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Sammanfattning 

Rapporten är resultatet av ett masterprojekt som  utförts vid KTH Kungliga Tekniska Högskolan 

i samarbete med Skogforsk för Skogsforskningskolan 2017. Under de senaste åren har ett antal 

Adams-baserade MBD-modeller skapats, med syftet att undersöka och verifiera hur mycket 

vibrationsmiljön kan förbättras med en sexhjulig pendelarmsdämpad skotare jämfört med en 

traditionell bogie-maskin. Denna avhandling fokuserade på att jämföra energiförbrukningen hos 

båda typer av maskiner. 

En studie om energiförbrukningen hos en pendularmsskotare har utförts, baserat på befintliga 

designparametrar och provningsdata insamlade av Skogforsk, vilket gav insikt om 

energiprestandan hos den aktivt dämpade pendelarmsskotaren XT28 vid drift på provbana. 

Hydrauliska och mekaniska modeller av maskinen skapades med Adams och Matlab/Simulink. 

Dessa modeller användes för simulering av en idealiserad arbetsprocess och beräkning av 

energiförbrukningen. 

Resultatet av detta projekt visar att aktivt dämpad  pendularmsskotare har cirka 28% lägre 

energiförbrukning jämfört en passivt dämpad skotare. En analys visar också att en ökad hastighet 

från 0,84 m/s till 1 m/s ökar energiförbrukningen med cirka 10% . 

 

Nyckelord: Aktiv dämpning, pendelarm, Adams, samsimulering, hydraulisk simulering, 

energiförbrukning 
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Abstract 

This report is the result of 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. In the past few years, Adams MBD models have been 

created to verify the better comfortability of six-wheeled pendulum-arm-suspension compared to 

bogie-suspended forwarder. Based on the current achievements, this thesis would focus on 

discovering the energy consumption states of both types of forwarder. 

A study on the energy usage of a pendulum arm suspension forwarder was preformed based on 

existing design parameters and test data gathered by Skogforsk, providing insight about the 

performance of XT28 when operating on a test track. Hydraulic and mechanical models of the 

forwarder were built using Adams and Simulink/Matlab. These models were used for the 

simulation of the working process and calculation of the energy consumption. 

The result of this research project shows that active pendulum arm suspension forwarder saves 

approximately 28% of energy consumption compared to passive suspension. It is also shown that 

a speed increase from 0.84m/s to 1m/s increases the energy consumptio with approximately 10%. 

 

Keywords: active suspension, pendulum arm, Adams co-simulation, hydraulic simulation, 

energy consumption  
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NOMENCLATURE 

Notations 

Symbol Description 

Ap Piston are [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] 

v                               Speed [m/s] 

V                              Volume [m
3
] 

nm                             Motor speed [m/s] 

Vm                                          Motor displacement [m
3
/rev] 

M                             Torque [Nm] 

m                              mass [kg] 

  

Abbreviations 

CAD Computer Aided Design 

CAE Computer Aided Engineering 

CTL Cut-To-Length 
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1  INTRODUCTION 

1.1 Background  

In cut-to-length (CTL) logging, forwarders are utilized to load and transport the logs 

from the harvesting area to a landing area. Several types of suspension concepts have 

been tested by the industry to deal with the complex and rough forest terrain. Two 

types of suspension system are mainly discussed in this thesis. 

A bogie-suspended forwarder is an eight-wheel vehicle that is equipped with four 

bogies which are pivot-mounted link structures used to smoothening the path when 

driving in rough terrain. The front and rear wagons are connected by articulation and 

roll joints, which enables relative yaw and roll motion as shown in Figure 1. The 

bogie is a general solution to maintain dynamic stability, but it increases the forwarder 

weight and reduce the load carrying capacity, and cannot reduce machine vibrations, 

which all result in additional fuel cost. 

A full-scale six-wheeled pendulum-arm-suspended forwarder prototype equipped 

with a diesel-hydraulic driveline and six individually controlled hydraulic hub motors 

has been realized and verified, see Figure 2. Each pendulum arm is actively 

suspended, which provides a lifting function to adapt to the terrain. It has much less 

vibration compared to a bogie-suspended forwarder, but also causes extra fuel 

consumption for lifting the wheels. 

