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Abstract 

The development of forestry machines is currently heading towards new solutions that reduce 

their impact on the environment and in particular on the soft forest soil in which the machines 

operate. The terrain conditions that forestry machines encounter in their regular duties can be 

very rough, and if the vehicle-ground interaction is not properly controlled cumulative damage 

can progressively aggravate these conditions and potentially render a route or a zone 

impracticable, apart from causing a detrimental effect in the forest environment. In addition, new 

machine solutions must be considerably less damaging, both physically and mentally, to 

operators. There are certain imposed limits to the whole body vibrations to which industrial 

workers are exposed daily, which are very hard to fulfil in the context of wood harvesting 

operations with the current technological state of the machines. Chassis-suspended solutions in 

the market of forestry vehicles are practically inexistent. Multiple wheeled tracks and/or bogies 

are current solutions that improve dynamic performance and ground contact area of forestry 

vehicles, but they do not include suspension elements. Cab and seat suspensions are also used to 

reduce whole body vibrations, but they are only effective up to a certain degree, due to their 

relatively short stroke length and directional limitations. The implementation of chassis 

suspensions in forestry machines is therefore a very interesting open area of research in forestry 

technology. In this context the XT28, a forwarder prototype with active pendulum arm 

suspension, is currently being developed by Extractor AB in collaboration with Skogforsk; the 

Forestry Research Institute of Sweden. 

The present project focuses in analysis and comparison of the performance that active, semi-

active and passive suspension systems with pendulum arm architecture would present, by 

studying their application in the XT28 machine. These systems have the potential to significantly 

improve forestry vehicle performance in terms of terrain friendliness and whole body vibrations 

over an unsuspended system. The task is carried out with the help of Multi-Body Dynamics 

simulation software along with other simulation and computational tools. Additionally, a general 

method to optimize and analyse forestry vehicle suspension performance is proposed and applied 

to the case of the XT28, which provides a fair and standardized way to compare the performance 

of the different suspensions. 

 

Keywords: Forestry machine, suspension, multi-objective optimization, forwarder, pendulum 

arm, active, semi-active, passive, XT28, Multibody Dynamics, soil-friendly, off-road. 
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Sammanfattning 

Utvecklingen av skogsmaskiner är för närvarande på väg mot nya lösningar som minskar deras 

påverkan på miljön och i synnerhet på mjuk skogsmark. Skogsmaskinerna verkar ofta i mycket 

oländig och ojämn terräng, och om interaktionen mellan fordon och mark är alltför 

okontrollerad, så kan interaktionen ge upphov till kumulativa markskador som gradvis förvärras 

efter flera passager och eventuellt göra en rutt eller en zon oframkomlig, bortsett från att de 

orsaka skador på skogsmiljön. Dessutom måste nya maskinlösningar vara skonsammare, både 

fysiskt och mentalt, för förarna. Det finns nya gränser för maximala helkroppsvibrationer och 

maximala dagliga vibrationsdoser, som är mycket svåra att uppfylla vid skogsavverkning med 

dagens skogsmaskinsteknik. Chassidämpade lösningar är praktiskt taget obefintliga på dagens 

skogsmaskiner. Band och/eller boggier är aktuella lösningar som i viss mån förbättrar 

maskinernas dynamisk interaktion med marken, men de innehåller inga dämpelement, utan det är 

enbart däckens flexibilitet som ger maskinen en dämpfunktion. Hytt-och stolsdämpning används 

också för att minska helkroppsvibrationer, men de är endast effektiva till en viss grad, på grund 

av deras relativt korta slaglängd och riktningsbegränsningar. Införande av chassidämpning för 

skogsmaskiner är därför ett mycket intressant skogstekniskt forskningsområde. För närvarande 

utvecklas en skotare med aktivt dämpade pendelarmar av Extractor AB i samarbete med 

Skogforsk. Maskinen går under beteckningen XT28. 

Detta projekt fokuserar på att analysera och jämföra prestandan hos aktivt, semi-aktivt och 

passivt dämpade pendelarmlösningar, genom att implementera dessa i XT28-maskinen. Dessa 

system har potential att avsevärt förbättra skogsmaskinernas framkomlighet i oländig terräng och 

att minska helkroppsvibrationerna, jämfört med ofjädrade system. Uppgiften genomförs med 

hjälp av dynamiksimuleringsprogram i kombination med andra simulerings- och 

beräkningsverktyg. Dessutom föreslås en generell metodik för att optimera och analysera 

prestandan hos chassidämpningslösningar för skogsmaskiner. Metodiken tillämpas sedan på en 

XT28, som då, i detta fall, får fungera som en demonstrator för att jämföra prestandan hos olika 

chassidämplösningar. 

 

Nyckelord: Skogsmaskin, fjädring, optimering, skotare, pendelarm, aktiv, semi-aktiv, passiv, 

XT28, flerkroppsdynamik, markvänlig, off-road.  
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CAD Computer Aided Design 

CPU Central Processing Unit 

CTL Cut-to-length logging method 

EA Evolutionary algorithm 

GA Genetic algorithm 

ISO International Organization for Standardization 

MBD Multi-Body Dynamics 

PSD Power Spectral Density (signal analysis) 

SA Simulated Annealing algorithm 

SQP Sequential Quadratic Programming (optimization method) 
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1.  INTRODUCTION 

1.1 Background 

The global degree of forest logging mechanization is steadily growing. For more than a decade, 

the cut-to-length (CTL) system has been used to carry out almost 100% of logging operations in 

Sweden and Finland (Gellerstedt and Dahlin, 1999), and is a prevalent method in many other 

parts of the world. This system consists of two sequential operations performed by two different 

self-propelled machines, a “harvester” and a “forwarder”. The harvester fells the tree, de-limbs it 

and cuts it to logs with a given length. The forwarder, with a payload usually in the range of 5 to 

20 tons, follows a pre-planned route through the forest collecting the logs with the help of a 

loading crane and transporting them to a collection area. 

The development of forestry machines is currently heading towards new solutions that reduce 

their impact on the environment and in particular on the soft soil in which the machine operates. 

To develop forestry machines that are gentle on the terrain, it is of the essence to develop and 

implement efficient and robust solutions for chassis suspension. In addition, new machine 

solutions must be considerably less damaging, both physically and mentally, to operators. 

Directive 2002/44/EC of the European Parliament and the Council of the EU (2002) limits the 

whole body vibrations to which operators should be exposed daily. These limits are sometimes 

violated by certain machines that lack of an appropriate suspension, such as forestry vehicles and 

some earth-moving construction machines. Cab and seat suspensions are usually used in heavy 

vehicles for reducing vibrations, but they are only effective up to a certain degree, due to their 

relatively short stroke length and directional limitations (Rehnberg, 2011). 

Skogforsk, the Forestry Research Institute of Sweden, is the central research body of the 

Swedish forestry sector. Among a wide range of areas, this institution conducts forestry 

technology and machinery research in collaboration with leading machinery manufacturers. A 

great part of this research involves development of technological solutions to reduce ground 

damage and machine vibrations with the aim of minimizing environmental impact and 

improving the work environment (Skogforsk, 2014). Within the framework of this research a 

forwarder prototype, the XT28, is being currently developed to investigate and test vibration and 

ground damage reduction systems. The prototype includes a suspension system consisting of 

independent pendulum arms (one in each of its six wheels) which, with the implementation of an 

effective active suspension control system, has the potential to significantly improve riding 

conditions as investigated in previous projects at KTH and Skogforsk (Baes, 2008; Wang, 2011). 

1.2 Problem Description 

In the process of designing a high performance mechanical system, analyses need to be carried 

out to justify design choices. In the case of suspensions, the design parameters to take into 

account depend on the suspension type, but are usually geometrical values, stiffness, damping 

coefficients, and control system parameters in the case of active and semi-active suspensions. A 

way to approach the suspension design problem is as an optimization problem, in which a certain 

evaluation criteria defines an objective function, and for given operating conditions the optimal 

set of design parameters that minimizes the objective function must be found. This is usually 

achieved with the help of optimization algorithms, such as Simplex, Complex, the Hook-Jeeves 

method, SQP, Genetic Algorithms (GAs), Simulated Annealing algorithms (SAs) and 

Evolutionary Algorithms (EAs), all of which have been previously used to determine optimal 

suspension characteristics in diverse vehicles (He and McPhee, 2007). 
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In order to evaluate the performance of a suspension with a given set of parameters during the 

design stage, a physical behavioural model of the system must be adopted. The complexity of the 

model can vary, from very simplified models such as quarter and half car models to complex 

models with a high amount of degrees of freedom, usually achieved through the use of MBD 

software. Simplified models have been widely used (Valasek et al., 2006; Yao and Zheng, 2006; 

Segla and Reich, 2007; Lajqi and Pehan, 2012; Zohir et al., 2014) and have proven to be very 

useful in initial design stages, but the steady increase of power in computing devices has allowed 

for easier, faster use of multi-body simulations, which have the potential to evaluate more 

complex behaviours of the system and provide more realistic results (Zhang et al., 2004; He and 

McPhee, 2005, 2007; Mohmoodi-Kaleybar et al., 2012; Wang et al., 2013). 

A methodology to automatize design optimization tasks of forestry machine suspensions with the 

use of optimization algorithms and MBD would prove very useful for future design tasks and 

would facilitate performance evaluation and comparison of different types of optimized 

suspension systems. The application of this methodology to optimize and compare the 

performance of active, semi-active and passive pendulum arm suspension systems for 

Skogforsk’s XT28 forwarder would provide valuable feedback on the capabilities of the given 

suspension system and would help implement an optimal active suspension solution to the 

existing prototype. 

One of the challenges in suspension optimization is the conflict between different design 

objectives. In the case of forestry machines, minimizing tire-ground dynamic forces to diminish 

soil damage and reducing the transmission of whole body vibrations to the operator are 

conflicting objectives. The designer is presented with a trade-off between objectives which can 

be difficult to analyse unless the correct tools are used. 

1.3 Purpose and Definitions 

The purpose of the project will therefore be, in the first place, to propose an effective method to 

automatize design optimization of forestry machine suspensions with the use of optimization 

algorithms and MBD software. Additionally, an active and a semi-active control system will be 

proposed for the XT28’s pendulum arm suspension, and these systems together with a passive 

suspension will be optimized using the mentioned methodology. The performance of the 

optimized suspension systems will be evaluated and compared in order to analyse the potential 

of the pendulum arm suspension with different suspension elements. Special attention will be 

paid to the optimization of the active system, since the prototype’s existing suspension counts 

with active suspension elements but currently lacks of an appropriate active control. 

In further detail, the project’s goals are the following: 

 Depict a methodology, including available tools and performance evaluation criteria, to  

optimize the design of forestry machine suspensions  

 Develop and test a virtual simulation model of the XT28 prototype using MBD software 

and a previously developed CAD model of the machine 

 Propose active and semi-active control systems for the pendulum arm suspension and 

implement in a simulation environment 

 Adapt the MBD model of the machine to the active, semi-active and passive suspension 

systems and optimize the systems by applying the proposed methodology 

 Evaluate and compare the performance of active, semi-active and passive pendulum arm 

suspensions 
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1.4 Delimitations 

The boundaries of the project’s scope will be initially delimited in order to strengthen the focus 

on the defined objectives of the thesis work. 

In the first place, the suspension design task will be approached by focusing on the suspension 

elements, such as springs, dampers, actuators and control systems. The structural components 

and the geometrical parameters of the mechanism will be considered as a fixed design. The 

design of the XT28 pendulum arms and their disposition on the machine will therefore remain 

unchanged throughout the project. This is appropriate in this case since a prototype of the 

machine has already been developed and will be tested in the future. However, after evaluating 

the proposed suspension solutions it will be possible to assess how adequate the pendulum arm 

design is in terms of, for example, admitting actuators or variable dampers capable of exerting 

the needed actuating or resisting forces for an effective active or semi-active suspension. It must 

be noted that despite the limitation taken in the present project, the proposed methodology can be 

used with consideration of geometrical parameters as optimization variables. This would require 

some additional work such as suitable parameterization of geometrical values of the suspension 

in the simulation models, which does add complexity to the overall effort but is perfectly 

possible. 

