bar] 

𝜂𝑣 = volumetric efficiency [-] 

𝜂ℎ𝑚 = mechanical efficiency [-] 

𝜂𝑡 = overall efficiency (𝜂𝑡 = 𝜂𝑣 · 𝜂ℎ𝑚) [-] 

 

 

Since the motor currently in use and all the F11 series are constant displacement motors, the 

torque generated is controlled by pressure relief valves which vary the motor’s output as seen in 

the torque formula. The maximum Torque measured from Skogforsk’s tests is 65 Nm, which if 

substituted into the formula it is possible to calculate the pressure that the motor was subject to. 

There is no exact value for the mechanical efficiency of the F11-19 motor at 9000 rpm but it will 

be assumed to be below 70% as discussed earlier in this thesis (even though that value 

corresponded to the overall efficiency, the volumetric efficiency of the motor tends to be close to 

100%, being the mechanical efficiency that presents a challenge, therefore it is assumed that the 

overall efficiency shows a close representation of the mechanical one). 

 

 

65 𝑁𝑚 =  
19 · ∆𝑝 · 0.79

63
  

 

∆𝑝 = 272.81 𝑏𝑎𝑟 
 

 

This value fits between the limits of maximum operational pressure for the motor and also 

verifies the values measured in the tests. If the F11-5 motor with a displacement of 5 cm
3
/rev 

were to be used at the same maximum pressure, the torque output would be: 

 

 

 

𝑀𝐹11−5 =  
5 · 272.81 · 0.9

63
= 19.48 𝑁𝑚 

 

 

 

This torque would be insufficient for the current system and application but the pressure that the 

motor can hold is much higher, up to 420 bar of intermittent use (intermittent use is defined as a 
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shorter period of time than 6 seconds per minute) or 350 of continuous use. If the pressure is 

raised to the maximum continuous use level, then the output torque would be: 

 

 

𝑀𝐹11−5 =  
5 · 350 · 0.9

63
= 25 𝑁𝑚 

 

 

Therefore it can be concluded that the F11-5 is unable to provide the required torque. This model 

nor the rest of F11 models would be powerful enough to provide the needed torque. On the other 

hand, the F12 series has similar dimensions as the F11 series, only being 1 kg heavier, but 

presenting a net gain in displacement specification. It presents a maximum speed of 7100 rpm, 

but its larger displacement would compensate this outputting a larger torque at a lower speed. 

 

 

Figure 40, Parker F12-30’s volumetric and mechanical efficiencies (Parker, 2004) 

 
Note: 3000psi = 206.84 bar, 6000 psi = 413.69 bar 

 

 

𝑀𝐹12−30 =  
30·350·0.87

63
= 145 𝑁𝑚     

 

This motor model provides more than enough torque in order to be used for the harvester head, 

meaning that it can be optimized in order to provide just the right amount of torque with 

minimum amount of power. 

 

The flow through the motor is dependent on the displacement and speed of the motor. For the 

F12-30, running at its maximum intermittent speed, the flow would be: 

 

𝑞𝐹12−30  =  
30 · 7100

1000 · 1
= 213 𝑙/𝑚𝑖𝑛 
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Compared to the current motor, F11-19: 

 

 

𝑞𝐹11−19  =  
19 · 9000

1000 · 1
= 171 𝑙/𝑚𝑖𝑛 

 

 

𝑃𝐹11−19  =
171 · 272.81

600
= 77.75 𝑘𝑊 

 

 

If the F12-30 is set up for a maximum of 65 Nm, then: 

 

 

65 𝑁𝑚 =  
30 · ∆𝑝 · 0.87

63
 

 

∆𝑝 = 156.9 𝑏𝑎𝑟 
 

 

The new power would be: 

 

 

𝑃𝐹12−30  =
213 · 156.9

600
= 55.69 𝑘𝑊 

 

 

That gives a reduction of power output of 28.4 % when substituting the F11-19 with the F12-30. 

In order to meet the specification of 40 m/s for the chain speed, the saw would need to have a 

radius of 54 mm, instead of 42.4 mm as has been calculated based on the 9000 rpm speed. 

 

 

4.4 Delimbing knives optimization 
 

There is a correlation between how sharp the knives of the head are and the energy involved in 

running the log through them; sharper and thinner knives will involve less energy for cutting the 

branches of the log. This simple idea has an overturn, as the thinner an object is, the weaker its 

structural integrity gets, meaning that if they are too sharp and thin the knives can get plastically 

deformed or even break.  

 

Researchers from the French Institute of Advanced Mechanics (Institut Pascal) tested two blades, 

8 mm and 10 mm thickness with different branches and their results showed that the force that a 

knife must endure to successfully cut an 80 mm diameter branch is 33 kN for the 8 mm blade 

and 36 kN for the 10 mm one. Translated into energy, the required energy to perform the cut was 

1.49 kJ and 1.64 kJ respectively. For a standard delimbing knife there are only two parameters 

that influence the cutting energy, knife thickness and sharpness angle; but Faroux et al. 

developed a new innovative delimbing knife that reduces the delimbing energy between 8% and 

40%. Said knife was redesigned to possess both a strong structural geometry and sharp enough to 

reduce the cutting energy. This new knife has new characteristics in its geometry that help 

increase its efficiency, it is composed of a thinner blade reinforced with ribs, which improves the 
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penetration into the branch and therefore, lesser energy than with a standard knife (Fauroux, 

2014). 

