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ABSTRACT 

Abstract 

Since the last ten to 15 years, railway operators have to face new challenges 

which are an increased demand on comfort and high safety requirements, 

increased energy costs and the high competitive market situation. German 

Aerospace Center, DLR is designing a novel concept of an ultra-high-speed 

train with distributed propulsion system—the Next Generation Train 

(NGT). It consists of two Power units and eight powered intermediate cars. 

The intermediate cars are characterised by powered single-wheel single 

running gears supporting the low-floor concept within the whole train, re-

sulting in both effective usage of the inner space but less space for the run-

ning gears itself. Additionally, the traditional guiding system with wheel-

sets cannot be applied.  

The first goal of this Master’s thesis is the analysis of the state of the art 

for unconventional running and driving gears to get an overview of possi-

ble and operating technologies. Based on this research and previous spec-

ifications for the train, a technical specification for the running gear was 

created. This led to the development of a number of different concepts un-

der consideration of the available space and an optimised arrangement of 

relevant components. After a conclusion and evaluation of these concepts, 

a CAD implementation of the relevant structural elements of the selected 

variant is the final goal of this thesis. Additionally to the technical specifi-

cations, the focus lies on lightweight design to support the stringent weight 

concept of the NGT. However, the accessibility for assembling and mainte-

nance is considered, too. 

The result is a CAD model of only one of doubtless more than a dozen 

possible variants. Hence, possible changes at specific parts are addressed; 

advantages and disadvantages were discussed. Finally, the concept was 

evaluated on the basis of the underlying technical specification. 



SAMMANFATTNING 

Sammanfattning  

Järnvägsoperatörer har under de senaste 15 åren stött på nya utmaningar 

genom ökade krav på komfort och säkerhet, högre energikostnader och en 

starkt konkurrensutsatt marknat. German Aerospace Center, DLR, arbetar 

med att ta fram ett nytt koncept för ett ultra-höghastighetståg – The Next 

Generation Train (NGT). Det består av två lok och åtta mellanliggande 

motorvagnar. Samtliga motorvagnar har ett genomlöpande lågt golv, ett 

koncept som möjliggörs genom att använda drivna oberoende roterande 

hjul, vilket resulterar i ett effektivt utnyttjande av vagnsutrymmet tack vare 

att framdrivningsutrustningen kräver mindre plats. Detta vore inte möjligt 

med traditionella hjulpar. 

Det första målet med det här examensarbetet är att genom analys av den 

nya tekniken för löp- och drivutrustning få en överblick över tänkbara och 

redan tillämpade tekniker. Baserat på denna studie och tidigare 

specifikationer för tåget kunde en teknisk kravspecifikation för löp-

utrustningen tas fram. Flera olika koncept utvecklades med hänsyn till det 

tillgängliga utrymmet och med en optimerad disponering av relevanta 

komponenter. De olika koncepten sammanställdes och utvärderades, 

varefter ett av dessa valdes för vidare implementering i CAD, vilket var 

examensarbetets slutgiltiga mål. Utöver den tekniska kravspecifikationen 

så ligger fokus på att skapa en lättviktsdesign som uppfyller NGT-tågets 

hårda viktkrav, men även tillgängligheten för montering och service har 

beaktats.  

Resultatet är en CAD-modell av en av de tveklöst mer än tjugotal andra 

möjliga varianterna. Därför har potentiella förändringar av specifika delar 

belysts och dess fördelar och neckdelar har diskuterats. Slutligen så har det 

valda konceptet utvärderats utifrån den underliggande tekniska 

kravspecifikationen. 

 



ZUSAMMENFASSUNG 
 

Zusammenfassung 

In den letzten zehn bis 15 Jahren sahen sich die Eisenbahnverkehrsunter-

nehmen neuen Herausforderungen ausgesetzt, die sich mit gestiegenem 

Komfort- und Sicherheitsbedürfnis, steigenden Energiekosten und hohem 

Wettbewerb zusammenfassen lassen. Das Deutsche Zentrum für Luft- und 

Raumfahrt, DLR, entwickelt deshalb ein neuartiges Konzept für einen 

Ultra-Hochgeschwindigkeits-Zug mit verteiltem Antrieb – den Next Gene-

ration Train (NGT). Er besteht aus zwei Triebköpfen und acht angetriebe-

nen Mittelwagen. Die Mittelwagen zeichnen sich durch angetriebene Ein-

zelrad-Einzelfahrwerke aus, die das durchgehende Niederflurkonzept er-

möglichen, dafür jedoch wiederum selbst einen geringen Bauraum vorwei-

sen. Außerdem kann die traditionelle Spurführung durch den Radsatz 

keine Anwendung finden. 

Das erste Ziel dieser Abschlussarbeit ist die Analyse des Standes der 

Technik für unkonventionelle Laufwerke, um eine Übersicht der verwen-

deten Technologien zu erhalten. Anhand dieser Recherche und früheren 

Untersuchungen konnte die technische Spezifikation erstellt werden. Dies 

führte, unter Berücksichtigung des zur Verfügung stehenden Bauraums 

und der optimalen Anordnung der relevanten Komponenten, zur Entwick-

lung einer Reihe von Konzepten. Nach der Bewertung dieser Konzepte war 

die CAD-Implementierung des aussichtsreichsten Konzepts das finale Ziel 

dieser Arbeit. Neben den technischen Spezifikationen lag dabei der Leicht-

bau-Gedanke im Vordergrund, um dem strengen Massenkonzept des NGT 

gerecht zu werden. Natürlich wurde auch die Zugänglichkeit zu Montage- 

und Wartungszwecken berücksichtigt. 

Das Ergebnis ist ein CAD-Modell nur eines von zweifellos Dutzenden 

möglichen Varianten. Deshalb geht diese Arbeit bei den entsprechenden 

Bauteilen auf mögliche Änderungen mit ihren Vor- und Nachteilen ein. Ab-

schließend wurde das Konzept anhand der technischen Spezifikation bew-

ertet.
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1. Next Generation Train (NGT) 

The Next Generation Train, NGT, is a train for 1435 mm gauge which will 

be composed of two power cars and eight intermediate cars which are 

also powered in between. The length of the train is 202 m and its opera-

tional speed is 400 km/h [1] which requires a maximum speed of 

440 km/h for homologation. Even if this is not a record-breaking value, 

the NGT will be a novelty in the transport sector by consuming only the 

half of the energy at higher travel speeds compared to typical trains [2]. 

One special feature is the running gear concept for the intermediate cars: 

Two powered single-wheel single running gears per car will lead to high 

comfort and minimise wear. 

 

  
Figure 1.1:  NGT high speed train (simulation) 

Source: DLR 
 

The German Aerospace Center (German: Deutsches Zentrum für Luft- und 

Raumfahrt e. V./DLR) is the national centre for aerospace, energy and 

transportation research of the Federal Republic of Germany. With 8,000 

employees, “DLR’s mission comprises the exploration of Earth and the So-

lar System and research for protecting the environment. This includes the 
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development of environment-friendly technologies for […] future mobility” 

[3]. The Institute of Vehicle Concepts, where the NGT’s mechanical struc-

ture is designed, is one of 25 institutes within DLR’s Transport Program 

[4] which also investigate the operational concept for the trains (e. g. 

Paris—Vienna) and control technologies.  

The NGT project is divided into several work packages which are pro-

cessed at DLR. The design of the running gear is part of work package 

AP1340 (Mechanical structure) within the sub-project TP1300 (NGT Run-

ning Gear). The goal of AP1340 is—among others—to develop an optimised 

concept for an independently-rotating-wheel single running gear in 2017 

[5]. To realise this goal, this project task will present concepts for an inno-

vative running gear and implement one of them as CAD model. 

 
Table 1.1:  Main characteristics of NGT power units and intermediate cars 

Sources: [1, 6, 7] 
 

 Interm. car Power unit Trainset Unit 

Number in a trainset 8 2 — 1 

Axle configuration1 A’A’ Bo’Bo’ Bo’Bo’ + A’A’ +  
… + A’A’ + Bo’Bo’ 

— 

Number of wheels 4 8 48 1 

Length 20 21 202 m 

Mass 32,000 64,000 384,000 kg 

Power  1,040 4,990 18,304 kW 

Tractive force 21.6 105.6 384 kN 

Braking force 
dynamic 

 
30.2 

 
147.8 

 
537.6 

 
kN 

Velocity (operation) — — 400 
111 

km/h 
m/s 

Velocity (homologation) — — 440 
122 

km/h 
m/s 

 

To achieve this goal, the state of the art of unconventional running gear 

must be regarded. Since there is no general definition, the term unconven-

tional running gear must be defined. That could be done by defining and 

negating conventional running gear. Subsequently, different concepts 

have been developed by means of TIPS. However, the feasibility of the con-

cepts have been focusses already in this early stage of the project. For that 
                                                             

1 Based on DIN 30052 [120]  which is originally only valid for vehicles with wheelsets instead of sin-

gle-wheel running gears 
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purpose, the most significant technical specifications were determined. 

Based on that, a morphological matrix with possible solutions for detailed 

problems was created. The concepts are combinations of these solutions. 

To be able to evaluate the concepts as objective as possible, a multistage 

evaluation process led to the final concept which was implemented as a 

CAD model to include the running gear model in the existing models of the 

train. The thesis concludes with a short outlook to future work. 
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2. Running gear 

In railway terminology, “running gear” describes the part of a train 

which is responsible for guiding and carrying the vehicle body. If the sys-

tem is equipped with braking and propulsion systems, the running gear 

overtakes acceleration and deceleration tasks, too [8]. In the last case, if 

the system is powered, one speaks about driving gear. However, since 

modern railway vehicles usually have articulated traction systems, the 

term “running gear” is inaccurately also used for “driving gear”. In this 

report, the more general and common term “running gear” will be used 

for both driving and running gear to follow the modern language use. 

This chapter will give a short introduction into vehicle dynamics and pre-

sent conventional and unconventional running gear in the sense of steer-

ing abilities. 

To be able to understand the wheel/rail system and the purpose of running 

or driving gear, one has to understand those tasks. The carrying task is the 

most intuitive one. Since railway vehicles are means of transport, their 

main function is to carry goods or passengers from a starting point to a 

defined destination. The running gear transmits the mass forces of the ve-

hicle to the track and equalizes track irregularities [9]. In order to minimise 

the loading forces on the track, the unsprung mass2 must be as small as 

possible. To realise propulsion and braking, the running gear must trans-

mit forces between the vehicle and the rail in longitudinal direction, which 

is always connected with slip and thus wear. That traction equipment in-

evitably constitutes unsprung mass. Possibilities to handle this are pre-

sented in section 3.2.8. The guiding task is, comparing different vehicle 

systems, the railways’ most characteristic one. A conventional wheelset 

consists of two rigidly connected wheels. The conical shape of the tread en-

ables the system to vary its rolling radii depending on its lateral displace-

ment [8, 9, 10]. In curves, where the outer wheel has to cover a larger dis-

tance than the inner one, the wheelset can adjust itself in a radial position. 

On the other hand, KLINGEL described already in 1883 that, on tangent 

track, the wheelset will begin to oscillate if it is not centred exactly [11]. The 

wheelset runs (in ideal case) in a sinusoidal motion, the hunting motion. 

                                                             

2 The mass of all devices with direct contact to the track and not suspended on springs 
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This is the main factor contributing to the critical speed at which the sys-

tem becomes instable.  

Usually, the guidance of a wheelset allows its yaw motion to enable ra-

dial steering at least partially. This is important to minimise creepage 

which leads to the well-known screeching noise and wear of both rails and 

wheels. 

Independently rotating wheel (IRW) systems do not show this behav-

iour. Yaw moments and thus longitudinal forces cannot be generated since 

the constraint of stiffly connected wheels disappears. Consequently, a tan-

gential deviation cannot be reduced by the wheel pair itself even if there is 

a maximum angle which results, at least at higher speeds, from flange con-

tact [12]. This is highly unsatisfactory behaviour. Active steering forces 

must be developed in order to compensate it. 

According to FREDERICH, single running gear is an under-carriage with 

two wheels between the car body of a rail vehicle and the rails. The different 

types of single running gear can be classified depending on their different 

rolling and steering abilities [13]. He developed a matrix in which he en-

tered several types. Based on this, a new table (Table 2.1) was created—

updated and including bogies, but more generally than FREDERICH had 

done. The new classifications, from rigid wheelsets to independently con-

trolled single wheels on the rows and radial wheel adjustment mechanisms 

on the columns, shows the stages of development of the (ideal) running 

gear. Since the past has proven that running gear with rigid wheelsets are 

limited by hunting motion due to their having a critical speed, one solution 

is, besides the installation of yaw dampers or the usage of optimised wheel 

profiles, the decoupling of the wheels to form an IRW system. In order to 

rehabilitate the guiding ability, especially in curves, the wheels must be 

steered or, in an ideal case, controlled. The resulting running gear enables 

both high speeds on straight track and good curving performance. An ac-

tively controlled system also allows the vehicle to keep to the track centre 

line.  
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Table 2.1:  Guiding concepts 
Based on [13]. Scientific concepts (in brackets) and concepts in commercial 
use—(excerpt) 
Explanations: LHB: Scientific concept from LHB and FREDERICH from 1995 
when IRW systems have been radially controlled with success — EDF II: Four 
independently rotating wheels in a bogie frame in 1991 — RWTH: Single 
wheelset running gear which have been steered by the front car and a cross-
anchor — Talgo: Successful, commercially operated high-speed running 
gear with IRW — MBB: Running gear for tests with wheels which were cou-
pled by a magnetic powder coupling — TVP 2007: Trials to improve steering 
abilities of standard Y25 running gear — S-Tog Cphg: Copenhagen com-
muter train’s single axle running gear with hydraulic steering — Integral: 
Jenbacher single-axle running gear with hydraulic steering control   
 

W
h

ee
ls

 

IRW,  
controlled — — 

ideal 
(LHB [14]) 

IRW,  
free-revolved (EDF II [15], see 2.2.3) 

(RWTH [16], see 2.2.1) 
Talgo [17], see 2.2.2 

— 

Wheelset,  
elastic (MBB [18], see 2.2.3) — — 

Wheelset,  
rigid conventional 

TVP 2007 [19] 
S-Tog Cphg [20], see 2.2.1 

LEILA 

Integral [21], see 2.2.1 

  guided steered controlled 

  Radial wheel adjustment 
 

Long vehicles often have two pairs of wheelsets in a rotatable frame—so 

called “bogies3”— mounted on a pivot on each end of the wagons. Since the 

wheelbase within these bogies is significantly smaller than the length of the 

vehicle itself, radial steering can be accomplished by smaller yaw motions, 

cf. Figure 2.1. So, the longitudinal stiffness of the running gear can be 

higher which will automatically lead to less hunting. Disadvantages of 

those constructions are the high mass and, compared to a single-wheelset 

running gear, high initial costs. 

                                                             

3 In practise, bogies with another number of wheelsets are outnumbered. Today, heavy locomo-

tives, for example in Sweden (IORE H80AC) or Latvia (ER20CF), are equipped with three-axle bo-
gies. Special freight cars can run bogies with a larger number of wheelsets. Talgo’s single-wheelset 
running gear is seldom called a bogie.  
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Figure 2.1:  4-axle vehicle within a curve [22] 

Wheelsets in a nearly radial position 
 

Additionally, dampers can help to reduce the hunting motion and thus to 

increase the critical speed. In order to prevent it completely, one has to 

uncouple the revolutions of both wheels with independently rotating run-

ning gear. Unfortunately, the passive radial steering ability will be lost in 

this case.  

This chapter merely introduces important developments in the last 

years. FREDERICH presents the multiplicity of different possible running 

gear designs in [13]. Although his article was published in 2000, its results 

are still valid and prevailing.  

2.1 Conventional running gear concepts 

Since there are many ways to evaluate running gear designs, it is difficult 

to determine the terms “conventional” and “unconventional”. Every new 

development is a deviation from convention. However, for the start, the 

lowest possible levels of running gear were presented by simplified 

sketches and explained by examples. In this thesis, conventional running 

gear possess wheelsets with stiffly connected wheels and no or only little 

radial steering ability. 

The very first rail vehicles were equipped with two sets of single running 

gear per car. A single running gear is, in principle, a wheelset which is held 

by axle boxes which allow it to rotate. In order to achieve controlled run-

ning behaviour, suspension elements between car body and axle boxes al-

low (limited and damped) motions in lateral and vertical directions and 

rotation about the vertical axis. This configuration is still in use today in 

many freight wagons, e.g. UIC class Es, Gbs, Kns, etc. [23], for an example 

see Figure 2.2. In this type of running gear, the leaf spring suspension im-

proves the ride behaviour; chain links enable radial steering of the wheel-

set. Since the damping capabilities of the leaf springs are limited, this type 

of running gear is not applicable for higher speeds. 

Bogie 

Rail 

Pivot 

 

Axle 
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Figure 2.2:  UIC standard single running gear  

Source: [9] 
 

Longer vehicles, at least the ones with rigid wheelbases, have “obvious lim-

itations in curves” [24]. British engineer William Chapman found a remedy 

for this problem already in 1812 [25, 26]—the bogie. His invention, two 

wheelsets “mounted in a frame which was free to swivel without restraint 

relative to the main body” [24] of a vehicle, is in use up to today due to a 

multiplicity of reasons: 

I Reduction of wear in curves 

I Reduction of axleload 

I Possibility to increase comfort with two suspension levels 

Reducing the axle load is mainly important for freight cars, whereas the 

comfort criterion is more relevant for passenger traffic. Consequentially, 

there is a multitude of different bogie designs.  

Freight vehicle bogies are usually the simplest possible ones in railway 

traffic. This is, on the one hand, due to the low velocities driven by freight 

trains and the low comfort requirements to fulfil and, on the other hand, 

the rough conditions during loading and unloading, shunting—the vehicles 

(and its components) have to withstand these adversities. The outcome is 

a bogie design which exists in principles since decades.  
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Figure 2.3:  Y25Ls(s) freight wagon bogie 

Source: Own composition from [27] 
 

The Y25 is the most common freight vehicle bogie type in Europe [28]. 

Both wheelsets are guided in the vertical direction, with clearance in the 

lateral but very little in the longitudinal direction, so, there is almost no 

ability for radial steering [19]. Since the suspension is conducted with coil 

springs (which have negligible damping quality), an additional friction 

damper reduces vertical motions for each axle.  

The special feature of the damper on the Y25 bogie is the ability to apply 

load-dependent damping forces [28, 29]. The vertical spring force acts on 

a chain link (which is named after its inventor Albert Lenoir) and results 

in a horizontal force component which pushes a piston on the guiding sur-

face of the axle box, see Figure 2.4. 

 

  

 
 
Figure 2.4: Lenoir friction damper 

Source: [22] 
 

The outcome of this is a load-dependent damping force. A disadvantage of 

those Lenoir dampers is the dependency on the vertical amplitude. High-

frequency oscillations with small amplitudes cannot be damped out [30]. 

Bogie’s longitudinal beam  Primary suspension (coil spring)    

Axlebox 

Wheelset Lenoir damper 

                                           Bogie frame   Piston Support   

Lenoir link 

Axle box 
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Other drawbacks are the maintenance of the friction surfaces and the stiff 

guidance of the wheelsets which lowers the safety against derailment. In 

summary, this type of running gear serves its purpose of carrying the load 

reliably; however, it does not meet the requirements for passenger traffic 

or future demand for a silent, low-wear running gear even for freight traffic 

[31]. 

After consideration of such simple running gear, it is obvious that bogies 

for passenger traffic need better technologies to meet the requirements of 

today and the future. These are, according to [32]: 

I High velocity 

I High comfort, less noise 

I High reliability at low maintenance 

I Low wear at wheel and rail 

I Low track forces to preserve the track and to achieve low track access 

charges 

The simplest method to increase comfort is the implementation of a second 

suspension level; ideally an actively controlled air spring which addition-

ally avoids the transmission of structure-bound noise and an automatic 

levelling control to compensate the height variation due to the wheel wear. 

