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Abstract
The Performance and Driveability team at Volvo Cars Corporations works to ensure a
smooth and comfort ride for the vehicle occupants. This includes to isolate longitudinal
vibrations that can be perceived as disturbing. This thesis focuses on finding a modal
requirement on the engine set-up that can declare the time domain performance regard-
ing vibration isolation. A parametric study has been conducted to see how deviations in
parameter values affect the performance of the driveline configuration. This was done
with the Latin Hypercube Sampling method to generate designs that was simulated in
Adams View. From Adams, modal data and time domain data were obtained and the per-
formance was evaluated by using the vibration dose value in the longitudinal direction,
which is known to be a good measurement of comfort in vehicles.

Modal kinetic energy and participation factors are shown to be good measurements of
the coupling between eigenmodes, and their different terms are tried as modal require-
ment. No definitive value was obtained but an idea is that a combination of different
modal terms could perform well regarding correlation. The parametric study shows that
inertia properties heavily influence the performance of the engine set-up and that a well
performing set-up is less sensitive to variations than a worse performing one. In addition,
this thesis work has provided a framework for modal analysis that can be used by Volvo
Cars Corporations in further research within this subject or for other purposes.

Keywords: Vibration isolation, Driveline installation, Modal kinetic energy, Participation
factor, Modal analysis, Adams View, Rigid body dynamics, Spearman’s rank correlation.
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Nomenclature

Below is the nomenclature of acronyms and symbols that have been used throughout this
thesis.

Acronyms

COG Centre Of Gravity

DOE Design Of Experiments

DOF Degree Of Freedom

LHS Latin Hypercube Sampling

RMQ Root Mean Quad

RMS Root Mean Square

VCC Volvo Car Corporation

VDV Vibration Dose Value

Symbols

θ Rotational DOF around y-axis

ρ Spearman’s correlation number

Φ Matrix with eigenmodes

ϕ Rotational DOF around z-axis

ψ Rotational DOF around x-axis

ω Eigenfrequency

A Rotation matrix

C Damping matrix

Ei j Modal kinetic energy in DOF i for mode j

F Force vector

I Inertia matrix
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Ii j Inertia terms with i, j = x,y,z

K Stiffness matrix

k Local stiffness in spring element

M Mass matrix

M Moments from spring forces

m Local mass of body

pi j Participation factor in DOF i for mode j

q State vector

R Distance from COG to spring attachment

Rx Rotation around x-axis

Ry Rotation around y-axis

Rz Rotation around z-axis

ri Dimension of body in directions i = 1,2,3

T Torque vector

t Time

U Potential energy
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1
Introduction

In this chapter, the background to the work will be introduced together with the problem
formulation and purpose of the thesis. Additionally, some limitations will be presented.

1.1 Background

Starting in 2035, a significant measure has been implemented, preventing new cars and
vans from emitting any CO2 during use, as a result of the European Parliament’s support
for the European Commission’s zero-emissions vision, which was announced in June
2022 [1]. This was made in order to be able to reach the goal of the transport sector; to be
climate neutral by 2050. Because of this, companies in the automotive industry now have
to start replacing the combustion engines with electrical engines. For Volvo Cars Cor-
poration (VCC), the electrification has already started, and the ambition is to be a fully
electric car company already by 2030, which means a lot of new challenges [2].

The strategic direction of VCC is “Freedom to move in a Personal, Sustainable and Safe
way”. Personal includes the users’ final experiences of the cars, such as the comfort and
noise when driving, as well as the vehicle dynamics. One of the challenges is to continue
to enable a smooth and comfortable ride for the passengers. This is one of many things
that the Performance & Drivability and Charging Performance team, which is a part of
the Personal Centre within Research & Development at VCC, is responsible for. One way
of doing this is to try to verify and predict the longitudinal vehicle characteristics. This
includes the dynamical behaviour of the engine and how to predict the transients affecting
the occupants when the engine starts to move. Movement of the engine often occurs when
e.g. driving on an uneven road or a sudden speed increase, and to obtain a smooth ride,
resonance should be avoided.