 

The dimensional parameters of the new knife are the following: 

 

 

Figure 41, Geometrical parameters of the innovative ribbed knife (Fauroux, 2014) 

 

– Sharpness angle, β 

– Blade thickness, th_b 

– Rib depth, l_r 

– Knife thickness, th_k 

– Distance between ribs, d_r 

– Rib thickness, th_r 

 

The productivity gains obtained by Fauroux et al. varied depending on the chosen dimension 

parameters of the blade. Below in Figure 42 can be found a table with the corresponding gains for 

each blade. If the 40% improvement is confirmed correct by further testing and the structural 

integrity is not compromised in short nor in long term then the new knives are a must in future 

harvester heads.  

 

 

Figure 42, Productivity gains of the innovative ribbed knife (Fauroux, 2014) 

 

An improvement of 40% means that 596 J out of 1490 J that takes to cut an 80 mm branch with 

an 8 mm traditional thickness blade could be saved every time. If this energy is compared to the 

data obtained from Skogforsk’s test and the analysis performed in chapter 4.1, then it can be seen 

that reducing the energy needed to cut the branches is going to affect the feed rollers energy 

consumption in a noticeable manner. 

 

If the delimbing energy is reduced by 40% then that means that a bigger percentage of the kinetic 

energy could be recovered with the first solution proposed in this chapter, the regenerative 

rollers, which gather back the energy used for feed rolling the log between the delimbing knives. 

If a bigger percentage of this kinetic energy could be recovered then the system would become 

more efficient. With the old knives it was estimated that at least 50% of the kinetic energy was 

lost because of delimbing the log, but now with a 40% reduction in delimbing energy, the losses 

are reduced to 30%. Applied to the savings formula: 

 

 

𝐸𝑘 · 0.7 · 0.925 = 8.13 · 0.7 · 0.925 = 5.26 𝑘𝐽 
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𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (%) =
5.26 𝑘𝐽 · 100

 54.92 𝑘𝐽
=  9.57 % 

 

 

Compared to the current knife design, 

 

 

𝐸𝑘 · 0.5 · 0.925 = 8.13 · 0.5 · 0.925 = 3.76 𝑘𝐽 
 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (%) =
3.76 𝑘𝐽 · 100

 54.92 𝑘𝐽
=  6.85% 

 

 

This shows an improvement of 2.72% which is very significant to what can be considered an 

inexpensive change in the machine consisting in changing the geometrical properties of the 

delimbing knives. 
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5  CONCLUSIONS 

This chapter presents the answered to the research questions defined at the beginning of this 

thesis. Also discusses the results of the optimizations performed in chapter 4 through the analysis 

of data, modelling, simulation and optimization of the system. 

The thesis’ first objective was to analyze the energy transformations taken place in a Komatsu 

harvester head, which corresponds to the first deliverable proposed. The frame of reference 

defined in detail the felling, delimbing and cut to length of a tree, and chapter 3 presented a deep 

analysis of the test data provided by Skogforsk, performed on a Komatsu head. All models of 

Komatsu’s harvester heads use the same constant speed saw motor, making the knowledge 

gathered in this thesis of general application their whole harvester head catalogue, but more 

reliable to the ones designed for a tree diameter range similar to the one tested (130 mm – 420 

mm). 

The second and third deliverables proposed in this thesis were successfully completed and 

described in depth in chapter 4. Both of the simulation models for the different sub systems in 

the harvester head and the optimizations of each of them were developed extensively, also 

presenting an estimated percentage of how much the energy transformed in the processing of a 

tree can be reduced with each of the proposed solutions. Four different optimizations were 

studied, focusing on four different aspects of the system, recoverable energy, geometrical 

optimization, hydraulic efficiency and mechanical design optimization: 

 

-  Chapter 4.1 presents how a regenerative system for kinetic energy could recover 6.85% 

of the energy used for processing one standard size tree when a realistic assumptions are made of 

the usage of the harvester head by the operator.  

 

-  Chapter 4.2 presents how a change in the position of the cylinder would affect the torque 

generated on the harvester head’s joint. According to the result of the simulation no benefits 

were found from changing the current position of the cylinder in a Rottne EGS 402 harvester 

head.  

 

-  Chapter 4.3 presents how a different motor would improve the power requirement of the 

harvester head while providing the same output torque obtained from Skogforsk’s tree cutting 

tests. Replacing the Parker F11-19 by a Parker F12-30 showed a reduction in power demand of 

28.4%, making the harvester head more energy efficient. 