This also has a positive influence on the track forces. On the other hand, 

such a suspension needs scheduled service. For straight track, where the 

velocity is high, a stiff longitudinal guidance can increase the critical and 

thus the operational speed. However, the wear in narrow curves would in-

crease and the resistance to derailment would decrease. So, there is a con-

flict (which is only valid for wheelsets with rigidly connected wheels) be-

tween high velocity stability and low wear in curves.  

2.2 Unconventional running gear concepts 

According to the previous mentioned definition of “conventional” running 

gear, unconventional running gear concepts have either independently ro-

tating wheels or steering abilities. Radial steering can be realised by me-

chanical constraints or controlled actuators [9, 24]. DUKKIPATI ET AL. pub-

lished a state of the art review with a focus on IRW systems [33] in 1992. 

The main conclusion was that there was only one company which provides 

IRW trains for commercial use—Patentes Talgo, see section 2.2.2.  



RUNNING GEAR | 11 

2.2.1 Unconventional single running gear with wheelsets 

RWTH University in Aachen (Germany) converted a 20.0 m 4-axle passen-

ger car by substituting the two bogies with two single-wheel single running 

gears. The modification reduced the total weight of the car from 28 t to 

22.6 t (–19 %) [25]. One of the running gear was radially steered by the an-

gle of the coupler to the leading car and the second running gear was con-

nected with the first one by a cross-anchor which synchronised their radial 

adjustment [14]. FREDERICH, who advocates innovative single running gear 

vehicles, presents his results in [12, 13, 14, 16, 25]. In summary, the novel 

running gear concept offers less rail/wheel wear and improved lateral vi-

bration levels [16]. The conclusions of both the weight reduction and the 

running behaviour led to the Litra SA concept.  

 
 

Figure 2.5:  Test vehicle (right) with two sets of single-wheel single running gear 
The running gears are steered by the angle of the coupler. Source: [16] 

Litra SA (S-tog Copenhagen) running gear 

The articulated train Litra SA was developed in the 1990s in order to be 

operated in the Copenhagen S-tog network [34]. It consists of two identical 

half-trains. With the focus lying on low life cycle costs and environmental 

sustainability, the engineers created a new running gear concept. Having 

only one wheelset, each intermediate car rests on its neighbouring car. 

Only the control cars have two wheelsets. The running gear consists of 

curve controlled single running gear; the axle configuration is 

A’A’A’1’A’+A’1’A’A’A’, see Figure 2.6. [20] 



RUNNING GEAR | 12 

 
Figure 2.6:  S-Tog Copenhagen 

Source: [20] 
 

Possessing a primary frame, the wheelset guidance is able to rotate about 

its axis perpendicular to the track plane. Hydraulic slave cylinders whose 

master cylinders are mounted between the car bodies of the adjacent joint 

can control the angle of attack. [20] 
 

 
Figure 2.7:  S-Tog Copenhagen running gear 

Source: [20] 
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Figure 2.8:  Curve-controlled radial steering 

Source: [20] 

Jenbacher Integral (BOB) running gear 

Austrian manufacturer Jenbacher took out a patent for a modular train 

concept in 1994. It claims an “articulated train comprising two or more 

carriage units provided with wheels [each with] a wheel-less transport 

unit” in-between [35]. The carriage units should be equipped with two sets 

of single running gear each. Bayerische Oberlandbahn (BOB) is the only 

transport company that ordered those trains which are named Integral by 

the manufacturer. 

The 17 trains which consist of three carriages and two transport units 

(axle configuration: A’A’1’1’1’A’) are operated on the winding lines between 

Munich and the Bavarian Prealps. Appropriately, the running gear has to 

cope with narrow curves at a high level of comfort and low wear. Therefore, 

Jenbacher invented an active single running gear concept that supports the 

passive radial steering ability of its wheelset by a hydraulic cylinder. The 

force actuator is actively controlled by the articulation angle as reference 

signal. 
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Figure 2.9:  Integral single running gear concept 

Sources: [36]  

2.2.2 Single-wheel single running gears 

Nowadays, single-wheel running gears are mainly used in tramways [37], 

though there are railways which operate trains with single-wheel running 

gear. 

As early as 1942 [38], the Spanish company Patentes Talgo (“Talgo”) 

developed, built and tested a train with independently rotating wheels. In 

the 1960s, Railway Technical Research Institute (RTRI) of the Japanese 

National Railways conducted tests with freely revolving wheelsets. Both 

Talgo and RTRI gave account of promising results: Lateral vibration was 

less since the sinusoidal motion of the wheelsets was eliminated, lateral 

thrust on rails was less on curved track and there was no increase of wheel 

wear or power consumption. However, the wheels tended “to be in contin-

uous contact with the side of the rail head” [33]. 

Talgo trains 

Talgo developed an articulated train whose cars are coupled “in the form 

of a draw bar chain […]. The apex of each draw bar is coupled to the end of 

the car in front of it” [33] and each wheel is able to rotate independently. 

The missing axle between the wheels allowed the engineers to construct the 

car bodies with low floors. First tests with this train with “triangular struc-

tures” [38] showed “good ride quality on tangent track and curves” [33].  



RUNNING GEAR | 15 

 
Figure 2.10:  Talgo concept as released in a patent from 1945 

Source: [39] 
 

In 1999, Talgo presented the seventh generation of Talgo-trains which 

reaches very high velocities: The current product portfolio includes, 

amongst others, “Very High Speed” trains (T350: 350 km/h [40], Avril: 

380 km/h [41]) and “High speed” (220–300 km/h) trains [42]. 

 

  
Figure 2.11:  Talgo running gear and radial steering principle 

Sources: [17, 43] 

2.2.3 Unconventional bogies 

Since the invention of the bogie, 200 years have elapsed. The main problem 

for which solutions have been sought during the last years is the hunting 

motion on straight track and the steering abilities in curves, which can be 

improved by radial adjustment of the wheelsets. This can be realised ac-

tively (e. g. hydraulic or electric actuators), passively (self-steering, recip-

rocal steering, car body steering [44]), or prevented (rigid axles). Recipro-

cal steering means the influence of the radial steering angle of the first run-

ning gear on the second one of the vehicle, e. g. by cross-anchors. If there 

is a rotatable running gear frame which includes in turn rotatable wheels 

or wheelsets, the angle between the car body and the running gear frame 
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can be used to set the radial angle of the wheels (car body steering). Pre-

venting radial motions will lead to a high critical speed but, on the other 

hand, weak curving performance While new running gear concepts have 

been developed, one approach is to optimise well-known concepts. The 

first example is one of those optimisations. After that, new bogie concepts 

will be introduced. 

„Gigabox“ axle box housing 

In order to improve the running behaviour of older freight trains, Swedish 

bearing manufacturer SKF and German vehicle component manufacturer 

ContiTech created a combination of an axle box and primary suspension 

level, called “Gigabox”, in 2006. Possessing a smaller number of compo-

nents compared to conventional primary suspensions, ContiTech promises 

longer maintenance intervals. Rubber springs and hydraulic dampers 

which allow radial steering of the wheelsets and thus could reach higher 

velocities. However, “Gigabox” is only operating in small numbers, even if 

the system though compatible with Y25 bogies. [45] 
 

 
Figure 2.12: “Gigabox” (grey/black) on freight bogie (red) 

Source: [46] 

LEILA bogie 

TU Berlin and Josef Meyer AG in Switzerland developed a freight wagon 

bogie with an H-shaped frame with inner bearings and a cross-anchor sys-

tem for radial steering [47]. This adjustability reduces the angle of attack 

significantly, as measurements prove in [48]. A soft longitudinal guidance, 

achieved by rubber springs, supports the passive radial steering. In spite of 

good test results for both the noise level and track forces, the project did 
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not prevail since freight train operators were not willing to pay the higher 

initial costs. 

 

 
Figure 2.13:  LEILA bogie (bottom view) 

LEILA is an acronym for “Leicht und lärmarm” (“light and low-noise”). 
Source: [49] 

X2 bogie 

Class X2 is a high-speed train in Sweden. The Swedish infrastructure, es-

pecially its curves, entails special requirements for running gear. To meet 

those, the radial self-steering bogie was developed. It “makes use of the 

self-steering ability of a free [revolving] railway wheelset […]. In this bogie 

the wheelsets are rather softly guided” [50] which results in an approxi-

mately radial position in curves. Additionally, the bogie tilts the car body 

in curves to counteract centrifugal forces and to improve ride comfort. The 

traction motors of the X2 power unit bogie are fully suspended [51] to min-

imise track forces. 

Even if this bogie type is not unconventional in general, the wheelsets’ 

soft guidance is characteristic for this train and not common for speeds 

about 200 km/h. According to the definition mentioned in this chapter’s 

introduction, the X2 bogie can be regarded as unconventional. 
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Figure 2.14: X2000 trailer bogie 

Source: [50] 

EDF II bogie 

The EDF II bogie (German: Einzelrad-Doppelfahrwerk 2/English: Single 

wheel double running gear) is a pre-series independent-wheel bogie. Two 

wheels, displaced by the wheelbase in longitudinal direction, are mounted 

in a triangular frame. A second frame is mounted symmetrically. Both 

frames are able to rotate about the lateral axis, see Figure 2.15, to achieve 

evenly distributed wheel forces. Furthered by both state-owned institu-

tions and RWTH University, rail vehicle manufacturer Duewag built it for 

test purposes in 1991. Roller rig and on-track tests showed “good bearing 

and tracking qualities […] as well as its running suitability for speeds to be 

reached in future high-speed traffic”. [15] 

     
Figure 2.15:  EDF I bogie prototype (left) EDF II bogie frame (right) 

Source: [15], own editing 

Bombardier Flexx Eco 

To meet the demands of modern railways, a bogie “optimized to reduce 

track damage, minimise weight and reduce maintenance costs”. Key ele-
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ments are the weight-optimised, flexible bogie frame with its inboard bear-

ing wheelsets. Hollow wheelset shafts and small wheel diameters support 

the low-weight principle. [52] However, this bogie type is conventional in 

sense of radial steering abilities. The ARS (active radial steering and stabil-

ity) system, developed in-house, consisting of one actuator per wheel and 

a controller with a multitude of sensors [53], is not used. Instead, it is in-

tended to minimise wear in curves brought on by a small wheelset distance 

[54]. 
 

 
Figure 2.16:  ICx control car with Bombardier Flexx Eco bogie 

Source: [55] 
 

Flexx Eco bogies are already in operation in Great Britain and will be used 

for unpowered cars of the ICX trains in Germany [56]. 

SIG Navigator radial steering system  

The Navigator system is a steering system which uses lever bars between 

the car body and the bogie to force a radial position of the wheelsets by 

mechanical linkages. The principle has been known since 1937 when 

LIECHTY published his studies about the guidance of wheelsets in [57]. 

Swiss engineering company SIG developed this steering concept for series 

production. In Switzerland, RABDe 500 trains (which are usually known 

and were operated as “ICN”) were equipped with the Navigator system. Ac-

cording to WEI, on-track tests showed the lowest track forces compared to 
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other bogies [44]. The disadvantage of this technology is the high mainte-

nance cost, resulting from the adjustment of the mechanical system [58].  

 
Figure 2.17:  SIG Navigator principle 

Source: [44] 
 

 
Figure 2.18:  SIG Navigator principle 

Source: Unknown photographer, published in [59] 
 

Slip-controlled wheelsets 

In the 1980’s, German railway industry researched on a bogie with novel 

bogie frame design based on composite materials as well as “slip-controlled 

wheelsets”, see Figure 2.19. The concept features two wheels which are 

mounted rotatable about one shared axle. Both wheels are connected about 

a hollow shaft and a magnetic powder coupling. By adjusting the torque 

transmission properties of the magnetic powder coupling, it is possible to 

reduce lateral slip and, how roller rig test showed, to achieve stability at 

higher speeds [18]—even if the “ultra-high-speed” of 440 km/h could not 

be reached. 
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Figure 2.19:  Slip-controlled wheelset 

Source: [18] 

 

 
Figure 2.20:  Roller rig test results of slip-controlled wheelset 

Tests on 125 km/h prove the functionality of the slip-controlled wheelset. 
Stage I: Slip-control activated — Stage II: Slip control deactivated — Stage III: 
Slip-control activated. Source: [18] 
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3. Concept development 

In order to create new concepts, several tools can help to develop different 

solutions out of an abstract problem. TIPS (Theory of Inventive Problem 

Solving; rus. ТРИЗ), a problem-solving tool from Russia, provides a sys-

tematic approach. The idea is to generalize the given specific problem, to 

find a general solution for the general problem, and to concretise the gen-

eral solution subsequently. For the interested reader who also might be-

come acquainted with TIPS, KOLTZE and SOUCHKOV present it extensively 

in [60]. 

First, specifications and purposes for the running gear must be set, in order 

to be able to know the main functions which have to be fulfilled by the final 

product. Therefore, an existing specification sheet has been replenished 

with new data. Afterwards, a morphological analysis, presenting different 

basic approaches, will help to develop different concepts by dividing the 

problem into several smaller problems. For these problems, again several 

solutions were developed in a morphological matrix. Finally, this table en-

ables a new way of concept development by mixing partial solutions. Since 

the best overall solution is not bound to be the combination of all best par-

tial solutions—these cases are, actually, the exceptional—one has to take 

into consideration all combinations and review and refine the resulting 

concepts.  

The aim of this work is not the complete development of a running gear 

in all details but the proposal of a possible running gear design with its 

main components. It could serve as the base for further investigations into 

the running gear whose development shall be completed in 2018. Hence, 

existing standards have been researched and noted but not adopted in 

every case. If standards stand in the way of new technologies, it is reason-

able to dispute them. 

In the last step of the concept development, section 3.2 presents every 

design with judgements concerning advantages and disadvantages (e. g. 

capacity, feasibility, complexity, maintainability, etc.).  

3.1 Specifications 

Rail vehicle running gears have proven to be too heavy, too expensive and 

generally overdesigned. Lightweight design reached that field during the 

last decade, e. g. with the development of Bombardier’s Flexx Eco bogie, 
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but is not as advanced as, for instance, in the air plane industry. The design 

of the NGT running gear needs to find new lightweight strategies. In addi-

tion to this, high velocities and high requirements on running comfort at 

given space are challenges for the design. Table 3.1 shows all demands on 

the running gear and sections 3.1.1ff. interpret them. 
 

Table 3.1:  Basic specifications for the running gear 
Sources: DLR Milestone documents 
 

Property  Reference 

Available space According to provided CAD data 

3.1.1 

Basic principle 
Single-wheel single running gear 
Independent wheel propulsion 

Velocity 
𝑣𝑚𝑎𝑥 = 400 km/h (operation) 
𝑣ℎ = 440 km/h (homologation) 

Track gauge 𝑏0 = 1,435 mm (Standard gauge) 

Wheelbase 𝐿𝑟𝑔 = 14,000 mm 

Radial adjustment 
of pair of wheels 𝜑𝑤𝑝 = −3.21° … + 3.21° 

3.1.2 

Min. curve radius 𝑅𝑚𝑖𝑛 = 150 m 

Suspension 

At least 1 suspension level 
If 2 suspension levels:  

Primary suspension: 

𝛥𝑧𝑃 = 30 mm, 𝑐𝑃 = 2,000 kN/m, 𝑑𝑃 = 61.1 kNs/m 
Secondary suspension:  

𝛥𝑧𝑆 = 70 mm, 𝑐𝑆 = 177 kN/m, 𝑑𝑃 = 9.7 kNs/m 

Position of secondary suspension is provided by the car 
body 

3.1.3 

Unsprung mass 𝑚𝑈 < 1,600 kg 

Overall mass 𝑚𝑟𝑔 < 4,000 kg 

Traction power 𝑃𝑤 = 260 kW, per wheel 

3.1.4 

Tractive force 𝐹𝑤 = 5.40 kN, per wheel, plus guidance control force 𝐹𝐶 

Regenerative 
braking force 𝐹𝑏𝑑𝑦𝑛,𝑤 = 7.6 kN, per wheel, plus 𝐹𝐶 

Guidance control 
force 𝐹𝑐,𝑤 = 3.2 kN 

Wheel diameter 2𝑟𝑤 = 1,000  …  920 mm (new … worn) 
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3.1.1 Principle dimensions and requirements 

The principle dimensions and requirements, including available space and 

guiding principles, have been set during the previous project stages. The 

standard rail gauge (1,435 mm) and the structure gauge according to 

UIC 505-1 [61] must be met. The interior of the cars stipulates a double-

deck gangway. The wheelbase is set to 14,000 mm; the minimal curve ra-

dius to 125 m. In order to receive homologation for 400 km/h, a maximum 

speed of 440 km/h (400 km/h + 10 %) must be reached [62]. 

3.1.2 Guiding mechanism 

The common railway guiding is induced by the principle of a wheelset with 

conical wheels, shown in chapter 2. Since the NGT will not have a stiff 

wheelset but a pair of single wheels, passive guiding mechanisms as ex-

plained there cannot be used. The wheel pair principle itself shows a 

smooth ride at low wear on tangent track; however its curving behaviour is 

deficient. Consequently, an active control has to be introduced to ensure 

that the vehicle follows the rails properly. This can be realised by the 

“method used to direct vehicles after the zero-level-approach” [14, 63], in-

troduced by FREDERICH.  

The “zero-level-approach” means the elimination of parasitic motions 

(or its causes) not in the level of the wheelset axes, where today dampers 

act, but in the wheel/rail contact point, called “zero-level”. This can be 

reached by the application of individual torques on independent wheels.  

A relative angle between car body and wheel pairs accompanies the 

wheel pair steering ability. Simple geometric relations yield the maximum 

yaw angle, see Figure 3.1.  

 

 𝜑𝑃 = arcsin
𝐿

2⁄

𝑅
= arcsin

7,000 mm

125,000 mm
= 3.21° (3.1) 
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Figure 3.1:  Calculation of maximum wheel pair yaw angle 

3.1.3 Suspension system 

Suspension systems connect wheels with the car body without propagating 

vibrations and thereby, more importantly, to ensure a continuous wheel-

rail contact. Those systems are often a combination of springs and dampers 

[64]. The NGT is planned to exhibit two suspension levels as most of the 

passenger rail vehicles. With regard to the high speed and the desired ride 

comfort, this seems inevitable. First quarter car simulations with (vertical) 

spring and damper coefficients and masses as shown in Table 3.2f. ob-

tained satisfying comfort [65].  
 