Today, problems regarding vibration isolation for the driveline installation are often solved
in an early phase of the process and often by doing easy observations of modal align-
ments, i.e. a systems modal energies in different directions. By providing VCC with
requirements regarding relations between a modal quantity and the time domain perfor-
mance, the work could be simplified. Hopefully, the requirements can be formulated in a
probabilistic sense that provides a certain level of vibration isolation distribution.

Previously, different work with similar purpose has already been done. In 2020, Fed-
erico Longoni wrote his master’s thesis Powertrain Modal Analysis for the Definition of
the Requirements in the Vehicle Driveability Study and in 2022 his work was published in
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1. Introduction

a condensed format [3]. Longoni focused on finding a modal requirement by using ana-
lytical solutions and investigating the benefits of fully decoupled systems. This includes
inventing new modal properties that can declare the time domain performance. Now Lon-
goni’s work will be continued with numerical solutions as well as a parametric study of
the correlation between modal quantities and dynamic response.

1.2 Purpose
The main purpose of this thesis is to help VCC to provide a smoother ride for the vehicle
occupants. A smooth and comfort ride are important aspects in the overall impression
of the vehicle, and therefore VCC puts a lot of effort in reducing vibrations that can be
perceived as disturbing for the occupants. This thesis focuses on the early stage of the
design process and will create a fundament for further work within this research field.

The aim is to find a measurable quantity in the modal domain that can predict the time
domain performance regarding vibration isolation in certain directions for different exci-
tation modes. This allows developers to get an understanding of the dynamic behaviour
without running expensive and time-consuming simulations. When investigating the
modal characteristics, coupling phenomena will be considered to see how well differ-
ent mode shapes correlate. Additionally, design configurations containing double modes
(two modes with similar eigenfrequencies) will be investigated to see how such set-ups
tell anything about the dynamic performance.

Another aim is to carry out a sensitivity analysis to see how different design parame-
ters affect the dynamic performance of the vehicle. The value of a design parameter can
vary due to e.g. temperature, moist and dust. The intention is to see how these deviations
and uncertainties in parameter values may affect the behaviour regarding vibration isola-
tion. Another design change can be if a mass is added to the set-up. The goal is then to
easily be able to determine whether such modifications will affect the outcome poorly or
not.

To obtain the aim and fulfil the purpose, a numerical model that captures the dynamic
phenomena of a vehicle driveline installation will be provided. The findings from the
model can then be used in further research and development, enabling a smoother ride for
the vehicle occupants. To this end, the model will be implemented in a general-purpose
dynamics simulation software, to be used for other purposes as well, not only the ones
covered in the scope of this thesis.

1.3 Research questions
Taking the purpose into account, the main research questions for this thesis can be estab-
lished as follows:

1. What can be a suitable quantity in the modal domain to predict the time domain
performance regarding vibration isolation for a driveline installation?

2



1. Introduction

2. How do deviations in parameter values affect the dynamic response of an engine
set-up?

1.4 Limitations
Like every numerical model, the amount of complexity taken into account is a factor that
will affect the reliability of the final results. During this thesis, the complexity used in
the model will successively increase depending on how challenging and time consuming
the early stages of the project turned out to be. This means that no specific goal on the
amount of complexity will be decided in advance.

There are some delimitations that will be considered throughout the entire project. This
is for example that damping will not be considered in the models and simulations. Addi-
tionally, a linear approximation of the system is implemented despite non-linear behaviour
may exist. Also, only rigid bodies will be used. Further on, the scope of this project does
not cover an analysis of the complete driveline installation. Instead, simple models will
be generated to give an understanding of the fundamental dynamic behaviour of a general
system. This means that the driveline installation will be approximated as a single rigid
body that captures the most fundamental behaviour of an engine set-up. Parameter values
will be chosen strategically to get close to a standard configuration.

3
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2
Theory

This chapter describes theory about vehicle dynamics and properties used to calculate
modal quantities. Also, parameters for statistical analysis will be explained.

2.1 Vehicle dynamics

Vehicle dynamics is an engineering field that deals with motions of vehicles during dif-
ferent driving conditions [4]. The field contains models and quantities that are designed
to explain vehicle phenomena from a mechanical point of view. This chapter covers the
most important vehicle dynamics concepts used in this thesis.