 

- Chapter 4.4 presents how the redesign of the delimbing knives would improve the 

recoverable energy of a standard size tree by 2.72%, which would increase the initial value of 

6.85% to 9.57%. 

 

If all these optimizations were applied to the current harvester head design, the efficiency would 

be improved by 37.9%. 

As a conclusion to this chapter it can be said that the deliverables were successfully completed, 

answers were found to the key research questions and the results obtained were verified by their 

corresponding simulation models. 
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6  DISCUSSION 

This chapter discusses the work performed during the thesis, adding the author’s self-reflection 

about the results presented and what factors noticeably impacted the development of this thesis. 

 

The first challenged that was encountered during the development of the thesis was defining the 

scope of what was going to analyzed and optimized, since the time frame that a master thesis 

provides is very limited and it can be easy to underestimate the time that it will take to start, 

develop and finalize the project. Once defined, the scope is very useful in order to see the general 

picture of the project and understand the boundaries that the thesis must comply to. 

 

The second challenge that surfaced was the impossibility to gather specific information about the 

design, components and energy data of one specific and specific harvester head due to the non-

transparency of the harvester’s manufacturing company. A large amount of time was spent trying 

to find the correct approach on how to interpret the test data from Skogforsk and in what way its 

analysis could lead to improvements in energy efficiency. The knowledge extracted from the 

tests was helpful when validating the hydraulic model and understanding how the energy 

consumption varies depending on several factors, like tree diameter and cutting surface. 

 

When studying the first of the solutions proposed, based on a kinetic energy recovery system it 

was hard to estimate the total energy used for processing a standard tree, having to make 

numerous assumptions due to lack of data. Feed rolling and the felling cut were the two main 

unknowns that could benefit from actual test data. Furthermore, assumptions about how many 

branches the log has and how it would affect to the recovery of energy were made, which could 

be fairly inaccurate since no related data was found to support those assumptions. The result 

considered to be the most accurate is the second case, providing savings of 6.85% to the 

processing energy of a standard size tree. 

 

The second solution, consisting on the study of the effect that changing the actuation angle of the 

hydraulic cylinder on the saw was challenging in its development but gratifying to successfully 

simulate due to the complexity of geometric calculations needed for each component in the 

mechanical system. Nevertheless, the results provided an overview of what position would 

provide the largest torque and the amount of rotation caused, which did not show a better 

position for the cylinder to be placed than the initial one but it is a good analysis to be performed 

when designing any mechanical system. 

 

Selecting a different motor than the one currently in use was one of the most obvious changes to 

be proposed to the system since the test data showed how it possessed a really low efficiency at 

the maximum intermittent speed of 9000 rpm. Looking through Bosch and Parker’s catalogue 

showed few choices as potential substitutes for the current hydraulic motor, which ended up 

being a Parker F12, same brand and similar series of hydraulic motors but with a larger 

volumetric displacement. The need of a lower speed and pressure difference between input and 

output required the F12-30 of a lower power in order to provide the same torque as the current 

motor, improving the systems efficiency by 28.4%. The mechanical efficiency of both motors at 

their maximum intermittent speed is not shown in neither of the models’ product sheet, so, 

although the value that has been chosen might be inexact, it is believed to be an accurate 

representation of the performance of each of the motors. There exist differences in dimensions 

but the lack of knowledge on how the original motor is installed doesn’t allow to properly assess 

if the new motor proposed would violate any size constrains. It is known that weights 1 kg more, 

which in relation to the total weight of a harvester head (≥1 ton) is negligible.  
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Lastly, the proposed innovative knife design (Fauroux, 2014) belongs to a paper found while 

doing the initial background research and it shows that the new knife has been tested and proven 

to provide up to 40% of energy savings for 80mm diameter branches. It is believed to be a 

simple change in the design of the harvester head and a clear improvement in efficiency whether 

an energy recovery system is installed or not. 

 

As a final remark, though challenges were overcome during the development of this thesis and 

the results are considered to be consistent with the initial purpose of the thesis and a successful 

outcome of the project. 
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7  FUTURE LINES OF RESEARCH 

This chapter presents a guideline on how the work developed in this thesis could be improved 

and expanded in the future or new lines of research derived from this body of work. 

 

Here are the ways that the knowledge and work in this thesis could be taken further in the future. 

The list below presents the specific parts that could be further developed:  

 

– The results presented in this thesis would benefit from testing the solutions on an actual 

harvester head in order to assess more precisely the efficiency gains studied in this thesis. 

 

– Adding complexity to the hydraulic and mechanical models would also make them better 

tools for the assessment of future solutions and redesigns of harvester heads. 