 

                 

Figure 1. Bogie-suspended forwarder               Figure 2. Pendulum-arm-suspended forwarder 

 

A master thesis regarding this research area have been conducted at KTH Royal 

Institute of Technology, in collaboration with Skogforsk. In the past few years, 

Adams MBD models have been created to study and verify the better vibration 

comfort of six-wheeled pendulum-arm-suspended forwarders compared to bogie-
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suspended forwarders. Based on the current achievements, this thesis would focus on 

estimating and comparing the energy consumption for both types of forwarders. 

1.2 Purpose 

The overall purpose of this master thesis is to define the energy consumption for both 

types of forwarders under different circumstances, such as different speed, loading 

cases and terrain class. 

Given the time span and requirements, the purpose of this thesis work shall include 

the following items: 

 Identify the system parameters of the two types of forwarders, model and 

simulate the vehicle transmission and suspension systems in Adams and 

Simulink. 

 Implement system analysis and compare energy consumptions. 

 Investigate optimal solutions for better energy efficiency. 

Therefore, the research question is formulated as below: 

Based on current research, the pendulum-arm suspended forwarder has a significantly 

better vibration comfort than a conventional forwarder, does it consume extra energy 

to provide that comfort? 

1.3 Delimitations 

In order to clarify and concentrate on the objectives of the projects, the following 

deimitation were defined. 

 The forwarder consists of many subsystems. This thesis will focus on the 

hydraulic suspension, and the hybrid driveline system while some other 

subsystems like the electrical system are not included in the thesis. 

 The forwarder model is based on measurements of the selected forwarder 

prototype XT28 and a common bogie-suspended mid-size forwarder. 

1.4 Method 

The method used in his thesis project is illustrated in the Figure below. 
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Figure 3. Research method 

To answer the research question. Literature study and case study is performed at the 

beginning stage to define the forwarder parameters and the current transmission state. 

This includes the study of outcome of previous theses. The results of this study 

provides the project with planning input and potential tools for future use. This study 

builds the foundation for further development of existing XT28 model and the 

traditional bogie-suspended forwarder, to better estimate the energy consumption. 

To analyse the energy consumptions of the XT28 and the traditional forwarder, valid 

driveline and suspension models are the core of this project. The hydraulic system 

model should to be able to transfer driving operations to real-time energy calculations, 

combined with relevant control functions, to simulate actual situations. 

To verify the simulation model, the result will be compared to field test data and 

evaluated to prove the validity of the model. After that, the outcomes are delivered. 

 

1.5 Expected outcome 

The expected outcome of this thesis includes: 

 Adams MBD and Simulink model of driveline system and suspension system. 

 Simulation and evaluation of both types of forwarder. 

 Data processing of field test data. 

 Identification of existing obstacles and future work suggestion.
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2  FRAME OF REFERENCE 

This chapter presents the existing forestry machine suspension technology. The previously 

developed XT28 forwarder CAD model and active pendulum arm suspension control strategies 

are introduced. 

 

 

2.1 Sustainable development 

Sustainable development was explained as “development that meets the need of the present 

without compromising the ability of future generations to meet their own needs”, by the 

Brundtland Commission. Another definition of sustainable development used in this thesis, 

includes three core aspects which are economic development, social development, and 

environmental protection.  (United Nations, 1987) 

About sixty percent of the land area of Sweden is recognized as productive forest area which 

represents almost one percent of the world’s commercial forests, but is capable to provide nearly 

ten percent of the world production of sawn timber, paper and other kind of forest products 

(Helander, 2015). During the harvesting process, cut-to-length (CTL) logging process is widely 

utilized for almost ninety percent of the total timber volume from North European forests. 

(CHIORESCUQ‘G, 2001) 

Therefore, developing productive and sustainable forest management to improve the 

sustainability for the operators and to the environment, is becoming an increasing interest. It 

requires that “the impact from the management operations should not exceed the natural capacity 

of the sites to renew or repair themselves”. It also requires better performance of forestry 

machine chassis suspensions and ground contact units, that lead to a reduction of soil damage, 

rolling resistance, and the daily vibration effects for the operators. (I. P. Conradie, 2001) 

 

2.2 Suspension in forestry machines  

Forestry machine suspension influences greatly the mobility, stability, and operator comfort, 

which are important aspects to consider in sustainable forest development.  

