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Abstract 

In the automotive industry, the need for more efficient processes and reduced development costs 

has become of increasing value in order to maintain an edge over market competitors. It is 

therefore important to continuously reevaluate the overall development process as well as sub-

processes, such as component design processes.  

An example of the latter concerns the design of the engine mount system of a Mini Cooper S in 

regard to structural durability, in particular to the maximum forces. In this thesis, their origin as 

well as their propagation through the vehicle is investigated. Subsequently, a method for the 

estimation of the forces is established so as to provide accurate design parameters in the early 

phase of the product development process.  

For this purpose, a design relevant maneuver is examined in regard to its primary load-inducing 

effects. These are studied individually using a quasistatic approach, and are verified with 

measurement data. In response to road irregularities, the influenced components’ elastokinematic 

properties need to be considered as well. Hence, a simulation model is established, consisting of 

the previously determined effects.  

The developed model provides estimations of the loads in the engine mount system as caused by 

longitudinal acceleration, drive shaft torque and the combination thereof. The complexity of the 

model is low as it is based on simplifications and approximations appropriate for the early stage 

of the development process. Yet the results show high correspondence with the measured forces, 

indicating a valid analytical as well as modeling approach. In order to obtain the forces as 

induced by road irregularities, an extension of the current model is recommended. Additionally, 

it is advised to examine the transferability of the results to other vehicles, as well as determine 

the influence of the system parameters on the predicted loads, as well as on each other.  
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Sammanfattning 

I fordonsindustrin har det blivit allt viktigare att sänka processtider samt utvecklingskostnader 

för att kunna bibehålla övertaget gentemot konkurrenterna. Det finns därför ett behov av att 

kontinuerligt se över både den övergripande produktutvecklingsprocessen samt subprocesser så 

som konstruktionsprocesser av enskilda komponenter.  

Ett exempel på de sistnämnda berör konstruktionen av motorupphängningen i en Mini Cooper S 

med avseende på hållfasthet, särskilt beträffande de maximallaster som uppstår. I detta 

examensarbete undersöks deras ursprung samt deras spridning i fordonet. Därefter utvecklas en 

metod med vilken krafterna kan uppskattas. Detta görs för att kunna tillhandahålla 

konstruktionsrelevanta parametrar tidigt i utvecklingsprocessen. 

En manöver som ger upphov till stora laster i motorupphängningen undersöks med hänsyn till 

dess primära lastorsakande effekter. Dessa analyseras var för sig med en kvasistatisk ansats och 

verifieras med mätdata. För att kunna ta hänsyn till ojämnt väglag måste de påverkade 

komponenternas elastokinematiska egenskaper tas hänsyn till. Därför utvecklas en modell, 

innehållande de tidigare bestämda effekterna. 

Den framtagna modellen tillhandahåller uppskattningar av de laster i motorupphängningen som 

orsakas av accelerationen i längsriktningen, momentet som påverkar motorn samt kombinationer 

av de två. Modellens komplexitet är låg då den baseras på förenklingar och uppskattningar 

lämpliga för det tidiga skedet i utvecklingsprocessen. Resultaten visar på hög överensstämmelse 

med mätvärdena vilket tyder på ett lämpligt tillvägagångssätt gällande såväl analys som 

modellering. För att generera lasterna som uppstår på grund av ojämnt väglag rekommenderas en 

utökning av modellen. Utöver detta föreslås en undersökning av huruvida de erhållna resultaten 

är giltiga för andra fordon, samt en analys av hur de ingående parametrarna påverker lasterna 

samt även beror av varandra.  

 

Nyckelord: lastorsakande effekter, motorupphängning, maximallaster, lastgenererande metod 
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 NOMENCLATURE 

The symbols, indices and abbreviations used in this master thesis are listed in this chapter. 

Abbreviation Description 

CG Center of gravity 

DOE Design of experiments 

DOF Degree of freedom 

MCS Mini Cooper S 

PDP Product development process 

POM Point of measurement 

SDE Spring-damper element  

 

Symbol Description Unit 

  Angle between the component and the horizontal axis  [rad] 

  Angle between r (described below) and the vertical axis  [rad] 

  Loss angle [rad] 

  Turning angle of powertrain  [rad] 

  Frequency [rad/s] 

a Acceleration  [m/s
2
] 

c Damping constant  [Ns/m] 

d Distance  [m] 

F Force  [N] 

h Ground excitation  [m] 

J Moment of inertia  [kg∙m
2
] 

k Spring constant  [N/m] 

m Mass  [kg] 

n Factor, ratio  [-] 

r Distance between the connecting point of a mount  

to the powertrain and the CG of the powertrain [m] 

t Time [s] 

x Displacement in the x-direction  [m] 

z Displacement, lever in the z-direction  [m]  
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Index Description  

a Acceleration 

approx Approximated 

b Body 

dyn Dynamic 

DS Drive shafts  

em Engine mount 

FAC Front axle carrier 

i Several mounts 

n Current step 

n-1 Previous step 

ref Reference value 

s Suspension 

sim Simulated 

t Tire, torque 

tot Total 

tm Transmission mount 

tr Torque rod 

w Wheel  

x x-direction or x-axis 

yy Around the y-axis 

z z-direction or z-axis 

1, 2, … Numbering for current analysis 
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1 INTRODUCTION 

This chapter briefly describes the background and purpose of the thesis, the method used for its 

implementation as well as the corresponding delimitations. 

1.1 Background 

In the automotive industry, it has become increasingly important to maximize efficiency in order 

to remain competitive on the market. Hence, it is of great value to shorten process time and 

reduce costs where possible. This can, for example, be implemented by either reevaluating the 

overall product development process (PDP) or by improving selected sub-procedures, such as 

certain vehicle component design processes.  

In order to achieve an efficient component design process, it is important to make accurate 

estimations of relevant parameters and responses to real-life scenarios as early in the design 

process as possible. This requires a fundamental knowledge of the interdependencies between 

the parameters themselves as well as the behavior they influence.  

An example is the design of the engine mount system in regard to structural durability. Firstly, it 

is essential to understand the origin of loads acting on the components, as well as their 

propagation through the vehicle. In addition, the influence of relevant design parameters on the 

behavior of the loads needs to be understood. This information can then be used to adequately 

estimate the loads in new designs.   

1.2 Purpose and task description 

The objective of this thesis is to develop a method for the estimation of the loads relevant for 

designing the engine mount system in regard to structural durability at an early stage of the PDP. 

For these early-on derivations of the relevant loads, a deeper understanding of the underlying 

chain of effects in the vehicle structure, i.e. the propagation of the forces as caused by the road 

surface and the vehicle itself to the engine mount system, is essential. Hence, the aim of this 

thesis is to investigate and verify this chain of effects, determine its sensitivity to influencing 

parameters and deduce the method outlined above. In order to be useful in the early phase of the 

PDP, the resulting tool is founded on simple models that only require parameters known at this 

stage. 

1.3 Delimitations 

This thesis covers the structural durability characteristics of engine mount systems. In particular, 

the loads are investigated. The influence of temperature conditions on the properties of the 

mounts, as well as on the resulting loads, is not examined. Other design aspects, such as 

acoustics, packaging etc. are not specifically addressed either.  

Further, the analysis is concerned with the loads during service life. Damage propagation during 

crash or abuse is not investigated. In addition, only maximum loads are of interest, as opposed to 

cumulative loads. Additionally, only the loads in the longitudinal and vertical direction are 

considered. The lateral forces are known to be small in relation to the other directions, and are 

hence implicitly designed for when designing for longitudinal and vertical loads.  

Furthermore, existing measurement data is used for analysis and verification. Additional 

hardware tests or simulations, fatigue life calculations and component design are not part of this 

thesis.  



2 

1.4 Methodological approach 

The overall work progress is divided into four consecutive phases. The introductory phase 

includes a thorough literature study as well as knowledge exchange with experts. As the analysis 

of the loads arising in the engine mount system is based on measurement data, the corresponding 

database is examined to ensure that sufficient data exists for the analysis itself as well as later 

verifications. The chain of effects giving rise to the loads in the engine mount system is then 

derived and verified using measurement data for one vehicle. From these results, a method to 

estimate the loads caused by the previously derived effects is developed and equivalently 

verified.  
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2 FRAME OF REFERENCE 

This chapter serves to provide an overview of existing knowledge within the area of this thesis.  

2.1 The product development process 

The definition of an organized course of action when designing complex products is essential in 

order to maintain focus and meet deadlines. The product development process is an example of 

such a defined approach, ranging “from initial idea to marketable product.” [1] The 

chronological progress of an example PDP is illustrated in Figure 2.1. 

 

Figure 2.1. The product development process – an overview. [2] 

The foundation of the PDP is continuous research and pre-design. Market analyses are important 

throughout the process, so are studies concerning new technology or technology prominent in 

other fields. Pre-designing single components and/or multiple assemblies is also essential in 

order to guarantee functioning designs from the start and to provide a base from which to 

perform further studies. 

In addition to continuous research and pre-design, the PDP is divided into three interrelated 

phases: the product definition phase, the product development phase and the product support 

phase. During the product definition phase, the product is planned, concepts are drawn up and a 

principal design is decided upon. The product development phase includes the design, testing 

and validation of series models and their derivatives. Finally, the product support phase covers 

further optimization as well as life cycle aspects. [2] 

The vehicle design process extends over the first two PDP-phases and is divided into an early 

development phase and a series development phase. During the early development phase, the 

complete vehicle concept including its main characteristics and key components such as the 

wheelbase, luggage compartment volume, range of engines, interior width and safety stipulations 

are fixed as part of the design brief.” [3] In the series development phase, the specifications of 

the previously derived vehicle concept are finalized and implemented. Any concept changes 

during this phase tend to give rise to technical difficulties and financial expense. Therefore, the 

accuracy of the early concept definition is essential. [2] 

 

 
Research Scouting 

Pre-design Innovation management 

Product definition 

Product development 

Product support 

Product planning 

Concept development 

Series development 

Start of production 

Product optimization 

End of production 
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2.2 Vehicle layouts 

The position and orientation of the engine and its ancillary components are fundamental aspects 

of vehicle design. Not only do the two properties have an impact on packaging and component 

design, they also influence the dynamic characteristics of the vehicle as the center of mass and 

the moment of inertia differ. [4]  

The automotive industry differs between several drivetrain configurations. This thesis will focus 

on front-wheel drive vehicles with transversely positioned engines – for the sake of 

completeness, however, the most common types across the various segments are presented in 

Table 2.1. 

Table 2.1. Drivetrain configurations. [5] 

Type of drive Engine position Powered axle 

Front-wheel drive Front, longitudinal or transverse Front 

Standard drive Front, longitudinal Rear 

All-wheel drive Front, rarely rear or center Front and rear 

Rear-wheel drive Rear Rear 

2.3 Vehicle dynamics 

The field of vehicle dynamics focuses on recognizing the correlation between forces acting on a 

vehicle, for example due to inertia and aerodynamics, and the vehicle’s consequent behavior. 

Depending on the analysis at hand, the vehicle needs to be modeled to a certain level of detail. 