The riding conditions that will be applied in the simulations will be the same in all cases. The 

road profile in which the vehicle will be tested will consist of either a replication of an existing 

test track used by Skogforsk for standardized vibration measuring (Skogforsk, 2007) or a random 

uneven terrain with a certain PSD representative of the road roughness that forest roads might 

present, see ISO 8608 standard (ISO, 1995). The way forestry machines work (very low 

traveling speed, articulated steering, zero camber angle) calls for a different approach than the 

taken for handling and ride comfort analyses of passenger cars. In the simulations the machine 

will therefore travel in a straight line, which means that dynamic aspects in more complex 

handling conditions such as steering won’t be considered. Consequently, the design objectives 

will be focused on reduction of full body vibrations (ride comfort) and minimization of dynamic 

or uneven tire-soil loads, which seems to be the appropriate criteria in the context of forestry 

machines. 

Lastly, the proposed active and semi-active control systems for the pendulum arm suspension 

will be implemented in an idealized simulation environment. That is, control hardware, sensor or 

actuation system limitations and imprecisions will be partially taken into account, given the great 

difficulty of determining these parameters realistically. 

 



4 

 



5 

 

2.  FRAME OF REFERENCE 

2.1 Passive, active and semi-active suspensions 

The suspension system of a vehicle has a decisive effect on its dynamic behaviour, and therefore 

in its comfort, ride and security performance. According to Rajamani (2006), the requirements of 

an optimal suspension are to minimize sprung mass acceleration, roll and pitch accelerations, tire 

deflection and suspension deflection, respectively associated to ride quality, handling, road 

holding and static behaviour. However, these requirements conflict with each other, making it 

impossible for a suspension system to minimize all of them simultaneously (Taghirad and 

Esmailzadeh, 1998). In consequence, the design task of a suspension usually implies a trade-off 

between the performances of different functions of the system. Conventional passive systems 

consisting on spring-damper combinations, although simple and inexpensive, present clear 

limitations with reference to the simultaneous fulfilment of said requirements. This is mainly due 

to the inability of a passive system to adapt its behaviour to different working conditions. 

Research in the area of vehicle suspensions has therefore been focused in the use of new 

components and control strategies to design more complex suspension systems, with the aim of 

improving the compatibility of different design objectives and the overall performance of the 

system. Active and semi-active suspensions have been studied for a long time. Initially, the main 

performance criteria was ride comfort (e.g. Karnopp et al., 1974; Sharp and Crolta, 1987; 

Venhovens, 1993; Elbeheiry et al., 1995), but the criteria of vehicle-ground interaction was also 

introduced, with great relevance in the area of heavy and off-road vehicles (Yi and Hedrick, 

1989; Cebon, 1989; Valasek and Novak, 1996; Valasek et al. 1997). 

Active suspensions systems use an actuator, usually hydraulic or pneumatic, which can be in 

parallel with passive suspension elements that secure the system in case of failure of the actuator. 

A series of sensors measure the instantaneous states of the vehicle, a CPU processes this data and 

sends a certain signal to the actuator depending on the control strategy. The cylinder provides the 

desired force limited in response time and magnitude by the hydraulic, pneumatic or electrical 

system that actuates it. An additional advantage of an active system is that it can optionally 

provide level or height adjustment of the vehicle. 

Semi-active suspensions were first introduced in the early 1970s by Karnopp and Crosby and are 

based on the use of a variable damper in parallel with a spring (Karnopp et al., 1974). Variable 

dampers allow adjustment of their damping coefficient between a lower and an upper limit, 

usually either mechanically using valves that change the hydraulic flow through the damper’s 

piston or electromagnetically through the use of a magnetorheological fluid which changes its 

viscous properties when subjected to a magnetic field. The main disadvantage of semi-active 

suspensions relative to active suspensions is that they can’t add energy to the system, but only 

change the rate of energy dissipation. Another way of seeing this limitation is that a variable 

damper can only exert a force in the opposite direction to the difference of the sprung and 

unsprang mass velocity vectors, and limited in magnitude by its lower and upper damping 

coefficient limits, which restricts the performance of the suspension control strategy. Despite this 

there are some advantages to a semi-active system over an active one, such as significantly lower 

cost, power consumption and simpler design (Lajqi and Pehan, 2012). 

A representation of passive, semi-active and active systems in the quarter car model (Blanchard, 

2003; Segla and Reich, 2007; Lajqi and Pehan, 2012) is depicted in Figure 1. 
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Figure 1. Representation of passive, semi-active and active suspensions in QVM 

2.2 Whole body vibrations 

Whole body vibrations are the mechanical vibrations that are transmitted to the whole body of an 

operator, rather than a specific body area, usually through a platform or a seat from which the 

operator works. These vibrations can have an effect in the comfort and even in the health of the 

subject. Industrial activities, operation of machinery and vehicles are examples of sources of 

whole body vibrations. 

General evaluation of whole body vibrations is explained by ISO standard 2631 (ISO, 2002), 

which specifies detailed methods for quantifying whole body vibration severity according to its 

effect in human health, comfort and motion sickness. The two main metrics provided by the 

standard are the frequency weighted root mean square (RMS) of accelerations and the vibration 

dose value (VDV). Directive 2002/44/EC of the European Parliament and the Council of the EU 

(2002) recommends for the assessment of whole body vibration exposure the use of the highest 

value from the VDV of directional and frequency-weighted accelerations standardised to an 

eight-hour reference period. It additionally provides a limit (21 m/s
2
) and an action value (9.1 

m/s
2
) for this metric, which correspond respectively to a value that in no conditions should be 

exceeded, and a value that, if exceeded, indicates that actions should be taken to reduce vibration 

levels. 

2.3 Suspension in forestry vehicles 

Chassis-suspended solutions in the market of forestry vehicles are practically inexistent. Some of 

the obvious differences that forestry vehicles present relative to general purpose vehicles are 

higher location of centre of gravity, higher payloads, higher unsprung mass, etc. This makes the 

implementation of a suspension system in forestry machines a difficult and expensive task. 

Figure 2 shows a multiple wheel tracked vehicle, a vehicle with bogies and a last one combining 

bogies and a fixed axle. These are current solutions that improve dynamic performance and 

ground contact area of forestry vehicles, but do not include any suspension elements. Cab and 

seat suspensions are also used to reduce whole body vibrations, but they are only effective up to 

a certain degree, due to their relatively short stroke length and directional limitations (Rehnberg, 

2011). 
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Figure 2. Different ground contact configurations in current forestry machines 

2.4 XT28 and the pendulum arm suspension 

The pendulum arm suspension was first developed by LL Skogmaskiner and then by Caterpillar. 

The XT28 is a prototype forwarder with active pendulum arm suspension currently being 

developed by Extractor AB in collaboration with Skogforsk. A schematic of the XT28 with its 6 

pendulum arms can be seen in Figure 3, and Figure 4 shows a detail view of one of the pendulum 

arms with the hydraulic actuator. 

 

Figure 3. XT28 forwarder 
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Figure 4. Pendulum arm with hydraulic actuator 

The suspension system is composed of the pendulum arm, which pivots relative to one of its 

ends and contains a hub motor in the other end, which is attached to the wheel, and a hydraulic 

actuator which is connected to the chassis and to the pendulum arm by rotational joints. The 

actuator can actively change the suspension force applied between the chassis and the arm. A 

suspension of these characteristics has the potential to make forwarders comply with whole body 

vibration directives and to significantly reduce dynamic tire-ground loads by combining active 

suspension strategies and continuous levelling of the machine, making the machine as gentle as 

possible with the terrain. 

2.5 Optimization of suspension systems  

In the design of vehicle suspensions, the design variables to take into account depend on the 

suspension type, but are usually geometrical values, spring stiffness, damping coefficients, 

and/or control system parameters in the case of active and semi-active suspensions. The designer 

must choose a set of parameters that ensures a good dynamic performance of the vehicle. In 

order to do this, the designer usually has a way to evaluate the performance of the suspension for 

a given set of values for the design variables. 

An effective way to approach the suspension design problem is as an optimization problem, in 

which a series of performance indices coupled with an evaluation criteria define an objective 

function, and for given operating conditions the optimal set of input parameters that minimizes 

the objective function must be found. In other words, a search for the design variable values that 

result in the best possible performance of the system. This search is usually performed with the 

help of an optimization algorithm, such as Simplex, Complex, the Hook-Jeeves method, SQP, 

Genetic Algorithms (GAs), Simulated Annealing algorithms (SAs) and Evolutionary Algorithms 

(EAs), all of which have been previously used to determine optimal suspension characteristics in 

diverse vehicles (He and McPhee, 2007). Optimization algorithms can be classified in two 

groups: local and global search algorithms (Esat, 1999). Local search algorithms are known to be 

efficient, but the optimization result is only guaranteed to be a local optimum and depends on the 

starting values of the design variables. On the other hand, global search methods, such as genetic 

algorithms (GAs), while requiring more function evaluations, are effective in finding global 

optimums by the use probability rules and requiring no or very low information about the system 

to optimize. These algorithms are therefore more suitable for solving complex real-world 

problems (He and McPhee, 2007).  A schematic representation of a suspension optimization 

method is shown in Figure 5. 
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Figure 5. Flowchart of an optimization procedure 

Some examples of performance indices in suspension optimization are sprung mass acceleration, 

roll and pitch accelerations, tire deflection and suspension deflection, in line with the 

requirements for suspension systems according to Rajamani (2006): ride quality, handling, road 

holding and static behaviour. Nevertheless, the evaluation criteria and the performance indices 

vary depending on the type of vehicle and the intentions of the designer. 

The performance evaluation usually consists of a virtual model of the system which, through the 

input of working conditions and excitations, simulates the behaviour of the vehicle and provides 

measures of the performance indices. The complexity of the model can vary, from simplified 

models such as quarter and half car models to complex models with a high amount of degrees of 

freedom, usually achieved through the use of MBD software. Simplified models have been 

widely used (Valasek et al., 2006; Yao and Zheng, 2006; Segla and Reich, 2007; Lajqi and 

Pehan, 2012; Zohir et al., 2014) and have proven to be very useful in technical studies and initial 

suspension design stages. The main advantage of these models is that their behaviour and 

dynamic properties are very well known, and they allow very fast analyses of the suspension 

performance. However, the steady increase of power in computing devices has allowed for 

easier, faster use of multi-body simulations, which have the potential to evaluate complex 

behaviours of the system and provide more realistic results. MBD software has been used in 

several occasions in combination with optimization algorithms for vehicle suspension 

optimization (Bestle and Eberhard, 1992; Datoussaid et al., 2002; Eberhard et al., 2003; Zhang et 

al., 2004; He and McPhee, 2002, 2005, 2007; Mohmoodi-Kaleybar et al., 2012; Wang et al., 

2013). He and McPhee (2002, 2005, 2007) have proposed methodologies to combine multi-body 

dynamics and optimisation algorithms for ground vehicle suspension design, and evaluated the 

performance of different algorithms with simulation models of different complexity levels. They 

also demonstrated the efficacy of the All-in-One multidisciplinary optimization method together 

with these tools for the simultaneous optimization of active and passive elements of actively 

suspended vehicles. 