Most CTL forwarders are eight-wheeled and articulated machines that are equipped with four 

bogies due to its relative good performance on the above demands. The front and rear wagons 

are connected to each other by a combined articulation and roll joint, which enables relative yaw 

and roll motion between the front and rear wagons. With this mechanism, the bogies averages 

and smoothens the path of the center of gravity when the working machine overcomes an 

obstacle. It is considered to be a good general solution to maintain the dynamic stability. 

However, even though bogie suspensions are proven to be very robust, these machines are not 

capable of separating the machine from vibrations caused by an uneven terrain, so that cabin and 

seat suspensions are needed to reduce the vibration effect on the operators. Besides, the relative 

large pitch and roll angles of the chassis may cause instability when the machine is loaded. 

Figure 4 shows a traditional medium-sized forwarder equipped with four bogies.  



 16 

 

 

Figure 4. A forwarder with bogie suspension. 

 

Pendulum-arm suspension is a revolutionary design in theforestry machine industry, due to the 

possibility to control the suspensions actively and independently. In a pendulum-arm suspended 

system, each wheel is individually mounted on a link arm with a hydraulic cylinder and 

connected to the main frame with a revolute joint. Therefore, it can provide better vibration 

damping and a leveling function. This technology has been utilized in some forestry machines. 

(Ismoilov, 2016) 

 

 

Figure 5. Pendulum arm suspension forwarder 

 

2.3 XT28 forwarder with Pendulum Arm Suspension  

XT28 is a prototype forwarder developed by Skogforsk and Extractor. The chassis consist of 

three parts, where the diesel engine and the cabin are located on the front part, the cage is 

situated on the middle and rear parts. The six wheels are driven by a diesel-hydraulic hybrid 

driveline. This hybrid driveline also provides hydraulic power for the six cylinders on the active 

pendulum arm suspensions, the steering cylinders and the crane.   
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Figure 6. CAD representation of the XT28 forwarder. 

 

The main innovative feature of the XT28, shown in Figure 6, is the active pendulum arm 

suspension. The detailed configuration of one of the six pendulum arm suspension units is shown 

in Figure 7. Each suspension unit has a pendulum arm and a hydraulic cylinder. The pendulum 

arm which allows rotating motion about the joint A, connects the chassis with the wheel hub. 

The hydraulic cylinder installed between the chassis and the pendulum arm applies the force to 

control the rotation angle of the pendulum arm.  

 

 

Figure 7. CAD model of a pendulum-arm suspension unit. 

 

One of the advantages of this pendulum-arm suspension is that it allows a large vertical 

displacement with a compact suspension structure. Secondly, each pendulum arm could be 

controlled independently, therefore the pitch and roll angle could be decreased dramatically 

while operating in an uneven forest terrain. The stroke length of the hydraulic cylinder is 229 

mm, which gives a ground clearance range of the XT28 range between 184 mm and 712 mm. 

Pendulum-arms are widely used due to their controllability and their high power density. 

Compared to other mechanical working solutions, hydraulic solutions have losses in terms of 

heat, friction, leakage etcetera that are inevitable. However, the overall efficiency can be 

increased by selecting an appropriate system for the working application, and adding energy 

storage components could increase the overall system efficiency. 
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2.4 Previous Adams modeling of the XT28 

ADAMS from MSC software is the most widely used Multi-Body Dynamics modeling and 

simulation software. It may improve engineering efficiency and reduce product development 

costs by enabling early system-level design validation. With the help of ADAMS, the system 

performance and dynamics of the moving parts of the XT28 forwarder is much easier to 

understand than with traditional research methods. 

As seen in Figure 8, the ADAMS model of the XT28 contains the main components of the 

physical prototype. The model includes three chassis parts, engine, cabin, crane, bunk, as well as 

six wheels with pendulum arms. The estimated mass of each component is listed in Table 2. A 

generic log, with a weight of 10000 kg, is fixed in the bunk area representing the log load in the 

model. As mentioned in chapter one, the steering function is not considered in this model, so the 

three chassis parts are connected by two fixed joints. Therefore, the body features are regarded as 

a single rigid body in the model.  

The ADAMS model does not include any active control system for the pendulum-arm 

suspension. Instead of modeling the hydraulic cylinder for the suspension, translational spring 

damper forces are added between the chassis and each of the pendulum arms. Since the 

translational spring-damper forces are defined by spring stiffness and damping coefficient, the 

suspension in this ADAMS model represents a passive pendulum-arm suspension. 