Two common vehicle representations are fundamentally important for the analyses performed in 

this thesis and are hence described below. Further details concerning vehicle dynamics and 

corresponding modeling approaches are portrayed in [6] and [7]. 

2.3.1 Lumped mass representation 

For rudimentary steady-state analyses of the vehicle as a whole, for instance while braking, 

accelerating, or cornering, one can assume all vehicle components to move and behave as one 

unit. The vehicle can hence be represented “as one lumped mass located at its center of gravity 

(CG) with appropriate mass and inertia properties.” [6] This representation is “dynamically 

equivalent to the vehicle itself for all motions in which it is reasonable to assume the vehicle to 

be rigid.” [6]  

The motions of the vehicle can be described using an appropriate vehicle-fixed coordinate 

system, a schematic example of which is shown in Figure 2.2. It is a rectangular, right-hand 

coordinate system, originating in the vehicle’s center of gravity. The x-axis points toward the 

front of the vehicle, the y-axis to the left (as viewed in the x-direction) and the z-axis points 

upwards. [5]   

The vehicle has three translational and three rotational degrees of freedom (DOFs). During 

acceleration and braking, longitudinal motion along the x-axis and pitch around the y-axis arise. 

When cornering, a lateral motion along the y-axis as well as a rotation, yaw, around the z-axis is 

induced. Motion in the z-direction primarily arises from vertical excitations. The rolling motion 

around the x-axis is generated by lateral motion and yawing, but can also arise from vertical 

excitations. [5][8] 
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Figure 2.2. Vehicle-fixed coordinate system. (Edited from [9]) 

Additionally, an earth-fixed coordinate system is used in order to describe the vehicle’s 

movement in relation to its surroundings. Its axes are equivalent to those of the vehicle-fixed 

coordinate system and its origin is usually set to that of the vehicle-fixed coordinate system at 

the start of the investigated maneuver. [6] 

2.3.2 Mass-spring-damper representation 

When examining the effect of road irregularities on the behavior of the vehicle, as done in this 

thesis, the lumped mass representation is no longer sufficient as internal transient behavior is 

neglected. It is hence necessary to take into account the elasticity of the tires, the suspension, 

chassis, etc. In order to maintain low complexity of the model, and hence few DOFs and 

corresponding differential equations, “the fundamental relationships within vibrating vehicle 

systems will be explained on the basis of the dual-mass oscillator.” [4] Such a system is also 

known as the quarter-vehicle representation, shown in Figure 2.3. This representation is based on 

the assumption that the essential dynamics of the quarter-vehicle are equivalent to those of the 

whole vehicle. [6] 

The body with mass  b is supported by the suspension, here represented as a parallel aligned 

spring-damper element (SDE) also known as a Kelvin-Voigt model, with spring constant  s and 

damping coefficient  s. It moves with a displacement  b and corresponding velocity   b and 

acceleration   b. The wheels, each with mass  w, are in turn supported by elastic tires. These are 

also modeled as SDEs with  t and  t respectively. The wheel displacement is given by  w with 

corresponding velocity   w and acceleration   w. 

The dynamic analysis of models such as the one illustrated below is based on the motions of the 

respective masses. The relevant forces acting on the masses are the applied force, here induced 

by a displacement   of the ground surface, and the resistive forces, including: 

 The masses’ inertial forces, 

 The spring forces as obtained by their spring constants and displacements, and 

 The damping forces as defined by the respective damping coefficients and velocities. [10] 

 

 

Vertical movement
z
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x
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Figure 2.3. Quarter-vehicle model. (Edited from [5]) 

The motions of the respective masses are then described by formulating the corresponding 

differential equations, as presented below in Eq. (2.1) and (2.2).  

                                 (2.1) 

                                                    (2.2) 

The complexity of the model described above can naturally be extended by further components, 

depending on the analysis of interest. In this thesis, for example, this is done for the analysis of 

the movement of the powertrain
1
 and the engine mount system. At this stage of the thesis, 

however, the fundamental description of the approach is sufficient. For further variations and 

representations, the reader is referred to [7].  

2.4 Engine mount systems 

As this thesis is concerned with the design of engine mount systems, a description of their 

functions, characteristics, types etc. is appropriate at this point. A selection of the available 

literature is presented so as to provide the reader with information relevant to this thesis.  

2.4.1 Definition 

An engine mount system is defined as the set of components (from here on addressed as 

‘mounts’) connecting the powertrain to the vehicle body. The term ‘engine mount system’ is 

slightly delusive as not only the engine but the whole powertrain is supported. However, it is the 

common term and will be applied here as well.  

The mounts are generally composed of three constituent parts as shown in Figure 2.4. A metal 

support connects to the powertrain and transmits the forces originating there to an isolating and 

damping rubber-metal compound. Depending on its primary function, the layout and type of this 

element are constrained by its designated functions and characteristics. Further, the mount 

includes a fastening flange to connect to the body. [11] 

                                                 
1
 Here, the term ‘powertrain’ includes the engine, transmission and auxiliary components. The 

wheels, drive shafts and axle drive or differential are collectively addressed with the term 

‘drivetrain’ when necessary. 

mb zb

ks cs

mw
zw

kt ct
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Figure 2.4. Overview of the main components in a mount. (Edited from [11]) 

2.4.2 Functions 

Engine mount systems have several purposes, amongst others: 

 To support the static load and the applied torque, 

 To support longitudinal forces during acceleration and braking, as well as lateral forces 

during cornering, 

 To isolate vibrations and noise originating in the powertrain during the combustion 

process from the body and subsequently the vehicle interior, 

 To damp vibrations caused by road irregularities,  

 To constrain the powertrain’s movements in order to avoid collisions which cause noise, 

vibrations and possible damage, and 

 To hold the powertrain in place during crash. [11] 

In the engine mount system, these functions are each attributed to the various mounts, primarily 

depending on the position and orientation of the engine. In standard drive vehicles, the mounts 

need to support the engine’s transmitted torque as the gear ratio of the differential at the rear axle 

does not affect the mounts. However, in front-, rear- and all-wheel drive vehicles, specifically 

with transversely positioned engines, the torque that needs to be supported is that acting on the 

drive shafts, i.e. as transmitted by the axle drive. As the gear ratio of the axle drive typically 

ranges from three to five, the torque to be supported increases accordingly and has therefore 

direct influence on the design of the mounts for certain load scenarios. [11] Hence, torque rods, 

as shown in Figure 2.5, are introduced in the engine mount system, specifically designed and 

mounted to support the torque turning the powertrain.  

Attaching flange on 

side of powertrain

Isolating and 

damping element 

Attaching flange on 

side of body 
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Figure 2.5. Example of a torque rod. (Edited from [11]) 

For a better understanding, a typical constellation of an engine mount system in a front-wheel 

drive vehicle with a transversely positioned engine is shown in Figure 2.6. The illustration shows 

a 4-point mounting system. For additional clarity, the mounts are commonly named based on 

their position in the engine mount system. Hence, the mount positioned near the engine is 

addressed as the ‘engine mount’ and the mount positioned near the transmission is referred to as 

the ‘transmission mount’.  

 

Figure 2.6. Schematic example of an engine mount system in a front-wheel drive vehicle  

with a transversely positioned engine. (Edited from [11]) 
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In vehicles with front-wheel drive and transversely positioned engines, the functions ‘carrying 

static loads’ and ‘supporting applied torque’ can be assigned to the separate mounts, which are 

then designed accordingly. The engine and transmission mounts carry the static and dynamic 

loads of the powertrain. The applied torque acts on the torque rods. Additionally, different 

vibration modes are separated as the mounts move in different directions at resonance. [11] 

2.4.3 Characteristics 

Depending on the functions assigned to the mounts, the isolating and damping elements each 

need to fulfill requirements concerning the following characteristics: 

 Stiffness, 

 Damping, 

 Durability properties such as relaxation, fatigue, and temperature and environmental 

resistance, and  

 Manufacturing properties. [11] 

For the purpose of this thesis, the first two of the listed characteristics are elaborated on below. 

Properties concerning durability and manufacturing are also of great importance for the design of 

engine mount systems. However, they are not vital for the analyses in this thesis and hence will 

not be described here. The reader is referred to [11] instead.  

The most common materials used in the isolating and damping elements in engine mount 

systems are elastomers. Their viscoelastic properties vary non-linearly with excitation amplitude 

and frequency. For one, the static stiffness with spring constant k describes the relation between 

force and displacement of the elastomer when the speed of the component’s deformation is 

negligible. As it is subjected to excitations of increasing frequency however, the stiffness of the 

elastomer increases. Its characterization using the static spring constant k is no longer adequate 

and the dynamic stiffness according to Eq. (2.3) is introduced. The amplitudes of force and 

displacement are deduced from Eq. (2.4) and Eq. (2.5) respectively. [12][13] 

       
  

  
 (2.3)  

                    (2.4) 

                  (2.5) 

The responsive force to a harmonic oscillation has the same frequency as the excitation, but is 

shifted by a phase angle δ. The phase angle relates to the energy dissipated in the system, hence 

referred to as the loss angle, and is in the automotive industry commonly used to describe the 

elastomer’s damping characteristics. [9][13] However, when implementing the damping 

properties in analytical models, as for example described in Section 2.3.2, it is useful to describe 

them by means of the damping constant c, as given by Eq. (2.6).  

    
 

 
      (2.6) 

Similarly to the dynamic stiffness, the loss angle varies with excitation frequency and amplitude. 

[11] This behavior needs to be taken into account when designing the mounts, specifically in 

regard to the loads induced by road irregularities. 
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2.4.4 Conflicting requirements 

The designated functions cause conflicting requirements concerning the elastomers’ 

characteristics. For example, in order to support static and dynamic loads as well as damp 

vibrations, stiff mounts with high damping are useful, as these provide advantageous handling 

and comfort qualities. On the other hand, when isolating vibrations and noise, elastic mounts are 

beneficial in order to decouple the powertrain as much as possible from the body. In addition, the 

frequency- and amplitude-dependent behavior of the elastomers as previously described must be 

considered in the design process. [11] 

Appropriate solutions to these conflicts include, for example, the systematic introduction of non-

linear static stiffness. An elastic, linear section can be designed in order to fulfill isolation 

requirements. By use of bump stops, the elastomer progresses and allows for the transmission of 

high forces. A typical graph of non-linear static stiffness is shown in Figure 2.7. [11] 

 

Figure 2.7. Non-linear static stiffness of an elastomer. (Edited from [11]) 

2.4.5 Mount types 

The conflicting properties can additionally be addressed by combining certain types of mounts in 

the engine mount system. The most commonly used mounts in engine mount systems are 

elastomer mounts, specifically rubber bushings. These are designed in accordance with 

requirements concerning, amongst others, available space, static and dynamic isolating and 

damping characteristics and other material properties. In addition, mounts of higher complexity, 

such as hydraulic mounts, have been introduced on the market. Here, the conflict regarding high 

damping qualities for passenger comfort and high elasticity for noise reduction can be solved by 

dividing the functions in the mount itself: the isolating element is a highly elastic rubber spring 

and the damping requirements are fulfilled by using a separate hydraulic mechanism. A simple, 

linear hydraulic mount, or hydro mount, is shown in Figure 2.8.  