Table 3.2:  Preliminary (vertical) suspension characteristics for first simulations 
Source: [65] 
 

Property Symbol Value Unit 

Primary suspension: Spring 𝑐𝑝,𝑧 2,000,000 N/m 

Primary suspension: Damper 𝑑𝑝,𝑧 61,100 Ns/m 

Secondary suspension: Spring 𝑐𝑠,𝑧 177,000 N/m 

Secondary suspension: Damper 𝑑𝑠,𝑧 9,716 Ns/m 

 
 
 



CONCEPT DEVELOPMENT | 26 

Table 3.3:  Masses for quarter car model 
Source: [65] 
 

 Quarter Car Model Corresponding Mass  

Property Symbol Value Symbol Value Unit 

Unsprung mass 
1

2
𝑚U 778 𝑚U 1,556 kg 

Primary suspended mass 
1

2
𝑚P 1,209 𝑚P 2,417 kg 

Mass of car body 
1

4
𝑚cb 5,927 𝑚cb 23,708 kg 

 

According to the masses compiled in Table 3.3, the overall weight of the 

complete running gear must not exceed  

 𝑚 = 𝑚𝑈 + 𝑚𝑃 = 3,973 kg, (3.2) 

resulting in a total vehicle mass of 

 𝑚0 = 2 ⋅ 𝑚𝑈 + 2 ⋅ 𝑚𝑃 + 𝑚𝑐𝑏 = 31,654 kg. (3.3) 

The suspensions must allow relative motions between wheel carrier and 

running gear frame as follows: 
 

Table 3.4:  Spring deflections 
Source: [65] 
 

Property  Symbol Value Unit 

Primary suspension 

Longitudinal motion Δ𝑥𝑃 ± 5 mm 

Lateral motion Δ𝑦𝑃 ± 20 mm 

Vertical motion Δ𝑧𝑃 ± 7.5 mm 

Yaw motion ΔΨ𝑃 ± 3.21 ° 

Secondary suspension 
Vertical motion Δ𝑧𝑆  ± 23 mm 

Lateral motion Δ𝑦𝑆 ± 20 mm 

 

The values which occur in approx. 95 % of the operation time (according to 

simulations) have been used for the minimum requirements. This means 

that, in operations, extreme values must be prohibited by e.g. bump-stops 

or non-linear spring characteristics. This could possibly result in a loss of 

comfort but increase the feasibility. New simulations must be prove 

whether the comfort is sufficient afterwards. 
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3.1.4 Powertrain 

The NGT is equipped with articulated traction. One intermediate car must 

provide 𝑃0 = 1,040 kW of traction power, resulting in the traction power of 

a single wheel 𝑃𝑤 = 260 kW. Correspondingly, a maximum tractive force of 

𝐹0 = 21.6 kN (car) [56] and thus 𝐹𝑤 = 5.40 kN (single wheel) is required. 

However, this value does not include the forces which are necessary to re-

alise the guiding control which is highly safety relevant. Preceding works 

anticipate an additional force of 𝐹𝑐 = 3.2 kN [7], resulting in a maximum 

longitudinal force of 𝐹𝑤,𝑚𝑎𝑥 = 8.6 kN between rail and (one) wheel. 

More important due to safety regulations is the braking force. In dy-

namic braking, the traction machine converts kinetic energy in electric en-

ergy and is hence capable of recuperation. This force ensures the planned 
deceleration and was decided to be 𝐹𝑏𝑑𝑦𝑛,0 = 30.2 kN or  

𝐹𝑏𝑑𝑦𝑛,𝑤 = 7.6 kN in an earlier stage of the project. Adding 𝐹𝐶 = 3.2 kN [7] 

for the guiding control, the powertrain must cope with 𝐹𝑤,𝑚𝑎𝑥 = 10.8 kN be-

tween rail and wheel.  

However, according to DIN EN 15734-1 [66], there must be at least one 

fail-safe braking system which could be, for example, a disc brake.  

3.2 Morphological matrix 

The principle design of the running gear comprises a wheel carrier, a (ver-

tical) primary suspension level, a running gear frame and a (vertical) sec-

ondary suspension. This is for comfort and can be regarded as proven dur-

ing the last decades. However, there are different important topics which 

are shown in a morphological matrix.  

Beginning with the matrix itself, sections 3.2.1ff. will discuss the differ-

ent partial problems and their possible solutions with advantages and 

drawbacks.  
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Table 3.5:  Morphological matrix 
The matrix points solutions for partial problems (first column). 
 

Materials GFRP CFRP 
Alumin-
ium Steel 

Magne-
sium 

Construction method Integral Differential Hybrid   

Wheels Conical Cylindrical    

Bearing concept Inner bear-
ing 

Outer bear-
ing 

Both 
sided   

Suspension Leaf spring Coil  
spring 

Meander 
spring Air spring Rubber 

spring 

Number of Motors 1 per wheel >1 p. wheel     

Motor type PMSM-Fe PMSM-RE    

Motor suspension unsprung Primary 
susp. 

Second. 
susp.   

Coupling homokinetic metal  
bellow 

curved 
teeth 

Schmidt 
coupling 

Multi-disc 
clutch 

Running gear linkage Pivot Pressure 
rod    

Brakes Dynamic Disc Eddy  
current 

Aerody-
namic 

Track 
brake 

3.2.1 Materials 

There are various conceivable materials for the frame of the NGT running 

gear. Because the focus lies on lightweight design, conventional materials 

(according to DIN 5512 [67]) with high density like structural steels S275, 

S355 or even stainless steels must be called into question. Aluminium 

could be one solution for lightweight structures but has, at least in Europe, 

not prevailed in bogie frames. DIN 5513 [68] proposes different materials 

for extruded aluminium sheets for railway applications, like EN AW-6082-

T6, or for aluminium sheets, like EN AW-5083-H22. For a physical and 

mechanical comparison, see the Table 3.6 below, where the last row is the 

ratio of yield strength and density. Comparing the highlighted materials, 

the choice for aluminium would lead to a weight reduction of 50 % without 

weakening the component. The drawback of those materials is the reduced 

strength by 40 % or more within welding seams. Additionally, the fatigue 

limit which is an indicator for the life expectancy is falling significant below 

the value for steel alloys.   
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Table 3.6:  Metals for railway applications 
Material selection according to DIN 5512 [67] (blue) and DIN 5513 [68] (red) 
 

Symb. Steels  
 

 
Aluminium  
alloys Unit 

Material  

S2
7

5
N

 

S3
3

5
N

 

X
5

C
rN

iM
o

Ti
1

5
-2

 

X
5

C
rN

i 
1

8
-1

0 

EN
 A

W
-6

08
2

-
T6

 

EN
 A

W
-5

08
3

-
H

2
2 

 

Tensile 
strength 𝑅𝑚,𝑚𝑖𝑛 370 470 550 500 310 305 MPa 

Yield strength 𝑅𝑝0,2 275 335 380 190 260 215 MPa 

Yield strength 
(weld. seam) 𝑅𝑝0,2𝑤𝑠 n.n. n.n. n.n. n.n. 125 125 MPa 

Elongation 𝐴 24 22 16 25 10 10 % 

Density 𝜌 7.8 7.8 7.9 7.9 2.7 2.7 kg/dm³ 

Source  [69] [69] [67] [70] [68] [68]  

Specific 
strength 𝑅𝑝0,2 𝜌⁄  350 430 480 240 960 800 kN ⋅ dm kg⁄  

 

Science has developed a multitude of new materials and technologies 

which are applicable to a greater or lesser extent during the last decades. 

There are different composite materials like glass or carbon fibre rein-

forced polymers (GFRP/CRFP) or aramid fibre (aromatic polyamides). In 

Asia, composite materials are already in use at least within running gear 

suspension. In 2013, Kawasaki presented its lightweight efWING bogie 

(see Figure 3.2), using carbon-fibre-reinforced plastic (CFRP) which offers 

“numerous performance advantages, including increased safety and ride 

comfort” [71]. With structural leaf springs, the bogie frame overtakes pri-

mary suspension functions, eliminating the need for coil springs. The over-

all weight was reduced by 40 %. It has already proved its operational safety 

in 4,500 km of test runs [72]. European railways resist other materials than 

steel. Tests with running gear frames made of aluminium or composite ma-

terials (see Figure 3.3) did not yet lead to the use of these materials in bo-

gies’ series production [73, 74]. So, the running gear designs nowadays 

have a significant share of the overall weight of European rail vehicles, e. g. 

27 % (133.6 t of 495 t [75]) in Siemens’ Velaro D trains. Whereas the density 

of those composites is less than the density of aluminium, the minimum 
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specified tensile strength is higher than the one of steel—at least in direc-

tion of the fibres. Table 3.7 compares the different composites with the pre-

vious mentioned metals. 

 
Figure 3.2:  efWING bogie 

efWING is an acronym for environmentally friendly weight-saving innovative 
new generation truck. Source: [76] 
 

 
Figure 3.3:  MBB bogie prototype with composite materials 

Source: [73] 
 

In the 1930s, another group of materials was used for lightweight applica-

tions: Magnesium alloys. It exhibits a low specific weight and a high spe-

cific strength. Since its notch impact strength is relatively low, it should not 

be used for safety relevant components, if it is exposed to the risk of, for 

example, ballast impacts. Moreover, the material tends to corrode if not 

properly coated [77]. It is predestined for pressure casting components. 

However, casting thick layer magnesium components is problematic. Con-

cerning its fatigue limit, magnesium is comparable with steel [78]. 

Besides these aforementioned materials, new steel alloys have been de-

veloped during the last years. The contradiction of high rigidity and high 

flexibility seems to be broken: HSD steel alloys show behaviours which 

have been unknown so far. Behind the abbreviation HSD stands its’ high 
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strength and ductility whose values are listed in Table 3.7. Since this ma-

terial is not yet in commercial use, there is only little information on these 

steels. Low-priced alloying elements (manganese, aluminium, silicon etc.) 

[79] lead to a maximum yield point of 900 MPa (with a maximum of 30 % 

total elongation which is in the region of the elongation of S275N, see Table 

3.6) [80]. Certainly, the weldability and corrosion protection must be ex-

amined [79], especially since these steels are only available as sheets. 

Hence, there is no application of HSD steels for cast parts which would be 

advantageous e. g. for gear boxes and axle boxes. However, compared to 

other steels and even to relatively rigid aluminium alloys, HSD steels ex-

hibit extraordinarily high strength-weight-ratios.  

 
Table 3.7:  HSD steel alloys compared to aluminium, steel and composites  

 

Symb. 
Stainl. 
steel 

Alu
m. Composites 

Magne-
sium HSD steels4 Unit 

Material  

X
5

C
rN

iM
o

Ti
1

5-
2 

EN
 A

W
-6

08
2

-T
6 

G
FR

P
 

C
FR

P
 

P
a

n
ex

 3
5

 P
ro

fi
le

s 

A
Z9

1 

H
SD

 6
0

0 

H
SD

 9
0

0  

Tensile 
strength 𝑅𝑚 

See  
Table 3.6 

1,000 2,350 260 1,000 1,150 MPa 

Yield point 𝑅𝑝0,2 n.n. n.n. 160 600 900 MPa 

Yield point 
(weld. seam) 𝑅𝑝0,2𝑤𝑠 — — — n.n. n.n. MPa 

Elongation 𝐴 2 1.4 18 50 30 % 

Density 𝜌 2.0 1.6 1.77 7.4 7.4 kg/dm³ 

Source  [81] [82] [77, 83] [80] [80]  

Specific 
strength5 𝑅𝑝0,2 𝜌⁄  480 960 5,000 14,700 900 810 1,220 kN

⋅ dm kg⁄  

 
 
 
 
 
 

                                                             

4 HSD 600 and HSD 900 are trademarks by Salzgitter Flachstahl and not (yet) standardised. 
5 The specific strength of the composite materials is based on the tensile strength whereas the 

other materials’ specific strength value is calculated by the yield point.  
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3.2.2 Construction method 

Railway industry distinguishes between three construction methods: dif-

ferential, integral and hybrid construction method. In the differential con-

struction method, the components’ functions are provided by a multitude 

of parts which can be shaped individually. If multiple functions can be ful-

filled by a single part, one speaks of the integral construction method. 

Those parts are usually designed elaborately.  

The latest construction method is the hybrid construction method where 

a single part consists of elements of different materials [84]. That includes 

composite materials or sandwich construction methods. 

The exact description of those construction methods would go beyond 

the scope of this thesis. Furthermore, this topic is discussed in detail for 

example by FRIEDRICH [77] and KLEIN [85]. The latter actually distin-

guishes two variants of differential methods; the conventional and the in-

tegrated one. Figure 3.4f. depict the methods according to KLEIN. 

 

 
Figure 3.4:  Standard construction methods 

Left: Differential method — Centre: “Integrated differential method” — 
Right: Integral method. Source: [85] 
 

 
Figure 3.5:  Hybrid construction methods 

Left: Aluminium beam with steel sheets — Right: CFRP laminated aluminium 
beam. Source: [85] 
 

All of these construction methods find application in vehicle engineering, 

depending on the tasks of the respective part. Their advantages and disad-

vantages can be found in Table 3.8. In summary, there is no exact answer 

on the question about “the best construction method”. Lightweight design 

is possible with all of them. 
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Table 3.8:  Advantages and disadvantages of construction methods 
Sources: [77, 84, 85]  
 

Construction method Advantages Disadvantages 

Differential method 
Ease of repair 
Variety of possible materials 

Complex assembling 
Great number of tools neces-
sary 

Integrated differential 
m. 

Ease of repair 
Only few assembling steps 

More complex than integral 
method 

Integral method 
Only few assembling steps 
Small number of tools neces-
sary 

Often overdesigned 
Difficult to repair 
Limited material assortment 

Hybrid method Several functions taken over by 
only one part 

Very difficult to repair 
Expensive recycling 

3.2.3 Wheels 

Since the wheels are key elements in the railway’s powertrain, they receive 

special attention. They are not only responsible for the guiding, carrying 

and powering functions which are characteristic for the wheel/rail system, 

they contribute to the wear as well. Additionally, their weight is a major 

factor.  

Wheel diameter 

The powertrain dimensions depend on the chosen wheel diameter and, 

secondarily, on the transmission ratio. Whereas the transmission ratio is 

usually constant (that is the transmission is not a shift gear box), the wheels 

underlie wear. Consequently, the wheels can be regarded as a variable 

transmission gear since their diameter which transmits rotation in a linear 

motion decreases during operation. With the forces between wheels and 

rail mentioned in section 3.1.4, the maximum torques acting on the wheels 

can be calculated as well as the corresponding rotational velocity at 

440 km/h. Whereas smaller wheels have benefits due to low weight and 

inertia, the acting torque is small (due to the decreased lever-arm distance) 

but the rotational velocity is very high at the demanded velocity. When a 

moment load is applied about its axis of rotation, a force at the contact 

point establishes a balance of forces and moments:  

 𝑀𝑤 = 𝐹𝑤 ⋅ 𝑟𝑤  (3.4) 

𝑀𝑤: Moment — 𝐹𝑤: Force at contact point — 𝑟𝑤: Rolling radius 
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Since the direction of action is known, the cross product notation can be 

dispensed with. It is evident by implication that the larger the wheels, the 

higher the torques—but the lower the angular velocity: 

 𝜔𝑤 =
𝑣0

𝑟𝑤

 (3.5) 

𝜔𝑤: Ang. velocity — 𝑣: Vehicle velocity — 𝑟𝑤: Rolling radius 

Figure 3.6 depicts those correlations. Wheel diameters of 920 mm (new) 

and 860 mm (worn) are common for high speed applications [56, 75, 86] 

and also conceivable for the NGT. However, there is a multitude of aspects 

leading to the final decision of the wheel diameters. 
 

Figure 3.6:  Wheel torque and rotational velocity depending on wheel diameter 
The torque values could be halved when dividing it on multiple axes 

 
 

On the one hand, the available space is relevant for the selection of the 

wheel diameters. Diameters larger than 1,500 mm could be problematic 

with regard to the upper limits of the installation space. Values around 

800 mm could lead possibly to a conflict between the available space and 

a transmission gear, if its installation is intended on the outside position of 

the wheel pair. 

Furthermore, the acting torques should be as small as possible to sup-

port the lightweight design. However, this endeavour reaches its limits 

when a smaller diameter leads to high rotational speeds which result in 

larger and heavier bearings. A market research showed that the bearing 

diameters increase disproportionately at approx. 2,500 rpm. 

A compromise could be found in UIC 510-2 [87] which recommends 

wheel diameters of 1,000 mm (new) resp. 920 mm (worn). Resulting max-

imum torque values and the rotational velocity are listed in Table 3.9. 

 

1800

2400

3000

3600

4200

2000

3000

4000

5000

6000

500 600 700 800 900 1000 1100 1200

rp
m

 [
m

in
-1

]

M
ax

. t
o

rq
u

e
 [

N
m

]

Wheel diameter [mm]

Max. propulsion torque

Max. braking torque

Max. rpm



CONCEPT DEVELOPMENT | 35 

Table 3.9:  Max. torque and angular velocity values  
for wheels with 1,000 mm (new) resp. 920 mm (worn) diameter 
 

Diameter Max. propulsion torque Max. braking torque Max. ang. velocity 

920 mm 3,960 Nm 4,970 Nm 2,540 rpm 

1,000 mm 4,300 Nm 5,400 Nm 2,340 rpm 

Rotational axis 

A commonality of all previous running gears is the coaxiality of the wheels. 

When using wheelsets, the coaxiality of the wheels is a physical constraint. 

Conversely, when using wheel pairs, this condition has been terminated. 

This could be used to introduce cylindrical instead of conical wheel treads. 

To reconstitute the (static) contact patch, the rotational axis must be set 

inclined parallel to the surface of the rail surfaces, see Figure 3.7. The re-
sulting (pure) rolling motion is theoretically free of spin slip 𝜈𝜁  since it 

solely arises when there is a tilt angle in the contact surface of the two roll-

ers [8]. With conical wheels, the angular velocity of the wheel, 𝜔𝑤, has a 
component (𝜔𝜂) tangential to the contact point and a corresponding nor-

mal component (𝜔𝜁), see Figure 3.8.  

 
Figure 3.7:  Cylindrical (left) and conical wheel (right) on track with 1/40 inclination 

The lathed tread profile is the same for both wheels; only the rotational axis 
is different 

 
 

Figure 3.8:  Origin of spin creep 
A rotating cone on an inclined surface. 

𝜔𝜁  𝜔𝜂 

𝜔𝑤 

𝜔𝑤 
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With the equation for the spin creep, 

 𝜈𝜁 =
𝜔𝜁

𝑣
=

𝜔𝑤 ⋅ sin 𝜆

𝑣
 (3.6) 

𝜈𝜁: Spin creep — 𝜔𝜁: Normal component of 𝜔𝑤 — 𝜔𝑤: Wheel angular velocity 

λ: Cone angle (conicity) 

where 𝜆 is the cone angle, it is evident that, for cylindrical wheels, the spin 

creep can be eliminated.  

 lim
𝜆→0

𝜈𝜁 =
𝜔𝑤 ⋅ lim

𝜆→0
(sin 𝜆)

𝑣
= 0 (3.7) 

The remaining creepages act in longitudinal (𝜈𝜉) and lateral (𝜈𝜂) direction. 

KALKER’s non-linear creep force-creepage relations are known [8] as 

 [

𝐹ξ

𝐹𝜂

𝑀𝜁

] = [

𝐹ξ(𝜈𝜉 , 𝜈𝜂, 𝜈𝜁)

𝐹𝜂(𝜈𝜉 , 𝜈𝜂, 𝜈𝜁)

𝑀𝜁(𝜈𝜉 , 𝜈𝜂, 𝜈𝜁)

] (3.8) 

𝐹𝑖: Creep force — 𝑀𝑖: Creep moment — 𝜈𝑖: Creep — ξ, 𝜂, 𝜁: Coordinate system (track 

fixed) 

and can consequently be approximated as 

 [

𝐹ξ

𝐹𝜂

𝑀𝜁

] ≈ [

𝐹ξ(𝜈𝜉 , 𝜈𝜂)

𝐹𝜂(𝜈𝜉 , 𝜈𝜂)

𝑀𝜁(𝜈𝜉 , 𝜈𝜂)

] ≈ [
𝐹ξ(𝜈𝜉 , 𝜈𝜂)

𝐹𝜂(𝜈𝜉 , 𝜈𝜂)
0

] (3.9) 

In summary, the elimination of the spin slip by tilting the wheel axes of 

rotation and using cylindrical wheels might be a good idea, even if the in-

fluence of the spin motion is minor compared to the longitudinal and lat-

eral creepages [8, 88].  

3.2.4 Bearing concept 

The design of the running gear without a wheelset requires new bearing 

concepts. In general, an axle is carried by a floating bearing and a fixed 

bearing to avoid stresses in the shaft, i.e. due to thermal expansion. Hence, 

the radial load of the shaft applies on both bearings with different intensity. 