2.1.1 Coordinate system
The coordinate system of a vehicle is usually defined by VCC as depicted in figure 2.1.
This means an x-direction pointing backwards, y-direction pointing to the right and z-
direction pointing upwards. Often in vehicle industries, the axes are called roll, pitch and
yaw, respectively. Note that the coordinate system in figure 2.1 shows a local system for
the powertrain. The global coordinate system is usually positioned a distance in front of
the car.

Figure 2.1: Coordinate system of a car. The red square represents the position of the
powertrain [3].

5



2. Theory

Translating this coordinate system into physical terms, some typical load cases can be
identified. This thesis mainly focuses on torque around the y-axis and force in z-direction.
The practical representation of this can be a sudden speed increase or driving over a bump
in the road.

2.1.2 Engine mounts
There are different types of engine mounts used in the vehicle industry. One way to rep-
resent them is by using bushing elements. A bushing can be considered as an anisotropic
concentrated spring with different stiffnesses in all different degrees of freedom, DOFs.
This means that the local stiffness matrix for a bushing can be expressed as

K =


kxx 0 0 0 0 0
0 kyy 0 0 0 0
0 0 kzz 0 0 0
0 0 0 kψψ 0 0
0 0 0 0 kθθ 0
0 0 0 0 0 kϕϕ

 (2.1)

In many vehicles, a typical engine set-up consists of 3-5 bushing elements placed strategi-
cally to ensure a good performance. The location of the bushings as well as the orientation
of the principal axes will contribute to a stiffness matrix in global coordinates with off-
diagonal terms as well. To obtain a full stiffness matrix for the model, all local stiffness
matrices are added together. This is permitted according to the law of superposition.

The bushing elements can look different. One type is like a cushion that the engine rests
on which restricts the motion in that point. Other shapes can be rigid rods connected be-
tween the driveline installation and the chassis of the car. These are usually stiff in one
end making it possible to assume the bar as one bushing element as well. All bushing
elements are usually made of rubber or elastomers which provides a degree of damping,
but that is neglected in this thesis work.

2.2 Modal analysis
Modal analysis is a commonly used process for determining dynamical attributes in the
frequency domain of a system. This includes eigenfrequencies, eigenmodes and damping
factors, which are also known as the system’s modal data [5]. The modal data is used to
determine the dynamical behaviour of a body.

2.2.1 Modal coordinates
To determine the properties of a general system, the equation of motion for free vibration
is used

Mq̈+Cq̇+Kq = 0 (2.2)

where M, C and K are the mass, damping and stiffness matrices, respectively. The vector
q is the state vector containing all DOFs for the system. In this thesis work, damping will

6



2. Theory

be neglected meaning that C = 0. If harmonic motion is assumed, an ansatz for the state
vector q can be made as

q = Φcos(ωt) (2.3)

Performing the derivatives in equation (2.2) and letting the system be undamped, the
following eigenvalue problem can be formulated as

(K−ω
2M)Φ = 0 (2.4)

where ω denotes the natural frequency and Φ denotes the corresponding eigenmode or
mode shape. For a rigid body system, the number of eigenvalues corresponds to the num-
ber of DOFs [6]. To avoid getting a trivial solution Φ = 0, the eigenvalues are calculated
as the algebraic equation below.

det(K−ω
2M) = 0 (2.5)

This gives the eigenfrequency ωi for the i:th mode which makes it possible to calculate
the mode shape Φi. Note that the eigenmode is not a unique solution. It can be multiplied
with a constant multiplier and still solve equation (2.4). For convenience, the mode shape
is normalized.

For the time domain solution, a combination of the different mode shapes is used. From
equation (2.3), it can be extracted that the motion in DOF k for an N-DOF system is a
combination of every mode shape in line with the following equation [6]

qk(t) =
N

∑
i=1

Φ
(k)
i cos(ωit) (2.6)

where Φ
(k)
i means DOF k of mode i. In the equation above, every mode shape with its

natural frequency contributes to a movement for every DOF. This indicates that the cou-
pling of modes and their impurity in a specific direction may be interesting to evaluate
the dynamic performance. Two quantities that use the eigenmodes to describe a systems
behaviour are Participation factors and Modal kinetic energy, which will be further ex-
plained in the following sections.