 

Figure 8. Adams model of the XT28 

In terms of tires, there are four different tire models that are coonly used be used in ADAMS 

(MSC Software, 2002). The current tire model used in the XT28 ADAMS model is the Fiala 

model, with the properties presented in Table 1. 

Table 1. Tire model parameters 

Fiala file (Unit: mm, N, deg, Kg, sec) 

Tire size 600/55 R26.5 

Unloaded radius 670 

Width 710 

Aspect ratio 0.45 

Vertical stiffness 1200 

Vertical damping 100 
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Table 2. System weight 

 Quality Weight/Kg 

Front chassis 1 2543.333 

Middle chassis 1 2700.333 

Rear chassis 1 1178.333 

Engine 1 840 

Engine Cover 1 5 

Cabin 1 1728 

Crane 1 2000 

Bunk 1 1000 

Pendulum arm 6 452*6 

Wheel rim 6 2100*6 

Logs 1 10000 

Total mass (Unloaded)  16807 

Total mass (Loaded)  26807 

 

To compare the vibration levels for different machines and to evaluate different suspension 

solutions, Skogforsk has developed a 28 meters long standardized test track. The test track is 

equipped with obstacles in three different heights, 150 mm, 250 mm and 350 mm. Rank and 

heights are designed to meet the terrain Class 2 (Skogforsk, 2007). A full-size 3D test track 

model has been built to represent the physical test track. 

 

 

Figure 9. Test track model 
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2.5 Previous suspension control strategies 

When using hydraulically actuated mechanisms, it is desirable with a quick response of the 

system. However, an increased speed can lead to oscillations and instability. Therefore, it is 

important to implement a regulating control for the system. 

2.5.1 P-Control 

The most basic form of regulator is the P-control, or proportional control. It transfers a linear 

feedback signal back to the reference and it stops when the difference between the signals is zero. 

For example, the movement on an actuator has a stroke from 0.25 to 0.5. The gain increases the 

signal and the valve opens and the actuator will make a positive stroke. When the position 

transducer reaches 0.5 the difference between the reference signal and the transducer signal is 

zero, the valve stops and thus the actuator. 

In simulations, it has been shown that this type of regulator is good enough for this application. 

A more complex type of regulator with an integrator part is unnecessary, because the movements 

are slow enough not to make oscillations. Every actuator in the simulation model is equipped 

with a P-control feedback system. 

 

 

Figure 10. Hydraulic system P-Control 

2.5.2 Sequence Control 

The hydrostatic transmission is sequence controlled when the forestry machine accelerates, the 

motor displacement is kept fully open at one while the hydraulic pump displacement increases 

from zero to one. When the pump displacement is fully open the motor decreases its 

displacement until it reaches 0.2. The control is based on the ratio between the output speed vmax 

and the travel speed v. The velocity of the vehicle is controlled by the flow in the transmission 

and the pressure difference in the system is ignored. 

 

2.6 Hydrostatic Transmission 

The power from the diesel engine is transferred to the mechanical drivetrain through a 

hydrostatic transmission. Hydrostatic transmissions are suitable for applications which require 

low speed and high torque and are often used because of its high controllability, its variable 

speed range and its ability to enhance the systems overall efficiency. These characteristics are 

well suited for a forestry machines. (Rydberg, 1998) 
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Figure 11. A closed loop hydrostatic transmission. 

The hydrostatic transmission is a closed loop system, meaning that it is not connected to the tank. 

The output flow from the pump, qp becomes the input flow of the motor, qm. Due to leakage 

which occurs in these applications, extra oil must be added to the system. Therefore, this is 

realized via a charge pump which is connected to the same drive shaft as the variable 

displacement pump. The charge pump is a fix displacement pump and it has its input flow from 

the tank and its output to the main hydraulic circuit. It is also used for cooling the oil in the 

system. The transmission is equipped with pressure relief valves and other safety features in 

order to avoid pressure build up which could damage the system. 

The hydrostatics transmission is installed between the diesel engine and the mechanical part of 

the transmission. The diesel engine is connected via a gear box to the variable displacement 

pump, giving the pump an input speed, np. The system flow converts to motor output speed nm 

which in return is transferred and converted to wheel torque through differential shafts and gear 

boxes. Both hydraulic machines have variable displacement settings. These determine the 

volume of oil which will be transported through one revolution, i.e. what flow the system will 

have. 