  



10 

 

  



11 

 

3.  PROPOSED METHOD 

An optimization approach for forestry machine suspensions is depicted in this chapter, with 

justification of the chosen methods for the different parts of the optimization task. Software tools 

for the implementation of the method are likewise proposed. 

3.1 Suspension design optimization method 

There are many approaches that can be taken for optimization of suspension systems. In general, 

the structure of the methodology doesn’t change. Still, methods differ from each other based on 

the approaches taken in the different parts that compose this common structure. The basic 

elements that are usually part of an optimization method consist of an optimization algorithm, a 

model of the vehicle that enables evaluation of its dynamic performance, a set of simulation 

conditions or excitations and a selection of performance indices coupled with evaluation criteria. 

For optimization and performance evaluation of active, semi-active and passive suspensions the 

author’s proposal is to use a multi-objective genetic optimization algorithm. The reasons for 

using a genetic algorithm are multiple. Principally, they present no restrictive requirements about 

the search space. This is, the function to minimize can be non-differentiable, nonlinear, 

discontinuous, etc. and the algorithm doesn’t need any information about it apart from the 

function evaluation results. In the case of this study, the objective function depends on the 

vehicle dynamics, suspension and ground contact models, which can be highly complex and 

present both nonlinearities and discontinuities. Additionally, the GA is suitable in initial design 

stages where there are a lot of design variables to manipulate and their ranges are quite 

unrestricted, and it’s highly reliable in finding the global optima even when the objective 

function may present many local optima (He and McPhee, 2007). On the other hand, as 

enunciated by Taghirad and Esmailzadeh (1998), the requirements of a suspension system 

conflict with each other, making it impossible for a suspension system to minimize all its 

objectives simultaneously. Thus different solutions of the suspension design problem present 

trade-offs among different objectives. To solve a problem of these characteristics an evolutionary 

multi-objective optimization (EMO) algorithm is appropriate (Deb, 2011). The result of the 

optimization will therefore be a set of Pareto-optimal solutions, which provide much more 

information about the suspension’s capabilities than a single optimal result. 

As recommended in numerous studies (Bestle and Eberhard, 1992; Datoussaid et al., 2002; 

Eberhard et al., 2003; Zhang et al., 2004; He and McPhee, 2002; Mohmoodi-Kaleybar et al., 

2012; Wang et al., 2013), MBD software will be used for the creation of a full vehicle model. 

This model will be used to simulate the behaviour of the vehicle under certain conditions when 

equipped with a given suspension system. The suspension and its control will be modelled 

separately using a more appropriate model-based design tool, and will constantly communicate 

with the full vehicle model during simulations to provide the suspension forces. The tire-ground 

interaction is also recommended to be modelled independently. This decoupled model structure 

allows for the implementation of different suspension elements and control systems without the 

need of modifying the vehicle model, as well as an easy incorporation of different user defined 

tire models and road excitations. The input data for these simulations will be specific values for 

the suspension design variables, and the output data will be the performance indices. A 

numerical computation program will be running the optimization algorithm and controlling the 

whole process. The algorithm receives the values of the objective function calculated from the 

simulation’s output data and decides a new series of values for the design variables. The program 

requests a new simulation with this input data and this process continues until one of the 

algorithm’s stopping criteria is met. 
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3.2 Simulation conditions 

The simulation conditions (velocity, transported load, road profile) shall be adapted to the 

normal functioning conditions of the forestry machine, in order for the suspension’s optimal 

working range to comply with the machine’s most common range of operation. However, if the 

machine operates in a wide range of conditions, it is logically convenient to consider the most 

unfavourable conditions which lay on the normal operation spectrum. For example, a forwarder 

navigates pavement and forest roads, but can also be driven in uneven strip roads or forest 

terrain. Accordingly, the applied excitation in the simulation should be representative of the 

roughness that forest terrain might present. 

Two different approaches for the application of a representative ground excitation have been 

found in previous studies in the context of off-road vehicles: the use of a discrete amount of well 

geometrically defined road excitations (Valasek et al., 2006; Segla and Reich, 2007; Lajqi and 

Pehan, 2012) and the use of an excitation signal with specific characteristics in terms of 

frequency and amplitude (Zhang et al., 2004; He and McPhee, 2005, 2007; Yao and Zheng, 

2006; Pazooki et al., 2011; Zohir et al., 2014). The proposed method will be to do an 

optimization with each of these types of excitations. In the first place, a part of the profile of the 

existing test track used by Skogforsk for standardized vibration measuring (Skogforsk, 2007), 

see Figure 6, and secondly stochastic uneven terrain with a certain road classification according 

to the ISO 8608 which PSD is considered representative of forest terrain roughness. Since the 

behaviour of the suspensions can vary depending on the conditions, it is of high interest to 

analyse their performance as well as the possible change in optimal design variable values with 

different types of ground profiles. Additionally, possible future tests in the Skogforsk test track 

will allow comparison of simulation and measurement results. 

 

Figure 6. Skogforsk’s test track 

According to ISO 8608 standard (ISO, 1995) the PSD of a road can be represented by an 

equation of the form 

  ( )    (  ) (
 

  
)
  

 (1) 

Where   ( ) is the road PSD,   is the spacial frequency,   (  ) is the reference PSD and    is 

the reference spacial frequency (              ). The factor   is the waviness of the terrain 

and the general value recommended by ISO is    . Table 1 shows the road roughness 

classification according to the standard. 
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Table 1. Road classes by roughness according to ISO 8608 

 
Degree of roughness   (  ) (  

          ) 

for                

Road class Lower limit Geometric mean Upper limit 

A 

B 

C 

D 

E 

F 

G 

H 

-  

32 

128 

512 

2048 

8192 

32768 

131072 

16 

64 

256 

1024 

4096 

16384 

65536 

262144 

32 

128 

512 

2048 

8192 

32768 

131072 

- 

 

Oh et al. (2003) calculated forest road and terrain PSD from test data using the fifth wheel 

method, and compared them with the ISO road classes. Although the calculated waviness was 

higher than the recommended by the standard (4.8 and 3.8), resulting in steeper PSD curves, the 

calculated PSD values for the analysed strip road and forest terrain was assessed to be in a range 

from ‘D’ to ‘F’ in the ISO scale. Pazooki et al. (2011) also estimated the PSD of an un-

deformable equivalent of soft forest terrain from the measurements of an unsuspended vehicle in 

conjunction with a three DOF model. The data was adjusted to a roughness model according to 

Wong (2002) of the form 

  ( )     
   (2) 

Similar to that of the ISO standard;   corresponding to the waviness and   being the PSD for a 

reference spacial frequency of unit value. The calculated values were                 and 

      . The waviness is in this case slightly lower than the recommended by the standard. The 

approximated PSD curve is compared to the ISO classes in Figure 7. 

 

Figure 7. Comparison of estimated forest terrain PSD and ISO classes 
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It has been observed that, when attempting to represent a forest road with a model of the form 

(eq. num.), the calculated PSD curve and specially its slope (waviness) can significantly vary 

depending on the terrain and/or the employed measurement method. However, PSD values of 

uneven forest terrain seem to be similar to those of a road of ISO class ‘F’ in the relevant 

frequencies. The use of a PSD curve corresponding to a road class ‘F’ with a waviness of     

as described by ISO is therefore recommended in this study for the characterization of a 

stochastic uneven forest terrain excitation. 

In terms of travel speed and carried load, the simulation conditions should be adapted to the 

specifications of the vehicle. In the case of the XT28 Forwarder the specifications state a normal 

speed of 6 km/h in forest ground. A payload is not specified at the time of this study, but 10 tons 

will be considered for it is a common value in forwarders of similar size. For simplicity, a 

constant velocity and a straight traveling path will be used, which make it easier to replicate 

results. Furthermore, in the case of forestry vehicles traveling at such a low velocity in terrain of 

such unevenness, the lateral dynamics of steering don’t seem of relevance. This being said, in 

more advanced stages of suspension control system implementation, tests should be made in all 

conditions to assure proper functioning. On the other hand, when using a tire-ground contact 

model that considers longitudinal reaction forces it is not possible to use a constant traveling 

velocity. In this case the velocity will be controlled as realistically as possible by acting on the 

wheel torques. 

3.3 Evaluation criteria and objective function  

As previously discussed, the two main concerns in the dynamic performance of forestry vehicles 

are currently easiness on the terrain and whole body vibration health effects. The design 

objectives of the suspension will therefore be focused on 

i. reducing accelerations of the vehicle’s sprung mass and principally their effects on the 

operator’s health, and 

ii. minimizing the amplitude of dynamic tire-ground loads, thus maximizing terrain-

friendliness and ride safety.  

Consequently, the performance indices extracted from simulations will be accelerations in 

vertical, longitudinal and lateral directions in the operator seat and normal tire-ground dynamic 

forces in each of the tires. Evaluation criteria for these performance indices must be specified, 

since it doesn’t make sense to evaluate these values directly. Ride quality will be evaluated as 

recommended by the ISO 2631 standard (ISO, 2002), using frequency weighted values of the 

accelerations in the three directions, and taking directional weighting factors into account as 

well. Accordingly, the sum of the RMS values of normal tire-ground dynamic forces in each of 

the tires will be used to assess impact on the terrain. 

Two evaluation methods will be employed for full body vibration evaluation; the total value of 

weighted RMS acceleration (  ) and the vibration dose value (   ). 

The weighted RMS acceleration value in a certain direction is calculated with the following 

equation, according to ISO 

   [
 

 
∫   

 ( )    
 

 

]

 
 

 (3) 

Where   ( ) is the weighted acceleration as a function of time in a certain direction and   is the 

duration of the measurement. A way of obtaining the weighted acceleration time history from the 

measured acceleration time history is to filter this last signal for each of the one-third octave 

bands specified by ISO, apply the corresponding weighting factor for each of the bands and sum 



15 

 

the resulting signals. The used weighting factors correspond to the principal frequency 

weightings related to health, comfort and perception and are    for the acceleration in the 

vertical (z) direction and    for the longitudinal (x) and lateral (y) directions. These weighting 

factors are provided in tables in the ISO 2631 standard. For evaluating the effect in health of full 

body vibrations transmitted to seated persons in different directions, an additional weighting 

factor (                ) is applied as recommended by the standard. 

ISO recommends that for health effects, the RMS of weighted accelerations should be analysed 

separately for each Cartesian direction, and the highest of these considered. If the magnitudes of 

the RMS of weighted accelerations in different directions are comparable, the total value of 

weighted RMS acceleration can be used: 

   (  
     

    
     

    
     

 )
 
  (4) 

Where          is the weighted RMS acceleration value in each Cartesian direction and        is 

the corresponding directional weighting factor as previously defined. Since vibrations need to be 

reduced in all three directions, the total value of weighted RMS acceleration (  ) will be the first 

objective to minimize in the suspension optimization problem. 

Additionally, the vibration dose value (   ) will be calculated. It shall not be used for 

optimization, but for estimating the performance of the suspension according to Directive 

2002/44/EC of the European Parliament and the Council of the EU (2002). As previously 

mentioned, this directive recommends for the assessment of vibration exposure the use of the 

highest value from the VDV of directional and frequency-weighted accelerations standardised to 

an eight-hour reference period. According to ISO the VDV is calculated by 

    [∫   
 ( )    

 

 

]

 
 

 (5) 

And therefore the considered value for comparison with the limit and action values provided by 

Directive 2002/44/EC will be 

         [
  

 
]

 
 
                  {              } 

(6) 

With 
  

 
 being the ratio between the standardised period time (8 hours) and the duration of 

measurement, and 

        [∫    
 ( )    

 

 

]

 
 

   {     }  (7) 

In the case of assessing terrain friendliness, the sum of the RMS of the measured dynamic tire-

ground normal loads in each of the tires will be used. Minimizing this sum will be the second 

objective of the optimization problem, expressed by 

   ∑ [
 

 
∫   

 ( )    
 

 

]

 
 

 

   

 (8) 

With   being the measurement time and   ( ) the measured dynamic tire-ground normal force 

for each of the   wheels (in the case of the XT28    ). 