Force [N]

Displacement [mm]

stiff

stiff

elastic

linear

start of progression
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Figure 2.8. A linear hydro mount. (Edited from [11]) 

The rubber spring is assigned the function of carrying the static load. Beneath the spring are two 

chambers, separated by a metal plate. By the expansion and compression of the spring, pressure 

is generated in the upper chamber, moving the contained fluid to the connecting canals and into 

the lower chamber. Factors, such as the hydraulic transmission ratio, the friction in the fluid as 

well as additional pressure losses, contribute to the damping property of the mount. [11] 

In more advanced hydro mounts, the use of various membranes between the two chambers as 

well as non-linear characteristics can affect the mounts’ responses to small and large excitation 

amplitudes and frequencies. This additional information can be sought in [11]. 

Rubber spring

Upper chamber

Channel 

Lower chamber

Metal plate
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3 PREREQUISITES 

This chapter serves as an extension of Section 1.3 Delimitations. The topics addressed here, 

however, are specific to the content of this thesis, rather than to its proceedings. In addition, the 

information given in this chapter is subjectively valid for this thesis, as opposed to the 

information applicable in general as described in Chapter 2 Frame of Reference. 

3.1 Component design 

In the early development phase, the component design is often derived directly from existing 

solutions or is based on modifications thereof, naturally with the incorporation of new 

technologies and innovations where possible. In some cases, such as that of the engine mount 

system, the initial concept is additionally influenced by preliminary inputs provided by 

interfacing departments.  

Certain design-relevant aspects, such as loads arising during service life, are initially estimated in 

accordance to the behavior of previous models. Should the estimated parameters not conform to 

the set requirements, a modification of the design and its parameters is necessary. This step is 

repeated until satisfactory results are obtained. The revised design is then verified using 

simulations and lastly confirmed by hardware testing. The less the estimations differ from the 

simulation and hardware test results, the less time consuming the process becomes, as 

unnecessary design steps are avoided. Hence, it is of great value to make as exact estimations 

from the start as possible. 

3.2 Structural durability  

A prime characteristic to take into account when designing components is their structural 

durability. This property describes a component’s behavior when subjected to certain load 

scenarios. These can be divided into four categories. Operating loads occur during the everyday 

usage of the vehicle. These loads need to be endured during the entire service life of the vehicle, 

corresponding to 300 000 km. Incidental loads also comply with regular usage and can occur 10 

– 1 000 times during the service life of the vehicle. These loads arise, for example, when 

accelerating over a level crossing or driving through a pothole. They are not allowed to cause 

any damage to or functional deterioration of the components. The service life of the vehicle is 

not to be affected. Abuse loads do not comply with regular usage. The vehicle must be designed 

to ensure passenger safety at all times, as well as visibly indicate any damages caused by the 

abusive behavior. It is important to design for controlled damage propagation in the vehicle in 

order to minimize repair costs. [14] Crash loads are similar to the abuse loads. However, they 

differ in magnitude and must be designed with regard to energy dissipation as well as damage 

propagation. 

The four scenarios above indicate that there are multiple aspects to consider when designing for 

structural durability. For one, each component must be designed to endure various loads. This 

step is component-specific, as each component has particular load-affecting properties. On the 

other hand, the propagation of the damages throughout parts of the vehicle need be defined as 

well, which requires the examination of the interfaces between the components and their 

combined properties. For the purpose of scope limitation, this thesis will only regard the first 

aspect, as it is the underlying step to predicting the loads in specific components. 
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3.3 Vehicle of interest 

In this thesis, a front-wheel drive vehicle with transversely positioned engine is examined. The 

reason for this choice of vehicle type lays in its topicality as well as the fact that less research has 

been done in this area, as opposed to, for example, standard drive vehicles. The chosen vehicle is 

a Mini Cooper S, for further reference abbreviated to MCS-1. In order to examine the 

transferability of the resulting method to other vehicles, its follow-up (here MCS-2) is also to be 

studied. 

The engine mount systems of the two vehicles are similar in their constellation, each consisting 

of a 3-point TRA
2
 mounting system. The engine and transmission mounts are located along the 

TRA, which is defined as the “axis around which pure rotation occurs when a torque is exerted 

on a free rigid body […] about an arbitrary direction.” [15] Similarly to the constellation 

described in Section 2.4.2, the torque is supported by the torque rod – however, in the 

longitudinal instead of the vertical direction. The corresponding upper forces caused by the 

torque are supported by the engine and transmission mounts, with a load distribution among 

them as defined by the reciprocal relation between their lateral distances from the torque rod. 

[11] The torque rod is approximately aligned to the x-axis and is fastened in a manner so as to 

cause minimal loads in the lateral and vertical direction. These are instead supported by the 

engine and transmission mounts. Additionally, the engine and transmission mounts support the 

powertrain’s static load. A schematic layout of the engine mount system used in both vehicles is 

shown in Figure 3.1.  

 

Figure 3.1. Transversely oriented powertrain with 3-point TRA mounting. (Edited from [11]) 

The engine mounts of both vehicles are hydro mounts, which enhance the damping 

characteristics in the vertical direction during dynamic load scenarios. The transmission mounts 

and torque rods are rubber mounts. The latter are principally designed with a non-linear static 

stiffness as previously described in order to maintain beneficial acoustic properties at low loads 

and achieve appropriate handling qualities at higher loads.  

                                                 
2
 From ‘torque roll axis’. 

Weight

CG

Positive x-direction

Engine mount

Md

Torque roll axis

Transmission mount

Subframe

Torque rod
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3.4 Choice of test vehicles 

In order to keep as many parameters as possible unchanged for the following examinations, it is 

sought for to use data from a single test vehicle for each vehicle of interest. Table 3.1 lists the 

various MCS-1 test vehicles, which differ in stage of development, engine type and transmission 

type, and the respective number of maneuvers for which measurement data exists. The MCS-1E 

is chosen as it has the largest set of data for which the loads in the engine mount system have 

been recorded. Also, there exists more information for this vehicle than for the others listed, as it 

is closest to the series model.  

Table 3.1. MCS-1 test vehicles with respective number of measured maneuvers. 

Test vehicle Number of maneuvers in database 

MCS-1A 28 

MCS-1B 7 

MCS-1C 2 

MCS-1D 15 

MCS-1E 39 

For the MCS-2, there is one test vehicle with five recorded maneuvers. The MCS-2 has fewer 

recorded tests as compared to the MCS-1 due to the vehicle still being at an early design stage. 

This provides a base of 39 maneuvers for MCS-1E and five maneuvers for the MCS-2, including 

multiple repetitions of certain maneuvers. This gives the opportunity to examine and verify the 

load-inducing effects using MCS-1E data and examining their applicability to other vehicles by 

measurements of the MCS-2.  

3.5 Maneuvers of interest 

Previous design processes have shown that one of the maneuvers generating maximum 

longitudinal loads in the engine mount system of the MCS-1 is the ‘Acceleration over a level 

crossing’. During this maneuver, a number of effects induce forces in the engine mount system. 

It is hence deemed reasonable to investigate these effects. 

For one, the vehicle’s longitudinal acceleration causes an inertial force to act on the powertrain 

and subsequently on the mounts. Additionally, the drive shaft torque acts on the mounts, as 

described in Section 3.3. The road excitation causes further vertical and longitudinal forces. 

Ideally, each of these effects is studied individually. As the maneuver consists of several effects, 

however, the chosen approach is to study maneuvers with increasing complexity. Hence, before 

analyzing the acceleration on an uneven road surface
3
, a regular acceleration on an even road is 

examined. Further, the acceleration maneuvers induce drive shaft torque forces as well as inertial 

forces in the engine mount system. Therefore, a simple braking maneuver, which excludes the 

effect of the drive shaft torque, is studied initially. Table 3.2 shows the maneuvers and the effects 

they primarily consist of in the order of examination. All three maneuvers are straight-line 

maneuvers, hence reducing the influence of lateral effects.  

  

                                                 
3
 For the purpose of this thesis, an even road is defined to consist of stochastic, low-amplitude, 

high-frequency excitations, the effects of which are neglected here. Uneven roads consist of 

irregularities with low frequency and high amplitude, such as road bumps or cobblestone.  



16 

Table 3.2. List of examined maneuvers and which effects they consist of. 

Maneuver 
Longitudinal 

acceleration 

Drive shaft  

torque 

Road surface 

excitation 

Braking from 120 km/h x   

Acceleration from 1
st
 to 4

th
 gear x x  

Acceleration over a level crossing x x x 

In order to ensure the quality of future calculations and models, as well as the transferability of 

the results to the MCS-2, multiple repetitions of each maneuver are necessary so as to provide a 

base for the verification and validation of the obtained results. The amount of repetitions of each 

maneuver for both vehicles is displayed in Table 3.3.  

Table 3.3. Number of repetitions for the maneuvers and vehicles of interest. 

Maneuver 
Repetitions 

MCS-1E 

Repetitions 

MCS-2 

Braking from 120 km/h 3 - 

Acceleration from 1
st
 to 4

th
 gear 2 - 

Acceleration over a level crossing 8 4 

The effects are examined and verified using repetitions from the MCS-1E. The transferability of 

the calculations based on the MCS-1E to the MCS-2 can then be analyzed using data from the 

‘Acceleration over a level crossing’. As the number of repetitions is low, the results can be 

verified and validated using data from other maneuvers consisting of the same effects. These 

include, for example, maneuvers driven at various velocities with accelerations in between, or 

braking maneuvers on sloped roads or uneven surfaces. However, for the sake of consistency, 

solely the listed maneuver repetitions are used for verification and validation of the results. 

3.6 Points of measurement  

For the examination of the loads arising in the engine mount system of the MCS-1E during the 

maneuvers mentioned above, a description of the relevant points and directions of measurement 

is appropriate. These primarily concern the engine mount system, the front axle carrier and the 

drive shafts. 

In the engine and transmission mounts, the loads are measured using quartz force sensors, 

“measuring the three orthogonal components of a dynamic or quasistatic force acting in an 

arbitrary direction.” [16] These are each placed on the respective flanges connecting to the 

powertrain. Their directions of measurement coincide with the vehicle-fixed coordinate system, 

with the positive x-direction pointing forward, the positive y-direction defined by the powertrain 

moving to the left and the positive z-direction defined by the powertrain moving upward.  

As the torque rod is primarily intended to take up forces corresponding to the powertrain’s 

torque, it is sufficient to measure the force in the torque rod in its direction of tensile stress using 

a strain gauge fastened on the metal shaft between the elastomer bushings. However, in order to 

support the torque appropriately, the torque rod in the MCS-1E is mounted at an angle    
4 to the 

x-axis, perpendicular to the virtual line connecting it with the engine and transmission mounts. 

This is illustrated schematically in Figure 3.2. For clarity, the upper mounts are displayed 

collectively.  

                                                 
4
 The index tr is derived from ‘torque rod’. Similarly, indices concerning the engine and 

transmission mounts are set to em and tm respectively. When addressing more than one mount, 

the collective index i is used. 
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Figure 3.2. Schematic side view illustration of the torque rod and its angle to the x-axis. 