 

– Comparing Hopsan and Simulink as tools for the modelling of hydraulic systems would be 

useful in order to know which one is the most realistic and precise and under what 

circumstances. This would help when choosing the appropriate tool in future research. 
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APPENDIX A: DATA ANALYSIS CODE  

 
clc 
close all 
clear all 
set(0,'DefaultAxesFontSize',14)  
set(0,'defaultlinelinewidth',1) 

  
%% Skogforsk Data Loading 

  
test_1 = load('111.mat'); 
test_2 = load('112.mat'); 
test_3 = load('121.mat'); 
test_4 = load('122.mat'); 
test_5 = load('131.mat'); 
test_6 = load('132.mat'); 
test_7 = load('141.mat'); 
test_8 = load('142.mat'); 
test_9 = load('151.mat'); 
test_10 = load('152.mat'); 
test_11 = load('161.mat'); 
test_12 = load('162.mat'); 
test_13 = load('171.mat'); 
test_14 = load('172.mat'); 
test_15 = load('181.mat'); 
test_16 = load('182.mat'); 
test_17 = load('191.mat'); 
test_18 = load('192.mat'); 
test_19 = load('1101.mat'); 
test_20 = load('1102.mat'); 
test_21 = load('1111.mat'); 
test_22 = load('1112.mat'); 
test_23 = load('1121.mat'); 
test_24 = load('1122.mat'); 
test_25 = load('parker12.mat'); 
test_26 = load('parker21.mat'); 

  

  
%% Test diameters [mm] 

  
test_1_diam = 333.5; 
test_2_diam = 335; 
test_3_diam = 343; 
test_4_diam = 333; 
test_5_diam = 385.5; 
test_6_diam = 386.5; 
test_7_diam = 419.5; 
test_8_diam = 420.5; 
test_9_diam = 138.5; 
test_10_diam = 139.5; 
test_11_diam = 218; 
test_12_diam = 218.5; 
test_13_diam = 239.5; 
test_14_diam = 240; 
test_15_diam = 262; 
test_16_diam = 260.5; 
test_17_diam = 295; 
test_18_diam = 292; 
test_19_diam = 262; 
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test_20_diam = 264.5; 
test_21_diam = 190.5; 
test_22_diam = 189; 
test_23_diam = 303.5; 
test_24_diam = 296; 
test_25_diam = 300; 
test_26_diam = 260; 

  
for i = 1:24 
    test_diam(i) = eval(['test_',num2str(i),'_diam']); 
end 

  
test_surface = (test_diam.^2).*pi./4000000; 

  
%% Test duration [s] 

  
test_1_time = 0.89; 
test_2_time = 0.92; 
test_3_time = 0.9; % Assumed, since no data available for this test 
test_4_time = 0.9; 
test_5_time = 1.05; 
test_6_time = 1.07; 
test_7_time = 1.32; 
test_8_time = 1.28; 
test_9_time = 0.22; 
test_10_time = 0.21; 
test_11_time = 0.38; 
test_12_time = 0.37; 
test_13_time = 0.52; 
test_14_time = 0.48; 
test_15_time = 0.61; 
test_16_time = 0.56; 
test_17_time = 0.71; 
test_18_time = 0.63; 
test_19_time = 0.61; 
test_20_time = 0.57; 
test_21_time = 0.3; 
test_22_time = 0.32; 
test_23_time = 0.67; 
test_24_time = 0.69; 

  
for i = 1:24 
    test_time(i) = eval(['test_',num2str(i),'_time']); 
end 

  
%% Test torque 

  

  
test_1_torque = max(test_1.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_2_torque = max(test_2.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_3_torque= max(test_3.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_4_torque= max(test_4.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_5_torque= max(test_5.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_6_torque= max(test_6.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_7_torque= max(test_7.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_8_torque= max(test_8.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_9_torque= max(test_9.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_10_torque = max(test_10.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_11_torque= max(test_11.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_12_torque= max(test_12.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_13_torque= max(test_13.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_14_torque= max(test_14.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
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test_15_torque= max(test_15.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_16_torque= max(test_16.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_17_torque= max(test_17.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_18_torque= max(test_18.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_19_torque= max(test_19.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_20_torque= max(test_20.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_21_torque= max(test_21.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_22_torque= max(test_22.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_23_torque= max(test_23.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 
test_24_torque= max(test_24.KapAgg__CAN_Input_5__cNm_Torque(:,2)); 

  
for i = 1:24 
    test_torque(i) = eval(['test_',num2str(i),'_torque']); 
end 

  
%% 

  
dP = (test_26.KapAgg__CAN_Input_3__Input_Pressure_M1(:,2)*1e5 - 

test_26.KapAgg__CAN_Input_3__Input_Pressure_M2(:,2))*1e5; % Pressure 

different in Motor [Pa] 

  
Nm = test_26.KapAgg__CAN_Input_5__RPM_Motor(:,2)*2*pi/60; % Motor speed 

[rev/s] 

  
disp = 19; % Displacement [cm3/rev] 

  
Vm = disp/1e6; % Geometric Volume [m3/rev] 