Finally, the two dimensional objective function to minimize in the vehicle suspension multi-

objective optimization problem can be defined as 
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   ( )  [      ] (9) 

With   [       ] being a vector of   elements corresponding to the set of   design 

variables that define the suspension system. 

3.4 Assessment of the optimization performance  

According to Deb (2011) there are two goals of an evolutionary multi-objective optimization 

procedure: achieving good convergence of the solutions to the Pareto-optimal front and a good 

diversity in the obtained solutions. Thus, in order to assess the validity of the optimization 

procedure, convergence and spread of the obtained solutions should be evaluated. 

Different metrics exist for evaluation of convergence and spread of solutions. Conveniently, 

some metrics evaluate both convergence and spread in one single measure. A measure of these 

characteristics could be computed to evaluate the Pareto-optimal solutions obtained in each of 

the generations of the optimization algorithm. The progress of this measure through the 

optimization process gives information that makes it is possible to assess if the convergence and 

spread of the solutions is still improving after a certain number of generations, which would 

mean that the optimization should continue, or that they are not significantly improving 

anymore, suggesting that the obtained solutions represent the Pareto-optimal front accurately 

enough. 

A metric that evaluates both convergence and spread of solutions is the hypervolume indicator. If 

solutions of a MOO problem are considered as points in the n-dimensional objective space, the 

hypervolume is defined as the n-dimensional space enclosed by a solution set relative to a 

reference point (Bradstreet, 2011). Figure 8 shows a graphic representation of the hypervolume 

of an arbitrary solution set of a two dimensional multi-objective problem. In this case the 

hypervolume makes reference to a two dimensional area. 

 

Figure 8. The hypervolume indicator (Deb, 2011) 

This metric has some properties that make it superior to other measures. Its main advantage is 

that it is sensitive to any sort of improvement; whenever a set of solutions dominates another 

one, the metric yields a strictly higher quality value for the first one than for the second one 

(Zitzler et al., 2003). In consequence, the metric yields the maximum possible quality value for a 

given MOO problem only when the evaluated set contains all Pareto-optimal solutions 
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(Fleischer, 2003), therefore being equal to the Pareto-optimal front. As a result, this metric is 

ideal to assess the correct performance of the carried out suspension optimization procedures. 

3.5 Software tools and method implementation 

The author recommends Mathworks Matlab and Simulink product families (Mathworks, 2014) 

to carry out the optimization and analysis tasks. As a powerful and easy to use environment for 

numerical computation, visualization and programming, Matlab can be used to script and 

automatically run the optimization process, including definition of the problem, implementation 

of the evaluation criteria and deployment of the optimization algorithm using Matlab’s Global 

Optimization Toolbox, without the need to spend copious amount of time programming with 

intermediate or low-level languages. It is also an ideal tool to analyse and visualize the 

optimization results and other collected data. Simulink is a block diagram environment for 

model-based design and simulation. This tool, with its extensive libraries and intuitive interface, 

can be used to model and simulate the tire-ground interaction, the physical suspension system, its 

control system and even the vehicle dynamic behaviour. Even though Simulink provides all the 

necessary tools for carrying out the whole modelling and simulation task, a more specialized 

solution can be used for modelling of the vehicle dynamics. 

MSC Adams (MSC Software, 2014) qualifies as the world’s most widely used MBD software. 

Adams/View provides a very complete toolset for modelling of physical dynamic systems while 

maintaining a very visual interface, meaning that the user is continuously visualizing the 

physical system while modelling it, which can be more intuitive for situating bodies, forces, 

constraints, etc. and verifying the model than a block diagram environment. It is also a powerful 

simulation and analysis tool. Adams/Controls, the control integration package of Adams, 

provides the possibility of exporting the MBD model as a block for its integration in the 

Simulink environment. The exported model can be either non-linear or a linearized version of the 

model. In the case of the non-linear model it can either be ran using the Adams solver in 

periodical communication with Simulink, or using the Simulink solver, with Adams providing 

the system equations. These modes are known as discrete and continuous modes, respectively. 

Additionally, the simulation can run in Adams’ visual interface (interactive mode), which allows 

continuous visualization of results during simulation, or using batch mode, which doesn’t display 

a visualization but of course initializes and runs faster. For more information see ‘Getting Started 

Using Adams/Controls’ (MSC Software, 2013). The option of exporting a linearized version of 

the model in the form of state-space matrices is especially interesting in the case of optimization. 

It has been observed in previous studies that linear systems are usually used for optimization of 

suspensions, even when using MBD (He and McPhee, 2005, 2007). These systems are simulated 

much faster than non-linear ones, which usually require numerical methods for equation solving. 

The fact that optimization requires so many evaluations of the system, mainly when using 

evolutionary algorithms, implies that the used model must be fast, while maintaining a high 

enough precision. 

For this study, the suggestion is to assess the validity of the linear model by comparison with the 

non-linear model. If the linear model is assessed to be precise enough, it should be used for 

optimization, otherwise the non-linear model should be used. In the case of the tire-ground 

contact model, its complexity can also highly vary. In this study a simple tire model will be used 

for the optimization task. Nevertheless, when analysing the optimized suspension performance 

through simulations the models must be as realistic as possible. Therefore the obtained optimal 

solutions will be ultimately simulated using the non-linear MBD model and a realistic tire model, 

such as FTire (Cosin Scientific Software, 2014), which is integrated in the MSC Adams 

environment. The results of these simulations will be used, in the first place, to assess if the 

optimized solutions obtained through the simplified models are also valid in a more realistic 
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scenario, and in the second place, to estimate the performance that the optimized suspensions 

would present and their compliance with Directive 2002/44/EC. 

Figure 9 shows the final structure of the optimization process according to the proposed method, 

with the respective software tools that were suggested. 

 

Figure 9. Optimization process schematic 
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4.  IMPLEMENTATION 

4.1 XT28 Forwarder simulation model 

A model of the XT28 forwarder was constructed using MSC Adams, an already existing CAD 

model of the machine, a list of estimated weights for its different components and certain tire and 

suspension specifications. A visualization of this model is shown in Figure 10. 

 

Figure 10. MBD model of XT28 forwarder in MSC Adams 

4.1.1. General characteristics 

The estimated mass of the different components of the machine is collected in Appendix A. 

These masses were applied to the respective bodies in the model and Adams calculated their 

inertial properties in accordance with the geometry of the bodies. However, in the case of the 

wheels, the rim and the inflated tire mass and moments of inertia were calculated separately and 

applied manually to the model. The tire’s mass and inertia was estimated using FTire/Tools 

(Cosin Software, 2014), see Appendix B. 

The machine is composed of three frames, the first one supporting the engine, pump, batteries, 

cabin and its respective components, the second one the crane and part of the transported load, 

and the last one most of the transported load. The weight of some components that spread 

through the whole machine, such as hydraulic circuit components, bolts and screws, were 

divided equally and added to the weights of the frames. 

The frame links allow a relative yaw movement between frames, but not relative pitch or roll, as 

in some other machines. This type of links is used because the machine will include an active 

suspension which will level the whole vehicle as one. The cage, which supports the transported 

load, is linked in the same way with the middle and the rear frame, with the cage-rear frame link 

being able to slide longitudinally over the rear frame. Despite the existence of these links, in the 

model the frame links will be considered locked, and in consequence the cage won’t move 

relative to the frames either. The reason for this is that the forwarder is simulated travelling in a 

straight path, and in reality, when travelling forward the frame links are not free to rotate, since 

the necessary steering torque is continuously being applied in the links to keep the straight 
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trajectory of the vehicle. Despite this, the constraints in the model can be easily changed to 

include steering functions. 

The equilibrium pendulum arm position was chosen taking into consideration the working range 

of the XT28 prototype’s existing hydraulic actuators. A geometrical analysis of the pendulum 

arm mechanism was carried out to determine the limit positions that are allowed by this range, 

see Table 2. The pendulum arm position relative to the chassis in static equilibrium was finally 

chosen to correspond with the chassis-ground distance which falls in the middle of the possible 

range. The resulting chassis-ground clearance is very similar to those that can be found in 

specifications of similar machines. 

Table 2. Limit positions of pendulum arm 

Actuator length [mm] Pendulum arm angle [º] Chassis-ground 

clearance [mm] 

Contracted hydraulic actuator 

820 24.8 184 

Extended hydraulic actuator 

1320 -39.3 1240 

Chassis-ground clearance at mean value 

1049 -6.13 712 

 

4.1.2. System description 

 

Figure 11. MBD system representation 
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The full vehicle dynamic model has therefore 12 degrees of freedom corresponding to the 

translational and angular displacement of the vehicle’s body relative to the three Cartesian axes 

in its centre of mass, and the angular displacement of each of the six pendulum arms. Since the 

suspension will be modelled separately, the suspension forces will be an input to the system. A 

variable action-reaction force is therefore defined between the suspension links of the chassis 

and the pendulum arms, which direction is defined by the line that connects these points. Since 

the tire-ground interaction will be also modelled independently, the second set of inputs will be 

the forces in the wheel hub. In the model, these forces are defined as three-component variable 

forces in global coordinates. The resulting system, with its forces represented by red arrows and 

its degrees of freedom represented by black arrows is shown in Figure 11. Note that the forces 

and degrees of freedom corresponding to the pendulum arms that are on the left side of the 

machine are not visible in the figure but are symmetric to the ones on the right. 

The inputs of the system are therefore in all cases the tire and suspension forces, which are 

externally calculated by the tire and suspension models. The outputs of the system depend on the 

suspension system that will be simulated. Common outputs for all the systems are the 

accelerations in the cabin, which are needed for evaluating the performance in terms of whole 

body vibrations, and the position of the wheels for calculation of tire-ground forces. For the 

passive system the necessary states are the stroke of the suspension element (absolute distances 

between chassis and pendulum arm suspension links) and its time derivative. In the case of 

active and semi-active systems, additional measures performed by sensors are needed. 

4.1.3. Model linearization and integration in Simulink 

Adams/Controls is used to export both non-linear and linearized versions of the vehicle dynamic 

model as blocks for their use in Simulink. Figure 12 shows the complete Simulink model that 

was constructed to simulate the performance of the passive suspension. It is composed of vehicle 

dynamic model exported from Adams, the tire model and the suspension model, which in this 

case only consists of a linear spring and damper for each of the pendulum arms. The inputs and 

outputs of the vehicle dynamic model are those corresponding to the passive suspension as 

previously explained. Output signals 1 to 9 of the Simulink model correspond to the measure of 

the accelerations in the cabin in the three Cartesian directions and the tire-ground force in each 

of the wheels. The constructed models for active and semi-active suspensions are shown in 

Appendix C. 
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Figure 12. Complete model of the XT28 with passive suspension 

The linearized version of the model is a state-space representation of the system and, unlike the 

non-linear model, it is not dependent of the MBD software to be simulated or analysed. It 

consists of four matrices that define a system of algebraic and first-order differential equations of 

the form 

 ̇( )     ( )     ( ) (10) 

 ( )     ( )     ( ) (11) 

Where  ( ) is the state vector,  ̇( ) its time derivative,  ( ) a vector containing the inputs to the 

system and  ( ) the outputs.  ,  ,   and   are the mentioned matrices, which are obtained from 

the linearization of the system. The variables that form the state vector are the smallest set of 

variables that can describe the system at a certain point of time (Nise, N., 2010). In the case of 

this mechanical system, these variables are the displacements that correspond to the 12 degrees 

of freedom of the system and their time derivatives.  
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4.1.4. Simple tire model 

In order to achieve fast simulations, a simple tire model will be used for the vehicle’s 

performance evaluation in the suspension optimization procedure. In the case of this study, a 

single-point contact model with a linear vertical spring-damper combination to simulate the 

elasticity of the wheel will be used. Note that a more realistic tire model will be used for final 

performance evaluation of the optimized suspensions, and therefore the results given by the 

simple model will only be used for evaluation of the objective function in the optimization 

procedure. 