The x-component       of the measured torque rod force     is calculated with Eq. (3.1). For the 

sake of simplicity, the possibility to approximate the x-component with the total measured force 

is investigated.  

                   (3.1) 

Allowing a deviance of 5 %, i.e.            , this gives an interval of 0 to 18.2° for which the 

approximation is valid. As this is applicable to the case at hand, the longitudinal force in the 

torque rod is for further analyses approximated with          .  

Depending on the magnitude of the angle, additional vertical forces are induced in the upper 

mounts in reaction to the angled torque rod force. This is shown schematically for both upper 

mounts in Figure 3.3 (not to scale).  

 

Figure 3.3. Schematic side view illustration of the forces in the engine mount as influenced by the torque rod force. 
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For further analysis, it is of interest to determine which angles give rise to relevant vertical 

reaction forces in the engine and transmission mounts. These can be approximated according to 

Eq. (3.2), with      as the measured longitudinal force in the respective mount.  

                          (3.2) 

Allowing a maximum vertical force of 5 % of the respective mount’s longitudinal force, i.e. 

           , the angle     must be less or equal to                  . As the torque rod 

angle of the MCS-1E lies outside this interval, the vertical forces are investigated in this thesis as 

well. For further analysis, the torque rod angle is assumed to remain constant throughout the 

maneuvers. This simplification is kept in mind when analyzing the results and is therefore a 

known source for possible inaccuracy.  

As previously mentioned, further points of measurement (POMs) are relevant for this thesis, 

including the measurement of the acceleration on the front axle carrier and the torque 

measurements on the drive shafts. The former is measured using a capacitive triaxial 

accelerometer, the latter using strain gauges. The directions and polarities of the POMs of 

interest in the MCS-1E are summarized in Table 3.4. As elaborated on in Section 1.3, the forces 

in the lateral direction are not investigated. However, for the sake of completeness, the lateral 

components are included in Table 3.4 as well.  

Table 3.4. Directions and polarities of the points of measurement in the engine mount system of the MCS-1E. 

Point of 

measurement 

Measurement 

quantity 

Direction of 

measurement 
Polarity 

Torque rod Force [kN] ≈ x 

Positive in the direction of tensile stress 

(approximately the positive x-direction of 

the vehicle-fixed coordinate system) 

Engine mount Force [kN] 

x 

In correspondence with the vehicle-fixed 

coordinate system 

y 

z 

Transmission 

mount 
Force [kN] 

x 

y 

z 

Front axle carrier Acceleration [g] 

x 

y 

z 

Drive shafts Torque [Nm] y 
In the direction of acceleration  

around the y-axis 
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4 CHAIN OF EFFECTS 

In this chapter, the investigation concerning the causes of the longitudinal and vertical forces in 

the engine mount system of the MCS-1
5
 is described.   

4.1 General approach 

The maneuvers listed in Section 3.5 are studied so as to determine the effects they consist of as 

well as the loads these effects cause. As previously mentioned, the effects are investigated in 

increasing order of complexity. Initially, the maneuver ‘Braking from 120 km/h’ is examined in 

regard to the effect of the longitudinal acceleration. The resulting findings are transferred to the 

subsequent maneuver ‘Acceleration from 1
st
 to 4

th
 gear’, consisting of the longitudinal 

acceleration and the drive shaft torque, so as to isolate the latter-mentioned effect. Thereafter, the 

maneuver ‘Acceleration over a level crossing’ is addressed. A quasistatic approach is applied 

throughout the analysis in order to obtain simple relations between the effects and their resulting 

forces.  

4.2 Braking from 120 km/h 

4.2.1 Maneuver description  

The maneuver is performed on an even road. The vehicle is accelerated to approximately 120 

km/h, the clutch is then decoupled and the brakes are applied until the vehicle comes to a full 

standstill. For clarity, the course of the maneuver is shown by means of the measured speed 

signal in Figure 4.1, with the braking shown in the time interval between approximately 1.8 and 

5.5 s.  

 

Figure 4.1. Course of the vehicle speed during ‘Braking from 120 km/h’. 

                                                 
5
 From Mini Cooper S, vehicle 1, as described in Section 3.3. 
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4.2.2 Analytical approach 

As viewed in the earth-fixed coordinate system, prior to braking, the vehicle moves at constant 

velocity in the positive x-direction. This corresponds to the maneuver’s course at approximately 

1.1 to 1.8 s in Figure 4.1 above. In accordance with Newton’s first law of motion, there are no 

net forces acting on the vehicle at this point. As regarded in the vehicle-fixed coordinate system, 

this is equivalent to a stationary state with zero velocity. While braking, the vehicle experiences 

a negative acceleration in the x-direction of the earth-fixed coordinate system. As seen in the 

vehicle-fixed coordinate system, this hence corresponds to the inertial force pushing the 

powertrain in the positive x-direction. This is hence the longitudinal force as experienced by the 

mounts and is calculated according to Newton’s second law of motion, see Eq. (4.1). The 

acceleration signal as measured on the front axle carrier is negated so as to obtain the positive 

acceleration of the powertrain, and is then multiplied by the mass of the powertrain,  . As 

mentioned above, this force is distributed among the three mounts. Hence, the sum of the 

measured loads in the mounts is equal to the force due to the acceleration, Eq. (4.2).  

                 (4.1) 

           (4.2) 

The vertical loads arising during the maneuver are deduced in accordance with Section 3.6. An 

additional effect that arises while braking is the load-transfer from the vehicle’s rear axle to the 

front axle, causing a pitch around the vehicle’s y-axis. It is assumed to influence all four POMs 

relevant for the comparison between the longitudinal loads equally and is hence included in the 

previous analysis. However, in the z-direction this phenomenon can have an impact on the 

measured loads as the gravitational force acts globally on the vehicle and its components. This is 

kept in mind when examining the loads in the z-direction.  

4.2.3 Results 

The effect of the longitudinal acceleration on the loads in the engine mount system is verified by 

comparing the inertial force    as calculated with Eq. (4.1) with the sum of the longitudinal load 

signals recorded in the mounts corresponding to Eq. (4.2). Figure 4.2 shows the forces as 

referenced to the maximum value of    for the approximate time interval of braking. The 

accumulated longitudinal loads in the engine mount system are seen to correspond satisfactorily 

with the inertial force as caused by the longitudinal acceleration of the powertrain, verifying the 

prime source of the longitudinal loads. Additionally, the graph shows oscillations of the 

accumulated loads       corresponding to the eigenfrequency of the engine.  
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Figure 4.2. Comparison between the inertial force and the sum of longitudinal mount forces. 

An important aspect for the following work is the examination of the load distribution among the 

mounts during braking. Figure 4.3 shows the inertial force    and the measured loads in the 

respective mounts      as referenced to the maximum value of   .  

 

Figure 4.3. Comparison between the inertial force and the respective longitudinal mount forces. 

The graph indicates that the load distribution is approximately equal among the mounts, with the 

loads in the torque rod and the engine mount at a slightly lower level than the load in the 

transmission mount. The respective load distribution factors are calculated according to Eq. (4.3) 

by using the mean values of the signals in the time interval between approximately 2.3 and 3.6 s.  
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 (4.3)  

The assumption is made that the vehicle and its components behave symmetrically when 

subjected to negative and positive acceleration respectively. Hence, the deduced factors can be 

transposed to the acceleration maneuvers described below. This assumption is considered a 

source for possible inaccuracy of future results. 

In addition to the forces in the longitudinal direction, the vertical loads are investigated so as to 

verify their source as well as the applicability of the simplification regarding the vehicle pitch. 

Figure 4.4 shows the comparison between the measured and the approximated vertical force as 

exemplified for the engine mount. The signal is referenced to the maximum value of the 

measured force.  

 

Figure 4.4. Comparison between the measured and calculated vertical force in the engine mount. 

It can be seen that the principal courses of the signals coincide well, with the approximated 

engine mount force lying slightly below its measured equivalent. As the approximation is based 

on the simulated longitudinal signal, its quality is deemed satisfactory considering that the 

resulting method is to be used in an early stage of the PDP. The corresponding comparison of the 

loads in the transmission mount is presented in Appendix A1. 

4.3 Acceleration from 1
st

 to 4
th

 gear 

4.3.1 Maneuver description  

The vehicle undergoes a full-load acceleration to a velocity of approximately 170 km/h on an 

even road. Each gearshift is performed moderately (at nominal rotation speed) in order to reduce 

oscillations in the power- and drivetrain. For clarity, the course of the maneuver is shown by 

means of the measured speed signal in Figure 4.5. The gearshifts occur at approximately 6 s 

(first to second gear), 9.5 s (second to third gear) and 16 s (third to fourth gear).  
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Figure 4.5. Course of the vehicle speed during ‘Acceleration from 1
st
 to 4

th
 gear’. 

4.3.2 Analytical approach 

The maneuver consists of two primary effects: for one, as in the previous maneuver, the inertial 

force due to the longitudinal acceleration of the powertrain influences the mounts. In addition, 

the mounts are affected by the drive shaft torque while accelerating. For the longitudinal loads, 

each effect is discussed individually. The vertical forces, on the other hand, arise in reaction to 

the total force measured in the torque rod and are hence examined after the two effects have been 

verified in the longitudinal direction.  

4.3.2.1 Acceleration effect 

The analysis of this maneuver is equivalent to that of ‘Braking from 120 km/h’. Prior to 

accelerating, the vehicle including its powertrain is at a standstill. There are hence no net forces 

acting on the vehicle in the longitudinal direction at this point. While accelerating, the vehicle 

experiences a positive acceleration in the x-direction of the earth-fixed coordinate system. As 

seen in the vehicle-fixed coordinate system, the corresponding inertial force pushes the 

powertrain in the negative x-direction. This is hence the longitudinal force as experienced by the 

mounts.  

In order to investigate each effect separately, the measured longitudinal force in each mount,     , 

is separated into its acceleration-induced component,     , and its torque-induced component,     . 
As described in Section 4.2.3, the vehicle is assumed to behave symmetrically when subjected to 

negative and positive acceleration. Hence, the force in each mount as caused by the longitudinal 

acceleration,     , is calculated with Eq. (4.4) using the previously established load distribution 

factors     . The inertial force    is calculated according to Eq. (4.3) with the current acceleration 

signal. 

               (4.4) 
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4.3.2.2 Torque effect 

The torque turning the powertrain causes additional forces in the mounts. In order to be able to 

investigate these, the roll axis of the powertrain is determined. As described in Section 3.3, the 

engine and transmission mounts are placed along the roll axis, as seen in the x-direction, 

eliminating levers causing torque-induced forces in the z-direction. As the torque turns the 

powertrain about the roll axis at the height of its CG, the position and orientation of the roll axis 

can be deduced. A schematic illustration is provided in Figure 4.6. The calculations of the 

position and orientation of the roll axis and the vertical levers to the respective mounts are 

presented in Appendix A2.  

 

Figure 4.6. Three-dimensional view of the powertrain with its roll axis and position of CG. 