  
T = test_26.KapAgg__CAN_Input_5__Input_Torque(:,2); % Motor torque [Nm] 

  
cyl_diam = 0.03; % Cylinder diameter [m] 

  
cyl_force = 

test_26.KapAgg__CAN_Input_3__Input_Pressure_SB1(:,2)*1e5*pi*(cyl_diam/2)^2; 

  
cyl_speed = 260/1e3; 

  
cyl_power_in = cyl_speed*cyl_force/1e3; 

  
cyl_power_out = 

(test_26.KapAgg__CAN_Input_3__Input_Pressure_SB2(:,2)*100000*pi*(cyl_diam/2)^

2)*cyl_speed/1e3; 

  

  
%% Power in & Power out 

  

  
for i = 1:24 
    eval(['motor_power_in_',num2str(i), '= 

test_',num2str(i),'.KapAgg__CAN_Input_4__mLpM_Flow_1(16:end,2)/60000.*test_',

num2str(i),'.KapAgg__CAN_Input_3__mBar_Pressure_M1(1:end-15,2)*1e5/1000;']) % 

LpM to m^3/s multiplied by Pa [N/m^2] 

  
    eval(['motor_power_out_',num2str(i), ' = 

test_',num2str(i),'.KapAgg__CAN_Input_5__cNm_Torque(:,2).*test_',num2str(i),'

.KapAgg__CAN_Input_5__RPM_Motor(:,2)*2*pi/60000;']) 

  
    eval(['motor_power_out2_',num2str(i), ' = 

test_',num2str(i),'.KapAgg__CAN_Input_4__mLpM_Flow_2(16:end,2)/60000.*test_',

num2str(i),'.KapAgg__CAN_Input_3__mBar_Pressure_M2(1:end-15,2)*1e5/1000;']) 
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end 

  

  
for i = 25:26 
    eval(['motor_power_in_',num2str(i), '= 

test_',num2str(i),'.KapAgg__CAN_Input_4__Input_Flow_1(16:end,2)/60000.*test_'

,num2str(i),'.KapAgg__CAN_Input_3__Input_Pressure_M1(1:end-15,2)*1e5/1000;']) 

% LpM to m^3/s multiplied by Pa [N/m^2] 

  
    eval(['motor_power_out_',num2str(i), ' = 

test_',num2str(i),'.KapAgg__CAN_Input_5__Input_Torque(:,2).*test_',num2str(i)

,'.KapAgg__CAN_Input_5__RPM_Motor(:,2)*2*pi/60000;']) 

  
    eval(['motor_power_out2_',num2str(i), ' = 

test_',num2str(i),'.KapAgg__CAN_Input_4__Input_Flow_2(16:end,2)/60000.*test_'

,num2str(i),'.KapAgg__CAN_Input_3__Input_Pressure_M2(1:end-15,2)*1e5/1000;']) 
end 

  

  
%% Energy that takes to cut each tree 

  
for i = 1:24 

     
%     eval(['A = size(motor_power_out_',num2str(i),');']) 
%     

eval(['energy_avg1_',num2str(i),'=sum(motor_power_out_',num2str(i),'(32:end,1

))/A(1);']) 
    

eval(['energy_avg_',num2str(i),'=sum(motor_power_out_',num2str(i),'(32:end,1)

)/(test_',num2str(i),'_time/0.0047);']) 
    

eval(['energy_',num2str(i),'=energy_avg_',num2str(i),'*test_',num2str(i),'_ti

me;']) 

     
    energy(i) = eval(['energy_',num2str(i)]); 

     
end 

  
%% Motor efficiencies 

  

  
for i = 1:24 

     
        efficiency(i) = 

eval(['max(test_',num2str(i),'.KapAgg__CAN_Input_5__cNm_Torque(:,2))*63/(19*m

ax(test_',num2str(i),'.KapAgg__CAN_Input_3__mBar_Pressure_M1(:,2)))*100']); 
end 

  
efficiency_avg = sum(efficiency)/24; 
for i = 1:24 
    figure(15) 
        a = linspace(1,100,24); 
    p = polyfit(test_torque,efficiency,2); 
    scatter(test_torque,efficiency,100,a) 
    refcurve(p) 

  
    hold on 
    title('Mechanical efficiency') 
    xlabel('Tree diameter [mm]') 
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    ylabel('Efficiency [%]') 
end 

  
%% energy vs log surface 

  
for i = 1:24 
    figure(16) 
        a = linspace(1,100,24); 
    p = polyfit(test_surface,energy,2); 
    scatter(test_surface,energy,100,a) 
    refcurve(p) 

  
    hold on 
    title('Energy vs. trunk surface') 
    xlabel('Surface [m^2]') 
    ylabel('Energy [kJ]') 
    xlim([0 0.15]) 
end 

  
%% Average torque for every test 

  
%  
% tot_torque=0; 
%  
% for i = 1:24 
%     

eval(['torque_',num2str(i),'=sum(test_',num2str(i),'.KapAgg__CAN_Input_5__Inp

ut_Torque(:,2))/test_',num2str(i),'_time);']) 
%     eval(['tot_torque=tot_torque+torque_',num2str(i)]) 
% end 

