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Abstract. ŠKODA VÝZKUM s.r.o. cooperated on the development of the 
NEOPLAN DMA low-floor articulated trolleybus intended for the Boston 
city. Multibody models and finite element models of the trolleybus were 
utilized in the stage of the vehicle design. At the end of the stage of 
computer modelling and testing of the trolleybus prototype a decision to 
reduce tire inflating of vehicles in serial production (together with the 
change the type of shock absorbers used in trolleybus suspension) was 
made. The impact of this change on forces acting in the trolleybus 
suspension elements (i.e. in air springs and shock absorbers) and radius 
rods on the trolleybus chassis when running on an uneven test track was 
investigated using multibody simulations. Time histories of the forces 
calculated utilising multibody models were used as input data of the 
trolleybus finite element models. 

1 Introduction 
Optimum dynamic properties of a vehicle intended for public transport can usually be 
achieved by the proper chassis structural design including the used spring-damper elements 
(i.e. springs, shock absorbers, bushings and finally tires). The design must be the 
compromise of requirements for the vehicle behaviour during driving manoeuvres, for 
riding comfort, for the vehicle body and the chassis parts lifetime when driving on an 
uneven road surface and for the passengers’ safety (e.g. [1]). 

In 2003 Neoplan USA Corporation, the American producer of buses and trolleybuses, 
started to develop the NEOPLAN DMA low-floor articulated trolleybus intended for the 
city of Boston (see Fig. 1). ŠKODA VÝZKUM s.r.o. (now Výzkumný a zkušební ústav 
Plzeň s.r.o.) cooperated on the development of the trolleybus. Multibody models and finite 
element (FE) models of the trolleybus were utilized in the stage of the trolleybus design. At 
the end of computer modelling and testing the trolleybus prototype a decision to reduce the 
tire inflating of vehicles in serial production (together with the change of the type of shock 
absorbers used in trolleybus suspension) was made because high stresses were calculated 
and measured in the trolleybus chassis in the place of the centre axle mounting during test 
drives on an uneven road surface. Lower tires inflating (100 psi instead of original 120 psi) 
results in their less steep radial force-deformation characteristics and their lower radial 
damping coefficient. On the one hand it leads to smaller stiffness of tires and on the other 
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hand to larger deflections of tires. The impact of this change on forces acting in the 
trolleybus suspension elements (i.e. in air springs and shock absorbers) and radius rods on 
the trolleybus chassis when running on an uneven test track was investigated using the 
multibody simulations. Time histories of the forces calculated using multibody models 
were then used as input data of the trolleybus FE models. Utilizing the trolleybus FE 
models created in the COSMOS/M software [2] the critical places of the trolleybus body 
structure from the point of view of high stresses were determined [3]. At the measurement 
on the real trolleybus prototype in these places there were measured stresses using strain 
gauges. The experimental measurement results were utilized for the confirmation of the 
stresses reducing. 

Fig. 1. The NEOPLAN DMA low-floor articulated trolleybus. 

The influence of the already mentioned using shock absorbers of another type that have 
less steep force-velocity characteristics in rebound stage on forces acting in the trolleybus 
suspension elements is presented in [4, 5] – utilisation of another type of shock absorbers 
turned out to be suitable because maximum values of forces acting in the trolleybus 
suspension elements and radius rods decreased. 

Generally, the assessment of vehicle’s dynamic properties is related to three essential 
motions: longitudinal motion (driving and braking), lateral motion (guidance and steering) 
and vertical motion (suspension and damping) [6]. Driving on the uneven road surface can 
reveal many facts about the vehicle vertical dynamic properties and about the suitability of 
the used suspension elements of axles. Especially time histories of relative deflections of 
springs, relative velocities in the shock absorbers, stress acting in the axles’ radius rods 
and/or radius arms and acceleration in various points in the vehicle interior are the 
monitored quantities [7]. On the basis of relative deflections of springs, relative velocities 
of shock absorbers and stresses acting in radius rods and/or radius arms it is possible to 
determine time histories and extreme values of the forces acting in the suspension elements 
of axles which can be utilized in connection with the suitable computational methods for 
the stress analysis of structures, for the prediction of the fatigue life of the body and the 
chassis parts of the tested vehicle (e.g. [8]). 

Many professional books and papers deal with the investigation and approaches to the 
evaluation of vehicle dynamics using computer simulations. A smaller part of them is 
focused on the vehicles of public transport but despite this fact they are numerous. That is 
why a relevant literature is mentioned only in brief. The problematics of modelling vehicles 
in order to investigate their driving properties is globally solved e.g. in [1, 6, 8, 9]. Global 
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investigation of vehicle dynamics using computer simulations is dealt with e.g. in [10], 
where numerous quantities informing on the vehicle driving properties are monitored. 