For the verification of this effect, the torque as measured on the drive shafts is compared to the 

sum of the torque-induced mount forces multiplied by their respective levers. The force due to 

the longitudinal acceleration, as calculated in Section 4.3.2.1, is subtracted from the measured 

load in each mount in order to obtain the torque-induced force, see Eq. (4.5) and Eq. (4.6). The 

torque through the mounts is then calculated with Eq. (4.7). 

                 (4.5) 

                 (4.6) 

                                           (4.7) 

As described in Section 3.3, the distribution of the torque-induced loads among the engine and 

transmission mounts is defined by their lateral positions with respect to the torque rod. This is of 

value for calculations and models applied in the early phase of the PDP as these can be further 

simplified. Using Eq. (4.8), the forces are approximated with factor     , derived from the 

reciprocal ratio between the mounts’ lateral distances to the torque rod,      , and the total 

distance between them,     , see Eq. (4.9). 

                         (4.8) 

         
     

    
 (4.9) 
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4.3.3 Results 

Figure 4.7 shows the calculated acceleration- and torque-induced forces in the torque rod, as well 

as its measured signal, so as to provide a general comprehension of their relative proportions. 

The maximum value of the measured force is used as the reference signal     . In accordance 

with the speed signal shown in Figure 4.5, the acceleration in first gear is seen in the time 

interval from approximately 1.6 to 6 s, in second gear from approximately 6.5 to 9.5 s and so on. 

The troughs in the graph correspond to the gearshifts. It can be seen that the torque-induced 

component is larger than the measured force, as the torque-induced force acts in the positive 

measurement direction, whereas the inertial force acts in the negative x-direction.  

 

Figure 4.7. Proportions of the force components in comparison to the measured force in the torque rod. 

Equivalently, the corresponding distributions of the longitudinal forces in the upper mounts are 

shown as exemplified for the engine mount in Figure 4.8. The signals are referenced to the 

minimum of the measured force. The torque-induced component is, regarding the absolute 

magnitude, lower than the measured force as the inertial force acts in the same direction. The 

equivalent load distribution of the transmission mount is included in Appendix A3. 
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Figure 4.8. Proportions of the force components in comparison to the measured force in the engine mount. 

The effects causing the loads in the engine mount system are verified by comparing the sum of 

the calculated torque-induced forces multiplied with their respective levers to the negated torque 

as measured on the drive shafts, see Figure 4.9. The maximum value of the latter is used as the 

reference signal      . The figure shows a significant correspondence between the two signals, 

indicating a valid approach to the origin of the loads.  

 

Figure 4.9. Comparison between the measured torque and the sum of the torque-induced  

mount forces multiplied with their respective levers. 
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The torque-induced forces in the engine and transmission mounts as approximated with Eq. (4.8) 

are compared to the previously calculated equivalents so as to verify this simplification. This is 

shown for the engine mount in Figure 4.10. The curves are displayed in reference to the 

minimum measured longitudinal force. As the correspondence between the respective signals is 

high, it is appropriate to adapt this simplification for further implementation. The equivalent 

comparison for the transmission mount is shown in Appendix A4. 

 

Figure 4.10. Comparison between the torque-induced forces in the engine mount as calculated  

from measurement and approximated from the force in the torque rod. 

The engine and transmission mounts’ vertical reaction forces are approximated in accordance 

with Eq. (3.2), using their respective measured longitudinal force (here negated, so as to obtain 

the vertical force in the correct direction). These are then compared to the measured vertical 

loads. Figure 4.11 shows the results of the engine mount, referenced to the maximum value of its 

measured force. The equivalent comparison for the vertical load in the transmission mount is 

shown in Appendix A5. The calculated engine mount force during the first two gears lies 

marginally above the mean value of its measured equivalent, whereas the calculated transmission 

mount force lies marginally below throughout the maneuver. Additionally, the measured signal 

includes high-frequency oscillations, assumingly due to the combustion process in the engine. As 

this effect is not included in the model, it is hence not seen to the same extent in the simulated 

force. However, considering the simplifications so far, for example including the constancy of 

the torque rod angle as described in Section 3.6, as well as the fact that the model is to be used in 

the early stage of the PDP, the approximations of the vertical loads are deemed satisfactory.  
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Figure 4.11. Comparison between the measured and calculated vertical force in the engine mount. 

4.4 Accelerating over a level crossing 

4.4.1 Maneuver description  

This maneuver concerns the acceleration over a level crossing as shown in Figure 4.12. The 

vehicle is subjected to a full-load acceleration in first gear on the even road surface prior to the 

level crossing and is further accelerated over it. In order to test for the worst case scenario, i.e. 

the highest loads, it is sought for the torque to reach its maximum when the drive wheels pass 

over the level crossing. This is achieved at maximum gear ratio and highest nominal torque. For 

the MCS-1, this corresponds to an approximate speed of 30 km/h. For clarity, the course of the 

maneuver is shown by means of the measured speed signal in Figure 4.13. As shown, the 

measured speed signal is disrupted in the time interval between approximately 2 and 3 s, 

indicating the passage over the level crossing.  

 

Figure 4.12. Level crossing used for testing maneuver (photo from BMW Group). 
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Figure 4.13. Vehicle speed during ‘Acceleration over a level crossing’. 

4.4.2 Analytical approach 

As described in Section 4.4.1 above, maximum torque is applied throughout the maneuver. In 

order to transmit this torque to the wheels and subsequently the road, the stiffness and elasticity 

of the drivetrain need to be overcome for the vehicle to move. However, should the wheels lose 

contact with the road surface, this pretension of the drivetrain is lost and the applied torque is 

reduced to zero. The pretension needs to be reestablished as the wheels gain contact again. This 

maneuver is designed to provoke the loss of contact between wheels and road surface, as this 

causes oscillations in the drive shafts and subsequently in the engine mount system.  

The intended approach as described in Sections 3.5 and 4.1 assumes the transferability of the 

effects of longitudinal acceleration and drive shaft torque as established in Sections 4.2 and 4.3 

to the current maneuver, with the addition of the road surface excitation as an additional effect. 

However, as the latter influences the drive shafts, the analysis of this effect must be reevaluated 

so as to include the effect of the road surface excitation. Figure 4.14 shows the oscillations of the 

torque signal as measured on the drive shafts. The signal is referenced to the engine’s maximum 

nominal torque multiplied with the gear ratios of the transmission and the axle drive. This 

provides a comprehension of the extent to which the measured torque deviates from the torque 

provided by the engine. 

As the arising loads heavily depend on the elastokinematic behavior of the elastomers in the 

mounts, the stiffness and elasticity of the drivetrain and additional non-linear properties of 

components located between powertrain and wheels, the quasistatic approach as applied until 

now is no longer sufficient. Instead, it is considered reasonable to create a model that takes the 

above-mentioned properties into account. The development of such a model is described in 

Chapter 5. 
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Figure 4.14. Drive shaft torque during the ‘Acceleration over a level crossing’. 

4.5 Conclusions 

The general approach for the analysis of the loads arising in the engine mount system is based on 

the investigation of maneuvers of increasing complexity. The effects of the longitudinal 

acceleration and the drive shaft torque on the engine mounts when driving on an even road 

surface are verified in Sections 4.2 and 4.3. It is established that the drive shaft torque has the 

greater impact on the loads in the mounts.  

The loads arising during a maneuver with road surface excitations are dependent on elasticities 

in the vehicle, which cannot be described using a quasistatic approach. Instead, a dynamic model 

that takes the relevant parameters into account is necessary to describe the maneuver and its 

effects.   
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5 METHOD DEVELOPMENT 

This chapter elaborates on the development of the method for estimating the design relevant 

forces in the engine mount system.   

5.1 Choice of modeling tool 

The goal of this thesis is to construct a method for estimating the design relevant loads in an 

engine mount system at an early stage of the PDP. As of today, these loads are adapted from 

previous models and validated using complex simulation models. For the latter, many relevant 

parameters must be known for the model to produce significant results. In the early development 

phase, however, little data exists, requiring simple methods for the load prediction.  

A selection of available tools for the implementation of this method as well as their key 

advantages and disadvantages in regard to the task at hand are presented in Table 5.1. The tools 

chosen for further modeling are Simulink and MATLAB. As it is possible to “incorporate 

MATLAB algorithms into [Simulink] models and export simulation results to MATLAB for 

further analysis” [17], the complementing advantages of both tools can be utilized, and the 

system at hand can be intuitively modeled to the desired level of complexity. Further, parameter 

variations are easily programmed and studied, which is useful when performing sensitivity 

analyses. 

Table 5.1. Available modeling tools with prime advantages and disadvantages. 

Tool Advantages Disadvantages 

Excel 
Intuitive tool, is widely used in the 

industry 

Algorithms and differential equations 

are difficult to define and process 

intuitively 

MATLAB 

Algorithms are easily defined, data is 

easily imported and processed, level of 

complexity is defined by user 

Lacks intuitive display of system 

Simulink 
Allows for intuitive visualization, 

complementary to MATLAB 
 

Adams/Car 
Models can include advanced properties, 

predefined components and macros 

Level of complexity and required 

amount of data is high 

5.2 General approach 

As mentioned in Section 3.5, the maneuver causing design relevant longitudinal loads in the 

engine mount system of the MCS-1 is the acceleration over a level crossing. As elaborated on in 

Section 4.4.2, the loads arising in the engine mount system of the MCS-1 during this maneuver 

are dependent on several factors. In order to successfully implement these, a model is 

constructed at an increasing level of complexity, providing the possibility of successive 

verification and modular extension. Hence, in accordance with the disposition of Chapter 4, the 

model is first established for the effect of the inertial force as caused by longitudinal 

acceleration. After verification and validation, it is extended to include the effect of the drive 

shaft torque on an even road surface. Subsequently, the necessary factors are to be included to 

simulate and validate the model for the effect of the acceleration on an uneven road surface.  
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5.3 Model for inertial force 

5.3.1 Modeling approach 

For the sake of simplicity, the system of interest is to consist of as few components as possible. 

As the loads in the engine mount system are investigated, the smallest number of parts to use in 

the model includes of the mounts themselves and their connecting components, the powertrain 

and the body. In accordance with Section 3.6, the orientation of the torque rod is assumed 

horizontal so as to further simplify the model. For further investigations, the system is 

represented as a simplified mass-spring-damper system as shown in Figure 5.1. The mounts act 

as SDEs with spring constants    and damping constants   . The excitation, here the longitudinal 

acceleration of the vehicle    , is set to act on the body with displacement    and a corresponding 

velocity    . The powertrain with mass   moves with displacement   , velocity     and 

acceleration    . The equation of motion for this system is presented in Eq. (5.1). 

  

Figure 5.1. Side view of the mass-spring-damper representation of the system of interest. 

                                                   (5.1) 

5.3.2 Modeling implementation 

The model is set up in accordance with Eq. (5.1) and is presented in Figure 5.2. It consists of 

four subsystems: the subsystem labeled ‘Excitation’ provides displacement and velocity to the 

three mount subsystems, labeled ‘SDE Engine mount’, ‘SDE Transmission mount’ and ‘SDE 

Torque rod’. The forces of the three mounts are added to produce the total mount force acting on 

the powertrain. This is equivalent to the right side of Eq. (5.1). By dividing the force with the 

mass of the powertrain its acceleration     is obtained and fed back to the subsystem ‘Excitation’. 