  
%% Energy for accelerating the chain 

  
for i = 1:24 

     
    

eval(['energy_saw_',num2str(i),'=sum(motor_power_out_',num2str(i),'(5:35,1))/

20;']) 
    eval(['energy_saw_',num2str(i),'=energy_saw_',num2str(i),'*0.097;']) 
    energy_saw(i) = eval(['energy_saw_',num2str(i)]); 
end 

  
%% Plots 

  

  
figure(1) 
subplot(2,1,1) 
    a = linspace(1,100,24); 
    p = polyfit(test_diam,energy,3); 
    scatter(test_diam,energy,100,a) 
    refcurve(p) 
    hold on 
    ylabel('Energy [kJ]') 
    xlabel('Tree diameter [mm]') 
    title('Energy Vs. Trunk diameter') 
    axis([min(test_diam)-20 max(test_diam)+20 0 max(energy)+2]) 

  

  
    for i = 1:24 
        max_power(i)=eval(['max(motor_power_out_',num2str(i),')']); 
        sz=eval(['size(motor_power_out_',num2str(i),')']); 
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        avg_power(i)=eval(['energy_avg_',num2str(i)]); 
    end 

     
max_power(2,:) = test_diam; 
avg_power(2,:) = test_diam; 

  
subplot(2,1,2) 
    z = polyfit(max_power(2,:),max_power(1,:),3) 
    p1=plot(max_power(2,:),max_power(1,:),'x') 
    refcurve(z) 
    hold on 
    z = polyfit(avg_power(2,:),avg_power(1,:),3) 
    p2=plot(avg_power(2,:),avg_power(1,:),'o') 
    k=refcurve(z) 
    k.Color = [0.85,0.325,0.098]; 
    k.LineStyle = '--'; 
    axis([min(test_diam)-20 max(test_diam)+20 0 max(max_power(1,:)+5)]) 
    ylabel('Power [kW]') 
    xlabel('Tree diameter [mm]') 
    title('Power') 
    legend([p1 p2],{'Peak','Average'},'Location','NorthWest') 

  

  

  
figure(3) 
    for i = 1:24 
        plot(eval(['test_', num2str(i), 

'.KapAgg__CAN_Input_5__cNm_Torque(:,2)'])); 
        hold on 
    end 
    title('Torque') 

  

  
% figure(4) 
%     for i = 25:26 
%         plot(eval(['motor_power_in_',num2str(i)])); 
%         hold on 
%         plot(eval(['motor_power_out_',num2str(i)])); 
%         hold on 
%         plot(eval(['motor_power_out2_',num2str(i)])); 
%         legend('Motor Power in','Motor Power out','Motor Power flow') 
%     end 
%  
% figure(5) 
% plot(motor_loss) 
% ylabel('Power [kW]') 
% title('Motor Power losses') 
%  
figure(6) 

  
    subplot(3,2,1) 
        plot(test_25.KapAgg__CAN_Input_5__Input_Torque(:,2)); 
%         hold on 
%         yyaxis right 
%         plot(test_26.KapAgg__CAN_Input_2__Input_Sawbar_position(:,2)) 
        ylabel('Torque [Nm]') 
        title('Torque') 
    subplot(3,2,2)         
        plot(test_25.KapAgg__CAN_Input_4__Input_Flow_1(16:end,2)) 
        hold on 
        plot(test_25.KapAgg__CAN_Input_4__Input_Flow_2(16:end,2)) 
        title('Motor Flow') 
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        ylabel('Flow [l/min]') 
        legend('Input Flow','Output Flow') 
    subplot(3,2,3) 
        plot(test_25.KapAgg__CAN_Input_6__Input_Engine_speed(:,2)) 
        hold on 
        plot(test_25.KapAgg__CAN_Input_5__RPM_Motor(:,2)) 
        title('Engine Speed Vs. Motor Speed') 
        ylabel('Speed [rpm]') 
        legend('Engine Speed','Motor Speed') 
    subplot(3,2,4) 
        plot(motor_power_in_25) 
        hold on 
        plot(motor_power_out_25) 
        title('Motor Power') 
        ylim([0 100]) 
        ylabel('Power [kW]') 
        legend('Power in','Power out') 
    subplot(3,2,5) 
        plot(test_25.KapAgg__CAN_Input_3__Input_Pressure_M1(:,2)) 
        hold on 
        plot(test_25.KapAgg__CAN_Input_3__Input_Pressure_M2(:,2)) 
        title('Motor Pressure') 
        ylabel('Pressure [Bar]') 
        legend('Pressure in','Pressure out') 
    subplot(3,2,6) 
        plot(test_25.KapAgg__CAN_Input_3__Input_Pressure_SB1(:,2)) 
        hold on 
        plot(test_25.KapAgg__CAN_Input_3__Input_Pressure_SB2(:,2)) 
        ylim([0 100]) 
%         hold on 
%         yyaxis right 
%         plot(test_26.KapAgg__CAN_Input_2__Input_Sawbar_position(:,2)) 
        title('Sword Pressure') 
        ylabel('Pressure [Bar]') 
        legend('Pressure in','Pressure out') 
%          
% figure(7) 
% yyaxis left 
%     plot(test_26.KapAgg__CAN_Input_5__Input_Torque(:,2)) 
%     ylabel('Torque [Nm]') 
%     hold on 
%     plot(test_26.KapAgg__CAN_Input_2__Input_Sawbar_position(:,2)./10) 
%     hold on 
%     yyaxis right 
%     plot(test_26.KapAgg__CAN_Input_5__RPM_Motor(:,2)) 
%     ylabel('Speed [rpm]') 
%     legend('Torque','Saw position','Motor speed') 
%     title('Cutting process') 
%      
% figure(8) 
%     plot(motor_power_in_26) 
%     hold on 
%     plot(motor_power_out_26) 
%     hold on 
%     plot(motor_power_out2_26(17:end)) 
%     hold on 
%     plot(cyl_power_out) 
% %     hold on 
% %     plot(motor_power_out+motor_power_out2+cyl_power_out) 
%     title('Power Overview') 
%     legend('Motor Power in','Motor Power out','Motor Power flow','Power 