A representation of the single-point vertical tire-ground contact model is shown in Figure 13, as 

well as the implementation of this model in Simulink. The main reason for modelling the tire-

ground contact in Simulink instead of using built-in MSC Adams tire models is to enable an easy 

implementation of different user defined tire models and the evaluation and comparison of their 

performance in the optimization procedure. Furthermore, during simulation with the built-in 

MSC Adams ‘Fiala’ tire model it was found that the calculated tire forces didn’t properly agree 

with the calculated tire deflections according to the model’s equations. This was probably caused 

by a bug in the program’s tire solvers. In any case, it was assessed that relying on a user defined 

tire model was the best option.  

 

Figure 13. Simulink implementation of the single-point contact tire model 

Using the specifications of the tires of the XT28 forwarder and the FTire/Estim utility, the 

general properties of the tires were estimated, see Appendix B. From these properties, the 

estimated vertical stiffness coefficient was used for the simple tire model (             ). 

In previous projects involving dynamic simulation of forwarders with a similar tire model (Baes, 

2008; Cheng, 2011) it was found that the use of a damping coefficient of approximately 10% of 

the spring stiffness in magnitude gave the best correlation between simulation and test results. 

Consequently, a damping coefficient of 10% the value of the spring stiffness is adopted in this 

study (                ). 

4.1.5. Realistic vehicle model 

After optimization of the active, semi-active and passive systems with the simplified models, the 

non-linear full vehicle model will be used in combination with a realistic tire-ground interaction 

model to simulate the forwarder with all the optimized suspension solutions in both types of 

ground excitation conditions. The collected data will be used, in the first place, to assess the 

validity of the optimization results in a more realistic environment, and in the second place, to 

compare the performance between suspension systems in a more realistic simulation 

environment. In addition, for each of the simulations of the optimized solutions in stochastic 

uneven terrain, the VDV in a standardized period of 8 hours will be estimated as per equation 6. 

This value allows for a rough assessment of the compliance of the active, semi-active and 

passive-suspended forwarders with Directive 2002/44/EC in terms of whole body vibrations. 

The tire-ground interaction model used for the realistic forwarder model is FTire by Cosin 

Scientific Software. This tire model has available interfaces to both Adams and Simulink, among 

others. In this study, the version of FTire available in Adams/Tire (Adam’s comprehensive 
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package of tire models) is used. According to Van Oosten (2008), from the available models in 

Adams/Tire, FTire is the only one encouraged for use when simulating a vehicle traveling over 

uneven terrain or cleats/obstacles, while the rest of them are qualified as ‘not possible/not 

realistic’ in these conditions. 

Despite the lack of the necessary data to properly parameterize the FTire model and the 

exclusion of performing measurements on the forwarder’s tires in the scope of the present study, 

it is possible to parameterize the model using the ‘FTire/Estim’ utility provided by Cosin 

Scientific Software and general tire specifications. This utility estimates FTire data by comparing 

its general properties with a similar, well known reference tire. Although none of the available 

reference tires are similar to the forwarder’s forestry-grade tires, the estimated model is expected 

to give better results than the rest of the available ones. Appendix B shows the specifications of 

XT28’s tires used for model estimation and the general properties of the estimated tire model 

calculated by FTire/Tools. Note that the specified mass and inertial properties of the wheels in 

the Adams model had to be adapted, since FTire accounts for mass and inertia of the ‘free’ (non 

rim-fixed) tire parts. Also, when using FTire with Adams a road file that contains the road 

excitation data has to be created. In this study, the stochastic uneven and test track road 

excitations implemented in Simulink for the optimization task will be manually exported to an 

Adams road file of type ‘polyline’. This type of road file requires the definition of a discrete set 

of points of the road and interpolates between points to create a continuous road profile. 

4.2 Active and semi-active suspensions 

In order to evaluate the performance potential of an active and semi-active pendulum arm 

suspension in the XT28, reference control systems will be developed with the aim of reducing 

whole body vibrations and tire-ground forces by acting on the active actuator and the variable 

damper, respectively. The employed control strategy will be based on the extended combination 

of ‘sky hook’ and ‘ground hook’ control as proposed by Valasek et al. (1997). This strategy, 

which will be referred to as ‘extended ground hook’ (EGH) control, consists of an adaptation of 

the ‘sky hook’ control developed by Karnopp et al. (1974) for reduction of both sprung mass 

vibration and dynamic tire-ground forces. Since sky hook control is usually used as the ideal 

control concept for comparison with other approaches in ride comfort analysis (Valasek et al., 

1998), the EGH control concept seems appropriate as a reference in combined ride-comfort and 

terrain friendliness analysis. 

Since the scope of this study doesn’t include implementation of the active or semi-active 

suspensions in the existing prototype, the physical active and semi-active systems won’t be 

modelled in detail. Instead, a very simplified approach will be taken to account for the delay and 

transient behaviour in the response of these components. As in previous studies of EGH control 

systems (Valasek et al., 1997), a transfer function with a time constant of 10 milliseconds will be 

used for modelling of the active actuator and variable damper dynamics. Additionally, a high but 

realistic value (300000 Ns/m) will be applied as a top limit of the variable damper, as well as a 

low limit (1000 Ns/m). In the case of the active system the actuation force won’t be initially 

constrained. 

4.2.1. Proposed control strategies: EGH and Leveled EGH 

The proposed control, as previously mentioned, will consist of an extended combination of sky 

hook and ground hook control. The sky hook control strategy (Karnopp et al., 1974) is based on 

a fictitious damper between the sprung vehicle mass and the reference inertial frame (the ‘sky’). 

This damping element uses velocity feedback to reduce sprung mass vibrations. The principle of 

ground hook is analogous to that of sky hook control but for reduction of dynamic tire-ground 

forces. In this case the fictitious damping element is situated between the unsprung mass (the 
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wheel) and the ground. The concept in this case reduces the amplitude of dynamic wheel 

deflection, which is directly related to dynamic tire-ground forces. The extended version of 

ground hook control (Valasek et al., 1997) also includes a fictitious spring between unsprung 

mass and ground, which is said to cause the control system to react faster, mainly improving 

performance when the tire deformation is unavoidable, like when passing over a bump. 

Additionally, a second fictitious spring is introduced between sprung and unsprung masses to 

cancel the suspension’s spring stiffness. Figure 14 shows an ideal and a practical representation 

of the proposed control system in quarter vehicle model. 

              

Figure 14. Ideal and real control systems 

By applying force equilibrium in sprung and unsprung masses, the equations of motion that 

define the second quarter vehicle model shown in Figure 14 are obtained: 

   ̈      (     )     ( ̇   ̇ )     (     )     (12) 

   ̈      (     )     (13) 

With   ,    being the unsprung and sprung masses,     and     the tire’s stiffness and damping 

coefficient,     the passive spring stiffness and    the controlled actuation force. 

The force law for the EGH control, which will be applied to the practical control system for it to 

approximate the behaviour of the ideal concept, is given by (Valasek et al., 1997) 

     ( ̇   ̇ )     ̇     ( ̇   ̇ )      (     )      (     ) (14) 

Where   ,    and     are the ground hook, sky hook and passive damping coefficients,      and 

     are the tire and passive stiffness cancellation (negative values),    the ground excitation 

and    and    are the vertical displacements of unsprung and sprung mass, respectively. This 

control law will be adapted to the active and semi-active pendulum arm suspensions in the 

following sections, since their behaviour is not equivalent to that of the practical QVM 

representation shown in Figure 14. Furthermore, the practical way of obtaining the necessary 

feedback through sensors will be discussed. 

As a constraint for the stiffness of the suspension, a minimum performance in the static 

behaviour of the machine over uneven terrain will be demanded. In particular, a maximum load 

transfer between wheels will be demanded in static equilibrium over a certain lateral slope. Note 

that in the case of the active system, the inclusion of the fictitious springs will highly affect the 

static behaviour of the machine, since the static suspension stiffness will greatly decrease. 

Despite this, the active suspension, which can add energy to the system unlike the passive and 

semi-active, can include a levelling function, which can be considered to free the system of the 

mentioned constraint. The existence of an additional controller for the active system that acts to 
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level the machine when on sloped terrain is therefore assumed. However, the considered terrain 

excitations in this study include uneven but not significantly sloped terrain. Despite this, the 

optimized combination of a levelling controller and a wheel-independent EGH controller would 

be expected to perform better even in the given simulation conditions. This is because a levelling 

controller, which considers the dynamics of the vehicle as a whole, is expected to be more 

effective than a wheel-independent system in decreasing the amplitude of pitch and roll dynamic 

motions, which are obviously important in the performed simulations even when the ground 

conditions do not cause significant pitch and roll displacements in static conditions. 

Therefore, the addition to the control concept of an additional fictitious vertical spring between 

the sprung mass and the horizontal plane that contains the vehicle’s centre of mass is proposed in 

this study; see Figure 15. This spring can be seen as a proportional control of the pitch and roll 

angles (or their sinus, in this case). The sky hook damper is expected to dampen the oscillations 

that this spring would cause. This control concept will be referred to as ‘levelled EGH’. 

 

Figure 15. Levelled EGH ideal concept 

The force law of levelled EGH will therefore be 

     ( ̇   ̇ )     ̇     ( ̇   ̇ )      (     )      (     )    (      ) (15) 

Where    is the levelling spring stiffness,     is the vertical displacement of the full vehicle’s 

sprung body centre of mass, and the rest of variables are the same than those on Equation 14. 

Note that on equilibrium, the levelling stroke (      ) is considered to be zero. A more 

realistic way for representing the levelling stroke is in terms of the pitch and roll angles. With 

this representation, the force law yields 

     ( ̇   ̇ )     ̇     ( ̇   ̇ )      (     )      (     )                
   (             ) 

(16) 

Where   and   are the pitch and roll angles, respectively, and    and    are geometric factors 

corresponding to the distance in longitudinal and lateral directions between the centre of mass 

and the corresponding suspension unit. Note that instead of using the sinus of pitch and roll 

angles as feedback, their unmodified value could be used. In this case fictional torsional springs 

would be considered instead of vertical ones. 

Both EGH and levelled EGH controls will be implemented in order to study the advantages of a 

system which considers full vehicle states such as pitch and roll over one that doesn’t. However, 

the static performance of an active-suspended vehicle with these control systems won’t be 
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considered as a constraint in its design variables, as for the passive and semi-active systems. As 

previously mentioned, in extreme sloped terrain conditions such as those considered for 

constraining the minimum stiffness of the passive and semi-active suspensions, the control 

systems will be assumed to act to prevent excessive tilting of the machine. This will reflect a 

great advantage that active suspensions present over passive and semi-active systems, the latter 

relying on passive elements that define static behaviour. 

4.2.2. Adaptation of pendulum arms to QVM 

Since the previous control strategy was defined in QVM, it considers states of the suspension 

which correspond to measures of sprung and unsprung masses in the vertical direction, and the 

calculated control force also lies in this direction. In the real pendulum arm mechanism, the 

position of the actuator changes with the relative movement of the pendulum arm and the 

chassis, and therefore the actuation force does as well. To be able to apply the defined control 

strategy, the equations of the QVM and a simplified pendulum arm mechanism model will be 

derived, and a relation between each system’s actuation force that cause similar system 

behaviours will be found. 