The subsystems with their constituent parts are explained below. For clarity, specific Simulink 

blocks are denoted in bold.  

x y 

z 

x1,   1,   1 

ki, ci 

x2,   2,   2 

m 
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Figure 5.2. Simulink model including three SDEs in the longitudinal direction. 

5.3.2.1 Excitation 

The subsystem labeled ‘Excitation’, shown in Figure 5.3, primarily consists of two second-level 

subsystems, ‘Body’ and ‘Powertrain’. In the second-level subsystem ‘Body’ (Figure 5.4a), the 

longitudinal acceleration from the maneuver ‘Braking from 120 km/h’ as measured on the front 

axle carrier is fed to the system from a record file. Using an Integrator, the acceleration signal is 

integrated to produce the velocity    . A second Integrator is used to produce the displacement 

  . The second-level subsystem ‘Powertrain’ (Figure 5.4b) is constructed similarly, producing 

velocity     and displacement    from the acceleration of the powertrain    , given by In1. The 

velocity and displacement terms from both second-level subsystems are then subtracted in 

accordance with the terms         and           in Eq. (5.1) to provide the velocity (Out1) 

and displacement (Out2) to the SDEs (Figure 5.3). 

 

Figure 5.3. Constituent parts of the subsystem ‘Excitation’.  
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Figure 5.4. Constituent parts of the second-level subsystems ‘Body’ (a)  

and ‘Powertrain’ (b) in the subsystem ‘Excitation’.  

5.3.2.2 Mounts 

The SDEs are composed of the same elements, however with the respective mount properties. 

Hence, the subsystems are described collectively using the torque rod as an example. The 

subsystems labeled ‘SDE Engine mount’ and ‘SDE Transmission mount’ are illustrated in 

Appendix B1. The constituent parts of the ‘SDE Torque rod’ are shown in Figure 5.5. The inputs 

consist of the established velocity, In1, and displacement, In2, the output of the subsystem is the 

respective mount force, Out1. 

 

Figure 5.5. Constituent parts of the subsystem ‘SDE Torque rod’.  

The previously determined velocity is fed to the damper, here modeled as Gain with damping 

constant    , providing the mount’s damping force. This is subsequently added to the spring force 

as calculated using an Embedded MATLAB Function, Eq. (5.2). As the static stiffness of the 

elastomer is non-linear, the spring force f1 is interpolated for the input displacement x1 within 

the elastomer’s stiffness characteristic given by x and f. As the course of the static stiffness 

behaves approximately linear towards the upper and lower end of the defined range, exemplified 

in Appendix B2, values outside the given range are approximated using linear extrapolation.  

 f1 = interp1(x,f,x1,'linear','extrap') (5.2) 
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5.3.3 Model verification 

The simulated mount forces are exported as arrays to MATLAB using To File. For the purpose 

of clarity, this has not been included in the illustrations above. As previously mentioned, the 

input of the model is the longitudinal acceleration signal as measured on the front axle carrier 

during ‘Braking from 120 km/h’. For verification, the simulated longitudinal and vertical mount 

forces are hence compared to those measured during this maneuver.  

Figure 5.6 shows the measured torque rod force and the equivalent simulated force for the time 

interval of braking, referenced to the maximum value of the measured force. The corresponding 

comparisons for the engine and transmission mounts are shown in Appendix B3. The principal 

courses of both signals correspond satisfactorily. However, the measured signal varies 

significantly at the beginning of braking. This can be assigned to the difference between the 

movement of the front axle carrier and that of the powertrain. As the latter is mounted with 

elastomers, its movement is decoupled from the body, hence causing enlarged initial oscillations. 

The frequencies of these are vaguely recorded at the POM on the front axle carrier, the 

amplitudes, however, are dampened by the elastomers. This is hence seen in the comparison 

between the force signal as measured in the mount, and that as deduced from the front axle 

carrier input.  

 

Figure 5.6. Comparison between the measured and the simulated force in the torque rod. 

Additionally, the approximated vertical reaction forces in the engine and transmission mounts 

are compared to the measured equivalents, exemplified for the engine mount in Figure 5.7. The 

reference signal      is the maximum value of the measured vertical engine mount force. For the 

sake of clarity, the corresponding comparison for the transmission mount is appended in 

Appendix B4. As shown, the curves coincide satisfactorily regarding the overall magnitude of 

the signals. Additionally, the measured signal oscillates significantly at approximately 1 s. This 

behavior is equivalent to that seen in the torque rod, indicating a distinct movement of the 

powertrain.  
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Figure 5.7. Comparison between the measured and the simulated vertical force in the engine mount. 

5.3.4 Model validation 

In addition to the verification performed in the previous section, the model is validated by 

simulation with input data from an alternative repetition of the maneuver ‘Braking from 120 

km/h’. Figure 5.8 shows the comparison between the measured and the simulated force in the 

torque rod. The signals are referenced to the maximum value of the measured force. The 

corresponding comparisons for the engine and transmission mounts are shown in Appendix B5. 

 

Figure 5.8. Comparison between the measured and the simulated force in the  

torque rod during an alternative maneuver repetition. 
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Equivalently to the previous maneuver repetition, the general course of the curves coincides 

adequately, with significant oscillations seen in the measured signal at the start of the braking 

procedure. The frequencies are here seen to correspond as well, with the amplitudes of the 

simulated signal lower than those of the measured force. 

Figure 5.9 shows the correspondence between the measured and the simulated vertical reaction 

force in the engine mount. The maximum value of the measured force is used as the referential 

value of the two signals. The equivalent figure for the transmission mount is shown in Appendix 

B6. 

 

Figure 5.9. Comparison between the measured and the simulated vertical force in the  

engine mount during an alternative maneuver repetition. 

In accordance with the comparison made for the previous maneuver repetition, the vertical forces 

in the engine mount as measured and simulated correspond in their principal behavior. The 

frequencies are shown to coincide as well. Overall, the model provides satisfactory simulations 

of the longitudinal and vertical loads caused by the longitudinal acceleration.  

5.3.5 Conclusions 

The results shown above imply a satisfactory approximation of the loads in the engine mount 

system when subjected to longitudinal acceleration. Given the low number of factors included in 

the model, the quality is acceptable and is used for further work. 

5.4 Extended model for drive shaft torque on even road 

5.4.1 Modeling approach 

In order to maintain the low level of complexity of the previously established model, the system 

of interest, consisting of powertrain, mounts and body, is inherited. In this case, the mounts are 

influenced by the torque turning the powertrain instead of the accelerated body. The torque 

around the roll axis, at the height of the powertrain’s CG, turns the powertrain with an angle  , 

an angular velocity    and angular acceleration   . This causes a displacement of the mounts in all 

three directions. Here, only the longitudinal loads are simulated. The vertical forces in the engine 



38 

and transmission mounts are then calculated in accordance to Section 3.6. The lateral loads are, 

as mentioned in Section 1.3, not investigated here. An analogous mass-spring-damper 

representation is presented in Figure 5.10. 

 

Figure 5.10. Simplified side view of the powertrain with the torque turning it  

about its roll axis (here illustrated parallel to the y-axis). 

The motion of the powertrain is described in Eq. (5.3) and Eq. (5.4). In order to deduce the 

longitudinal forces in the mounts, the angular displacement and velocity of the SDEs are 

converted to translational movement in the x-direction so as to comply with the stiffness 

characteristics of the mounts. The trigonometric conversion between angular and translational 

displacement is for the purpose of clarity derived and illustrated in Appendix B7. The resulting 

equation, exemplified for the torque rod, is given by Eq. (5.5), with     as the distance between 

the CG of the powertrain and the attaching point of the torque rod, and     as its angle to the 

vertical axis. 

                    (5.3) 

                  (5.4) 
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For small values of  
 

 
 and    , simplifications according to Eq. (5.6) and Eq. (5.7) are made and 

Eq. (5.5) can be reduced to only depend on     and  , see Eq. (5.8). Correspondingly, the 

translational velocity is given by Eq. (5.9). 
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As the implementation of the approximated translational movement is dependent on the turning 

angle of the powertrain as generated by the model, it is necessary to ensure that the 

simplifications made apply to the system at hand. Therefore, the system is initially modeled 

using the trigonometric conversion according to Eq. (5.5). After the analysis of the resulting 

angle  , the simplified approach corresponding to Eq. (5.8) and Eq. (5.9) is adopted, provided 

that Eq. (5.6) and Eq. (5.7) apply. This reduces the complexity of the model, which is 

continuously sought after. 

5.4.2 Modeling implementation 

Analogous to Chapter 4, the effects of the longitudinal acceleration and the drive shaft torque are 

investigated separately. Therefore, the model established in Section 5.3 is compiled to the system 

‘Longitudinal acceleration’ and an additional system, ‘Drive shaft torque’, is created in 

accordance with Section 5.4.1. The extended model is shown in Figure 5.11. For the sake of 

clarity, the calculations of the vertical reaction loads in the engine and transmission mounts are 

shown in Appendix B8. 

 

Figure 5.11. Simulink model including the longitudinal acceleration and the  

drive shaft torque as separate subsystems. 

The system ‘Drive shaft torque’ is set up in accordance with Eq. (5.3) and Eq. (5.4) and is 

presented in Figure 5.12. It consists of two subsystems: the subsystem labeled ‘Excitation’ 

provides angular displacement and angular velocity to the subsystem labeled ‘SDE Torque rod’. 

In order to establish a model as simple as possible, the simplifications as investigated in Section 

4.3 are implemented here. Hence, the longitudinal forces in the engine and transmission mounts 

are approximated by using factors (Gain) corresponding to their lateral position in regard to the 

torque rod. This reduces the number of necessary subsystems in the model. The forces of the 

three mounts are then multiplied by their respective levers (Gain) to establish the total torque 

acting on the powertrain. This is equivalent to the right side of Eq. (5.3). By dividing the torque 

with the powertrain’s moment of inertia, its angular acceleration     is obtained and fed back to 

the subsystem ‘Excitation’ in the next iteration. The subsystems with their constituent parts are 

explained below.  



40 

 

Figure 5.12. Constituent parts of the subsystem ‘Drive shaft torque’. 

5.4.2.1 Excitation 

The subsystem labeled ‘Excitation’, shown in Figure 5.13, is constructed similar to the 

corresponding subsystem in Section 5.3. It consists of two second-level subsystems, ‘Torque’ 

and ‘Powertrain’. In the second-level subsystem ‘Torque’ (Figure 5.14a), the accumulated drive 

shaft torque is fed to the system from a record file. By use of a Gain corresponding to the 

division by the powertrain’s moment of inertia around the y-axis, the angular acceleration is 

calculated. Using an Integrator, the acceleration signal is integrated to produce the angular 

velocity    . A second Integrator is used to produce the angle   . The second-level subsystem 

‘Powertrain’ (Figure 5.14b) is constructed similarly, producing the angular velocity       and 

angle      from the acceleration of the powertrain       (In1) as obtained in the previous 

simulation step. The angular velocity and angle from both second-level subsystems are then 

subtracted to provide the angular velocity     (Out1) and angle    (Out2) to the torque rod 

(Figure 5.13). 