Cylinder','Combined power out') 
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figure(9) 
    a = linspace(1,100,24); 
    p = polyfit(test_diam,energy_saw,3); 
    scatter(test_diam,energy_saw,100,a) 
    refcurve(p) 
    hold on 
    ylabel('Energy [kJ]') 
    xlabel('Tree diameter [mm]') 
    title('Energy Vs. Trunk diameter') 
%      
% figure(10) 
%     for i = 1:24 
% %         eval(['subplot(7,3,', num2str(i),')']) 
%         a = linspace(1,1000,248); 
%         eval(['p = polyfit(test_', num2str(i), 

'.KapAgg__CAN_Input_2__Input_dmm_Sawbar_position(:,2),motor_power_out_', 

num2str(i),',5)']) 
%         eval(['plot(test_', num2str(i), 

'.KapAgg__CAN_Input_2__Input_dmm_Sawbar_position(:,2),motor_power_out_', 

num2str(i),',''.'')']) 
%         refcurve(p) 
%         eval(['ylim([0 max(motor_power_out_', num2str(i),')*1.1])']) 
%         eval(['xlim([test_', num2str(i), 

'.KapAgg__CAN_Input_2__Input_dmm_Sawbar_position(1,2) test_', num2str(i), 

'.KapAgg__CAN_Input_2__Input_dmm_Sawbar_position(1,2)+test_',num2str(i),'_dia

m])']) 
% %         eval(['title(','test_', num2str(i), '_diam)']) 
%         hold on 
%         ylabel('Power [kW]') 
%         xlabel('Saw displacement [mm]') 
%     end 
%      
%     figure(11) 
%     for i = 1:24 
%         eval(['subplot(7,3,', num2str(i),')']) 
%         a = linspace(1,1000,248); 
%         eval(['p = polyfit(test_', num2str(i), 

'.KapAgg__CAN_Input_2__Input_dmm_Sawbar_position(:,2),motor_power_out_', 

num2str(i),',5)']) 
%         eval(['plot(test_', num2str(i), 

'.KapAgg__CAN_Input_2__Input_dmm_Sawbar_position(:,2),motor_power_out_', 

num2str(i),',''w'')']) 
%         refcurve(p) 
%         eval(['ylim([0 max(motor_power_out_', num2str(i),')*1.1])']) 
%         eval(['xlim([test_', num2str(i), 

'.KapAgg__CAN_Input_2__Input_dmm_Sawbar_position(1,2) test_', num2str(i), 

'.KapAgg__CAN_Input_2__Input_dmm_Sawbar_position(1,2)+test_',num2str(i),'_dia

m])']) 
%         eval(['title(','test_', num2str(i), '_diam)']) 
%         hold on 
%         ylabel('Power [kW]') 
%         xlabel('Saw displacement [mm]') 
%     end 

  
figure(12) 
plot(test_3.KapAgg__CAN_Input_3__mBar_Pressure_M1) 
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APPENDIX B: CYLINDER SIMULATION CODE  

 
clc 
clear all 
close all 

  
%% Simulation position of cylinder in harvester head 

  
init_pos= [0.071 0.0597072 -0.076]; %Fixed end of cylinder 

  
init_pos2= [0.222359 0.0522072 -0.211275];    %Constrain on cylinder with 

plunger 

  
init_pos3 = [0.150618 0.0530702 -0.147476]; %Center of Gravity of the 

cylinder 

  
init_pos4 = [0.236541 0.0522072 -0.223951]; %Plunger CG 

  
init_pos5 = [0.153063 0.0441003 -0.154974]; %cylinder CS1 

     
init_pos6 = [0.311164 0.0522072 -0.290644]; %Plunger CS1 

  
origin = [0.311164 0.0562072 -0.290644]; 

  
r = sqrt((origin(1)-init_pos(1))^2+(origin(3)-init_pos(3))^2) 