Equations 12 and 13 are the equations of motion of a QVM as shown in Figure 14(b). By taking 

   as the total tire-ground force and    as the total suspension force, a more generalized set of 

equations is obtained: 

   ̈        (17) 

   ̈     (18) 

A simplified 2-D pendulum arm suspension model is considered, as shown in Figure 16. As the 

previous model, only vertical tire forces are considered. Given the position of the hub motors and 

the pendulum arm’s shape, the unsprung bodies’ centre of mass is situated near to the wheel hub. 

Thus the unsprung mass    was considered as the sum of the wheel and hub motor’s mass and 

an equivalent portion of the pendulum arm’s mass on the wheel hub. The pendulum arm beam is 

therefore massless in this representation. Additionally, since the pendulum arm angle   is 

normally small, the horizontal acceleration of the unsprung mass will be neglected. 

 

Figure 16. Simplified pendulum arm model 

Moment and vertical force equilibrium in the three bodies yield: 

         ( )     ̈  (19) 

            ( )    (20) 
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        ( )       ( )        (   )       ( )        (   )    (21) 

         ̈  (22) 

The used variables being described in Figure 16. Note that the sign convention for the angles is 

such that   and   have negative values in the position shown in Figure 16. Solving this system 

of equations for    ̈ ,    ̈ ,     and    yields: 

   ̈       
  [   ( )    (   )     ( )    (   )]

      ( )
 (23) 

   ̈    
  [   ( )    (   )     ( )    (   )]

      ( )
 (24) 

These are the equations of motion of the simplified pendulum arm system. By comparing these 

equations with those of the QVM (Equations 17 and 18), it is clear that an identical behaviour of 

the two models can be achieved if the suspension forces of each system are related by: 

[  ( )]   [  ( )]    
      ( ( ))

  [   ( ( ))    ( ( )   )     ( ( ))    ( ( )   )]
 (25) 

This equivalence will be used to derive the real force needed in the suspension from the vertical 

force given by the control law. Note that the actuator angle ( ) can be derived from the 

pendulum arm angle ( ) or vice versa, depending on the available measures, by the following 

geometrical relationship: 

   ( )  
         (   )

         (   )
 (26) 

4.2.3. Active system 

The suspension in the XT28 forwarder does not contain any physical passive elements, but just 

hydraulic actuators connected to the chassis and each of the pendulum arms. The hydraulic 

system connected to the actuators does contain elements which act as passive springs and 

dampers, but these elements act in series with the actuator rather than in parallel. The lack of 

information and test measurements on the machine’s suspension makes it impossible to model 

this stiffness and damping effects realistically, so they won’t be included in the physical model. 

The active system will therefore be modeled in QVM as shown in Figure 17. 

 

Figure 17. Active suspension in QVM 

The lack of a passive spring in parallel with the actuator means that there is no passive spring 

stiffness to cancel with the control system’s fictitious spring     . Instead, a fictitious spring     

will be included between sprung and unsprung mass as a control element of the active 



29 

 

suspension, and will be a design variable of the control system. The EGH force law for the 

present active system will therefore be 

     ( ̇   ̇ )     ̇     ( ̇   ̇ )     (     )      (     ) (27) 

Note that this force law is equivalent to that of Equation 14, with the difference that     has a 

positive value, as opposed to      which would be negative. By adding the levelling term, the 

levelled EGH force law is obtained: 

     ( ̇   ̇ )     ̇     ( ̇   ̇ )     (     )      (     )                  
   (             ) (28) 

The relative sprung-unsprung mass displacement (     ) can be obtained from the pendulum 

arm angle: 

             (    ) (29) 

Where     is the pendulum arm length,   is the pendulum arm angle and           is the 

reference pendulum arm angle. In reality, the pendulum arm angles can be easily measured using 

angular position sensors. The time derivative of this signal is the relative sprung-unsprung mass 

velocity ( ̇   ̇ ). The pitch and roll angles can be directly measured by means of a gyroscope. 

The sprung mass velocity ( ̇ ) is obtained by measuring the acceleration of the sprung mass and 

integrating this signal. This acceleration can be obtained by means of an accelerometer attached 

to the forwarder body in the position of the corresponding suspension unit. For real life 

implementation, a more cost-effective way to obtain this last measure would be to use only one 

accelerometer somewhere in the vehicle, use it to derive the vertical velocity in the vehicle’s 

centre of mass, and combine this velocity with the pitch and roll angular velocities obtained from 

the gyro sensor to determine the necessary feedback. To estimate the tire deflection (     ), a 

more complex procedure is needed. Although it could be possible with modern systems, it will 

be assumed that the terrain profile or the relative height to it of some part of the vehicle cannot 

be directly measured. Valasek et al. (1997) propose using the acceleration of sprung and 

unsprung masses to determine the tire-ground force and neglecting the tire’s damping coefficient 

to estimate the tire deflection. This approach works perfectly in a QVM, but in a full vehicle 

model the sprung mass acceleration is affected by all suspension units at the same time and 

therefore force equilibrium given by the QVM doesn’t apply. However, if the applied suspension 

force is known, it is possible to use this measure and only the unsprung mass (wheel) 

acceleration. From Equation 17 and neglecting the tire’s damping coefficient: 

       
   ̈    
   

 (30) 

The acceleration on the wheel can be measured by means of an accelerometer or by subtracting 

the second time derivative of the sprung-unsprung mass relative displacement from the sprung 

mass acceleration. The applied suspension force can be directly measured using a pressure 

sensor in the hydraulic actuator or by feeding back the output of the controller. 
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Figure 18. Simulink implementation of the active controller 

The active controller was modeled in Simulink as shown in Figure 18. The shown controller 

corresponds to the leveled EGH control strategy, but setting the leveling stiffness (  ) to zero 

results in the simple EGH controller. As mentioned previously, a first order transfer function 

with a time constant of 10 milliseconds is situated after the controller’s output as a simple model 

of the actuator dynamics. The block marked as ‘PA dynamic model’ corresponds to the 

application of Equation 25 to the calculated vertical suspension force. Note that the shown 

controller corresponds to only one of the pendulum arms. A visualization of the Simulink 

model’s top level with all the controllers, the vehicle and tire-ground models can be found in 

Appendix C. 

4.2.4. Semi-active system 

The semi-active suspension system, unlike the active one, does require the use of a passive 

spring element in parallel. The representation of this system in QVM is shown in Figure 19. 

 

Figure 19. Semi-active system in QVM 

The force law for the controller will therefore be exactly the same as initially stated in Equation 

14 for EGH and Equation 16 for leveled EGH. The particularity of the present controller is that it 

is not acting on a force, but on a variable damper. The desired damping coefficient must 

therefore be calculated according to the force that the control law dictates (Valasek et al., 1997): 
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Where      and      are the minimum and maximum damping coefficients that the variable 

damper is capable of achieving,    is the desired damping coefficient as calculated by the 

controller and         is the semi-active control force, or the force exerted by the variable 

damper. 

The needed feedback for the semi-active control system is analogous to that of the active system. 

The required measurements can therefore be obtained in the same way, except for the case of the 

tire deflection, since the suspension force now has a different definition. The tire deflection is 

calculated in this case by 

       
   ̈     (     )    ( ̇   ̇ )

   
 (32) 

The resulting controller is shown in Figure 20. 

 

Figure 20. Simulink implementation of semi-active controller 

4.3 Optimization implementation 

4.3.1. Automation of the optimization procedure 

In order to automatize the optimization procedure, a script was developed in Matlab to manage 

the whole procedure; see Figure 9 for a schematic representation of the optimization procedure 

and Appendix D for an example optimization script. As an input, the script takes the path and 

name of the Simulink file containing the corresponding simulation model, the number of design 

variables to be optimized, the allowed ranges for these variables and the file containing the road 

profile for the simulations. Additionally, optimization algorithm parameters such as population 

size and maximum number of generations can be set. The script also allows the specification of 

different simulation modes and the execution of multiple simultaneous simulations using 

multicore microprocessors or computer clusters; see ‘Choosing a simulation mode’ and ‘Parallel 

Computing Toolbox’ (Mathworks, 2014). The possibility of running parallel simulations and 
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acceleration simulation modes significantly reduces the optimization algorithm execution time. 

Since the genetic optimization algorithm requires such a great amount of function evaluations, to 

obtain reasonable execution times it is necessary to optimize the procedure as well. Acceleration 

modes and parallel processor computing can be used only when the Simulink model doesn’t 

depend on Adams for execution, which is the case solely when using exported linearized MBD 

models. This is yet another advantage to the use of a linear model for optimization. 

With the specified input data, the script loads the necessary files and starts the optimization 

algorithm. The used algorithm, which is included in Matlab’s Global Optimization Toolbox, is 

the Elitist Non-dominated Sorting GA (NSGA-II), which is described in Deb (2011). In each 

generation, the algorithm passes a vector to the fitness function containing the current population 

of design variables. The fitness function, which was also scripted in Matlab, runs a simulation 

for each of the members of the generation, and uses the simulation output data or performance 

indices (vehicle cabin accelerations and tire-ground forces) to compute the objective function 

defined in Equation 9. These fitness values are passed back to the optimization algorithm, which 

chooses the population for the next generation. During this procedure, all input and output data 

of the fitness function is recorded in a file for further analysis. 
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5.  RESULTS 

5.1 Optimization with the linear vehicle model 

5.1.1. Deterministic bump excitation optimizations 

Optimizations were carried out with the test track as ground excitation, using the linear XT28 

model for passive, semi-active and active systems, both with EGH and leveled EGH control 

systems. Figure 21 shows the final Pareto fronts of the passive and EGH active and semi-active 

systems. It can be observed that the achieved performance improvement with active and semi-

active systems is extremely important. As expected, the performance of the active system is 

better than that of the semi-active, which in turn performs better than the passive one. The semi-

active optimal front completely dominates the passive, and the active completely dominates 

both. 

 

Figure 21. Pareto-optimal fronts of passive, semi-active and active suspensions 

The Pareto fronts of the optimized active and semi-active systems with leveled EGH control are 

compared with those with simple EGH control in Figure 22. This comparison shows that 

complete dominance of one of the control systems over the other one does not occur in any of 

the cases. Nevertheless, in the semi-active system the leveled control can achieve improved 

whole body vibration levels while the simple one presents better terrain friendliness. In the case 

of the active system, the leveled control outperforms the simple one almost through all the 

solutions, but the simple control can achieve lower tire-ground forces at the expense of relatively 

high vibrations. 
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Figure 22. Comparison of levelled and simple EGH control 

 

5.1.2. Stochastic uneven terrain optimizations 

The optimizations were carried out as well using a stochastic uneven road of ISO class ‘F’ as 

road excitation, as discussed before. The results, shown in Figure 23, show once again the 

domination of the semi-active solutions over the passive and the active over both, but this time 

with a much smaller relative difference. Nevertheless, the active solutions present a much wider 

tradeoff than the other two. 

 

Figure 23. Pareto-optimal fronts of passive, semi-active and active suspensions 

Figure 24 shows a comparison between the optimal fronts of the EGH and the L-EGH controlled 

semi-active and active systems. In this case the difference between the two control systems is 

even less significant. The reason of the inexistence of an advantage of one control strategy over 

the other will be discussed on the ‘discussion’ section. 
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Figure 24. Comparison of levelled and simple EGH control 

5.1.3. Convergence and spread 

The hypervolume indicator was calculated for the non-dominated fronts of the whole set of 

simulated solutions throughout each of the generations of the optimization procedures. Figure 25 

shows the difference between the final and the current hypervolume from beginning to end of the 

optimization of the three systems, and Appendix E includes the same graphs with zoomed-in 

views of the convergence line. The dashed lines correspond to the hypervolume of the Pareto-

optimal front of the whole set of simulations carried throughout the optimization. 