First calculations with a previous selection of bearings have already been 

done for an inner bearing concept, see [7]. However, the following calcula-

tion is more transparent since the calculation process is missing in this 
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source. According to ISO 281 [89], the nominal life expectancy (in 106 rev-

olutions) 𝐿10 is  

 𝐿10 = (
𝐶

𝑃
)

𝑝

 (3.10) 

𝐿10: Nominal life expectancy at 90 % probability of survival [106 revolutions] 

𝐶: Dynamic load rating — 𝑃: Equivalent dynamic load rating — 𝑝: Exponent  

and can be transposed to the life expectancy in millions of kilometres (as 

initiated but executed erroneously in [22]): 

 𝐿10𝑠 =
2𝜋 ⋅ 𝑟𝑤

1,000
⋅ (

𝐶

𝑃
)

𝑝

 (3.11) 

𝐿10𝑠: Nominal life expectancy at 90 % probability of survival [106 km] 

𝑟𝑤: Wheel radius [m]  

It should be mentioned that 𝐶 is a property of the bearing. The exponent, 

according to ISO 281, is 𝑝 = 3 for ball bearings or 𝑝 = 10
3⁄  for roller bear-

ings. Since roller bearings are preferable, the last mentioned value can be 

chosen.  

 𝑝 =
10

3
  

The bearings of a modern rail vehicle should last for 10 million km. Assum-

ing an annual mileage of 1 million km, the bearing must be changed after 

ten years with a probability of 90 %. The demanded dynamic load rating 

can be calculated by transposing the equation above to the dynamic load 

rating 𝐶: 

 𝐶 = √
1,000 ⋅ 𝐿10𝑠

2𝜋 ⋅ 𝑟𝑤

𝑝

⋅ 𝑃 (3.12) 

The wheel radius has a mean value of 𝑟𝑤 = 480 mm (this is the mean value 

of the maximum and the minimum value), if its life expectation is smaller 

than the one of the bearing. The equivalent dynamic load rating can only 

be estimated in this design stage: 

  𝑃 ≈
𝐾𝑟

2
+ 𝐾𝑎 (3.13) 

with the radial load 

 𝐾𝑟 = 𝑓0 ⋅ 𝑓𝑟𝑑 ⋅ 𝑓𝑡𝑟 ⋅ 𝐺 (3.14) 
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and the axial load 

 𝐾𝑎 = 𝑓0 ⋅ 𝑓𝑎𝑑 ⋅ 𝐺 (3.15) 

where the values 𝑓𝑖 are load factors from [22]. Their values are 𝑓0 = 1, 𝑓𝑟𝑑 =

1.25, 𝑓𝑡𝑟 = 1.05 and 𝑓𝑎𝑑 = 0.12. 𝐺 =
32 t⋅9.81 kN t⁄  

4
= 78.5 kN is the weight of a 

quarter of the vehicle, respectively the load on one wheel. The radial load 

will be divided by 2, since one wheel lasts on two bearings. The result is  

 𝑃 ≈ 1.3125 ⋅
78.5 kN

2
+ 0.12 ⋅ 78.5 kN = 61 kN (3.16) 

So, the dynamic load factor is, in numbers: 

 𝐶 ≥ √
1,000 ⋅ 𝐿10𝑠

2𝜋 ⋅ 𝑟𝑤

𝑝

⋅ 𝑃 = √
1,000 ⋅ 10

2𝜋 ⋅ 0.5

10
3

⋅ 61 kN = 686 kN (3.17) 

This result is however valid for the case that the radial load is borne evenly 

by both bearings. For the case that the fixed bearing is only transmitting 

axial forces and the floating bearing the radial ones, one get: 

 𝑃 ≈ 1.3125 ⋅ 78.5 kN + 0.12 ⋅ 78.5 kN = 112 kN (3.18) 

 𝐶 ≥ √
1,000 ⋅ 𝐿10𝑠

2𝜋 ⋅ 𝑟𝑤

𝑝

⋅ 𝑃 = √
1,000 ⋅ 10

2𝜋 ⋅ 0.5

10
3

⋅ 112 kN = 1,259 kN (3.19) 

Additionally to the loads to carry, the maximum rotational speed of the 
bearings must exceed the maximum rotational speed of the wheel. The re-
sults of this calculation are listed in  

Table 3.10 for different velocities and wheel radii.  

 𝜔𝑏𝑒𝑎𝑟𝑖𝑛𝑔,𝑚𝑎𝑥 ≥ 𝜔𝑤,𝑚𝑎𝑥(𝑟𝑤) =
𝑣0

2𝜋 ⋅ 𝑟𝑤

 (3.20) 

 
Table 3.10:  Rotational speed of the bearings  

depending on vehicle velocity and wheel diameter 
 

Diameter Velocity Rotational speed 

920 mm (worn) 
400 km/h 2,307 min-1 

440 km/h 2,538 min-1 

1,000 mm (new) 
400 km/h 2,123 min-1 

440 km/h 2,335 min-1 
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At operational speed, the bearings must cope with max. 2,307 min-1, 

whereas the rotational speed will increase up to 2,358 min-1 for homologa-

tion. First market research showed that there are roller bearings available 

for both cases. Now, the arrangement of the bearings is debatable. 

The simplest bearing concept allots the bearings to be placed on the in-

ner side of both wheels. This concept is expected to be advantageous con-

cerning the weight of the wheel carrier which keeps a constant distance of 

the wheels. The drawback is the resulting moment on the bearing seat. Ad-

ditionally, this concept leads to an unfavourable design of the running gear 

frame, since the vertical forces which apply at the outer points, must be 

transmitted to the space between the wheels. As a result, roll motions could 

occur.  

To avoid this behaviour, the bearings could be placed at the outside of 

the wheel carrier. However, the high moments on the bearing seats remain 

constant; additionally, the wheel carrier itself is larger and thus heavier.  

A third possibility is the both sided bearing concept. As the name im-

plies, both wheels are equipped with two bearings respectively. This vari-

ant combines the characteristics of the previous mentioned ones. It is large, 

since the wheels must be enclosed. Nevertheless, the forces can be split up, 

so stress peaks could be reduced.   

3.2.5 Vertical suspension 

Suspension systems are part of a rail vehicle’s running gear in order to iso-

late the car body “from major vibrations and shocks” and to “reduce wheel-

rail forces and wear” on both the vehicle and the track [64]. The comfort 

and safety of railway vehicles are the results of the systems which have been 

developed over the last two centuries. Despite this process, freight cars are 

mainly suspended by leaf springs, which were the first suspensions for rail-

ways ever. Leaf springs are able to damp their own motions and are robust 

which makes them predestined for freight applications. However, new de-

velopments show their renaissance in composite materials. GFRP and 

CFRP reduce the mass of the springs, the spring characteristics can be ad-

justed very precisely simultaneously. Moreover, leaf springs could be inte-

grated in novel designs, see Figure 3.2, where the leaf spring is both the 

suspension and the longitudinal beam. An interesting development of 

composite leaf springs is the inclusion of sensors and actuators in the lam-

inates. The aim is that vibrations can be recognised and, as far as possible, 
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reduced before the propagation into the vehicle. First tests showed prom-

ising results. [90] 

The most common primary suspension today consists of coil springs. 

They are very compact and inexpensive. A linear spring constant make 

their behaviour predictable, additionally, total failures of this kind of 

springs are nearly impossible. Flexicoil springs not only allow motions in 

direction of the spring axis but also limited normal displacements. Draw-

back of this spring form is the limited material variety and thus the weight. 

One possibility to reduce the weight is the use of titanium as spring mate-

rial. Well-designed titanium coil springs typically reach three fourths of the 

height and 60–70% of the weight of steel springs [91]. Moreover, titanium 

can be applied within a wide temperature range and is resistant to corro-

sion. Drawback of this material is its high initial costs.  

A mostly unknown kind of spring is the meander spring, whose spring 

material is not wound into a coil but bend in a z-shape, see Figure 3.9. The 

special design of these springs provokes an implementation with compo-

site materials. However, applications in vehicle running gear could not be 

found, only a multitude of patents deal with different designs of meander 

springs.  

 
Figure 3.9:  Meander spring 

Source: [92] 
 

Moreover, at least for primary suspensions, rubber elements are well es-

tablished. The benefit of rubber materials is the high adaptability to de-

mands. They allow displacements in all directions which can be limited by 

the design of the spring. The stiffness can be adjusted for different direc-

tions of motions separately by integration of metal plates (“chevron type”) 

[93]. For high frequencies, rubber tends to become very stiff. Since the 
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spring properties are also highly depending on the temperature and the age 

of the installed elements, rubber springs must be selected carefully. 

Pneumatic springs (“Air springs”) are “preferably used as secondary sus-

pension” [64] since they provide good vibration and sound insulation. They 

allow motions in vertical and lateral directions and their characteristics are 

adjustable by the air pressure. Additionally, it is possible to realise an au-

tomatic level control, “so that the car body floor level is almost independent 

of the payload” [64]. Consequently, wheel wear could be compensated, too. 

Hydropneumatic springs are spring elements in form of hydraulic cylin-

ders with an outsourced air reservoir. At the point of force application, the 

installed elements which include hydraulic oil are very compact. In case of 

compression of the spring, the oil flows through pipes to an airtight reser-

voir which is filled with nitrogen. The compression of the gas leads to a 

higher pressure in the reservoir which results in a force in the hydraulic 

cylinder. The advantage of hydropneumatic spring systems is the very com-

pact form of the cylinders and the variable placement of the nitrogen con-

tainer. In addition, the spring characteristics are, similar to pneumatic 

springs, selectable and adjustable during operation. On the other hand, the 

system tends to be more complex and finally problematic when it comes to 

the recycling of the train.  

3.2.6 Motor type 

Modern rail vehicles usually feature distributed traction. This means that 

several axles within a train are powered. The NGT will be equipped with 

synchronous motors on all wheels to be able to control the wheels’ torques. 

For weight reduction reasons, permanent magnets will induce the mag-

netic field. This section will not address the different types of traction mo-

tors but mass and volume properties of the designated synchronous motors 

solely.  

For the interested reader, the differences of available traction motors, 

their advantages and drawbacks and their controllers are well explained by 

ÖSTLUND [51] or FILIPOVIĆ [94].  

Considering the motor power densities for 300 kW machines in [95], 

there are huge differences between conventional synchronous motors with 

permanent magnets (PMSM) with ferrite magnets (PMSM-Fe) and PMSM 

using rare earths (PMSM-RE). Certainly, there are different forecasts stat-

ing that the supply of rare earths is finite and reports about unethical work-

ing conditions for miners. Hitachi, producer of traction motors, stated that 
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“it is necessary to decrease the usage of rare earth magnets” [96]. So, in 

interest of a conservative planning, conventional PMSM should be pre-

ferred. For the mass (𝑚𝑀) and volume (𝑉𝑀) calculation, values for the den-

sity and power density are listed in Table 3.11. The values for the power 

density could even be increased by an increased rpm value [51]. 

 
Table 3.11:  Assumptions for physical motor properties 

Sources: [95, 97] 
 

Property PMSM-Fe PMSM-RE Unit 

Power density (300 kW) 3.52 5.74 kW/dm³ 

Weight factor (305 kW) 1.30 0.90…0.96 kg/kW 

 𝑃𝑀 = 260 kW 
  

 
𝑉𝑀 =

260 kW

3.52
𝑘𝑊
𝑑𝑚3

= 74 dm3  
 

 𝑚𝑀 = 260 kW ⋅ 1.3
kg

kW
= 338 kg 

 

The resulting weight and dimensions could be reduced to 𝑉𝑀 = 46 dm3 and 

𝑚𝑀 = 234 kg by using rare earth magnets. However, the values for conven-

tional ferrite magnet motors will be used for this work. 

3.2.7 Number of motors 

Since every single wheel must be driven to accomplish the required control 

forces at the wheel-rail contact, there is need for at least one motor per 

wheel. Depending on the available space, it might be advantageous to situ-

ate more than one motor per wheel. Certainly, having more than one driv-

ing unit affects the simplicity adversely. Additionally, the initial costs 

might be higher and the operational costs would rise with the increased 

number of wear parts. On the other hand, a malfunction of one of several 

motors could be compensated by the others; in this case, the ideal number 

of traction units would be infinite. This is certainly valid only in the case of 

an electrical failure if there is no possibility to uncouple the deficient motor 

from the powertrain.   

In practice, the power loss of one motor is not as momentous as to legit-

imate the drawbacks of a multitude of traction units. The guiding control 

concept can be upheld by only one motor by not applying acceleration or 
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traction torques but only (positive and negative) steering torques. Conse-

quently, the advantages of purchasing, controlling and maintaining only 

one single traction motor predominate over the advantage of minimal 

power loss at motor failures to the disadvantage of complexity.  

3.2.8 Motor suspension 

Traction drives of rail vehicles usually include the motor itself and the gear-

box. Depending on the purposes, there are rigid, semi-suspended and fully 

suspended arrangements within a running gear. The suspension has a 

main influence on the unsprung mass and thus the track forces and so 

should be selected carefully. Additionally, a suspended drive will be less 

exposed to forces acting on the wheels. For a more detailed view of the sus-

pension techniques, see [51, 94]. 

If the motor’s weight rests directly on the wheel, the drive is unsprung. 

This technique is the simplest one, but solely applicable for slow speeds. 

Track forces and wear are high. Today, there are only light rails and tram-

ways using this technique.  

Suspended motors rest at least partly on the running gear frame. This 

way, the unsprung mass can be reduced. Other designs allow the motor to 

be completely suspended by being mounted on the running gear frame and 

having only the transmission gear weighing (partly) on the wheel axles. For 

stricter requirements on track forces, there are drives with fully suspended 

motors and gears. However, they are very heavy even if the unsprung mass 

is minimal. Additionally, those technologies usually are very complex. 

Mounting the traction motor in the vehicle frame instead of the frame be-

tween primary and secondary suspension is a method to vastly reduce un-

sprung mass. Only few vehicles feature this construction technique even if 

it was already known and built by KRUCKENBERG in 1939 [98]. Today, Brit-

ish Railways’ Class 91 power units with their “colossal power of the trac-

tion motors” are connected to the gearboxes by cardan shafts which were 

placed on the bogie frames [99].  
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Figure 3.10:  Kruckenberg’s express train (1939) with diesel-hydraulic power transmis-

sion  
The diesel engine (yellow) and the hydraulic transmission gear (red) is 
mounted in the car body. Source: [98], own editing  

3.2.9 Coupling 

A coupling transfers torques from a driving axle to a driven axle. Thereby, 

it can provide several attributes, depending on the construction type: Some 

couplings can be switched; some allow slip to avoid the transmission of vi-

brations. Other ones compensate axial, lateral or angular offsets. The ap-

plication as predetermined breaking point is able to save devices from 

overload. For the running gear, couplings are interesting to decouple the 

heavy motors from the wheel carrier. So, they must be flexible enough to 

tolerate the relative vertical, lateral and longitudinal motions. The novel 

guiding concept of the NGT requires a homokinetic connection between 

motors and wheels, which means that the torque of the motor is passed 

homogeneously to the wheels. Moreover, a switchable coupling is not re-

quired. Market research provided several couplings, which are more or less 

suited for this application: 

I Curved teeth couplings are able to transmit high torques at high speeds. 

Since the axial, lateral and angular offset is rather small [100], this cou-

pling is more dedicated to the equalisation of misalignments. 

I Cardan shafts are made for covering the distance between two shafts. 

Offsets can be changed during operation even though the motion is not 

homokinetic in any case: If the bending angles of both cardan joints are 

different, there is a motion inaccuracy which is called “gimbal error” or 

“cardan error”. For small angles, this error could potentially be ne-

glected. 

I Homokinetic couplings allow large angular and limited axial offsets. As 

the name suggests, speeds and torques are identical at the input and the 

output even if the offsets are changing during operation.  
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Figure 3.11:  Curved teeth coupling, cardan shaft, and homokinetic coupling  

Source: [100] 
 

I  “Schmidt couplings” are designed to accommodate larger axial dis-

placements between the output of a rotational machine and the input of 

another one by means of discs which are connected by traction rods. 

With this technology, high torques can be transmitted. For angular dis-

placements, this type of coupling is inappropriate.  

 
Figure 3.12:  Schmidt coupling 

Source: [101] 
 

Of course, different types of couplings could be mounted in series to com-

bine, for example, the angular flexibility of a cardan junction and the axial 

freedom of the Schmidt coupling. This is certainly problematic concerning 

the lightweight requirements. 

3.2.10 Running gear linkage 

The connection of the running gear with the car body and also the connec-

tion of the running gear frame with the wheel carrier could be realised in 

two different ways. The most intuitive one is the creation of a pivot which 

enables the running gear to rotate about the z axis. The second possibility 

is the usage of traction rods for linear flow of forces. Traction rods are the 

simplest way to connect components with a small freedom of movement. 
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If two rods are installed in a V arrangement, they form a “virtual pivot”, see 

section 3.3.2.  

3.2.11 Brakes 

Reliable braking systems are essential for rail vehicles. Their design must 

allow a function in any case. A failure of a partial system may not lead to 

total failure of the braking power. Given the high speed of the train, the 

braking concept receives particular responsibility. A special feature of the 

train is the lack of pneumatic connections between the cars. DIN EN 15734 

[66] distinguishes between dynamic brakes, friction brakes, magnetic 

brakes and “unconventional” brakes. It also states that trains for interna-

tional operation must be equipped with wear-free braking systems.  

One of these braking systems is the usage of the traction motors for elec-

tro-dynamic braking. In this case, the motors were operated in generative 

mode and convert the kinetic energy into electricity which can be fed back 

into the power grid or into rheostatic resistors. The braking force results 

from the motor’s braking moment and takes place in the wheel/rail contact 

point.  

The eddy current brake is another one of the wear-free dynamic brake 

systems. The brake force applies at the air gap (approx. 7 mm) between 

brake and rail on the basis of Lenz’s law. This gap has to be constant; a 

mechanism has to compensate wheel wear. The operation requires a speed 

difference between the brakes’ magnets and the rail. So, it is applicable only 

for higher speeds than 50 km/h. Since there is no physical contact, the 

brake is free of wear. [93] 

Additionally to wear-free systems, friction brakes can be installed on the 

running gear. The simplest one is the clasp brake system, whose braking 

shoe bears on the wheel treads. This system is inexpensive and light. How-

ever, the braking force is depending on the surface quality and thus exter-

nal influences. The arising warmth is transmitted directly to the wheels. It 

is nowadays usually used for vehicles with lower braking demands and op-

erated by pressurised air.  

For passenger cars, disc brakes have been proven. With this type of fric-

tion brakes, a rotating disc which is directly or indirectly connected to the 

wheels is decelerated by a calliper equipped with brake pads. From a tech-

nical point of view, it is irrelevant, at which point of the powertrain the 

brake disc is installed and it is possible to have it above the first suspension 
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level consequently. Even if the fail safety of only one braking system de-

creases by the amount of components between the brake disk and the 

wheel, the train is equipped by a multiplicity of these systems which are, in 

summary, able to compensate one or even more brake failures Drawback 

of this technology is the weight of the braking discs.  

Magnetic rail brakes are bars of permanent or electric magnets which 

are mounted on the running gear and can be lowered and pressed onto the 

rails. At their bottom, brake pads are installed. As soon as the brake con-

tacts the rail, the magnetic attractive force arises and pulls the brake pads 

on the rails. The resulting friction force decelerates the train. Magnetic rail 

brakes are usually used in full braking situations [102]. During normal op-

eration, friction brakes should be avoided generally. 

DIN EN 15734 also mentions “unconventional brakes”. In Japan, tests 

with a brake system, consisting of drag panels on the surface of the train, 

have shown the principle feasibility of such an aerodynamic brake [103]. 

However, this concept is independent from the running gear.  