The range of the pump displacement settings is −1<p<1 which means that it can transport oil at 

100% of its maximum capacity in both directions. When the motor displacement setting range is 

0.2<m<1, it works in one direction at 20% -100% of its maximum capacity. These particular 

settings make the diesel engine to operate at its optimal working point, thus making it more 

efficient. Also, the pump needs to be able to work fully in both directions to make the forestry 

machine able to reverse its motion. 

2.6.1 Piston Actuators 

The hydraulic working crane is equipped with five piston actuators which each preform a linear 

movement and can be moved in two directions, up and down. The high pressure side of the 

piston p1, and the low pressure side of the piston p2 are both connected to a 4/3 directional valve 

which determine the stroke of the actuator. The pressure build up in the cylinder cambers is a 

result of the acting force and its direction on the piston rod and the piston areas. 

Fp =(Ap1 · p1 − Ap2 · p2)·nfriction 

 

 

Figure 12. Hydraulic cylinder equilibrium of forces. 
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2.6.2 Hydraulic Machine Actuators 

In order for the grapple to be able to rotate it is attached to a fixed hydraulic motor. The motor is 

also connected to a load-sensing valve which determine the revolution direction of the motor. 

The slewing function of the working crane is also a rotating movement but instead of using a 

motor it is performed by two counteracting cylinders. This because it will transfer a higher 

momentum to the motion, and the crane only need to be able to rotate about 180 degrees. 

 

𝑀𝑜𝑢𝑡 =
𝐷𝑚
2𝜋

∙ ∆𝑝 ∙ 𝑛ℎ𝑚𝑚 

𝑀𝑖𝑛 =
𝐷𝑝

2𝜋
∙ ∆𝑝 ∙

1

𝑛ℎ𝑚𝑝

 

 

 

Figure 13. Hydraulic machine actuators 
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3  METHOD 

In this chapter the working process is described and the energy consumption simulation method 

is presented. Modifications of Adams-Simulink Co-simulation are presented in the first section, 

followed by hydraulic system simulation. 

 

As mentioned before in this thesis, the Adams and Simulink Co-simulation is modified and 

implemented to represent relevant data, and the hydraulic system has been modeled in Simulink. 

To implement co-simulation under different circumstances, few changes have been made to 

modify forwarder parameters, such as speed and log weight, also some missing relations and 

motions have been repaired and updated. A new control plan is generated before each time the 

co-simulation is implemented.  

When simulating the energy consumption, the hydraulic system is decomposed into two sub-

systems, the hydraulic suspension actuator and the hydraulic transmission. In this case, 

simulation will be faster and it will be easier to modify the input parameters and to identify 

errors and thus to establish a realistic simulation model. The two models are presented and 

evaluated together to provide overall system results. 

A forwarder working environment can be different due to varying forest conditions and locations. 

In this project, the whole simulation is based on the test track provided by Skogforsk, and the 

results are compared with real-time test data to evaluate the sufficiency of the simulation model. 

 

3.1   Adams-Simulink Co-simulation 

3.1.1 Overview 

As introduced in the second chapter, it’s an efficient method to implement the Adams and 

Simulink Co-simulation in one computer via TCP/IP communication. In this case, the XT28 

forwarder is modeled in Adams/View and the suspension control system is modeled in Simulink, 

and a co-simulation process is setup. 

 

Figure 14. Schematic of co-simulation 

 

 



 24 

 

Figure 14 illustrates a schematic of the co-simulation connection. Adams exports the forwarder 

parameter to the Simulink model and gets feedback of the controlled hydraulic cylinder forces 

from Simulink. When the co-simulation finishes, the fowarder parameter and cylinder forces are 

tranfered to the Simulink hydraulic model to calculate the energy consumption of the  hydraulic 

system based on the co-simulation. 

 

3.1.2 Establish the model for Co-simulation 

There are nine main steps to combine the Adams and Simulink models to create co-simulation. 

(Ref Jang and Choi 2007).  