 

 

 

 a) b) 

Figure 25. Hypervolume indicator history of a) Test track and b) Stochastic terrain optimizations 

The hypervolume indicator in all cases quickly converges to a value near to the final optimal 

front’s, and then continues to increase but in a less significant way. Note that in the case of the 

passive system the variation of the indicator is higher in the beginning than in most of the other 

cases. It has to be considered that in the last two cases the optimization ranges were derived from 

previous provisional optimizations.  
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5.2 Validation of the linearized model 

From the optimal fronts of the passive, active and semi-active systems, ten evenly distributed 

solutions were chosen. The sets of design variable values corresponding to these solutions were 

used to perform simulations with the non-linear version of the vehicle dynamic model. In the 

case of the active system, when simulated with the non-linear system the given solutions caused 

the performance indices to diverge throughout the simulation. This is, solutions that were 

optimal for the linear system were unstable with the non-linear one, and caused the forwarder to 

tip over. 

The fitness values calculated from the non-linear simulation results for the Passive system 

presented a very good correlation with those of the linear system. None of the objective function 

results from the non-linear simulations dominate each other, and the distribution of the points in 

the objective space is very similar to the given by the linear model, but in the case of test track 

road excitation it is shifted to higher tire-ground dynamic force values and lower vibrations; See 

Figure 26. In the case of the semi-active system, there is also a very good correlation between 

simulations with the non-linear and linear models. All the simulated solutions with the non-linear 

model resulted to be non-dominated except for some of them in the EGH controlled system for 

the test track road excitation. 

 

 

 a) b) 

Figure 26. Results of passive and semi-active systems for a) Test track and b) Stochastic terrain 
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5.3 Optimization with the non-linear vehicle model 

The optimizations that were carried out with using the linear vehicle model were ultimately 

carried out using the non-linear one as well. In this case the simulation time was reduced in order 

to minimize the optimization process time. In the case of optimization with the test track, the 

machine goes over the first two bumps instead of going through the whole section shown in 

figure 6. 

5.3.1. Optimization results 

Figure 27 shows the final Pareto fronts of the passive and EGH active and semi-active systems. 

As with the linear model and for both test track and stochastic uneven terrain excitations the 

performance of the active system is better than that of the semi-active, which in turn performs 

better than the passive one. In the case of the stochastic uneven terrain excitation the active 

system outperforms the semi-active and passive systems in a higher degree than when optimized 

with the linear system, and the semi-active system offers a wider solution front. 

 

 a) b) 

Figure 27. Pareto-optimal fronts of passive, semi-active and active suspensions for a) Test track 

and b) Stochastic terrain 

Figure 28 shows a comparison between the optimal fronts of the EGH and the L-EGH controlled 

semi-active and active systems for both ground excitation cases. As opposed to the optimizations 

with the linear model, in this case the difference between the two control systems is significant, 

especially for the test track road excitation case. In general the L-EGH controlled suspensions 

offer a better overall performance. 
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 a) b) 

Figure 28. Comparison of EGH and L-EGH control for a) Test track and b) Stochastic terrain 

5.3.2. Convergence and spread 

Figure 29 shows the difference between the final and the current hypervolume from beginning to 

end of the optimization of the three systems for the optimizations with the non-linear model, and 

Appendix E includes the same graphs with zoomed-in views of the convergence line. Since the 

non-linear model requires more calculation time, the optimizations were performed with a 

smaller number of generations in relation with those done with the linear model. In this case, the 

hypervolume was tracked throughout the process, and it was stopped when an acceptably stable 

value of the indicator was reached. 
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 a) b) 

Figure 29. Hypervolume indicator history of a) Test track and b) Stochastic terrain optimizations 

5.4 Simulation with FTire 

After optimization with the non-linear vehicle model, a solution from passive and L-EGH 

controlled semi-active and active systems was picked from the corresponding Pareto-optimal 

fronts. The solutions correspond to the ones with median fitness values in the front, this is, the 

ones in the middle of the front. These three solutions were simulated using the non-linear model 

with the FTire tire model, for comparison of their performance. The design variable values of 

these solutions are collected in Table 3. It must be mentioned that the initially selected active 

solution, which was optimal with the non-linear system and the simple tire model, was unstable 

when simulated with the FTire model, similar to what happened when simulating optimal 

solutions from the linear model with the non-linear one. The XT28 tipped over due to lack of 

‘stiffness’ in the suspension, which allowed too wide roll movements. The stiffness was 

therefore manually increased in order to obtain a stable solution. The implications of the stability 

differences when using different models and possible solutions for this problem will be further 

discussed in the next chapter. Apart from these three solutions, an unsuspended version of the 

forwarder was simulated. To realize an unsuspended version of the machine, the rotational joints 

between pendulum arms and chassis were changed to fixed joints, leaving the machine with a 

structure similar to that of fixed axle machines. 

The performance of the systems in terms of RMS sum of dynamic tire-ground forces, total value 

of weighted RMS acceleration and Vibration Dose Value is collected in Table 4. The percentage 

values correspond to the percentage of reduction from the unsuspended to the corresponding 

suspension’s value. The VDV values for a standardized 8 hour period are calculated using 

Equation 6. 
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Table 3. Results of the simulation with FTire 

 Sum of RMS of 

tire-ground 

dynamic loads 

[  ] 

RMS of weighted 

accelerations in 

the operator seat 

[    ] 

Vibration Dose 

Value (VDV) 

[       ] 

Unsuspended 42.378 3.312 7.905 

8 hours: 44.002  

Passive 17.370 

(-%59.01) 

0.766 

(-%76.87) 

1.776 

(-%77.53) 

8 hours:   9.886 

Semi-active 17.610 

(-%58.45) 

0.781 

(-%76.42) 

1.692 

(-%78.60) 

8 hours:   9.418 

Active 13.339 

(-%68.52) 

0.590 

(-%82.18) 

1.610 

(-%79.63) 

8 hours:   8.961 

 

It can be seen in the table that the reduction of dynamic tire-ground loads and whole body 

vibrations is at least of 50% relative to the unsuspended machine in all cases, according to the 

evaluation criteria. In the case of VDV, as discussed before, EU Directive 2002/44/EC imposes 

limit and action values of 21 and 9.1 m/s
2
, respectively. If the test track was an appropriate 

representation of the continuous use of a forwarder, the unsuspended machine would not comply 

with the directive, implementation of the passive or semi-active suspension systems would result 

in VDV values safely below the limit value but above the action value, and the only system that 

would provide complete compliance with the directive would be the active one. 

Nevertheless, the difference between the different suspension systems’ performance in the 

optimization procedure and when simulated with the FTire model varies significantly. This raises 

questions to the compatibility of optimization results using such a simple tire model with more 

realistic conditions. 
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6.  DISCUSSION 

 

In the present study, a detailed methodology was proposed for the design optimization of forestry 

machine suspensions. The study included a thorough literature research including forestry 

technology, suspension design, optimization procedures, multi-body dynamics and control 

systems. In the context of the development of a forwarder prototype with pendulum arm 

suspension, the XT28, the performance that the use of passive, active and semi-active suspension 

elements would present was evaluated and compared with the help of multi-body dynamic 

models, virtual simulation and optimization procedures. A full vehicle model of the machine was 

developed in MSC Adams, and this model was integrated with suspension and tire-ground 

contact models in a simulation environment. Control strategies were proposed for the semi-active 

and active suspension systems, the so called extended ground-hook and a modification of this 

strategy for the inclusion of levelling control. The control systems were also modelled and 

integrated in the simulation environment. The optimization methodology was then applied to the 

forwarder, in order to obtain the optimized performance of the different systems for a fair 

comparison. 

The optimization procedures using the linearized vehicle model showed that, as expected, the 

optimized active system outperforms the semi-active one, which in turn outperforms the passive 

one. The performance of the optimization procedures was analysed using the hypervolume 

indicator, which showed that all results seem to converge rapidly to the optimized solutions. To 

reduce the number of generations needed for an optimization procedure, the addition of a 

stopping criterion using this indicator would prove very useful. It was also shown that in the 

linearized system, the levelled EGH control doesn’t perform significantly better than the simple 

one, or vice versa. This is probably due to the fact that, in the linearized system, pitch and roll 

motions of the vehicle don’t produce the load transfer between opposite wheels that the change 

in location of the vehicle’s centre of mass produces. This is a huge disadvantage of the linearized 

system relative to the non-linear. In vehicles with a low centre of mass this would not be such a 

significant problem, but in the case of a fully loaded forwarder, as it is simulated in this study, 

the centre of mass presents important lateral and longitudinal displacements during dynamic 

suspension deflection. The impossibility to reproduce this effect with a linear model suggests 

that a non-linear model is the best option both for performance evaluation of the suspension 

system and for its design optimization, even though it requires a significantly larger amount of 

computing time. This shortcoming of the linearized system was most importantly reflected when 

comparing simulation results between this system and the non-linear one. In the case of the 

passive and semi-active systems the results were highly correlated, with better results in the case 

of the passive one. But it wasn’t the case for the active system. The lack of the mentioned load 

transfer phenomena in the linearized system explains this very well. Given the high stiffness that 

was demanded for the passive suspension, the pitch and roll motions of the machine are kept at a 

low value. Note that the non-linear simulations yield higher tire-ground forces in any case. The 

passive spring of the semi-active system had a similar stiffness, but the strategy used to control 

the variable damper included fictional springs which lowered the theoretical suspension stiffness, 

causing higher amplitudes of pitch and roll motions. Finally, the minimum stiffness of the active 

suspension wasn’t constrained as for the previous systems, which caused that low stiffness 

values dominated throughout the optimization procedure with the linearized system. With such 

low suspension stiffness, the machine would either present very high and undesirable pitch and 

roll motions or it would be unstable enough for the forwarder to tilt over. 

When using a linear model for optimization, it therefore seems necessary to make sure that pitch 

and roll motions in simulations are kept at a low value to obtain a similar behaviour to a non-

linear model. One way to do this would be to apply constraints to the static deflection of the 
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suspension systems as done with the passive and semi-active systems. Other approach would be 

to include suspension deflection or preferably pitch and roll motions as objectives to minimize in 

the optimization problem, or applying constraints on these variables. However, in the present 

project the optimizations were repeated with the non-linear model in order to assure a more 

accurate replication of the machine’s behaviour. 

Optimizations with the non-linear vehicle model also showed the expected dominance of the 

semi-active system over the passive system and of the active system over both. In the case of the 

stochastic uneven terrain optimizations, the difference in performance of the three systems is 

clearly more significant than in the results provided by the linear model. When analysing the 

optimization procedure’s performance with the hypervolume indicator, it can be seen that the 

indicator reaches less stable values than in the case of the linear model. Because the non-linear 

model is much more time-demanding than the linear model, the optimizations had to be carried 

out using a smaller population and number of generations. Even though the hypervolume of the 

solution set was continuously monitored throughout the process, manually stopping the 

optimization when the hypervolume reached an acceptably stable value, it is believed that the 

continuation of the optimization procedure for a longer number of generations would have still 

improved the approximation of the optimal front of solutions to some extent. When comparing 

EGH and L-EGH controlled suspensions, the latter performed better in every aspect except for 

dynamic tire-ground forces in the semi-active optimization with the test track ground excitation. 

The difference in performance of the control strategies was much more significant in the case of 

the optimizations with the test track, in which the pitch and roll motions of the forwarder have a 

much higher amplitude. The fact that the non-linear model takes into account load transfer due to 

movement of the centre of mass seems to be decisive for observation of the possible performance 

improvements offered by the L-EGH strategy. 