3.3 Concept designs 

The previously mentioned conditions and requirements can be realised by 

several possible designs. So, concepts for the powertrain, the longitudinal 

linkage of the running gear as well as for the suspension have been created. 

The following sections present them. 

3.3.1 Powertrain 

The propulsion of the running gear is a stringent requirement. Since the 

demanded powertrain is expected to be larger than any other component, 

the development of powertrain concepts started with sketches of several 

combinations of the morphological matrix. The most auspicious ones are 

shown subsequently. 

All of those concepts have inclined wheel axles with cylindrical wheels, 

since this system seems to be advantageous compared to standard single 

wheels which however can be used in all of these concepts, too. 

Powertrain concept 1: Spur gear concept 

The first concept is based on a both-sided wheel axle bearing system. The 

space on the inner side of the running gear can be used for a braking disk. 

On the other side, a transmission gear with preferably three gear wheels 
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weighs on the wheel axle. The connection to the horizontally mounted hol-

low shaft motor is established by couplings like flexible elements which are 

well-known by fully-suspended motors. This type of coupling is among car-

dan couplings. 
 

 
Figure 3.13:  Spur gear concept 

 

One of the advantages of this powertrain concept is the usage of proven 

and reliable technology. The available space for the transmission gear 

(here: transmission ratio 𝑖 = 3) is sufficient if the bull gear is designed 

properly. The intermediate gear is necessary to cover the distance to the 

motor and helps to keep the weight as low as possible. For the same dis-

tance, a two gear wheel transmission gear with the same transmission ratio 

would be larger and heavier. To achieve a smooth operation, a double hel-

ical gearing which also centres the intermediate gear should be used. So, 

the intermediate gear could be held in place by only one roller bearing. 

Since the wheel carrier (and the transmission gear) moves approximately 

with a maximum magnitude 𝑑𝑚𝑎𝑥 according to Pythagoras: 

 𝑑𝑚𝑎𝑥 = √Δ𝑥𝑃,𝑚𝑎𝑥
2 + (𝑦𝑔𝑒𝑎𝑟 ⋅ sin ΔΨ𝑃,𝑚𝑎𝑥)

2
+ Δ𝑧𝑃,𝑚𝑎𝑥

2 (3.21) 

𝑑𝑚𝑎𝑥: Max. displacement of the transmission gear (relative to traction motor)  

𝑧𝑃,𝑚𝑎𝑥: Max. vertical stroke of primary suspension — 𝑦𝑔𝑒𝑎𝑟: Lateral position of the gear 

Ψ𝑃,𝑚𝑎𝑥: Max. yaw motion of primary suspension  

with the values from section 3.1.3 and assuming the lateral position of the 
transmission gear to be 𝑦𝑔𝑒𝑎𝑟 = 800 mm, 𝑑𝑚𝑎𝑥 can be calculated to 
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  𝑑𝑚𝑎𝑥 = √(5 mm)2 + (800 mm ⋅ sin 3.21°)2 + (15 mm)2 = 47.5 mm.  

The couplings at the hollow shaft must cope with these motions. Addition-

ally, roll and pitch motions must be taken into account if this concept will 

be pursued. 

Powertrain concept 2: Bevel gear concept 

This concept features a bevel gear transmission at the outer side of the 

wheels and a traction motor in vertical arrangement. The advantages over 

the spur gear concept are the smaller mass of the transmission gear since 

the intermediate wheel becomes no longer necessary. Moreover, the rela-

tive motions between the traction machine and the transmission gear are 

smaller since the vertical motions can be compensated by a homokinetic 

joint. The motor itself is implemented as hollow shaft motor with angu-

larly—not rotationally—flexible junctions to the shaft. However, this con-

cept must cope with large motions caused by the wheel carrier’s yaw mo-

tion, if the motor does not yaw with the wheel carrier.  
 
 

 
Figure 3.14:  Bevel wheel concept 

 

As a variant, the motor could be designed without hollow shaft. Conse-

quently, the outer dimensions would decrease and release space for a sec-

ond homokinetic joint. Moreover, load-bearing motors could be integrated 

in the running gear frame easily. 

Drawback of both the spur wheel and bevel wheel concept is the place-

ment of the coupling between motor and transition gear instead of the po-

sition between transition gear and wheels. Consequently, the transition 

gear weighs directly on the wheels. 
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Additionally, the couplings will be exposed to low torques on the one hand 

but high speeds on the other hand.  

Powertrain concept 3: Schmidt coupling usage 

In order to arrange the coupling between transmission gear and wheel, 

compact couplings which allow at least vertical motions of the wheel car-

rier were required. Out of the introduced couplings, Schmidt couplings are 

the only ones allowing larger (radial) offsets. However, several drawbacks 

occur: 

I Since this coupling does not allow angular offsets, a second coupling 

must be installed, if the traction motor does not move parallel to the 

wheels. For both cases, the installation of a second coupling and the 

possibility of pivoted motors, the available space is insufficient. 

I Because of the design of the couplings with several moving elements, it 

contains many bearings; generally needle roller bearings. These bear-

ings require maintenance and have, regardless, a short life expectancy.  

I The input and output axes are not allowed to be collinear at any time. 

I It is relatively heavy. 

The only advantage of this powertrain concept is the decoupling of all 

masses from the wheel except the input disk. 
 

 
Figure 3.15:  Schmidt coupling usage 

 

Powertrain concept 4: Motor traverse concept 

The motor traverse concept is a variant of the bevel wheel concept but has 

two motors which are consequently smaller. As a result, the couplings and 

the shafts must only transmit half the torque compared with the single-

motor concept. Additionally, the motors are hung flexibly, so that they can 

Schmidt  

coupling 
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swing to some extent. Hence, the radial offset between the motor and the 

transmission gear could be reduced and thus one coupling could become 

unnecessary. A traversal beam synchronises the motion of the motors and 

supports the force balance between the motor’s torques. However, the an-

gular offset at the transmission gear increases with the displacement of the 

traction machines.  
 

 
Figure 3.16:  Traversal motor mounting 

 

The weight-saving effect of one omitted coupling could however be an-

nulled by the flexible motor suspension systems. In this case, the use of 

homokinetic couplers must be preferred. 

3.3.2 Longitudinal linkage concepts 

For the longitudinal linkage between the wheel carrier and the car body, 

several concepts exist. In principle, the running gear frame, which is sus-

pended and located between both suspension systems, must not be able to 

rotate about the z axis. This keeps the movable masses as small as possible 

and increases the influence of the control forces on the adjustment of the 

radial steering angle. This can be reached by parallel traction rods. 

On the other hand, the wheel carrier must be able to rotate about the 

vertical axis at least 3.21 degrees. Therefore, different designs were drawn, 

see Figure 3.17. Concepts 1 and 2 were equipped with a physical pivot 

whereas the other concepts have a “virtual pivot”, created by traction rods 

whose axes meet in the centre of the wheel carrier. All traction rods must 

be equipped with a flexible connections to enable the demanded motions.  

Concept 1 has a pivot between running gear frame and wheel carrier; 

concept 2 between the car body and the wheel carrier. Concept 3 is 

equipped with two traction bars each between wheel carrier and running 
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gear frame as well as between running gear frame and car body. The last 

concepts, number 4 and 5, have the wheel carrier directly connected to the 

car body with traction rods and smaller connecting rods (concept 4: 2, con-

cept 5: 4) which guide the running gear frame only. In these concepts, the 

omission of those rods must be considered, since the frame does not trans-

mit traction forces—at least in theory.  

 
Figure 3.17:  Longitudinal linkage concepts 

The hatched area represents the wheel carrier, the running gear frame sur-
rounds it. The car body is represented below. 
 

3.3.3 Suspension system concepts 

The vertical suspension systems, see Figure 3.18, look similar at the first 

view but differ in several points even if the position of the secondary sus-

pension is predetermined by the CAD model of the car body at the outer 

ends (in x and y direction) of the running gear and connect the car body 

and the running gear frame. 
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Concept 1 has a wheel carrier with both-sided bearings for the wheels. 

Springs act at all bearing seats. Concept 2 has only two springs as primary 

suspension level and that at the outer point. This predetermines an outer 

bearing concept but both-sided or even inner bearings are possible. Con-

cept 3 allows a smaller wheel carrier by the inner position of the springs; 

this presupposes the inner bearing concept. Demanding outer or both-

sided bearings, the fourth concept enables that by an enlarged wheel car-

rier. 

 
Figure 3.18:  Suspension system concepts 
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4. Evaluation 

4.1 Method 

The concepts designs of section 3.3 are divided into powertrain concepts, 

longitudinal linkage concepts and suspension system concepts. Each con-

cept consists of partial solutions which were graded by selecting important 

properties and rating them with values from 1 (does not fulfil) to 4 (does 

fulfil). According to the importance factor of the properties, their influence 

on the final grade of the partial solution differs: 

 
points(partial solution)

= property(part. sol. ) ⋅ i_factor(property) (4.1) 

Finally, the grade for the concept will be found by adding the points for the 

selected partial results. 

 Grade(concept) = ∑ points(partial solution) (4.2) 

4.2 Execution 

The execution of the evaluation is divided into four sections, since principle 

settings are independent of the concept designs themselves. These settings 

can be found in the next section, followed by the evaluation of the specific 

concepts.    

4.2.1 Evaluation of overall design 

The overall design includes properties which are in principle independent 

from concepts, like used materials or how the wheels are mounted. How-

ever, this method must be handled with care since, for example, the con-

struction method restricts the materials. 

Materials 

Possible materials were presented in section 3.2.1. To evaluate which is the 

best one for this project, the properties “safety”, “weight” and “acceptance” 

were rated and multiplied with their importance. The importance was 

found out by comparting the properties one-by-one. The more important 

property obtained 3 points, the less important 1 point. Two properties with 

identical importance got 2 points each. The following properties were 

weighted as follows; according to their importance:  
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I Safety:  50 % (more important than weight (=3 points), more 

important than acceptance (=3 pts); 6 pts in summary 

I Weight:  33 % (less important than safety (=1 pt), more im-

portant than acceptance (=3 pts); 4 pts in summary) 

I Acceptance:  17 % (less important than safety (=1 pt), less important 

than weight (1 pt); 2 pts in summary) 

The safety aspect is divided in fatigue strength, damage tolerance, verifica-

tion management and health monitoring. Acceptance includes the willing-

ness of future operators to introduce a new technology, including higher 

(initial) costs for maintenance equipment and the instruction of employees 

and also recyclability. The results are listed below. In the following sec-

tions, the reader will find the importance factors in the evaluation table. 

HSD steel fulfils most of the requirements, only its weight is its weak-

ness. Aluminium and Magnesium alloys are the next best materials. They 

are both accepted in vehicle engineering [77] and light. However, the dam-

age tolerance is weak for magnesium. It must be protected against physical 

influences.  

Table 4.1:  Evaluation of possible materials 
 

Material Factor GFRP CFRP Alum. HSD 
Steel 

Magnes. 

Fatigue strength 0.150 3 3 3 4 3 

Damage tolerance 0.150 3 2 3 3 1 

Verification man-
agement 

0.100 2 2 4 4 4 

Health monitoring 0.100 2 2 3 4 3 

Weight 0.333 3 4 3 2 4 

Acceptance 0.167 1 1 3 4 3 

Total 1.000 2.5 2.7 3.1 3.2 3.1 

 

The acceptance includes recycling issues which become more and more im-

portant. Composite materials are hardly recyclable and thus graded low.  

Construction method 

The construction methods according to KLEIN [85] were judged with fol-

lowing criteria: Manufacturing, Maintenance and ease of repair, and the 

weight. Since the manufacturing process is less important, its influence is 

kept very small.  
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Table 4.2:  Evaluation of construction methods 
 

Construction methods Factor Integral Inte-
grated 

differen-
tial 

Differen-
tial 

Hybrid 

Manufacturing 0.100 2 3 3 2 

Maintenance/Ease of re-
pair 

0.450 3 3 4 1 

Weight 0.450 2 2 1 4 

Total 1.000 2.5 2.6 2.6 2.5 

 

All of those construction methods were rated nearly equal, which is the rea-

son for the industry using the integrated and the differential method as 

well as a mixture of these. The hybrid method shows weaknesses in the 

manufacturing process and the ease of repair; however the lightweight po-

tential is the largest 

Wheels 

As discussed in section 3.2.3, it is possible to incline the rotational axis of 

the wheels and to use cylindrical wheels instead of conical ones. The cylin-

drical wheels could be advantageous concerning wear. The safety against 

derailment has been graded equal for both partial solutions, since the both 

the wheelset and the single wheel concept have proven their feasibility for 

high speed trains. 
 

Table 4.3:  Evaluation of possible materials 
 

Wheels Factor Cylindrical Conical 

Safety against derailment 0.750 4 4 

Wear 0.250 4 3 

Total 1.000 4.0 3.8 

 

Brakes 

The brakes which have been discussed in section 3.2.11 have been graded 

by resulting track forces, reliability and maintenance issues. Since the aer-

odynamic brake is not a component of the running gear, it is not evaluated 

here; however if the NGT will feature this brake, one of the conventional 

ones might become unnecessary. 
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Table 4.4:  Evaluation of braking concepts 
 

Braking Factor Disc Dynamic Eddy 
curr. 

Track 

Track forces 0.400 3 3 4 3 

Reliability 0.400 4 3 3 2 

Maintenance 0.200 2 4 4 2 

Total 1.000 3.4 3.6 4.0 2.6 

 

Result 

Since there is no concept to grade, the highest possible grade can be 

reached by selecting the partial solution like presented by the following ta-

ble. 
 

Table 4.5:  Result for selection of overall partial results 
 

Partial solution  

Material HSD steel — 3.2 points 

Construction method Integrated differential/differential — 2.6 points 

Wheels Cylindrical — 4.0 points 

Brakes Eddy current brakes — 4.0 points 

Total 13.8 points 

 

Aluminium and Magnesium alloys are graded only negligibly worse than 

HSD steels; the construction methods are graded nearly equally, too. One 

should decide the construction methods and materials individually. 

4.2.2 Evaluation of powertrain concepts 

The powertrain concepts were evaluated by grading their partial solutions 

according which are listed first.  

Bearing concept 

For the wheel bearings, different positions have been considered: Bearings 

on only one side of the wheels (at the inner or outer position) or a both-

sided bearing system. Concerning the safety aspects—no IRW rail vehicle 
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with only one-sided bearings exists yet—, the both-sided system is predom-

inant. The weight aspect results mainly from a different size of the wheel 

carrier. Maintenance aspects are based on the accessibility. 
 

Table 4.6:  Evaluation of bearing concepts 
 

Bearing concept Factor Inner Outer Both 

Safety 0.333 2 2 4 

Required space 0.111 4 3 2 

Weight 0.222 4 3 3 

Maintenance 0.333 3 4 3 

Total 1.000 3.0 3.0 3.2 

 

Number of motors 

The number of motors is proportional to the complexity of the powertrain. 

Regardless, splitting up the motorisation might be advantageous concern-

ing the space conditions. 
 

Table 4.7:  Evaluation of the number of motors 
 

Number of motors Factor 1 per wheel multiple 

Complexity 0.167 4 2 

Required space 0.333 3 3 

Weight 0.500 3 3 

Total 1.000 3.2 2.8 

 

The grade for the single-motor concept is higher since its complexity is 

lower.  

Motor type 

As explained in section 3.2.6, different synchronous motor types exist. The 

evaluation concerning space and weight aspects on the one hand and avail-

ability and planning security on the other hand result in a tie. 
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Table 4.8:  Evaluation of possible materials 
 

Motor type Factor Ferrite Rare earth 

Requires space / weight 0.500 2 4 

Availability 0.250 4 2 

Planning security 0.250 4 2 

Total 1.000 3.0 3.0 

 

Motor/transmission gear suspension 

In order to reduce track forces, the traction motor, including the transmis-

sion gear, should be at least partially suspended. Moreover, the safety 

against derailment is dependent on the unsprung mass. Assuming the fol-

lowing criteria ratings, the motor should be suspended with the primary 

suspension, since the attachment of the motor to the car body (secondary 

suspension) would result in a reduced weight of the running gear frame 

and thus potentially to undesired oscillations. Since the weight of the mo-

tors is rather small, see section 3.2.6, this is acceptable. 
 

Table 4.9:  Evaluation of motor suspension concepts 
 

Motor suspension Factor unsprung primary secondary 

Track forces 0.333 0 2 4 

Safety against derailment 0.500 0 4 2 

Complexity 0.167 4 3 2 

Total 1.000 0.7 3.2 2.7 

 

Couplings 

The variety of convenient couplings is limited, as discussed in section 3.2.9. 

Their properties concerning offsets and their homokinetic transmission re-

sult in grades which are best for the homokinetic coupling. 
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Table 4.10:  Evaluation of couplings 
 

Coupling Factor Homokinetic Cardan Curved 
teeth 

Schmidt 

Length compensation 0.150 2 0 1 0 

Axial offset 0.150 1 1 1 4 

Angular offset 0.150 4 4 1 0 

Maintenance 0.150 2 4 4 1 

Homokinetic motion 0.400 4 2 3 4 

Total 1.000 3.0 2.2 2.3 2.4 

 

Result 

With these partial solutions, the powertrain concepts can be graded. 
 

Table 4.11:  Results for powertrain concepts 
 

Points: Concept 1 Concept 2 Concept 3 Concept 4 

Bearing concept Both-sided — 
3.2 points 

Both-sided — 
3.2 points 

Inner — 
3.0 points 

Both-sided — 
3.2 points 

Number of motors 1 — 3.2 points 1 — 3.2 points 1 — 3.2 points 2 — 2.8 points 

Motor type PMSM-Fe  
— 3.0 points 

PMSM-Fe  
— 3.0 points 

PMSM-Fe  
— 3.0 points 

PMSM-Fe  
— 3.0 points 

Motor/transmission 
gear suspension 

40% unsus-
pended (0.7 

pts) plus 60% 
half sus-

pended (3.2 
pts)  

— 2.1 points 

40% unsus-
pended (0.7 

pts) plus 60% 
half sus-

pended (3.2 
pts)  

— 2.1 points 

5% unsus-
pended (0.7 

pts) plus 95% 
half sus-

pended (3.2 
pts)  

— 3.1 points 

20% unsus-
pended (0.7 

pts) plus 80% 
half sus-

pended (3.2 
pts)  

— 2.7 points 

Couplings Cardan 
/homokinetic 
— 2.2 points 

Cardan 
/homokinetic 
— 2.2 points 

Schmidt cou-
pling — 

2.4 points 

Homokinetic 
— 3.0 points 

Total 13.7 points 13.7 points 14.7 points 14.7 points 

 

The suspension ratio of the motors and transmissions have been estimated. 

As one can see, concepts 1 and 2 were graded equally (13.7 points each) as 

well as concepts 3 and 4 (14.7 points each). Even if selecting homokinetic 

couplings only in concepts 1 and 2, those could not reach the values of the 

other ones.  

Concept 3 is a special case. Its 14.7 points result from the low unsprung 

mass and the good grade for Schmidt couplings. However, it does not re-
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spect the problems of applying this type of couplings in harsh surround-

ings. Since the coupling includes a multitude of needle roller bearings, it is 

not practical for this application. 

Finally, concept 4 is graded as well as concept 3. This is due to the use of 

the homokinetic couplings and the fact that the usage of two motors re-

duces the weight of the unsprung masses since the transmission gear and 

its components can be designed much smaller. 

4.2.3 Evaluation of longitudinal linkage concepts 

Running gear linkage 

For the guidance of the wheel carrier, the virtual pivot proves advantageous 

since it is more flexible concerning the required space whereas the position 

of a physical pivot is at least partially predetermined. 
 