  
r2 = sqrt((origin(1)-init_pos2(1))^2+(origin(3)-init_pos2(3))^2) 

  
r3 = sqrt((origin(1)-init_pos3(1))^2+(origin(3)-init_pos3(3))^2) 

  
r4 = sqrt((origin(1)-init_pos4(1))^2+(origin(3)-init_pos4(3))^2) 

  
r5 = sqrt((origin(1)-init_pos5(1))^2+(origin(3)-init_pos5(3))^2) 

  
r6 = sqrt((origin(1)-init_pos6(1))^2+(origin(3)-init_pos6(3))^2) 

  
torquelog = zeros(60); 

  
torquelog2 = zeros(60); 

  
force_x_log = zeros(60); 

  
force_z_log = zeros(60); 

  
force_log = zeros(60); 

  
sim_anglelog = zeros(60); 

  

  
for i=1:24 

     
    cyl_CS1_coord(1) = origin(1)+cos(((-10*(i-1))+130)*pi/180)*r5; 

     
    cyl_CS1_coord(2) = init_pos5(2); 

     
    cyl_CS1_coord(3) = origin(3)+sin(((-10*(i-1))+130)*pi/180)*r5;    
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    cyl_CS2_coord(1) = origin(1)+cos(((-10*(i-1))+130)*pi/180)*r2; 

     
    cyl_CS2_coord(2) = init_pos2(2); 

     
    cyl_CS2_coord(3) = origin(3)+sin(((-10*(i-1))+130)*pi/180)*r2; 

     
    cyl_CG_coord(1) = origin(1)+cos(((-10*(i-1))+130)*pi/180)*r3; 

     
    cyl_CG_coord(2) = init_pos3(2); 

     
    cyl_CG_coord(3) = origin(3)+sin(((-10*(i-1))+130)*pi/180)*r3; 

     
    plg_CG_coord(1) = origin(1)+cos(((-10*(i-1))+130)*pi/180)*r4; 

     
    plg_CG_coord(2) = init_pos4(2); 

     
    plg_CG_coord(3) = origin(3)+sin(((-10*(i-1))+130)*pi/180)*r4; 

     
    plg_CS1_coord(1) = origin(1)+cos(((-10*(i-1))+130)*pi/180)*r6; 

     
    plg_CS1_coord(2) = init_pos6(2); 

     
    plg_CS1_coord(3) = origin(3)+sin(((-10*(i-1))+130)*pi/180)*r6; 

     
    cyl_CS3_coord(1) = origin(1)+cos(((-10*(i-1))+130)*pi/180)*r; 

     
    cyl_CS3_coord(2) = init_pos(2); 

     
    cyl_CS3_coord(3) = origin(3)+sin(((-10*(i-1))+130)*pi/180)*r; 

     

    

  
        v1 = [cyl_CS3_coord(1) cyl_CS3_coord(3)] - [origin(1) origin(3)] 

  
        v2 = [cyl_CS3_coord(1) cyl_CS3_coord(3)] - [cyl_CS3_coord(1) 0] 

         
        if (i>=3)&&(i<=7) 

  
            angle = (atan2(v2(2),v2(1)) - atan2(v1(2),v1(1)))+pi 

         
        else 

             
            angle = (atan2(v2(2),v2(1)) - atan2(v1(2),v1(1))) 
        end 

     
    sim('saw_simulation') 

     
    sizeTq = size(torque); 

     
    sizeforce = size(force); 

     
    sizeangle= size(sim_angle); 

     
    eval(['torquelog(1:',num2str(sizeTq(1)),',i) = torque(:,4);']) 

     
    eval(['torquelog2(1:',num2str(sizeTq(1)),',i) = torque(:,2);']) 
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    eval(['sim_anglelog(1:',num2str(sizeforce(1)),',i) = sim_angle(:,2)']) 

     
    eval(['time',num2str(i),' = torque(:,1)']) 

     
    eval(['force_x_log(1:',num2str(sizeforce(1)),',i) = force(:,2);']) 

     
    eval(['force_z_log(1:',num2str(sizeforce(1)),',i) = force(:,4);']) 

  
    i 

     
end 

  
torquelog(:,24:end) = []; 

  
torquelog(sizeTq-1:end,:) = []; 

  
force_x_log(:,24:end) = []; 

  
force_x_log(sizeTq-1:end,:) = []; 

  
force_z_log(:,24:end) = []; 

  
force_z_log(sizeTq-1:end,:) = []; 

  
sim_anglelog(:,24:end) = []; 

  
sim_anglelog(sizeTq-1:end,:) = []; 

  

  
figure(1) 
subplot(2,1,1) 
surf(torquelog) 
xlabel('Test number') 
ylabel('Time-step') 
zlabel('Torque [Nm]') 
title('Joint Torque') 

  
hold on 
subplot(2,1,2) 
surf(sim_anglelog) 
xlabel('Test number') 
ylabel('Time-step') 
zlabel('Rotation [deg]') 
title('Saw rotation') 
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