Finally, the simulations with the FTire tire model showed a clear advantage of the active system 

over semi-active and passive systems. On the other hand the semi-active solution was dominated 

by the passive one in terms of optimization objectives, although it presented a better VDV. As 

previously mentioned, the design variables for the active solution had to be manually tuned in 

order to prevent tipping over of the machine during simulation. These facts suggest that there is a 

very important difference between optimality of solutions when using such a simple tire model 

as the single point vertical contact model and when using a more realistic model such as FTire, 

and therefore when considering the real machine. The fact that the FTire simulations were 

conducted using the whole test track portion showed in Figure 6 and the optimizations only used 

the first two bumps may have had a significant effect as well, since the second case correspond 

to less difficult conditions. Additionally, in the optimization with the non-linear model, as with 

the linear one, there were no constraints to the static behaviour of the active system. The 

recommendations to keep pitch and roll movements at low amplitudes that were stated for the 

linear system apply to the non-linear system as well. However, all the suspended systems 

presented a very important improvement over an unsuspended version of the machine, with 

reduction of dynamic tire-ground loads of about 60% and whole body vibrations of about 80%, 

according to the evaluation criteria. This gives an idea of the great performance advantages of 

suspended forestry machines over current unsuspended machines. Nevertheless, it must be 

considered that the unsuspended machine was equivalent to a fixed axle machine, but with the 

added weight of the pendulum arms. A machine with, for example, bogies could have performed 

better, although an important performance advantage would still be expected in favour of 

suspended systems. 

The proposed control strategies provided an effective control for the active and semi-active 

systems. These strategies were however proposed as a reference. When implementing control for 

a real suspension system it should be designed in a way that the robustness of the system is 

guaranteed. Additionally, a more complex control system could result in a significantly better 

performance of the active and semi-active systems. 
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Lastly, the proposed methodology and tools proved to be appropriate for the carried out 

suspension optimization tasks, and in particular the use of a multi-objective evolutionary 

algorithm seems to be the perfect choice when solving this type of problem. In the suspension 

design procedure the designer encounters a trade-off between different objectives, and the use of 

multi-objective optimization provides the whole spectrum of optimal solutions that represent this 

trade-off, rather than a single solution. The evolutionary algorithm was capable of finding 

optimal solutions without any sort of information about the system, which provided total 

freedom in the definition of the system, its complexity and its structure. On the other hand if the 

defined system to optimize is too complex and requires a large simulation time the optimization 

procedure can be too long. The use of evolutionary algorithms in an initial optimization stage in 

combination with local search algorithms in a refinement stage could be studied to attempt to 

improve the optimization quality and reduce the amount of needed function evaluations. 
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7.  CONCLUSIONS 

 

 Forest machines with active, semi-active or passive systems can present great 

performance advantages over unsuspended machines, both in terms of terrain friendliness 

and reduction of whole body vibrations suffered by the operator. 

 In particular, the results of the present study indicate that forestry vehicles with active 

suspension such as the XT28 have the potential to minimize dynamic tire-ground forces 

and transmission of the terrain irregularities to the operator in the form of whole body 

vibrations in a way that isn’t possible with other systems. This gains special significance 

in situations where the terrain irregularities cause differences in vertical wheel positions 

of relatively high amplitude as in the case of the test track bumps. Apart from other 

obvious advantages, this implies the ability of the machine to operate in more difficult 

conditions than usual, or at a higher speed, which would improve productivity. 

 The proposed optimization methodology was effective and efficient in obtaining optimal 

sets of design variable values for a given simulation model. Although simulation models 

always can be improved, the author recommends the proposed methodology or variations 

of it for future work. In particular, the use of a multi-objective optimization algorithm fits 

perfectly to the suspension design task, being a highly iterative process that presents a 

trade-off between different design objectives. Likewise, the used performance evaluation 

criteria represent the main objectives in forestry machine suspension design and have 

been widely used in previous literature. 

 The performance of active and semi-active systems highly depend on their control 

system, and the design of control systems that treat the vehicle as a whole can present a 

better performance than the use of simpler strategies. In particular, reduction of pitch and 

roll motions pays an important role both in the reduction of whole body vibrations and 

tire-ground dynamic forces, mainly if the vehicle is loaded or has a high centre of mass. 

Additionally, when designing a control system it is important to assure a good robustness 

of the system in all situations, since a system that performs correctly in certain conditions 

can behave in unexpected ways when subjected to different conditions. 

 The use of simplified simulation models should always be accompanied by proper 

justification or validation, and their limitations considered when analysing results given 

by them. The use of linear vehicle simulation models is common in the context of 

optimization since they are simple and fast, but in the case of vehicles with high centre of 

gravity such as a loaded forwarder it is important to consider that a linear system doesn’t 

regard changes in centre of mass position for force equilibrium. Another important 

consideration lies in the limitations of simple tire-ground contact simulation models. A 

single point vertical tire contact model doesn’t seem appropriate to obtain optimization 

results that are relatable to reality when regarding uneven terrain or bumps/obstacles as 

terrain excitation. 
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8.  FURTHER WORK 

 

During the time frame of the present project, the XT28 forwarder prototype was not tested, and 

the suspension system’s data was limited. In the future, tests of the machine will be carried out 

by driving it through the test track and measuring vibrations through accelerometers in different 

parts of the machine. With test results and more data on the suspension system, the tire, 

suspension and vehicle models can be improved and adjusted in order to have simulation results 

as close to reality as possible. 

The XT28 prototype’s active pendulum arm suspension is still lacking a control system. The 

design and implementation of a proper, robust control system is to be done, and the optimization 

methodology and simulation models are available as assistance in the design process. 

Very simplified approaches were taken to model the physical suspension systems and the tire-

ground interaction in the case of the optimization model. Regarding suspension systems, springs 

and both passive and variable dampers were modelled as linear elements. The response of the 

variable damper and the active actuator was modelled as a first order system with a certain time 

constant. In reality springs and dampers are not perfectly linear, and the response of active and 

semi-active systems depends on the hydraulic/pneumatic/electrical system that actuates them, 

which could be modelled in further detail. On the other hand, it was seen that a single-point 

vertical tire-ground contact model doesn’t seem appropriate in uneven terrain or bumps/obstacle 

course conditions. This was foreseen, thus in order to be able to try out different models the tire-

ground interaction model was kept independent of the rest, although due to time limits testing of 

different tire models for optimization wasn’t included in the scope of the present project. It is 

therefore recommended for future work to try other tire models with higher complexity than the 

point contact model, but simple enough to require calculation times suitable for optimization 

procedures. 

Regarding simulation conditions, a certain riding speed was initially selected for each of the two 

terrain excitation cases, and this parameter was unchanged during the course of the project. In 

the particular case of the stochastic uneven terrain, if the traveling velocity of the machine was 

lowered the active and semi-active suspension systems could have probably outperformed the 

passive system in a more significant way. Additionally, the considered terrain was a rigid 

equivalent of the forest’s soft soil. It would therefore be interesting to try new simulation 

conditions by implementing soft soil terrain models, changing travel velocity of the machine and 

considering highly sloped terrains, in which the active system would show its full levelling 

potential. 

Finally, the passive, semi-active and active suspended forwarders were simulated with the non-

linear model and the FTire tire-ground interaction model, and their performance improvement 

over that of an unsuspended version of the machine was analysed. As previously discussed, the 

unsuspended machine would be equivalent to a fixed axle machine with some extra weight due 

to the pendulum arms. It would be interesting to repeat the comparison but with a version of the 

machine with bogies instead of fixed axles, since it would be more representative of the current 

technological state of forestry vehicles. 
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APPENDICES 

A. Weight estimation of XT28 components 

Table 4. Estimated weight of XT28 model parts 

 
quantity Weight [kg] Weight [kg/unit] Weight+distributed [kg] 

Front Chassis 1 2165 2165 2543,333333 

Middle chassis 1 2322 2322 2700,333333 

Rear chassis 1 800 800 1178,333333 

Cabin 1 1728 1728 1728 

Cage 1 1000 1000 1000 

Crane 1 2000 2000 2000 

Engine 1 840 840 840 

Pendulum arms 6 2712 452 2712 

Wheel rim 6 2100 350 2100 

Total 
 

15667 
 

16802 

     Logs (payload) 1 10000 
 

10000 

 

B. General properties of tires as estimated by FTire 

Table 5. General properties of tire 

Designation 750/45-30.5/169A8 T428 SBFS 

nominal inflation pressure 4.00 bar 

second inflation pressure 6.00 bar 

max. load capacity 56879 N 

max. speed 40 km/h 

radius of unladen, uninflated tire 698.57 mm 

radius of unladen, inflated tire 724.86 mm 

diameter of unladen, inflated tire 1449.73 mm 

radius growth with inflation 26.29 mm 

tire mass 367.71 kg 

split into effective free tire mass 367.71 kg 

and rim-fixed share of tire mass 0.00 kg 

tire radial moment of inertia (Ixx) 103.897 kgm^2 

tire axial moment of inertia (Iyy) 173.633 kgm^2 

split into effective free Ixx and Iyy 86.817  173.633 kgm^2 

and rim-fixed shares of Ixx and Iyy 17.081    0.000 kgm^2 

Estimated vertical stiffness 1597.437  N/mm 
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C. Simulation models of semi-active and active suspensions 

 

 

Figure 30. Semi-active system integrated simulation model 
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Figure 31. Active system integrated simulation model 
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D. Example of optimization script 
global fwl fwu wk wd res model gen ref hyp 

  
XT28_NonLinear 
load('RoadExcitation_Hultins_NL.mat'); 

  
[fwl,fwu,wk,wd]=weight_factors(); 

  
%---------------------------------Input--------------------------------- 
model='Active_Model'; 
ADAMS_host='KTH-3290.ug.kth.se'; 
NumVars=13; %Number of optimization variables 
VarRanges=[0.7,50000,1000,60000,200000,50000,1000,60000,200000,50000,2000,600

00,200000;... %Minimum value for each of the variables   

1,140000,6000,120000,350000,140000,6000,120000,350000,140000,8000,180000,3500

00]; %Maximum value for each of the variables 
popsize=30; %Population size for optimization algorithm 
gensize=100; %Maximum number of generations 
%Initial population and scores: To start from scratch, set empty values -> [] 
iniPop=[]; 
iniScores=[]; 
M1=1000; %Unsuspended mass, used for active and semi-active controls 
K10=1597000; %Tire stiffness estimation 
%--------------------------------/Input--------------------------------- 

  
res=[]; 
gen=0; 
ref=[]; 
hyp=[]; 

  
%Log command window outputs in a text file 
diary('.\Results\LOG_Active.txt') 

  

  
%Set options for multi-objective optimization algorithm: 
options = 

gaoptimset('PopulationSize',popsize,'Generations',gensize,'Vectorized','on','

TolFun',1e-10,...  

'PlotFcns',@gaplotpareto,'InitialPopulation',iniPop,'InitialScores',iniScores

); 

  
%Start optimization 
totaltime=tic; 

  
[x, fval, flag, output, population] = 

gamultiobj(@fitnessfun_Active_Linear_Vectorized_Manager,... 
    NumVars,[],[],[],[],VarRanges(1,:),VarRanges(2,:),options); 

  
%End optimization and save results 
elapsedtime=toc(totaltime); 
disp('------------------------------------------------------------') 
disp(['The optimization has ended. The total elapsed time was ' 

num2str(elapsedtime)]) 

  
save('.\Results\OptResults_Active.mat','x','fval','flag','output','population

','elapsedtime') 

  
%End text file logging 
diary off; 
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E. Hypervolume indicator history of optimizations 

 

 

 

 

 

 

 

 a) b) 

Figure 32. Hypervolume indicator history of a) Test track and b) Stochastic terrain optimizations 

with the linear model 
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 a) b) 

Figure 33. Hypervolume indicator history of a) Test track and b) Stochastic terrain optimizations 

with the non-linear model 

 