Table 4.12:  Evaluation of running gear linkage concepts 
 

Running gear linkage Factor Pivot Virtual pivot 

Complexity 0.125 2 2 

Reliability 0.375 4 4 

Maintenance 0.300 2 3 

Required space 0.200 3 2 

Total 1.000 3.0 3.1 

 

Traction force transmission 

The traction force could be transmitted by a pivot or traction rods directly 

between the car body and the wheel carrier or indirectly via the running 

gear frame. 
 

Table 4.13:  Evaluation of traction force transmission concepts 
 

Traction force transmission Factor direct indirect 

Comfort 0.300 2 4 

Safety 0.500 4 4 

Force distribution 0.100 4 1 

Required space 0.100 3 3 

Total 1.000 3.3 3.6 
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The low comfort value of the direct connection between car body and wheel 

carrier is due to the fact that elastomer elements enable the flexibility of 

the traction rods. These elastomer elements have the disadvantage that, at 

higher frequencies, the stiffness increases. Consequently, high-frequency 

excitations of the rail will propagate into the car body and thus negatively 

influence the passenger comfort.  

Result 

The concepts from Figure 3.17 can reach the numbers of points listed in the 

following table. 
 

Table 4.14:  Results for longitudinal linkage concepts 
 

Partial solution Concept 1 Concept 2 Concept 3 Concept 4 Concept 5 

Running gear linkage Pivot — 
3.0 points 

Pivot — 
3.0 points 

Virtual 
pivot —  

3.1 points 

Virtual 
pivot —  

3.1 points 

Virtual 
pivot —  

3.1 points 

Traction force transmission Indirect 
— 

3.6 points 

Direct — 
3.3 points 

Indirect 
— 

3.6 points 

Direct — 
3.3 points 

Direct — 
3.3 points 

Total 6.6 points 6.3 points 6.7 points 6.4 points 6.4 points 

 

Concept 3 with traction rods between car body and running gear frame and 

a virtual pivot between frame and wheel carrier obtain the best result.  

4.2.4 Evaluation of Suspension concepts 

Primary suspension 

For the choice of possible primary suspension systems, composite leaf or 

meander springs, metal coil springs, air suspension systems or elastomer 

elements were considered.  
 

Table 4.15:  Evaluation of primary suspension systems 
 

Prim. Suspension  Factor Leaf Coil Mean-
der 

Air Elasto-
mer 

Failure consequences 0.400 2 4 4 2 4 

Comfort 0.200 4 4 4 4 4 

Maintenance 0.200 4 3 3 0 2 

Complexity 0.200 4 3 2 0 4 

Total 1.000 3.8 3.6 3.3 2.1 3.8 
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In principle, all of those systems fulfil the requirements for a primary sus-

pension system; however the consequences at failure of these systems dif-

fer. Nevertheless, the composite leaf spring, which is rated poor in this cat-

egory, has the same result as elastomer elements whose drawbacks con-

cerning its life span have been discussed in section 3.2.5. Consequently, the 

usage of leaf springs with a special concept for the case of failure would be 

superior. 

Secondly, the primary suspension system could be mounted at the inner 

or at the outer side of the wheels. Additionally, a both-sided suspension 

system could provide a better vertical force flow in the wheel carrier as well 

as an increase of the damage tolerance. According to that issue, this con-

cept is rated best. 

 
Table 4.16:  Evaluation of positions of the primary suspension 

 
Position of prim. Suspension Factor at inner 

bear. 
at outer 

bear. 
both sided 

Weight 0.225 4 4 2 

Required space 0.125 4 3 2 

Force flow in wheel carrier 0.225 2 2 4 

Maintenance 0.125 3 3 3 

Damage tolerance 0.300 2 2 4 

Total 1.000 2.8 2.7 3.2 

 

Secondary suspension 

The secondary suspension is essentially responsible for the ride comfort 

but not for the running behaviour of the vehicle, thus the comfort criterion 

has a high importance factor. Accordingly, the safety aspect for these 

springs concentrates on the consequences of a failure. As the following ta-

ble states, there is nearly no difference in those suspension systems; only 

the air spring exhibit slight advantages; mainly due to the high comfort. 
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Table 4.17:  Evaluation of secondary suspension systems 
 

Second. Suspension Factor Coil Mean-
der 

Air hydro-
pneum. 

Elasto-
mer 

Failure consequences 0.300 3 3 2 2 3 

Comfort 0.450 2 2 4 4 2 

Maintenance 0.125 4 4 3 2 3 

Complexity 0.125 4 4 2 1 4 

Total 1.000 2.8 2.8 3.0 2.8 2.7 

 

Result 

Since all types of springs are possible, the best primary spring and the best 

secondary spring was chosen for this evaluation; i.e. leaf or elastomer 

springs and air springs respectively.  
 

Table 4.18:  Result for suspension systems 
  

Partial solution Concept 1 Concept 2 Concept 3 Concept 4 

Primary suspension Leaf/ Elasto-
mer — 

3.8 points 

Leaf/ Elasto-
mer — 

3.8 points 

Leaf/ Elasto-
mer — 

3.8 points 

Leaf/ Elasto-
mer — 

3.8 points 

Position of prim. susp. Inner+outer 
position — 
3.2 points 

Outer position 
— 

2.7 points 

Inner position 
— 

2.8 points 

Inner position 
— 

2.8 points 

Secondary suspension Air spring — 
3.0 points 

Air spring — 
3.0 points 

Air spring — 
3.0 points 

Air spring — 
3.0 points 

Total 10.0 points 9.5 points 9.6 points 9.6 points 
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5. CAD implementation 

The final task of this thesis is the CAD implementation of the running gear 

according to the concepts with the highest number of points. The CAD 

model will be able to be included in existing models of the NGT car body. 

The connection points of the car body will be used to tether the running 

gear. Additionally, simulations of most of the components will show the 

principal stability of the running gear.  

When designing, the running gear developed from the wheel pair to the 

outer frame. This had practical reasons: The extension of the wheel carrier 

could not be predetermined reliably. 

As the evaluation showed, the following concepts should be pursued: 

I Cylindrical wheels with inclined axes of rotation and both-sided bear-

ings 

I Powertrain concept with 2 ferrite magnet traction motors, with swing-

ing mechanism or appropriate homokinetic couplings 

I At least disc brakes; if possible dynamic braking and/or eddy current 

brakes 

I Wheel carrier made from HSD steel in differential or “integrated differ-

ential” method 

I Longitudinal linkages via traction rods with virtual pivot between run-

ning gear frame and wheel carrier 

I Elastomer springs or leaf springs in primary suspension level 

I Air springs in secondary suspension level 

5.1 Wheel pair 

The implementation of the wheel pair includes the wheels themselves, their 

bearing system, the wheel carrier and the connections to the running gear 

frame. 

5.1.1 Wheels 

The wheels are designed according to UIC 510-2 [87] with the difference of 

an inclined rotational axis. The inclination is 1/40 and corresponds to the 

rail inclination in Germany. The wheel diameter is 1,000 mm in new state. 
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5.1.2 Bearing system 

The bearing system was decided to consist of a  

I cylindrical roller bearing DIN 5412 – 2326 (FAG NJ2326-E-M1 — 𝐶 =

1,080 kN) and a  

I spherical roller bearing DIN 635 – 22236 (FAG 22236-E1-K with slot-

ted spring pin H3136 — 𝐶 = 1,360 kN). 

The dynamic load values of both bearings are larger than the minimum 

value from section 3.2.4. The spherical roller bearing would be able to carry 

the acting loads without the cylindrical one; however if both bearings are 

situated in opposite position but with the same distance to the wheel, the 

forces halve. For an exact position of the wheel between the bearings, the 

safety factor is 

 S =
𝐶

𝐶𝑚𝑎𝑥

=
1,080 kN

686 kN
= 1.57 (5.1) 

“Safety factor” here does not mean that the bearing collapses if a force 

which is 1.57 times as large as the calculated maximum acts but that the 

probability of reaching its life expectancy increases.  

 

 
Figure 5.1:  Wheel with bearings  

 

The bearing housings are made of cast steel. Since there were no reliable 

values for the maximum thickness of magnesium casting alloys, the usage 

of this lightweight material is not recommended. When new technologies 

allow magnesium chill casting with thicker layers, this would be a realistic 

option. 
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5.1.3 Wheel carrier  

The wheel carrier was designed as an integrated differential component 

consisting of HSD steel sheets with different thicknesses according to their 

functions. 

Four longitudinal beams which are each discontinous at the position 

where the wheel bearing housings will be placed are connected by lateral 

beams and sheets. The beams are bent structures to avoid welding as far as 

possible. Reinforcement struts support the torsional stiffness of the wheel 

carrier. Where the force flux was weak, material was removed.  

 

 
Figure 5.2:  Wheel carrier  

 

DIN EN 13739 [104] about the “method of specifying the structural re-

quirements of bogie frames” cannot be used for the simulation of the wheel 

carrier since a bogie in sense of this standard has two wheelsets instead of 

two single wheels. The vertical load 

 𝐹𝑧 ≈
1.4 ⋅ 𝑔 ⋅ 𝑚

2
= 220 kN (5.2) 

𝐹𝑧: Vertical force — 𝑔 = 9.81 N/kg: Gravitational acceleration — 𝑚: Vehicle mass 

is not applicable to the wheel carrier since the plan is to apply the load di-

rectly on the bearing housings. However, the lateral force can be estimated 

by the PRUD’HOMME criterion: 

 𝐹𝑦 = 𝑘 ⋅ (
2𝑄

3
+ 10,000 N) = 20.7 kN (5.3) 

𝐹𝑦: Lateral force — 𝑘 = 1: Track/vehicle interaction coefficient — 𝑄: axle load  
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The lateral force 𝐹𝑦 produces a torque in the centre of the wheel: 

 𝑀𝑤 = 𝐹𝑦 ⋅ 𝑟𝑤 ≈ 10.4 kNm (5.4) 

𝐹𝑦: Lateral force — 𝑘 = 1: Track/vehicle interaction coefficient — 𝑄: axle load  

FEM Simulations of the wheel carrier under maximum braking force and 

maximum torque 𝑀𝑤 calculated a safety factor of 1.14 for this component. 

This is indeed a small value, but the quarter-car model in [65] showed 

lower force values than the standard provides. 
 

 
Figure 5.3:  Wheel carrier in simulation 

 

5.1.4 Primary suspension 

For the primary suspension, composite leaf springs will be used. These 

springs are advantageous concerning their weight. Additionally, they are 

very flexible, depending on their mounting. 

Correspondence with IFC Composite offered some values about the size 

and the weight of those springs: 
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Table 5.1:  Dimensions of composite leaf springs 
 

 Value Unit 

Weight 16.0 kg 

Length 1,300 mm 

Thickness 80 mm 

Height 60…90 mm 

 

For the NGT running gear, the leaf springs must provide longitudinal and 

rotational freedom to allow the wheel carrier to move. This was reached by 

a central, flexible mounting of the leaf spring about a pivot on the axle 

boxes. Between the bearing housing and the spring, a sleeve allows rota-

tional movements. At the ends of the spring, very soft longitudinal joints 

provide the motions of the springs in x and y direction. 
 

 
Figure 5.4:  Leaf spring mounting 

Leaf spring (yellow) with flexible mounting at the bearing housing (orange) 
and elongated mounting slot at its ends. In the foreground, the transmission 
gear is visible. 

5.2 Running gear frame 

The running gear frame has the task to carry the car body and to transmit 

the forces to the wheel carrier. 
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5.2.1 Frame construction 

In order to reach a low weight, it was decided to select HSD steel as mate-

rial. Pipes with 100 and 150 mm diameter and 4 mm thickness are able to 

carry the loads specified in section 5.2.1. On the top of the tubes, the air 

springs find their position. With this construction method, the frame 

weights only 43 kg. 

 

 

Figure 5.5:  Running gear frame 
 

5.2.2 Traction rod and primary spring linkage 

The linkage of the traction rods and the linkage of the primary suspension 

was planned to be made as separate components. During the implementa-

tion, a combined element proved more efficient even if it must be created 

as steel casting component, see Figure 5.6.  

At the top, four loops enable the assembly of the springs. A connection 

to the motor housing (hardly visible in the figure) and the interference fit 

encompassing the frame stabilise the springs. Below, the traction rods in 

both directions can be mounted. As a result, the (longitudinal) traction 

forces will act only in this component and the frame will be relieved. 

Of course, the component must be implemented in two-part design to 

be able to assemble and disassemble the connections. For simplification 

reasons, mainly in respect of the FEM simulations, this was avoided. The 
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connection could be created by screws with waisted shank to generate an 

interference fit. The screws must be locked to avoid loosening. 

 

 
Figure 5.6:  Component for primary suspension and traction rod linkage (black) 

 

It was attempted to make the component as light as possible. The FEM 

simulation at maximum load at the traction rods and the maximum spring 

force resulted in a safety factor of only 1.1. This seems to be a low value 

which could be increased easily by struts and roundings at the multiple 

edges of this component. Alternatively, a new design by means of a topol-

ogy optimisation could solve this problem.  
 

 
Figure 5.7:  Component for primary suspension and traction rod linkage 

Rotated view compared to Figure 5.6 
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5.2.3 Anti-roll bar 

To counteract roll motions of the car body, an anti-roll bar was installed. It 

is guided between the traction rod linkages at the wheel carrier. The link-

age to the car body runs through the casting component presented in sec-

tion 5.2.2.  
 

 
Figure 5.8:  Side view of the running gear 

Between the traction rod/spring linkage component (black) on the right and 
the traction rod linkage on the wheel carrier (red), the anti-roll bar is visible.  

 

5.2.4 Secondary suspension 

An air spring which matches the requirements of the secondary suspension 

could be found at Contitech. Regarding its compact dimensions and a 

stroke of 104 mm, type FS 530-11 CI could be sufficient for this application 

[105]. Unfortunately, Contitech gave no information about the lateral flex-

ibility of the air springs. However, other sources affirm similar small di-

mensions for air springs [106]. If larger strokes were required for higher 

comfort, Contitech offers a variety of air springs which however need more 

space than the available space provide. 

5.3 Powertrain 

Market research showed that there are homokinetic shafts with small di-

mensions and weight. Additionally, reflections about swinging motor sus-

pensions have proven too heavy, too complicated and too prone to errors. 

So, the idea of swinging motors was rejected. 
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5.3.1 Transmission gear 

The transmission gear consists of three conical gear wheels with a trans-

mission ratio of 𝑖 = 44/15 ≈ 2.93. The diameter of the bull gear is 357 mm; 

the two pinions have a diameter of 135 mm with a tooth with of 45 mm 

each. The resulting speeds were calculated to 2420 rpm at the output and 

7100 rpm at the input shaft before the final wheel diameter was chosen, 

however, since the speeds decreased, the realistic safety factors will be 

larger than shown in Table 5.2. All gear wheels are made from steel alloy 

30CrMoV6. The resulting safety values are listed in the table below. All val-

ues have been calculated according to ISO 6336:1996 [107]. The applica-

tion factor was set to 𝐾𝐴 = 1.2. 
 

Table 5.2:  Safety factors for transmission gear 
 

Safety against… Bull gear Pinion 

Pitting 2.0 2.0 

Tooth breaking 4.2 4.7 

Static safety (at contact) 5.7 5.7 

Static safety (at bending)  8.4 9.8 

 

The housing cover, which includes the seats for the pinion axle bearings, 

was made of magnesium which will need high-quality coating to avoid cor-

rosion. Labyrinth seals seal the axle bushings. The pinion axles (steel) twist 

about 0.36° at full braking torque which is an acceptable value.  

5.3.2 Shaft 

Elbe GmbH, Germany, distributes homokinetic shafts with the demanded 

specifications. The shaft with the number 0.911.109.113 has  

I a maximum speed of 8,000 rpm, 

I a maximum torque of 1,300 Nm, 

I a maximum bend angle of 10°  

All of these values are below the calculated values for the running gear. 

With a length of only 250 mm it fulfils the requirements on low space us-

age. However, its length compensation of only 44 mm could be insufficient, 

since the lateral, vertical, longitudinal and yaw motions can occur simulta-

neously. A solution could be a spline joint between traction machine and 

the shaft.  
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5.3.3 Eddy current brake 

The eddy current brakes have been difficult to design since there is hardly 

information about the calculation of these brakes. Therefore, they are de-

signed as black boxes with indicated hydraulic actuators for the constant 

gap adjustment. For the length of the brakes of an ICE 3 train, 1,600 mm 

have been estimated. Eight of those brakes produce a braking force of 

140 kN [108] or 11 kN/m if scaled to the length of the brake. Unfortunately, 

the space over the rails between the wheel and the running gear frame is 

limited. So, the length of the brakes at one wheel becomes 800 mm only, 

divided in two blocks evenly. This enables the controller of the brakes to 

balance the wheel carrier in horizontal position by adjusting the attraction 

between brake and rail. 

The resulting total length of the eddy current brakes is 1,600 mm per 

running gear which will result in a maximum braking force of approxi-

mately 17 kN. 

The brakes are connected by a brake carrier which is again connected to 

the traction rod linkage of the wheel carrier. This realises a force flow to 

the traction rods through only three components: Brake carrier, rod, trac-

tion rod linkage. The height over the rail can be adjusted by hydraulic ac-

tuators which overtake the lateral fixation, too. 

 

 
Figure 5.9:  Eddy current brake 

Brakes with brake carrier (yellow), rod for brake forces (green), hydraulic 
cylinder 1 (purple) and traction rod linkage (rod), including the hydraulic cyl-
inder 2. 
 

5.4 Propulsion and braking unit 

The design of the traction machine could certainly be the topic for a multi-

tude of student works and should not be part of this Thesis. Consequently, 
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the motor will be implemented as a “black box” with the dimensions and 

the weight as calculated in section 3.2.6 but divided into two motor units. 

However, the propulsion and breaking unit does not consist of the motor 

only but a disk brake system which can be controlled pneumatically or hy-

draulically.  

The brake disc was planned to be designed according to DIN EN 14535 

[109] with 560 mm diameter. Since the space between the motor and the 

air spring does not allow a brake disk seat of 150 mm on the axle, this value 

had to be reduced to only 100 mm. Since the rotational velocity at the mo-

tors is faster than at the wheel axles, the torques which must be transmit 

are reduced: 

 𝑀𝑤 = 𝑖 ⋅ 𝑀𝑏 (5.5) 

𝑀𝑤: Braking torque at the wheel — 𝑖: transmission ratio — 𝑀𝑏: Torque at brake side 

Consequently, the length of the brake disk seat can be shorter than stated 

in the standard. Additionally, the braking cylinder must only provide a 

third of the force at wheelset-fixed discs. Correspondingly, its dimensions 

decrease. At 440 km/h and an “axle load” of 16 t, the brake disks at one 

wheel pair must be able to dissipate  

 𝐸𝑘𝑖𝑛 =
1

2
𝑚𝑎𝑣2 =

1

2
⋅ 16 t ⋅ (

440

3,6

m

s
)

2

= 120 MJ (5.6) 

𝐸𝑘𝑖𝑛: Kinetic energy — 𝑚𝑎: Axle load — 𝑣: Velocity 

According to this, one wheel must absorb 60 MJ kinetic energy. This is 

possible with known brakes, as in operation at Deutsche Bahn’s ICE 3 

trains [110]. 

The material of the designed brake disk is steel since novel ones, like 

fibre reinforced ceramics, are not yet applicable for railway applications. 