 

Figure 15. Co-simulation steps 

 

The first three steps are used to define input and output variables in Adams/View. In step 4, input 

and output signals are listed in Figure below. The order of these inputs and outputs must remain 

the same to match the control model in Simulink. After that, select Matlab as target software, and 

C++ is selecter as the Adams/Solver in this phase. In the end, the Control plant is exported as a 

Matlab Code with current setting of the forwarder in Adams/View. 

 

 

Figure 16. Create control plant 
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 When changing forwarder speed and log weight, a new Control plant code in Matlab need to be 

exported, and pre-run before running the co-simulation. The forwarder speed is set by “rot_speed 

(degree/s)”, note that standard value is negative to give counterclockwise motion of the wheel. 

The other two parameters “WheelRotSpeed” and “WheelSpeed” are set to the initial speed of the 

wheel. The log weight can be removed by setting the log density to be 10e-6. 

 

 

Figure 17. Change speed parameter 

After creating the Adams block diagram in step 5, the smulation parameters need to be reset 

before running every co-simulation in order to save the corresponding results for the different 

speed or load settings. Other settings are shown in the Figure below. Note that a larger 

communication interval can decrease the simulation time but increase the uncertainty, so 

recommended value for communication interval setting would be 0.005-0.02. 

 

 

Figure 18. Simulink function block settings 
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In step 8, the Simulink configuration parameters are set as shown in Figure 19. Stop time should 

be changed for every speed setting to fill the whole simulation process. “ode45 (Dormand-

Prince)” is chosen to be the Simulink solver for this case. The rest of the parameters remain the 

same. 

 

 

Figure 19. Configuration parameter 

 

When starting the co-simulation, the Adams software and the XT28 model are loaded 

automatically and the result file is generated in four formats in the selected working folder. 

The .res file is usually used to review the simulation results by loading the res file to the Adams 

post processor. 

 

Figure 20. Control function in Simulink 
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The result data can be viewed in the postprocessor and results can be exported as an excel tab 

file for further analysis and calculation. When exporting the result data, select “spreadsheet” to 

create excel tab file, which needs to be transferred to an excel file for importing to Simulink 

signal. 

 

Figure 21. Simulation result, viewed in the Adams postprocessor 

 

3.2 Hydraulic model  

3.2.1 System description 

The hydraulic systemconsidered in this thesis include the working hydraulic and the hydraulic 

transmission. The simplified scheme is shown in Figure 22 below. Working hydraulic mainly 

consists of two actuated steering joints and six pendulum arm. Since steering motion is not 

considered in this simulation, the working hydraulics considered are the six pendulum arm 

actuator systems. 

 

Figure 22. Hydraulic system schematic 

 

The transmission consists of two closed hydraulic circuits with one Bosch Rexroth A4 variable 

pump and three Bosch Rexroth A6 variable motors for each circuit, as shown in Figure 23.  

System parameters are given in Table 3. A gear is installed between each hydraulic motor and 

wheel to increase the output torque. Rotational velocity sensors are attached to each wheel and 
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four pressure sensors measure the high and low pressure of each hydraulic circuit. In addition, 

the exact position of each pendulum arm can be calculated from the pendulum-arms position 

sensors. 

 

Figure 23. Hydraulic transmission system schematic 

 

Table 3. System parameter 

Diesel engine power P=268kW 

Pump rotational speed Np=2200rpm 

Pump displacement Dp=140cm3/rev 

Secondary machine displacement  Dm=107cm3/rev 

Mass of vehicle m=16800kg 

Mass of loaded vehicle m=28000kg 

Gear ratio  U=48.3 

Wheel radius R=0.668m 

 

3.2.2 Hydraulic cylinder model 

The hydraulic suspension actuators have been simulated in a simplified built in Simulink 

hydraulic scheme, shown in Figure 24. The solid lines, with different colors, represent different 

kinds of transferred objects. Light green line represents rotating motions, while dark green line 

represents transmission motions, yellow line and red line represent hydraulic fluids and control 

signal, respectively.   

Cylinder force and cylinder position are imported as input signals to simulate the real-time 

situation. The cylinder position input signal is transferred to a control signal to the control valve 

to provide hydraulic flow accordingly, which results in a controlled motion of the cylinder under 

the relevant load.  
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Figure 24. Hydraulic cylinder system 

After building the hydraulic model for one actuator, a system of six cylinders is built. Each 

subsystem shown in Figure 25 is the same as for one actuator system. 