 

Figure 5.13. Constituent parts of the subsystem ‘Excitation’.  
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Figure 5.14. Constituent parts of the second-level subsystems ‘Torque’ (a)  

and ‘Powertrain’ (b) in the subsystem ‘Excitation’.  

5.4.2.2 Torque rod 

The torque rod is constructed similarly to the SDEs described in Section 5.3.2.2 and is shown in 

Figure 5.15. The inputs consist of the established angular velocity, In1, and angle, In2, the 

output of the subsystem is the mount force, Out1. As previously described, the trigonometric 

conversion of the angular to translational movement is included as a second-level subsystem: 

‘Trigonometric conversion’ corresponds to Eq. (5.5) and is shown in detail together with its 

derivation in Appendix B7. The displacement is multiplied with the angular velocity according 

to Eq. (5.9) to obtain the translational velocity. The interpolation of the spring force is equivalent 

to Section 5.3.2.2 and is compiled to the second-level subsystem ‘Spring constant k_tr’.  

 

Figure 5.15. Constituent parts of the subsystem ‘SDE Torque rod’.  

5.4.3 Model verification 

The established model is verified successively. First, the loads obtained in the system ‘Drive 

shaft torque’ are compared to the torque-induced forces calculated in Section 4.3. Thereafter, the 

total forces of both effects are compared to the measured equivalents. Lastly, the simulated 

vertical reaction forces in the engine and transmission mounts are compared to the corresponding 

measured loads.  

5.4.3.1 Torque effect 

For initial verification, the simulated torque-induced forces, i.e. the resulting forces of the system 

‘Drive shaft torque’, are compared to the equivalent forces calculated in Section 4.3 (Eq. 4.8). 

Figure 5.16 shows the calculated and simulated torque-induced force in the torque rod for the 

time interval of the acceleration, referenced, for the purpose of consistency, to the maximum 
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value of the measured signal      . As shown, the principal courses of the signals coincide 

satisfactorily. However, the simulated signal oscillates with high frequency and amplitude, 

indicating instabilities in the model. The signals corresponding to the engine and transmission 

mounts behave similarly and are shown in Appendix B9.  

 

Figure 5.16. Comparison between the calculated and simulated torque-induced force in the torque rod. 

The instability of the system causing the oscillations is led back to the trigonometric conversion. 

As the angle of the powertrain   lies within the interval for small-angle approximation, the 

simplifications described in Section 5.4.1 are applied and the second-level subsystem 

‘Trigonometric conversion’ is replaced by a Gain corresponding to    . Similarly, the angular 

velocity is multiplied with     in accordance with Eq. (5.9). The simplified subsystem ‘SDE 

Torque rod’ is shown in Figure 5.17. 

 

Figure 5.17. Constituent parts of the simplified subsystem ‘SDE Torque rod’.  

The resulting torque-induced force in the torque rod as obtained with the modified model is 

shown in Figure 5.18, referenced to the maximum measured longitudinal load. The oscillations 

are reduced and the correspondence of the signals is easier determined. As shown, the signals 

coincide satisfactorily, verifying the overall modeling approach as well as the applicability of the 

small-angle approximation. The corresponding comparisons of the engine and transmission 

mounts are shown in Appendix B10. 
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Figure 5.18. Comparison between the calculated and the simulated torque-induced force in the torque rod  

without the trigonometric conversion of the powertrain angle. 

5.4.3.2 Total longitudinal forces 

After verification of the loads resulting from the drive shaft torque, the total loads caused by both 

effects are compared to the measured forces in the x-direction. Figure 5.19 shows the comparison 

between the simulated and the measured longitudinal force in the torque rod, referenced to the 

maximum value of the latter. The corresponding verifications for the engine and transmission 

mounts referenced to the minimum value of the respective measured force are shown in 

Appendix B11. 

 

Figure 5.19. Comparison between the measured and the simulated longitudinal force in the torque rod. 
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The figure indicates an overall satisfactory correspondence between the respective longitudinal 

forces. As seen, the simulated signal oscillates significantly in reaction to each gear shift, which 

is assigned to the reaction of the model to the sudden change in the excitation. For the purpose of 

a simple model, the assumptions and simplifications made so far are adapted for further work. 

However, these need to be considered and possibly reevaluated when applying the established 

model to other maneuvers and vehicles. 

5.4.3.3 Vertical forces 

The simplified model is used to calculate the vertical loads in the engine and transmission 

mounts. These calculations have for the sake of clarity not been shown in the illustrations of the 

Simulink model in Section 5.4.2. Instead, they are included in Appendix B8. Figure 5.20 shows 

the comparison between the measured vertical load and the simulated equivalent.      is the 

maximum value of the measured force. The corresponding comparison for the vertical load in the 

transmission mount is shown in Appendix B12. Equivalent to the results obtained in Section 

4.3.3, the simulated forces deviate slightly from the measured forces. However, considering the 

level of the complexity of the model, the approximations of the vertical loads are satisfactory. 

 

Figure 5.20. Comparison between the calculated and simulated vertical force in the engine mount. 

5.4.4 Model validation 

In addition to the model verification, the model is validated by simulation with a different 

repetition of the maneuver. The model is used in its simplest form, including the small-angle 

approximation, with the alternative maneuver’s corresponding acceleration and torque signals.  

Figure 5.21 shows the comparison between the total longitudinal force as simulated and 

measured in the torque rod during an alternative repetition of the maneuver ‘Acceleration from 

1
st
 to 4

th
 gear’. The signals are referenced to the maximum value of the measured force. For the 

sake of clarity, the comparisons of signals in the engine and transmission mounts are presented 

in Appendix B13. As shown, the signals coincide adequately here as well, indicating a valid 

modeling approach.  
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Figure 5.21. Comparison between the measured and simulated longitudinal force in the  

torque rod during an alternative maneuver repetition. 

The simulated vertical force in the engine mount is verified by comparison to its measured 

equivalent, as shown in Figure 5.22. The corresponding comparison of the vertical loads in the 

transmission mount is shown in Appendix B14. The maximum values of the measured forces are 

used as respective reference signals. Equivalent to the results presented in Sections 4.3.3 and 

5.4.3, the simulated force in the engine mount lies slightly above the measured signal, whereas 

the corresponding transmission force in general lies below the measured signal. 

 

Figure 5.22. Comparison between the calculated and simulated vertical force in the  

engine mount during an alternative maneuver repetition. 
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5.4.5 Conclusions 

The extended model includes the effect of the drive shaft torque on the engine mount system. It 

is modeled separately so as to establish an intuitive model. In the corresponding subsystem, the 

longitudinal loads in the engine and transmission mounts are approximated by multiplying the 

torque-induced force in the torque rod with the reciprocal ratio of their lateral distance to the 

torque rod. This is shown to be a valid approach as the simulated forces correspond satisfactorily 

with the theoretical values. Additionally, the model’s level of numerical complexity is reduced 

by using a small-angle approximation for the trigonometric conversion from the angular to the 

translational displacement of the powertrain. This reduces the oscillations of the simulated 

signals, enabling a clearer evaluation of the results. The simulated longitudinal loads are hence 

seen to correspond well with the measured forces, verifying the analytical as well as the 

modeling approach. The vertical forces in the engine and transmission mounts in reaction to the 

angled force of the torque rod are calculated so as to further verify the effect of the drive shaft 

torque.  

The behavior of the model is similar in regard to the maneuver repetitions. The longitudinal 

forces can be simulated to high accuracy, the vertical forces deviate marginally from the overall 

signal. The latter indicates either that the approximation is not fully applicable or that further 

effects influence the vertical load. However, considering the level of complexity of the model, 

these results are satisfactory and can be used for further analysis. 

5.5 Extended model for road surface excitation 

As described in Sections 4.4 and 5.2, the model, and hence the system of interest, is to be 

expanded to include relevant factors influencing the vehicle’s behavior in response to an uneven 

road surface. For one, the mounts’ elastokinematic properties in the vertical direction are of 

interest, as they affect the vertical motion of the powertrain induced by road irregularities. 

Additionally, the stiffness and elasticity of the drivetrain, as well as the clearances in the 

transmission and clutch are to be taken into account, as these define the extent to which the 

drivetrain is pre-stressed. Lastly, the effect of the body’s stiffness can be included in the model 

as well. Due to the limited time frame of this thesis, these steps are included in the 

recommendations for future work as described in Section 7.1.  
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6 DISCUSSION AND CONCLUSIONS 

A discussion of the choices, simplifications and corresponding results of this master thesis are 

presented in this chapter. Additionally, the overall conclusions of the thesis are listed.  

6.1 Discussion 

6.1.1 General approach 

The overall approach of this thesis concerns the analysis of a maneuver causing design relevant 

longitudinal loads in the engine mount system. Three primary effects are said to cause these 

loads: the longitudinal acceleration of the vehicle and subsequently the powertrain, the drive 

shaft torque turning the powertrain, and the uneven road surface causing oscillations in the 

vehicle. These effects are examined individually to ensure a correct analysis. Each effect is 

hence verified and validated using measurement data obtained from maneuvers consisting of the 

successive effects. In order to maintain a low level of complexity of the resulting method, a 

quasistatic approach to the powertrain’s behavior is used. However, when analyzing the effect of 

road irregularities, the quasistatic representation is no longer sufficient. Instead, the 

elastokinematic properties in the vehicle need to be assessed. In order to do so, a model is 

established. In accordance with the analytical approach, each effect is modeled, verified and 

validated successively. However, the implementation of the necessary factors for the analysis of 

road irregularities is part of the recommended future work as presented in Chapter 7. 

The above-mentioned approach is deemed methodologically satisfactory. However, certain 

choices made during the thesis can be discussed so as to present alternative proceedings. For 

example, the calculations and simulations performed in this thesis are based on and compared to 

measurement data. Simulation data has for the purpose of consistency as well as scope limitation 

not been regarded. However, as they provide a broader database, the verification and validation 

of the successive modeling steps could be performed with more repetitions so as to guarantee 

statistical confidence of the obtained results. Additionally, the transferability of the model to 

other vehicles, as discussed in Section 7.2, can be tested for the intermediate stages of the 

modeling process using simulation data.  

The choice of input measurement signals can be discussed. The longitudinal acceleration is 

measured on the front axle carrier and the torque is measured on the respective drive shafts. 

Alternative POMs include the acceleration measurement on the B-pillar and the torque 

measurements in the wheels. However, both signals are further away from the system of interest 

than those used, which presents the risk of additional losses due to stiffnesses and elasticities in 

the components.  

Further, it is assumed that the input signals used in this thesis, i.e. the acceleration and the 

torque, behave similarly for all vehicles of interest. This is relevant when applying the 

established model to new vehicles or follow-up derivatives. Hence, the signals used in this thesis 

are aimed to be applied for other vehicles as well, however with certain modifications: for 

example, as the nominal torque varies between different vehicles the torque signal needs to be 

scaled or equivalently adapted.  