Indeed, tests have proven the principle feasibility of carbon reinforced sil-

icon carbides (C/SiC) and in combination with special organic or sinter lin-

ings, 10 years life expectancy could be reached [111]. However, inde-

pendently, the brake discs need to be cooled due to the enormous energy 

dissipation. This could be reached by the cooling system of the traction ma-

chines or a separate cooling system which uses, for example, the airflow at 

the surface of the train by opening air flaps. The manufacturing of C/SiC 

brakes with inside cooling air flow is complicated but in preparation. Such 

a braking disc weighs only 35 kg [111]. Nevertheless, for the weight calcu-

lation of the NGT running gear, a metal brake disk was implemented.  
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Brake disk and motor share one housing to be able to use the cooling circuit 

for both components. The housing is made from magnesium, which results 

in low weight, and rests on the running gear frame at two positions. A paste 

between the housing and the housing cover provides both the sealing and 

the electrical isolation. One trade mark of such a paste is Curil [112]. As 

with the linkage of the primary springs and the traction rods, the interfer-

ence fit must be designed in two parts each to be able to assemble or disas-

semble the device. Two opposite motors are connected by another magne-

sium component to stabilise both the motors position and the running gear 

frame. In case of maintenance, the motor units can be swung to the outside 

by opening the lower connection and loosening the vertical interference fit. 

 
Figure 5.10:  “Bridge” between two opposite traction motors  

Behind the brakes (pink), the brake discs (silver/grey) are partly visible 
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5.5 Final assembly 

Assembling all components, the running gear looks like depicted in Figure 

5.11. Finally, the masses and the used space must be compared with the 

requirements. 
 

 
Figure 5.11:  Complete running gear  

 

The unsprung masses weigh approx. 1,658 kg and is not below the value of 

the simulation. The calculated track forces will thus increase at a new sim-

ulation. The majority of the weight is caused by the two wheels with 1,250 

kg (625 kg each). One reason for that high value is the weight of the wheels 

themselves (478 kg each) which have an increased diameter compared to 

previous considerations. The gear and bearing housings with approx. 65 kg 

each were tried to design in magnesium pressure casting; however the fea-

sibility was limited due to thick layers which were required. The wheel car-

rier body, made of HSD steel, weighs only 153 kg. For the eddy current 

brakes, 63 kg plus 12 kg for its rods, were approximated, based on the spe-

cific weight of casting iron. The structural gauge was adhered completely. 
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Figure 5.12:  Running gear, bottom view 

Red: unsprung masses — yellow: primary suspended masses — black: rods 
 

The primary sprung components have a weight of 1,660 kg. This includes 

four motor and braking units (291 kg each) and four spring and traction 

rod carriers (95 kg each). Again, the material was the limiting factor. Thick 

layers are required to take both the spring and powering forces. CRFP ma-

terials are conceivable, but the repercussions in case of a failure are too 

extensive to justify the introduction of novel (running gear) materials. 

However, this opinion could be disproved by tests. The mass of the motor 

and braking units could be reduced by the use of C/SiC braking disks. 

The running gear frame was calculated to 43 kg only. It protrudes the 

structural gauge slightly. The motor housing fixation which was imple-

mented in a simplified way, protrudes the available space about 16 mm. 

This could be avoided with another design, if the final design of the car 

body requires the space at this part of the running gear. The running gear 

frame stands out to a lesser extent since the final dimensions become larger 
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than first approximations. With a reduction of the distance between the 

frame tubes, this problem can be solved easily. 

In summary, the running gear weighs 3,438 kg. So, it complies with the 

maximum weight of approx. 3,973 kg. However, additional parts like 

screws and nuts and the painting will increase the final weight of the run-

ning gear. 
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6. Conclusion and future work 

The work on the CAD implementation of an ultra-high-speed running 

concerned all of the topics of the Railway Technology studies: The princi-

ple guiding mechanism has been revolutionised, and in combination with 

the inclination of the wheels, the wear could theoretically become lower. 

New steel alloys have been utilized and allowed thinner sheets and thus 

lightweight components. However, the development of a complete run-

ning gear is a monumental task with innumerable interdependent varia-

bles. So, this thesis can only provide an overview about the possible avail-

able technologies. 

However, the running gear design is not complete at all. This thesis gives 

only an overview of possible concepts which have been proven as realistic. 

Unrealistic ideas have been omitted to keep the concentration on possible 

solutions. Until the first prototype will be able to be built, many things have 

to be discussed, decided and calculated. The choice of HSD steels for the 

wheel carrier and the frame was futuristic since the development of these 

steel alloys is immature regarding their weldability. Process reliability is 

the keyword. Magnesium casting should ideally develop processes for 

thicker layers. Otherwise, the motor housing and the connection between 

opposite motors must be cast from steel which is not beneficial for the 

lightweight goals.  

When the principle design of the running gear is decided, one should 

separate it into different subject areas. The braking disk, for example, could 

be the topic for a student’s work on its own. Efforts have to be made at the 

transformation of standards which are not applicable for the NGT project. 

This concerns at least the bogie frame standards.  

The next logical step should be the determination of principle properties 

of the running gear: The bearing concept has advantages and disad-

vantages which can be judged differently. The same is valid for the material 

usage. These are political decisions which will be both debatable and com-

prehensible. However, these decisions will lead to a concentration on the 

development. This thesis gives new aspects and ideas, what decisions could 

be the right ones. 
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Appendix 2: Drawings, Calculations, Simulation 
results 

I Drawings 

a. Drawings_2.idw: Running gear, complete 

b. Drawings_1.idw: Primary suspended components 

c. Drawings_0.idw: Unsprung components 

I Calculations 

a. Bevel wheels 

b. Transmission gear bearing, 1 

c. Transmission gear bearing, 2 

d. Transmission gear axle 

I Simulation results 

a. Wheel carrier 

b. Spring/traction rod carrier 
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PARTS LIST / TEILELISTE
NO./NR.MASSSTANDARDTEILPARTQTY/ANZPOS.
1-3005.8 kgContinental FS 530-11 CILuftfederAir spring41
1-8507.8 kgElbe 0-911-109-013GelenkwelleHomokinetic joint 

shaft
44

 43.4 kg FahrwerkrahmenRunning gear frame16
1-900a290.9 kg Antriebs-/BremseinheitMotor/braking unit27
1-400a95.4 kg Feder- und Zug-/ 

Druckstangenkonsole
Spring and traction 
rod carrier

224

1-900b290.9 kg Antriebs-/BremseinheitMotor/braking unit225
1-400b95.4 kg Feder- und Zug-/ 

Druckstangenkonsole
Spring and traction 
rod carrier

226

1-9608.4 kg VerstrebungStrut227
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M-M ( 1 : 5 )

PARTS LIST / TEILELISTE
NO./NR.MASSSTANDARDTEILPARTQTY/ANZPOS.
1-901170.0 kg PM Synchron-MotorPM synchronous motor11
1-92071.1 kg BremsscheibeBraking disk12
1-92510.0 kg BremszangeBrake caliper13
1-91135.2 kg MotorgehäuseMotor housing14
1-9123.4 kg MotorgehäusedeckelMotor housing cover18

 0.0 kgISO 7089 - 16 - 140 HVUnterlegscheibeWasher59
 0.0 kgDIN 137 - B16Federscheibe, gewelltSpring washer, curved1310
 0.1 kgISO 4017 - M16 x 45Sechskantschrauben mit 

Ganzgewinde
Hexagon head screws511

 0.0 kgDIN 6916 - 17UnterlegscheibeWasher812
 0.1 kgISO 7414 - M16SechskantmutterHexagon nut813
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PARTS LIST / TEILELISTE
NO./NR.MASSSTANDARDTEILPARTQTY/ANZPOS.
0-100624.6 kg Einzelrad, kpl.Single wheel cpl.21
0-200153.2 kg RadträgerWheel carrier12
1-14721.0 kg Blattfeder, kpl.Leaf spring, cpl.43
0-48062.5 kg WirbelstrombremseEddy current brake24
0-792a12.1 kg Zug-/ DruckstangeRod15
0-8302.2 kg HydraulikzylinderHydraulic cylinder46
0-792a12.1 kg Zug-/ DruckstangeRod17
0-7837.0 kg HydraulikzylinderHydraulic cylinder28
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L L

PARTS LIST / TEILELISTE
NO./NR.MASSSTANDARDTEILPARTQTY/ANZPOS.
0-110477.5 kg Einzelrad, kpl.Single wheel, cpl.11
0-12067.6 kg GetriebeGear12
0-12162.4 kg LagergehäuseBearing housing13
0-14410.6 kg Labyrinthdichtung 1, kpl.Labyrinth seal 1, cpl.14
0-1456.5 kg LagerdeckelBearing cover15
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PARTS LIST / TEILELISTE
NO./NR.MASSSTANDARDTEILPARTQTY/ANZPOS.
0-110477.5 kg Einzelrad, kpl.Single wheel, cpl.11
0-12067.6 kg GetriebeGear12
0-12162.4 kg LagergehäuseBearing housing13
0-14410.6 kg Labyrinthdichtung 1, kpl.Labyrinth seal 1, cpl.14
0-1456.5 kg LagerdeckelBearing cover15
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PARTS LIST / TEILELISTE
NO./NR.MASSSTANDARDTEILPARTQTY/ANZPOS.
 356.4 kgUIC 610-2 1000 mm Rad (neu)Wheel (new)11
 25.4 kgDIN 5412 - 2326 ECZylinderrollenlagerCylindrical roller bearing12
 64.8 kg WelleAxle13
 26.6 kgDIN 635 - 22236 CCK/W33TonnenlagerSpherical roller bearing14
 0.8 kgDIN 5415 - H3136Spannhülse Adapter sleeve15
 0.3 kgDIN 981 - MB36SicherungsscheibeWasher16
 3.1 kgDIN 981 - KM 36NutmutterLocknut17
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Einzelrad, kpl.

Surface finish / Oberflächenbeschaffenheit
DIN EN ISO 1302

General tolerances / Allgemeintoleranzen
DIN ISO 2768-m

Material / Werkstoff

Document / Dokument

Drawings_0.idw

1:5
Scale /
Maßst.

Date of issue /
Erstellt am

Sheet /
Blatt

20.04.2015 4 /6 

en
de

SD230X
Degree Project in 
Railway Technology

 
477,5 kg

Format

A3

Mass / Masse



PARTS LIST / TEILELISTE
NO./NR.MASSSTANDARDTEILPARTQTY/ANZPOS.
0-1322.0 kg KegelradBevel wheel11
 0.5 kgDIN 720 - 33208KegelrollenlagerTapered roller bear.12
 0.4 kgDIN 720 - 33110KegelrollenlagerTapered roller bear.13
 0.0 kgDIN 471 - 40 x 1,75SicherungsringCirclip14
 0.0 kgDIN 471 - 55 x 2SicherungsringCirclip15
0-1312.4 kg WelleShaft16
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PARTS LIST / TEILELISTE
NO./NR.MASSSTANDARDTEILPARTQTY/ANZPOS.
0-00139.3 kg GrundkörperMain body11
0-2015.7 kg VersteifungsrippeStiffening rib22
0-20122.1 kg VersteifungsrippeStiffening rib13
0-2016.3 kg VersteifungsrippeStiffening rib24
0-0050.4 kg SeitenträgerSide support45
0-0520.0 kg StrebeStrut46
0-600a23.3 kg Anbindung Zug-/ DruckstangeLinkage to traction rod17
0-600b23.3 kg Anbindung Zug-/ DruckstangeLinkage to traktion rod18
0-7710.6 kg SchelleClamp39
0-77010.5 kg WankstabilisatorAnti-roll bar110
0-7723.2 kg HebelarmLever arm211
0-7730.4 kg AnbindungLinkage212
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KegelräderGenerator (Version: 2014 (Build 180170000, 170))
20.04.2015

 Projektinformationen

 Führung
Einheitenkorrekturführung  Benutzer
Typ der Belastungsberechnung  Berechnung des Drehmoments für gegebenen Leistungsbedarf und Drehzahl
Typ der Festigkeitsberechnung  Kontrollberechnung
Methode der Festigkeitsberechnung  ISO 6336:1996

 Allgemeine Parameter
Übersetzungsverhältnis i 0,3409 oE
Tangentialmodul met 8,000 mm
Schrägungswinkel β 30,00 grd
Tangentialer Eingriffswinkel αt 20,0000 grd
Wellenwinkel Σ 91,01 grd
Normaler Eingriffswinkel am Ende αne 18,1073 grd
Mittlerer normaler Eingriffswinkel αnm 17,4952 grd
Schrägungswinkel am Grundkreis βb 28,4812 grd
Schrägungswinkel am Ende βe 26,0515 grd
Modul m 7,187 mm
Überdeckungsgrad ε 2,6921 oE
Diagonaler Überdeckungsgrad εα 1,6918 oE
Überlappungsverhältnis εβ 1,0004 oE
Grenzabweichung der Achsparallelität fx 0,0150 mm
Grenzabweichung der Achsparallelität fy 0,0075 mm
Virtuelles Übersetzungsverhältnis iv 9,020 oE
Äquivalenter Achsabstand av 558,266 mm
Virtueller Achsabstand an 744,355 mm
Teilkegelradius Re 184,969 mm
Länge der Mantellinie des Teilkegelradius Rm 162,469 mm

 Zahnräder
Zahnrad 1 Zahnrad 2

Modelltyp Komponente Komponente
Anzahl der Zähne z 44,000 oE 15,000 oE
Einheitenkorrektur x 0,000 oE 0,0000 oE
Tangentiale Verschiebung xt 0,0000 oE 0,0000 oE
Flankendurchmesser am Ende de 352,000 mm 120,000 mm
Mittlerer Flankendurchmesser dm 309,182 mm 105,403 mm
Außendurchmesser am Ende dae 356,922 mm 135,135 mm
Außendurchmesser am kürzeren Ende dai 270,088 mm 102,259 mm
Stammdurchmesser am Ende dfe 346,094 mm 101,838 mm
Scheitelpunktabstand Ae 49,286 mm 172,372 mm
Scheitelpunktabstand am kleinen Ende Ai 37,296 mm 130,437 mm
Teilkegelwinkel δ 72,0846 grd 18,9280 grd
Außenkegelwinkel δa 74,5612 grd 21,4045 grd
Fußkegelwinkel δf 69,1136 grd 15,9569 grd
Zahnbreite b 45,000 mm
Zahnbreitenverhältnis br 0,2433 oE
Zahnkopfhöhe a* 1,0000 oE 1,0000 oE
Spiel c* 0,2000 oE 0,2000 oE
Wurzelrundung rf* 0,2698 oE 0,2698 oE
Zahnkopfhöhe he 17,600 mm 17,600 mm
Zahndicke am Ende se 12,566 mm 12,566 mm
Sehnenstärke tc 11,096 mm 11,096 mm
SehnenZahnkopfhöhe ac 5,981 mm 5,981 mm
Grenzabweichung des Schrägungswinkels Fβ 0,0150 mm 0,0140 mm
Rundauslauf begrenzen Fr 0,0390 mm 0,0230 mm
Grenzabweichung der Axialteilung fpt 0,0120 mm 0,0100 mm
Grenzabweichung der Grundteilung fpb 0,0110 mm 0,0095 mm
Äquivalente Anzahl der Zähne zv 143,037 oE 15,857 oE



Entsprechender Flankendurchmesser dv 1005,104 mm 111,428 mm

Entsprechender Außendurchmesser dva 1019,158 mm 125,482 mm
Entsprechender Durchmesser des Grundkreises dvb 944,489 mm 104,708 mm
Vergleichszahl der Zähne zn 220,220 oE 24,414 oE
Virtueller Flankendurchmesser dn 1340,139 mm 148,571 mm
Virtueller Außendurchmesser dan 1354,193 mm 162,625 mm
Virtueller Durchmesser des Grundkreises dbn 1259,319 mm 139,611 mm
Einheitenkorrektur ohne Verjüngung xz 2,7805 oE 0,6510 oE
Einheitenkorrektur ohne Unterschnitt xp 8,9289 oE 0,0808 oE
Einheitenkorrektur  Zulässiger Unterschnitt xd 9,0993 oE 0,2512 oE
Stutzen der Zahnkopfhöhe k 0,0000 oE 0,0000 oE
Einheit für äußere Zahndicke sa 0,9099 oE 0,7396 oE

           

 Belastungen
Zahnrad 1 Zahnrad 2

Leistung P 212,800 kW 208,544 kW
Drehzahl n 2420,00 rpm 7098,67 rpm
Drehmoment T 839,707 N m 280,538 N m
Wirkungsgrad η 0,980 oE
Tangentialkraft Ft 5431,796 N
Normalkraft Fn 6576,305 N
Radialkraft (Richtung 1) Fr1 2375,836 N 2887,378 N
Radialkraft (Richtung 2) Fr2 3592,141 N 852,841 N
Axialkraft (Richtung 1) Fa1 2845,837 N 2325,173 N
Axialkraft (Richtung 2) Fa2 916,465 N 3607,775 N
Umfangsgeschwindigkeit v 39,177 mps
Resonanzdrehzahl nE1 5362,375 rpm

 Material
Zahnrad 1 Zahnrad 2
30CrMoV6 4 30CrMoV6 4

Zugfestigkeit Su 1150 MPa 1150 MPa
Streckgrenze Sy 875 MPa 875 MPa
Elastizitätsmodul E 206000 MPa 206000 MPa
Poissonsche Konstante μ 0,300 oE 0,300 oE
Dauerfestigkeit bei Biegebeanspr. σFlim 552,0 MPa 552,0 MPa
Dauerfestigkeit bei Kontaktbeanspr. σHlim 840,0 MPa 840,0 MPa
Härte im Zahnkern JHV 210 oE 210 oE
Härte in der Zahnflanke VHV 600 oE 600 oE
Grundlegende Anzahl der Lastwechselzyklen beim Biegen NFlim 3000000 oE 3000000 oE
Grundlegende Anzahl der Lastwechselzyklen bei Kontakt NHlim 50000000 oE 50000000 oE
WöhlerKurvenexponent für Biegung qF 6,0 oE 6,0 oE
WöhlerKurvenexponent für Kontakt qH 10,0 oE 10,0 oE
Typ der Behandlung Typ 1 oE 1 oE

 Festigkeitsberechnung

 Koeffizienten für zusätzliche Belastung

Anwendungskoeffizient KA 1,200 oE
Dynamikkoeffizient KHv 1,558 oE 1,558 oE
Koeffizient für die Stirnbelastung KHβ 1,151 oE 1,110 oE
Koeffizient für die Querbelastung KHα 1,177 oE 1,177 oE
Koeffizient für einmalige Überbelastung KAS 1,000 oE



 Kontaktkoeffizienten

Elastizitätskoeffizient ZE 189,812 oE
Zonenkoeffizient ZH 2,339 oE
Überdeckungsgradkoeffizient Zε 0,676 oE
KegelradverzahnungsKoeffizient Zk 0,850 oE
Einzeleingriffskoeffizient ZB 1,000 oE 1,000 oE
Gebrauchsdauerkoeffizient ZN 1,000 oE 1,000 oE
Schmiermittelkoeffizient ZL 0,937 oE
Koeffizient für die Ausgangsrauheit der Zähne ZR 1,000 oE
Drehzahlkoeffizient Zv 1,086 oE
Zahnschrägekoeffizient Zβ 0,931 oE
Größenkoeffizient ZX 1,000 oE 1,000 oE

 Biegekoeffizienten

Formkoeffizient YFa 4,487 oE 4,183 oE
Spannungskonzentrationskoeffizient YSa 1,610 oE 1,481 oE
Koeffizient für Zusatzkerbe im Zahnfuß YSag 1,000 oE 1,000 oE
Zahnschrägekoeffizient Yβ 0,750 oE
Überdeckungsgradkoeffizient Yε 0,625 oE
KegelradverzahnungsKoeffizient Yk 1,000 oE
Koeffizient für wechselnde Belastung YA 1,000 oE 1,000 oE
Fertigungstechnologiekoeffizient YT 1,000 oE 1,000 oE
Gebrauchsdauerkoeffizient YN 1,000 oE 1,000 oE
Kerbempfindlichkeitskoeffizient Yδ 1,258 oE 1,202 oE
Größenkoeffizient YX 1,000 oE 1,000 oE
Rauheitskoeffizient YR 1,000 oE

 Ergebnisse

Sicherheitskoeffizient für Lochfraß SH 2,008 oE 2,008 oE
Sicherheitskoeffizient für Zahnbruch SF 4,234 oE 4,716 oE
Statische Sicherheit bei Kontakt SHst 5,753 oE 5,753 oE
Statische Sicherheit bei Biegung SFst 8,412 oE 9,812 oE
Kontrollberechnung Positiv

 Zusammenfassung der Meldungen

11:09:05 Konstruktion: Zahnrad 2: Einheitenkorrektur (x) beträgt weniger als Einheitenkorrektur ohne Verjüngung (xz).
11:09:05 Konstruktion: Berechnung deutet auf Konstruktionsübereinstimmung hin.