 

Figure 25. Hydraulic cylinder system 

3.2.3 Hydraulic transmission model 

The hydraulic transmission system is simulated with one axial piston variable pump and three 

axial piston variable motors. Each motor is subjected to the load from the co-simulation result of 

as input force source. The simplified scheme of one pump system is shown in Figure 26. The 

maximum system pressure is set to be 450bar, defined by the hydraulic pump and the motor units 
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Figure 26. Hydraulic transmission system 

 



 31 

 

4  RESULTS  

In this chapter the results from the co-simulation and the hydraulic model of the passive 

suspension and co-simulation of active suspension are presented and evaluated with two criteria. 

 

4.1 Co-simulation result  

In order to perform the simulation, the spring and damper coefficients in the passive suspension and 

the control parameters in the active suspension are decided. Table 4 presents the spring stiffness and 

damping coefficient of the translational spring-damper in the passive suspension Adams model. Note 

that the spring-damper parameters are only used for simulation since the parameters of the real 

hydraulic cylinder are unknown. Table 5 shows the control parameters used in the leveled Skyhook 

control system for the XT28 model. Results in this chapter are obtained based on these parameters. 

Table 4. Passive suspension parameter 

Passive suspension parameter Value 

Spring stiffness 1500000N/m 

Damping coefficient 150000Ns/m 

 

Table 5. Active suspension parameter 

Active control parameter Value 

Passive damping coefficients 50000N/m 

Passive damping stiffness 400000N/m 

Damping coefficient of skyhook damper 135000Ns/m 

Leveling spring stiffness 2000000N/m 

 

The co-simulation results for the modified XT28 Adams MBD forwarder model are shown in 

Figures 27-29. The main parameters presented here are input and output data for the hydraulic 

simulation, which represent cylinder force, cylinder position and load of the wheel on left front 

side. Rest of the data set are listed in the Appendix B. 
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Figure 27. Cylinder force 

 

Figure 28. Cylinder position 

 

Figure 29. Wheel-ground load 

4.2 Hydraulic system result 

After importing the data into the Simulink hydraulic system, cylinder force and cylinder position 

are used as input signals to simulate active pendulum arm suspension. As introduced in the 

previous chapter, a control method is used to make cylinder piston move the same way as the 

input command. The figure below shows the system response and fit with the control signal. The 

black line presents measured cylinder position while blue line represents the input signal. The 

rest of the cylinder position results are listed in Appendix B. 
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Figure 30. Hydraulic cylinder simulation result. 

As for the case of a traveling speed of 0.84 m/s, and loaded operation, the power consumption of 

the pendulum arm suspension system is simulated in Simulink, and the results are shown in 

Figure 31. The system pressure is controlled to be below 450bar, giving a total energy 

consumption 1.88MJ during the 55s simulation process.  For two transmission pumps, the energy 

consumption is 3.13MJ and 3.21MJ, respectively, as listed in Table 6 and Appendix B. 

 

Figure 31. Energy consumption of hydraulic cylinder system 

As shown in Table 6, the pendulum-arm consumes only 22.87% of the total energy. Comparing 

an active suspension with a passive suspension, shows that an active suspension saves 

approximately 28.27% of the energy consumption. The result is also evaluated under 1m/s speed 

criteria, which shows similar result, where the pendulum-arm consumes 23.64% of the total 

active suspension consumption and the energy difference is 28.63%. But at 1m/s, the total energy 

consumption increases by 10.10% and 10.65%, respectively due to the increased speed. 
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Table 6. Simulation result 

 

Simulation result v=0.84m/s Simulation result v=1m/s 

Active suspension Passive suspension Active suspension Passive suspension 

Transmission 

pump1=3.13MJ 

Transmission 

pump1=5.65MJ 

Transmission 

pump1=3.49MJ 

Transmission 

pump1=6.42MJ 

Transmission 

pump2=3.21MJ 

Transmission 

pump2=5.81MJ 

Transmission 

pump2=3.42MJ 

Transmission 

pump2=6.26MJ 

Pendulum arm 

pump=1.88MJ 

 Pendulum arm 

pump=2.14MJ 

 

Total=8.22MJ Total=11.46MJ Total=9.05MJ Total=12.68MJ 
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5  DISCUSSION AND CONCLUSIONS 

A short summary of this master thesis project is presented in this chapter. Detailed discussion 

and conclusion are given according to the research questions formulated in the first chapter. 