A good survey of literature dealing with vertical dynamics of public transport and heavy 
vehicles is given e.g. in [11] and the literature dealing with the optimization of suspension 
elements of those types of vehicles in [12]. E.g. Margolis and Edeal [13] created a 2 degree-
of-freedom, small vertical motion bus frame model to which the engine, cab, and load were 
added in addition to suspension forces. Michelberger et al. [14] identified a discrete transfer 
function for a free-free beam model of a two-axis bus, and then estimated modal 
characteristics based on the measured data. The principal aim of paper [15] is to evaluate 
the feasibility of using gradient-based approximation methods for the optimization of the 
spring and damper characteristics of an off-road vehicle, for both ride comfort and 
handling. Eriksson and Friberg [16] optimized the linear spring and damper characteristics 
of the engine mounting system on a city bus for the ride comfort. Andersson and Eriksson 
[17] optimized the non-linear spring and damper characteristics of a full city bus vehicle 
model that was validated against test data. Kowarska et al. [18, 19] was engaged in virtual 
designing of the bus suspension elements. 

2 Multibody models of the trolleybus 
In order to obtain a tool for dynamic analysis (e.g. [9, 20]) multibody models of an empty 
(21 tons weight) and a fully loaded (31 tons weight) NEOPLAN DMA low-floor articulated 
trolleybus were created [21] (see Fig. 2). The multibody models were created in the alaska 
2.3 simulation tool [22]. 

Fig. 2. Simple visualization of the NEOPLAN DMA trolleybus multibody model in the alaska 2.3

simulation tool. 

The multibody models of the NEOPLAN DMA trolleybus are formed by 54 rigid 
bodies mutually coupled by 63 kinematic joints. The number of degrees of freedom of 
multibody models in kinematic joints is 164. Kinematic scheme of the multibody models 
and sources of data used at multibody models creation are given in [21]. 

The rigid bodies correspond to the trolleybus individual structural parts and are defined 
by mass, centre of gravity coordinates and mass moments of inertia. Air springs and 
hydraulic shock absorbers in axles’ suspension and bushings in the places of mounting 
certain trolleybus structural parts are modelled by connecting the corresponding bodies by 
nonlinear spring-damper elements. When simulating driving on an uneven road surface the 
contact point model of tires is used; radial stiffness and radial damping properties of tires 
are modelled by nonlinear spring-damper elements considering the possibility of the tire 
bounce from the road surface. 
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Generally, the aim of the simulations with the multibody models of the NEOPLAN 
DMA low-floor articulated trolleybus is the determination of time histories or FFT results 
of time histories of monitored kinematic and dynamic quantities in the course of the chosen 
operational situation. 

3 Simulations 
As it has been already stated, the impact of changing the tire inflating on forces acting in 
the (empty) NEOPLAN DMA low-floor articulated trolleybus suspension elements and 
radius rods were investigated during the simulations of running on an uneven test track. 

An uneven track test was carried out in the standard way according to the ŠKODA 
VÝZKUM road vehicles testing methodology (so called bump test; e.g. [5]). An artificial 
test track was created on a common bitumen road with a set of four portable standard 
bumps (according to the ČSN 30 0560 Czech Standard Obstacle II – see Fig. 3). 

Vertical coordinates z(x) of the standardized artificial obstacle are given by the formula 
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where R = 551 mm is the obstacle radius, h = 60 mm is the obstacle height, d = 500 mm is 
the obstacle length and x is the obstacle coordinate in the vehicle driving direction [mm]. 

Fig. 3. The standardized artificial obstacle. 

Artificial obstacles are spaced out on the smooth road surface 20 meters apart of a 
horizontal road. The first obstacle is run over only with right wheels, the second one with 
both and the third one only with left wheels (Fig. 4) at trolleybus speed 40 km/h. During the 
real NEOPLAN DMA trolleybus test the relative displacements between the axles and the 
chassis frame were measured (among others) and were compared with the results of the 
simulations with the multibody model [4]. 

The results of the simulations with the multibody model, i.e. the forces acting in the 
trolleybus suspension elements and radius rods on the trolleybus chassis, were used for 
dynamic calculation of the body structure stresses applying the finite element analysis 
(FEA). 

Another reason for performing the bump test was the FEA model verification by 
measuring the stress-time histories at selected structural joints. The test results and/or its 
FEA simulation were also used for the preliminary evaluation of the critical joints fatigue 
life using design spectra. They represent the symmetrical loading cycles’ histogram, the 
main parameters of which (maximum stress amplitude and predominant frequency of 
mechanical vibration) can be obtained from the bump test and the other ones can be derived 
from expected operational conditions. On the basis of empirical knowledge it is assumed 
that the maximum stress amplitudes at heavy damaged roads achieve from 80% to 100% of 
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the bump test values. In the vehicle operation phase the design spectra can be compared 
with the real spectra and can be further modified. 

Fig. 4. Scheme of the track according to the ŠKODA VÝZKUM road vehicles testing methodology. 

4 Results 
Forces acting in axles’ suspension elements and axial forces acting in axles’ radius rods of 
the NEOPLAN DMA low-floor articulated trolleybus were the monitored quantities at 
simulations with the trolleybus multibody model. 