6.1.2 Simplifications 

The calculations and model established in this thesis are based on a number of assumptions and 

simplifications, reducing the overall level of complexity yet providing satisfactory results. For 

example, in the modeling approach applied so far, the system is limited to consist of the 

powertrain, the engine mount system and the connecting body. This simplification is made so as 
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to create a model with as few components and properties as possible. As the results correspond 

to the measured forces, this approach is deemed adequate.  

An additional simplification made concerns the roll axis of the powertrain. It is for the purpose 

of this thesis assumed to maintain its position and orientation as calculated in Appendix A2. 

However, as the kinematic positions of the mounts vary throughout the maneuvers, the position 

and orientation of the roll axis change accordingly. On the other hand, the results obtained with 

this simplification are satisfactory. Additionally, as the roll axis is orientated at an angle to all 

three axes, the powertrain’s moment of inertia must be considered accordingly. For the purpose 

of simplicity however, the moment of inertia as defined around the lateral axis of the vehicle is 

used for calculation and simulation.  

Further, the mounts’ respective stiffness properties are defined for a certain range of loads and 

displacements. Values outside the given range are approximated using linear extrapolation, as 

the curves behave linearly toward the end of the range. As the results show satisfactory 

correspondence with the measured values, the extrapolation is deemed adequate. However, 

similar to all other simplifications, this is a source of inaccuracy which must be considered 

during further analysis and result interpretation. 

The measured loads displayed in this thesis show oscillations during the course of each 

maneuvers. These correspond to vibrations with high frequency and low amplitude. These are 

however not relevant for the examination in this thesis. The oscillations arising in the vehicle, for 

example as caused by the combustion process in the engine, have been neglected in this thesis. 

This is done as the focus of this thesis lies in the prediction of the design relevant loads as 

obtained from high incidental loads.  

Further, any lateral effects have been neglected in this thesis. These can influence the loads in 

the other direction as the powertrain behaves differently. However, for the maneuvers at hand 

this seems to have had little effect.  

Further effects have not been simulated. Hence, the applicability to other maneuvers is not 

guaranteed. However, it is deemed reasonable to assume that additional effects occurring in other 

maneuvers need to be modeled and adequately integrated in the current model.  

6.1.3 Measurements 

When regarding measurement results in comparison with their corresponding calculated and 

simulated equivalents, the possibility of measurement inaccuracy must be kept in mind. 

Additionally, external factors such as weather and temperature conditions can have an effect on 

the measurement results. Further, vehicle-internal factors such as the current mass of the 

powertrain (including oil, cooling fluid etc.) and the conditions of the mounts can have an 

influence. These uncertainties need to be considered when assessing the validity of the calculated 

and simulated results.  

As the measurement constellations in the test vehicle can vary between measurement occasions 

and maneuvers, the uncertainty in the correspondence between the theoretical parameters used 

for the approximations in this thesis and the actual positions and parameters in the test vehicle 

must be considered. Additionally, the location of the POMs can have an influence on the results 

as well as on further work. The POM of the drive shaft torque has not been determined. Hence, 

any properties dependent on this information need to be evaluated.  
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6.2 Conclusions 

 Longitudinal and vertical loads in the engine mount system of the MCS-1, as caused by 

longitudinal acceleration, drive shaft torque and the combination thereof, can be 

predicted using simple calculations and simulation models.  

 The longitudinal forces can be simulated to high accuracy, the vertical forces deviate 

marginally from the measured signals.  

 In order to obtain the forces in the longitudinal and vertical direction as caused by road 

irregularities an extension of the current model is recommended.  

 The transferability to other vehicles ought to be examined. 

 It is advised to determine the sensitivity of the predicted loads to variations of the system 

parameters. 
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7 RECOMMENDATIONS AND FUTURE WORK 

An overview of recommended further progress and future work is presented in this chapter.   

7.1 Model extension 

The established model is to be extended so as to include the effect of road irregularities. This is 

implemented by adding relevant factors, such as the stiffness properties of the body and certain 

drive train components, the clearances in the transmission and clutch, as well as lateral effects. 

However, the added factors and subsequent models need to be evaluated in regard to the level of 

complexity of the model as it is to be used in the early phase of the PDP. Hence, the data 

necessary for the successful prediction of the relevant loads needs to be available at this stage. 

Thereafter, the model can be verified and validated using measurement data of the ‘Acceleration 

over a level crossing’.  

7.2 Transferability analysis 

In addition to the model extension to include the effect of road irregularities, the model needs to 

be validated for the MCS-2. For one, this can be done with the existing measurements of the 

‘Acceleration over a level crossing’. Alternatively, the maneuvers ‘Braking from 120 km/h’ and 

‘Acceleration from 1
st
 to 4

th
 gear’ can be performed with the MCS-2 in order to investigate the 

transferability of the existing model consisting of the longitudinal acceleration and the drive 

shaft torque.  

In order to guarantee a valid transfer to the MCS-2, and subsequently other vehicles, the relevant 

differences between the MCS-1 and MCS-2 need to be listed and taken into account. 

Additionally, simplifications and assumptions made in the course of this thesis need to be 

reevaluated and, if necessary, altered to comply with the vehicle at hand. 

7.3 Sensitivity analysis 

Future work in this area should include the analysis regarding the sensitivity of the resulting 

loads to variations of the respective parameters. Additionally, it is of interest to investigate to 

which extent the parameters affect one another. This is relevant for the design process as changes 

to certain properties can have significant effects on the resulting loads, either directly or by 

influencing other parameters. An analysis should for the sake of completeness be devised using 

design of experiments (DOE), and can be performed using the model established in this thesis. 

However, it is deemed reasonable to first extend the model so as to include the effect of road 

irregularities and to ensure valid conclusions regarding the design relevant loads. Alternatively, 

the sensitivity analysis can be performed using existing simulation models.  
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APPENDIX A: SUPPLEMENTARY INFORMATION  
TO CHAPTER 4 

A1: Comparison between the measured and calculated vertical force in the transmission mount 

during Braking from 120 km/h. 

 

A2: Calculations of the position and orientation of the powertrain’s roll axis and the vertical 

levers to the respective mounts. 

 
%% Geometrical data 

  
load('Positions.mat') 

  
CG = Positions(:,1); % [m]  
TR = Positions(:,2); % [m]   
EM = Positions(:,3); % [m]        
TM = Positions(:,4); % [m]            

  
%% Determination of roll axis position in z 

  
% Distance from CG to the respective mounts in z 
CG_TR_z = TR(3)-CG(3); % [m] Distance from CG to TR in z 
CG_EM_z = EM(3)-CG(3); % [m] Distance from CG to EM in z 
CG_TM_z = TM(3)-CG(3); % [m] Distance from CG to TM in z 

  
% Roll axis through CG parallel to mount positions 
slope = (EM(3)-TM(3))/(EM(2)+abs(TM(2))); % [-] Slope of the roll axis  
CG_RA_TR_z = slope*(TR(2)-CG(2)); % [m] Distance from CG to roll axis over TR 
CG_RA_EM_z = slope*(EM(2)-CG(2)); % [m] Distance from CG to roll axis under 

EM 
CG_RA_TM_z = slope*(TM(2)-CG(2)); % [m] Distance from CG to roll axis under 

TM 
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%% Calculation of levers in z 
RA_TR_z = CG_TR_z - CG_RA_TR_z; % [m] Distance from roll axis to TR in z 
RA_EM_z = CG_EM_z - CG_RA_EM_z; % [m] Distance from roll axis to EM in z 
RA_TM_z = CG_TM_z - CG_RA_TM_z; % [m] Distance from roll axis to TM in z 

 

A3: Proportions of the force components in comparison to the measured force in the 

transmission mount during Acceleration from 1
st
 to 4

th
 gear. 

 

A4: Comparison between the torque-induced forces in the transmission mount as  

calculated from measurement and approximated from the force in the torque rod during the 

Acceleration from 1
st
 to 4

th
 gear. 
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A5: Comparison between the measured and calculated vertical force in the transmission mount 

during the Acceleration from 1
st
 to 4

th
 gear. 
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APPENDIX B: SUPPLEMENTARY INFORMATION  
TO CHAPTER 5 

B1: Subsystems ‘SDE Engine mount’ and ‘SDE Transmission mount’ as included in the 

Simulink model for the longitudinal acceleration.  

 

SDE Engine mount: 

 

 

SDE Transmission mount: 
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B2: Typical static spring stiffness characteristic used in this thesis. Values outside the shown 

ranges are extrapolated. 

 

B3: Comparison between the measured and the simulated force in the engine and transmission 

mounts respectively during Braking from 120 km/h. 
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B4: Comparison between the measured and the simulated vertical force in the transmission 

mount during Braking from 120 km/h. 
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B5: Comparison between the measured and the simulated force in the engine and transmission 

mounts respectively during an alternative maneuver repetition of Braking from 120 km/h. 
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B6: Comparison between the measured and the simulated vertical force in the transmission 

mount during an alternative maneuver repetition of Braking from 120 km/h. 

 

B7: Derivation of the trigonometric conversion between angular and translational displacement 

with corresponding Simulink implementation. 

The torque rod is connected to the powertrain with a distance     and angle     from the 

powertrain’s CG, as illustrated in Figure A. During acceleration, the powertrain turns about its 

CG with angle  , see Figure B. 

A: B: 

  
  

x y 

z 

  

    

    

x y 

z 

z z 
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This movement causes an angled displacement of the mounts, here shown for the torque rod, in 

Figure C below denoted with C and given by Eq. (B.1). The translational displacement, here 

denoted with xtr and illustrated in Figure D, is then given by Eq. (B.3) using the angle   as given 

in (B.2). 

C: D: 

   

            
 

 
  (B.1) 

     
 

 
 

 

 
   

 

 
          

 

 
 (B.2) 

                
 

 
  (B.3) 

 

Simulink implementation of the trigonometric conversion above: 
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B8: Simulink model for the longitudinal acceleration and drive shaft torque, including the 

components for the calculation of the vertical reaction forces. 

 

 
 

B9: Comparison between the calculated and simulated torque-induced force in the engine and 

transmission mounts respectively during Acceleration from 1
st
 to 4

th
 gear. 
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B10: Comparison between the calculated and simulated torque-induced force in the engine and 

transmission mounts respectively during Acceleration from 1
st
 to 4

th
 gear, without trigonometric 

conversion of the powertrain angle  
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B11: Comparison between the measured and the simulated longitudinal force in the engine and 

transmission mounts respectively during the Acceleration from 1
st
 to 4

th
 gear. 
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B12: Comparison between the calculated and simulated vertical force in the transmission mount 

during the Acceleration from 1
st
 to 4

th
 gear. 
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B13: Comparison between the measured and simulated longitudinal force in the engine and 

transmission mounts respectively during an alternative maneuver repetition of the Acceleration 

from 1
st
 to 4

th
 gear. 
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B14: Comparison between the calculated and simulated vertical force in the transmission mount 

during an alternative maneuver repetition of the Acceleration from 1
st
 to 4

th
 gear. 

 

 
 