KomponentenGenerator des Lagers (Version: 2014 (Build 180170000, 170))
20.04.2015

 Projektinformationen

 Führung
Typ der Festigkeitsberechnung  Lagerkonstruktion

 Belastungen
Radialbelastung des Lagers Fr 3011 N
Axialbelastung des Lagers Fa 4293 N
Drehzahl n 7100 rpm
Erforderlicher Faktor für statische Sicherheit s0 2,0 oE

 Lager
Bezeichnung BS 292: Teil 1 (II)  Metrisch (7024  120 x 180 x 28)
Innendurchmesser des Lagers d 120,000 mm
Außendurchmesser des Lagers D 180,000 mm
Lagerbreite B 28,000 mm
Nennkontaktwinkel des Lagers α 20 grd
Grundlegende dynamische Belastungsbewertung C 148500 N
Grundlegende statische Belastungsbewertung C0 146700 N
Koeffizient der dynamischen Radialbelastung X 0,60 oE / 0,60 oE
Koeffizient der dynamischen Axialbelastung Y 0,50 oE / 0,50 oE
Grenzwert von Fa/Fr e 1,14 oE
Koeffizient der statischen Radialbelastung X0 0,60 oE
Koeffizient der statischen Axialbelastung Y0 0,50 oE
Begrenzungsdrehzahl Schmierfett nLim1 0 rpm
Begrenzungsdrehzahl Schmieröl nLim2 0 rpm

 Berechnung der Lagergebrauchsdauer
Berechnungsmethode ANSI/AFBMA 91990 (ISO 2811990)
Erforderliche Nenngebrauchsdauer Lreq 100000 h
Erforderliche Zuverlässigkeit Rreq 95 oE
GebrauchsdauerAnpassungskoeffizient für spezielle Lagereigenschaften a2 1,00 oE
GebrauchsdauerAnpassungskoeffizient für Betriebsbedingungen a3 1,30 oE
Arbeitstemperatur T 100 °C
Koeffizient für zusätzliche Kräfte fd 1,00 oE

 Schmierung
Reibungskoeffizient μ 0,0015 oE
Schmierung Öl

 Ergebnisse
Grundlegende Nenngebrauchsdauer L10 124439 h
Angepasste Nenngebrauchsdauer Lna 100161 h
Berechneter Faktor für statische Sicherheit s0c 37,11012 oE
Leistungsverlust durch Reibung Pz 264,52534 W
Benötigte Mindestbelastung Fmin 1467 N
Statische Entsprechungsbelastung P0 3953 N
Dynamische Entsprechungsbelastung P 3953 N
Überdrehungskoeffizient kn 0,000 oE
GebrauchsdauerAnpassungskoeffizient der Zuverlässigkeit a1 0,62 oE
Temperaturkoeffizient ft 1,00 oE
Entsprechungsgeschwindigkeit ne 7100 rpm
Minimale Geschwindigkeit nmin 7100 rpm
Maximale Geschwindigkeit nmax 7100 rpm
Festigkeitskontrolle Positiv
 

 Zusammenfassung der Meldungen

11:30:26 : Berechnung der Lagerkonstruktion wurde erfolgreich abgeschlossen. Das optimale Lager wurde ausgewählt auf Grundlage des LnaWerts: BS 292: Teil 1
(II)  Metrisch (7024  120 x 180 x 28).
11:30:26 Berechnung: Berechnung deutet auf Konstruktionsübereinstimmung hin.
11:30:26 : Abfrageergebnis: 234 Lager (Filter: Schrägkugellager, D<100; 200>, d<95; 120> , B<10; 50>)



 



Lagerbeurteilung

Berechnung / Einbauvorschlag

Datum: 2015‐04‐20 12:17:13

Achtung

Bitte beachten Sie die Warnungen am Ende der Druckausgabe.

Für diese Unterlage behalten wir uns alle Rechte vor, auch für den Fall der Patenterteilung oder Gebrauchsmustereintragung. Die Unterlage ist vertraulich zu behandeln.
Ohne unsere schriftliche Zustimmung darf weder die Unterlage selbst, noch Vervielfältigungen davon oder sonstige Wiedergaben des vollständigen oder auszugsweisen
Inhalts Dritten zugänglich gemacht werden oder durch den Empfänger in anderer Weise missbräuchlich verwertet werden. Basis der Ausarbeitung der Unterlage sind Ihre
oben angeführten Vorgaben und unsere Annahmen. Unsere Angaben berücksichtigen diejenigen Risiken, die uns auf Grund der von Ihnen zur Verfügung gestellten
Vorgaben erkennbar waren. Die Erarbeitung der Unterlage erfolgt ausschließlich im Zusammenhang mit dem Erwerb unserer Produkte. Die Ergebnisse der Unterlage sind
sorgfältig und nach dem Stand der Technik erarbeitet, stellen jedoch im juristischen Sinne keine Beschaffenheits‐ oder Haltbarkeitsgarantie dar und ersetzen nicht die von
Ihnen zu verifizierende Eignung. Wir haften für die Angaben in der Unterlage nur im Falle von Vorsatz und Fahrlässigkeit. Ist die Unterlage Bestandteil einer
Liefervereinbarung gelten die dort vereinbarten Haftungsregeln.

Inhaltsverzeichnis
1 Eingaben
2 Ergebnisse
3 Warnungen

1  Eingaben

Lager:

Bezeichnung NUP2310‐E‐XL‐TVP2
Innendurchmesser d 50.000 mm
Außendurchmesser D 110.000 mm
Breite B 40.000 mm
Dynamische Tragzahl C 193000 N
Statische Tragzahl C0 187000 N
Ermüdungsgrenzbelastung Cu 34500 N
Bezugsdrehzahl n_ref 5000.0 1/min
Grenzdrehzahl n_lim 7800.0 1/min
Grenzdrehzahl Öl n_lim_o 7800.0 1/min
Grenzdrehzahl Fett n_lim_g 6600.0 1/min

Grundfrequenzen:

Überrollfrequenz am Innenring BPFI 7.7840 1/s
Überrollfrequenz am Außenring BPFO 5.2160 1/s
Überrollfrequenz am Wälzkörper BSF 2.4325 1/s
Ringkontaktfrequenz am Wälzkörper RPFB 4.8650 1/s
Drehzahl des Wälzkörpersatzes für drehenden Innenring FTF_i 0.4012 1/s
Drehzahl des Wälzkörpersatzes für drehenden Außenring FTF_o 0.5988 1/s

Schmierungsbedingungen:

Zulässige Schmiermittel Öl oder Fett
Art der Schmierung Ölnebelschmierung
ISO VG Klasse ISO VG 150
Verschmutzung normale Sauberkeit
Fremdwärmestrom dQ/dt 0.0 kW

Sonstige Bedingungen:

Umgebungstemperatur t 20 °C
Überlebenswahrscheinlichkeit 95 %

http://www.ina.com/


Umlaufverhältnis drehender Innenring

Belastung Lastfall 1:

Zeitanteil q 100.000 %
Drehzahl n_i 7100.00 1/min
Art der Bewegung rotierend
Radiallast Fr 3011.0 N
Axiallast Fa 0.0 N
Mittlere Betriebstemperatur T 100 °C

2  Ergebnisse

Axiale Tragfähigkeit Lastfall 1:

Axiale Grenzbelastung F_a_max 14879.22 N
Zulässige Axialbelastung F_a_per 612.23 N
Zulässige Bordlast F_a_S 10079.01 N

Überrollfrequenzen Lastfall 1:

Überrollfrequenz am Außenring BPFO 617.2325 1/s
Überrollfrequenz am Innenring BPFI 921.1008 1/s
Überrollfrequenz am Wälzkörper BSF 287.8440 1/s
Ringkontaktfrequenz am Wälzkörper RPFB 575.6880 1/s
Drehzahl des Wälzkörpersatzes FTF 47.4794 1/s

Lastfaktoren und Äquivalenzlasten Lastfall 1:

Äquivalente statische Belastung P0 3011.00 N
Äquivalente dynamische Belastung P_i 3011.00 N

Reibung und thermische zulässige Drehzahl Lastfall 1:

Drehzahlabhängiges Reibmoment M0 307.0 N mm
Lastabhängiges Reibmoment M1 96.4 N mm
Axiallastabhängiges Reibmoment M2 0.0 N mm
Gesamtreibmoment MR 403.4 N mm
Gesamtreibleistung NR 0.30 kW
Thermisch zulässige Drehzahl n_theta_r 10000 1/min

Schmierung Lastfall 1:

Betriebsviskosität ny 14.7 mm²/s
Bezugsviskosität ny1 6.0 mm²/s
Viskositätsverhältnis kappa 2.47
Lebensdauerbeiwert a_ISO 50.00

Wälzlagerverhalten NUP2310‐E‐XL‐TVP2:

Statische Tragsicherheit S0_min 62.106
Gesamtlebensdauer in Stunden ﴾nominell﴿ Lh10 > 1000000 h
Modifizierte Lebensdauer in Stunden Lh_nm > 1000000 h
Maximale äquivalente statische Belastung P0_max 3011.00 N
Äquivalente Drehzahl n 7100.0 1/min
Äquivalente dynamische Belastung P 3011.00 N

3  Warnungen
Lager nicht überdimensionieren ‐ Nominelle Lebensdauern ﴾nach DIN ISO 281﴿ über 60000 Stunden führen in der Regel zu überdimensionierten Lagerungen.

Die thermisch bedingte Drehzahlgrenze liegt über der mechanischen Drehzahlgrenze. Beachten Sie, dass die mechanische Drehzahlgrenze nicht überschritten werden darf.

· Lastfall 1

C0/Fr>60 ‐ Im Dauerbetrieb ist eine radiale Mindestbelastung in der Größenordnung von Fr>C0/60 erforderlich.

· Lastfall 1

www.ina.com
www.fag.de
2015‐04‐20 12:17:13 ﴾9.0﴿
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WellenGenerator (Version: 2014 SP2 (Build 180246200, 246))
28.04.2015
 

 Projektinformationen

 Berechnung

 Material

Material Stahl
Elastizitätsmodul E 206000 MPa
Schubelastizitätsmodul G 80000 MPa
Dichte ρ 7860 kg/m^3

 Berechnungseigenschaften

Einschließen
Ja Dichte ρ 7860 kg/m^3
Ja Koeffizient für Schubverschiebung β 1,188 oE

Anzahl von Teilungen 1000 oE
Modus der reduzierten Spannung HMH

 Belastungen

Index Platzierung
Radialkraft Biegemoment Streckenlast

Axialkraft Drehmoment
Durchbiegung

Durchbiegungswinkel
Y X Größe Richtung Y X Größe Richtung Y X Größe Richtung Länge Y X Größe Richtung

1 96,75 mm 0,000
N

3011,000
N

3011,000
N

90,00
grd

0,008
µm

2,188
µm

2,188
µm

269,79
grd 0,00 grd

2 96,75 mm 4293,000
N

0,008
µm

2,188
µm

2,188
µm

269,79
grd 0,00 grd

3 96,75 mm 5000,000 N
m

0,008
µm

2,188
µm

2,188
µm

269,79
grd 0,00 grd

4 170,25
mm

5000,000 N
m

0,003
µm

1,091
µm

1,091
µm

89,83
grd 0,00 grd

 Auflager

Index Typ Platzierung
Rückstoßkraft

Nachgiebigkeit Typ
Durchbiegung

Durchbiegungswinkel
Y X Größe Richtung Axialkraft Y X Größe Richtung

1 Frei 29 mm 10,397 N 1244,807 N 1244,851 N 89,52 grd Benutzer 0,000 µm 0,000 µm 0,000 µm 180,00 grd 0,00 grd
2 Fest 144,5 mm 14,022 N 1766,193 N 1766,248 N 89,55 grd 4293,000 N Benutzer 0,000 µm 0,001 µm 0,001 µm 90,77 grd 0,00 grd

 Ergebnisse

Länge L 170,500 mm
Masse Masse 2,490 kg
Maximale Biegespannung σB 13,603 MPa
Maximale Scherspannung τS 1,294 MPa
Maximale Torsionsspannung τ 216,447 MPa
Maximale Spannung σT 2,186 MPa
Maximale reduzierte Spannung σred 374,897 MPa
Max. Durchhang fmax 2,408 µm
Verdrehungswinkel φ 0,36 grd

 Vorschau

 Schubkraft



 Schubkraft, YZEbene

 Schubkraft, XZEbene

 Biegemoment

 Biegemoment, YZEbene



 Biegemoment, XZEbene

 Durchbiegungswinkel

 Durchbiegungswinkel, YZEbene

 Durchbiegungswinkel, XZEbene



 Durchbiegung

 Durchbiegung, YZEbene

 Durchbiegung, XZEbene

 Biegespannung



 Biegespannung, YZEbene

 Biegespannung, XZEbene

 Scherspannung

 Scherspannung, YZEbene



 Scherspannung, XZEbene

 Torsionsspannung

 Spannung

 Reduzierte Spannung



 Idealer Durchmesser

 Zusammenfassung der Meldungen

15:13:36 Berechnung: Berechnet.



Wheel carrier

 Projektinfo (iProperties)

 Physische Eigenschaften

Anmerkung: Physikalische Werte können sich von den weiter unten berichteten, von FEM verwendeten 
physikalischen Werten unterscheiden.

 Ueberlagerung
Allgemeines Ziel und Einstellungen:

Netzeinstellungen:

 Betriebsbedingungen

 Drehmoment:1

 Ausgewählte Fläche(n)

Analysierte Datei: Radtraeger_SIM.iam
Autodesk Inventor-Version: 2014 SP2 (Build 180246200, 246)
Erstellungsdatum: 03.06.2015, 02:43
Simulationsersteller: Pascal Kahnert

Masse 224,072 kg
Fläche 11230900 mm^2
Volumen 118306000 mm^3

Schwerpunkt
x=74,7228 mm
y=0,0000259648 mm
z=409,689 mm

Konstruktionsziel Einzelner Punkt
Simulationstyp Statische Analyse
Letztes Änderungsdatum 03.06.2015, 02:33
Modi für starres Bauteil suchen und entfernen Nein
Belastungen über Kontaktflächen hinweg separieren Nein
Analyse der Bewegungslasten Nein

Durchschnittl. Elementgröße (als Teil des Modelldurchmessers) 0,15
Min. Elementgröße (als Teil der durchschn. Größe) 0,2
Einteilungsfaktor 1,5
Max. Drehwinkel 60 grd
Kurvenförmige Netzelemente erstellen Nein
Bauteilbasierte Messung für Baugruppennetz verwenden Ja

Belastungstyp Drehmoment
Größe 10400000,000 N mm
Vektor X 10400000,000 N mm
Vektor Y 0,000 N mm

Seite 1 von 5Wheel carrier
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 Kraft:1

 Ausgewählte Fläche(n)

 Kraft:2

 Ausgewählte Fläche(n)

Belastungstyp Kraft
Größe 10800,000 N
Vektor X 10800,000 N
Vektor Y -0,000 N

Belastungstyp Kraft
Größe 20000,000 N
Vektor X -20000,000 N
Vektor Y 0,000 N

Seite 2 von 5Wheel carrier
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 Reibungslose Abhängigkeit:1

 Ausgewählte Fläche(n)

 Reibungslose Abhängigkeit:2

 Ausgewählte Fläche(n)

Abhängigkeitstyp Reibungslose Abhängigkeit

Abhängigkeitstyp Reibungslose Abhängigkeit

Seite 3 von 5Wheel carrier
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 Ergebnisse

 Ergebniszusammenfassung

 Zahlen

 Von Mises-Spannung

Name Minimum Maximum
Volumen 118306000 mm^3
Masse 794,458 kg
Von Mises-Spannung 0,0000388037 MPa 202,898 MPa
Sicherheitsfaktor 1,74514 oE 15 oE

Seite 4 von 5Wheel carrier
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 Sicherheitsfaktor

C:\Users\Pascal\Documents\Inventor\Masterarbeit2\Radtraeger_SIM.iam
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Belastungsanalyse - Bericht

 Projektinfo (iProperties)

 Physische Eigenschaften

Anmerkung: Physikalische Werte können sich von den weiter unten berichteten, von FEM verwendeten
physikalischen Werten unterscheiden.

 Simulation:1
Allgemeines Ziel und Einstellungen:

Netzeinstellungen:

 Material(ien)

 Betriebsbedingungen

Analysierte Datei: Feder-Motor-Traverse2.ipt
Autodesk Inventor-Version: 2014 SP2 (Build 180246200, 246)
Erstellungsdatum: 03.06.2015, 04:54
Simulationsersteller: Pascal Kahnert

Material Siron EN-GJS-600-10
Dichte 7,2 g/cm^3
Masse 91,2823 kg
Fläche 1464040 mm^2
Volumen 12678100 mm^3

Schwerpunkt
x=-72,3806 mm
y=63,273 mm
z=96,6285 mm

Konstruktionsziel Einzelner Punkt
Simulationstyp Statische Analyse
Letztes Änderungsdatum 03.06.2015, 04:48
Modi für starres Bauteil suchen und entfernen Nein

Durchschnittl. Elementgröße (als Teil des Modelldurchmessers) 0,1
Min. Elementgröße (als Teil der durchschn. Größe) 0,15
Einteilungsfaktor 1,2
Max. Drehwinkel 60 grd
Kurvenförmige Netzelemente erstellen Ja

Name Stahl, Guss

Allgemein
Massendichte 7,85 g/cm^3
Streckgrenze 250 MPa
Zugfestigkeit 300 MPa

Spannung
Elastizitätsmodul 210 GPa
Poissonsche Zahl 0,3 oE
Schubmodul 80,7692 GPa

Bauteilname(n) Feder-Motor-Traverse2

Seite 1 von 4Belastungsanalyse - Bericht
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 Kraft:1

 Ausgewählte Fläche(n)

 Kraft:2

 Ausgewählte Fläche(n)

 Kraft:3

Belastungstyp Kraft
Größe 60000,000 N
Vektor X -44343,295 N
Vektor Y 0,000 N

Belastungstyp Kraft
Größe 10000,000 N
Vektor X -0,000 N
Vektor Y -10000,000 N
Vektor Z -0,000 N

Seite 2 von 4Belastungsanalyse - Bericht
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 Ausgewählte Fläche(n)

 Festgelegte Abhängigkeit:1

 Ausgewählte Fläche(n)

 Ergebnisse

 Ergebniszusammenfassung

Belastungstyp Kraft
Größe 10000,000 N
Vektor X 3175,170 N
Vektor Y -7990,530 N

Abhängigkeitstyp Festgelegte Abhängigkeit

Name Minimum Maximum
Volumen 12678100 mm^3
Masse 99,5232 kg
Von Mises-Spannung 0,000118109 MPa 227,99 MPa

Seite 3 von 4Belastungsanalyse - Bericht
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 Zahlen

 Von Mises-Spannung

 Sicherheitsfaktor

C:\Users\Pascal\Documents\Inventor\Masterarbeit2\Feder-Motor-Traverse2.ipt

Sicherheitsfaktor 1,09654 oE 15 oE
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