Only the monitored quantities on the right side of the trolleybus and at running over the 
standardized obstacle with the right wheels are presented in this paper (just as at examining 
the influence on the change of the type of shock absorbers in [5]). It is given especially by 
the paper extent and also by the fact that time histories of the monitored quantities on the 
right side of the trolleybus and at running over the standardized obstacle with all the wheels 
and with only left wheels do not bring essential new pieces of knowledge for the evaluation 
of the impact of the change in the shock absorbers on the vehicle dynamic behaviour. Time 
histories of the dynamic forces acting in the centre air spring, time histories of the forces 
acting in the centre shock absorbers and time histories of the forces acting in the centre 
radius rods when simulating drives are given in Fig. 5 and 6. Extreme values taken from 
time histories of the monitored quantities are given in Table 1. Complete results are given 
in [4]. 

Fig. 5. Time histories of dynamic forces acting in the centre right air spring before axle (left) and of 
forces acting in the centre right shock absorber before axle (right). 

Signs of the monitored quantities in air springs and shock absorbers and of axial forces 
acting in radius rods of the articulated trolleybus axles (Table 1 and graphs in Fig. 5 and 6) 
indicate acting of adjoining constructional parts (i.e. front body chassis, rear body chassis 
and axles) on those suspensions elements (e.g. minus sign at relative deflection of air spring 
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corresponds to its compression, plus sign at the force acting in the shock absorber 
corresponds to its rebound, etc.). 

Table 1. Extreme values of the monitored quantities at running over the standardized obstacle with 
the right wheels. 

Monitored 
quantity 

Placing of the element 
of the axle suspension 

Value Pressure 120 psi Pressure 100 psi 

Dynamic force 
in the air spring 

[kN] 

Front right min -19.2 -17.3 
max 3.6 3.4 

Centre right before axle min -22.1 -20.3 
max 1.6 1.4 

Centre right behind axle min -19.3 -17.6 
max 1.6 1.4 

Rear right before axle min -22.2 -20.2 
max 2.2 2.0 

Rear right behind axle min -18.9 -17.4 
max 2.2 2.0 

Force in the 
shock absorber 

[kN] 

Front right min -3.1 -2.9 
max 14.9 14.6 

Centre right before axle min -4.7 -4.4 
max 15.6 15.6 

Centre right behind axle min -4.6 -4.3 
max 15.6 15.6 

Rear right before axle min -4.4 -4.1 
max 16.2 16.2 

Rear right behind axle min -4.3 -4.0 
max 16.3 16.1 

Axial force in 
the radius rod 

[kN] 

Front upper right min -19.3 -17.3 
max 14.5 13.3 

Front lower right min -27.3 -27.6 
max 48.1 45.0 

Centre upper right min -25.2 -23.1 
max 30.0 27.4 

Centre lower right min -35.0 -36.4 
max 38.3 38.1 

Rear upper right min -22.1 -20.9 
max 24.9 23.5 

Rear lower right min -46.4 -47.7 
max 50.1 48.9 

 
When comparing extreme values of time histories of the monitored quantities taking 

into account the lower tires inflating, the consequence of their smaller radial stiffness and 
damping is evident [4]. It manifests itself in smaller dynamic forces and relative deflections 
in the air springs (see Fig. 5) and in the axial forces acting in the radius rods of the axles 
(see Fig. 6). Impact of the lower tires inflating does not manifest itself in the forces acting 
in the shock absorbers (see Fig. 5). Generally, at lower tires inflating lower extreme forces 
act in the trolleybus chassis and thereby there are lower extreme values of stresses in the 
trolleybus chassis. 
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Fig. 6. Time histories of axial forces acting in the centre right upper radius rod (left) and in the centre 
right lower radius rod. 

5 Conclusions 
Influence of the lower tires inflating of the NEOPLAN DMA low-floor articulated 
trolleybus on forces acting in the trolleybus suspension elements and radius rods on the 
trolleybus chassis and axles is introduced in this paper. The impact of this change on these 
forces when running on an uneven test track was investigated using the multibody 
simulations. Multibody models of the trolleybus and simulations of its running were 
performed using the alaska simulation tool. 

On the basis of the simulations results it was possible to state that the lower tires 
inflating is suitable because the maximum values of forces acting in the trolleybus 
suspension elements and radius rods decreased. 

It would be possible to extend the simulations with the NEOPLAN DMA trolleybus 
multibody model by the simulations of other operational situations, the results of which 
would be interesting for the trolleybus producer. But due to the Neoplan USA Corporation 
having gone bankrupt further improvement of the NEOPLAN DMA trolleybus multibody 
model can be found only in the sphere of wishes. 
 
Acknowledgement: The paper has originated in the framework of institutional support for the long-
time conception development of the research institution provided by the Ministry of Industry and 
Trade of the Czech Republic. 
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