 

 

5.1 Discussion 

With the aim to implement a modified Adams co-simulation and hydraulic simulation of active 

pendulum arm suspension on XT28 forwarder, a detailed methodology based on co-simulation 

between Adams and Simulink/Matlab was proposed in the thesis. 

Before the project started, a meeting was held between Skogforsk and Ponsse to set the goals and 

the expected outcome of this project. The power consumption comparison between an actively 

pendulum-arm suspended XT28 forwarder and a conventional bogie-suspended forwarder was 

the main interests for both companies, and some other aspects were also discussed during the 

meeting. 

At the beginning stage of the project, a literature research was conducted to build a fundamental 

understanding of existing knowledge and former projects relevant to forestry industry, CTL 

technology, suspension concepts in the forestry machines, control strategies of active pendulum-

arm suspensions, and prototype parameters of the XT28, which all provide crucial information to 

this project. 

Then, the implementation of an existing Adams-Simulink co-simulation was performed. In this 

stage, modification of model parameters and repairing missing tire-ground model files and 

relations consumed a significant amount of effort. Meanwhile, hydraulic models of active 

pendulum arm suspension and transmission were created based on the current XT28 prototype 

with control units to adapt to the real situation. After running co-simulations, the result data sets 

were saved as res file, exported into excel sheets, and imported to the signal builder in the 

hydraulic model. 

After completed the simulations for the two speed criteria and loaded/unloaded cases, all data set 

were analysed. 

During the process of this project, many limitations that increased the difficulties occurred. 

• In the co-simulation, the forwarder cannot pass certain obstacles due to its height and 

distance when the speed is below 0.84m/s. Therefore speed criteria is chosen between 

0.84m/s and 1m/s.  

• The bogie-suspended forwarder model was not completed due to missing tire and road 

models. Thus, a  comparison between XT28 and the bogie-suspended forwarder was not 

made. 

• To simulate different classes of terrain, the track model needs to be modified in Adams 

ATV. The current test track is defined as class 2, and modifications might be required to 

simulate real field cases. 
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5.2 Conclusions 

• The pendulum-arm suspension only consumes approximately 23% of the total energy and 

can save approximately 28% of the energy, compared to a passive suspension. Results are 

evaluated at two different speeds. 

• An increased speed of the forwarder will cost extra energy. A speed increase from 

0.84m/s to 1m/s, will increase the energy consumption for an actively suspended and a 

passively suspended forwarder  with 10.10% and 10.65%, respectively 
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6  RECOMMENDATIONS AND FUTURE WORK 

In this chapter, recommendations on more detailed solutions and future work in this field are 

proposed.  

 

 

The emphasis of this master thesis project was to implement Adams-Simulink co-simulation, 

hydraulic simulation and energy consumption analysis. The recommended future work listed 

below could be carried out to improve the model and simulation efficiency of the current base 

model and methodology. 

• The Adams model used in the thesis was a modification of a previous version, and the model 

includes most of the main components of the XT28 forwarder. But the mass property of each 

component is estimated by the density and volume of the model. Thus, the simulation result 

would be more accurate if the Adams model could be more detailed and the mass properties 

could be verified.  

• The Skogforsk standard test track is modeled and imported to Adams, and the test track is 

originally used for evaluating the vibration reduction of the suspension. It is recommended 

for future work to model higher terrain classs than class 2, to better simulate the real field 

terrain. Also, soft soil in the forest can be modeled and a methodology to evaluate the 

damage condition of the soil could be developed.  

• In co-simulation, the forwarder cannot pass certain obstacles in the test track due to their 

height and distance when the speed is below 0.84m/s. Modification of the test track is 

required in order to efficiently simulate a larger speed range. 

• The bogie-suspended forwarder model was not completed due to missing tire and road 

models. After repairing the Adams model, more comparison can be made to validate the 

results. 

• Evaluate result data to gather more information. Calculate total consumption, damping 

consumption of both types of forwarder operating on flat terrain, test track and for a full 

working cycle.  
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APPENDIX A: SUPPLEMENTARY INFORMATION 

The appendix or appendices is the natural place for detailed or supplementary information that 

would make the thesis less easy to read if they were given in the previous chapter.   

 

A System description of XT28 
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B Simulation result data 
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