2.2.2 Participation factors
Participation factors are nondimensional scalars that can be used as a measurement to
describe the contribution of a specific mode to a specific state [7]. With other words, it
is a factor that expresses the amount of movement in a specific direction for a specific
mode. One way of using it is to describe the coupling between a system’s eigenmodes.
The expression for the participation factor in mode k and state i is defined as

pki := φ
L
ikφ

R
ki (2.7)

where φ L
ik is the left eigenmode and φ R

ki is the right one. The term φ R
ki corresponds to Φ

(k)
i

in equation (2.6) but it is written with index notation for convenience. The definition of
the left and right eigenmode is
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[ΦL][ΦR] = [I] (2.8)

where I is the identity matrix. This means that ΦR can be considered as the regular
eigenmode matrix that is solved for in equation (2.4) and ΦL its inverse. Participation
factors can be expressed as an N × N-matrix where N is the number of DOFs in the
system. The highest value in each column indicates the most dominant direction for
that specific mode. The columns add up to 1 which means that each number represents
how many percentages of the movement that is in that certain direction. An example
of a participation factor matrix can be seen in table 2.1 where the values are stated in
percentage.

Table 2.1: An example of a participation factor matrix with the most dominant directions
in each mode marked in green [3].

Rx-mode Y-mode Ry-mode Rz-mode X-mode Z-mode

X-DOF 0.46 2.72 0.47 9.93 67.47 18.95
Y-DOF 1.11 92.94 0.39 0.26 5.18 0.12
Z-DOF 0.01 0.75 20.27 0.00 14.01 64.96

Rx-DOF 94.91 1.45 0.67 2.74 0.00 0.23
Ry-DOF 0.64 1.07 77.79 1.44 4.30 14.76
Rz-DOF 2.87 1.07 0.41 85.63 9.04 0.98

Eigenvalue [Hz] 5.78 9.32 12.27 19.12 22.86 26.50

2.2.3 Modal kinetic energy
Another measurement that can be used to describe the motion of the system is Modal
kinetic energy. The kinetic energy in a system is distributed into the different modes. The
system’s kinetic energy can be written as

Γi =
1
2

q̇T Mq̇ (2.9)

Taking the derivative of the state vector in equation (2.6), the kinetic energy can be stated
as

T =
1
2

( N

∑
i

ωiΦi sin(ωit)
)T

M
( N

∑
i

ωiΦi sin(ωit)
)

(2.10)

which can be viewed as a sum of contributions from different modes

T = ∑
i

Γi sin2(ωit) with Γi =
ω2

i
2

Φ
T
i MΦi (2.11)

where Γi is the kinetic energy of mode i, ωi is the eigenfrequency, Φi is the mode shape
vector of mode i and M is the mass matrix of the system. The expression explaining how
the percentage of kinetic energy contribution for a part to mode i is defined in Adams
View and can be found in the equation below [8].
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Ek
i = 100

(
ω2

i ·κk

Γi

)
(2.12)

Here k is the direction, i.e. the amount of kinetic energy in a specific DOF for that mode.
The term κk is the contribution from a specific DOF and is calculated as following for the
translating DOFs x, y and z.

κk =
1
2
[
mΦ

(k)
i Φ

(k)
i
]

for k = x,y,z (2.13)

For the rotational DOFs, Rx, Ry and Rz, the moment of inertia is used instead of the mass,
which means that κ is expressed as

κkl =
1
2
[
Φ

(k)
i Ie f Φ

(l)
i
]

for e, f = x,y,z (2.14)

where k is the DOF for rotation around the e-axis and l is the DOF for rotation around
the f -axis. For a three-dimensional model, the kinetic energy contribution is divided into
nine κk components in total, one for every DOF as well as three mixed rotational terms.
The mixed terms arise when k ̸= l in equation (2.14). Since the sum of all contributions
of kinetic energy from each DOF is equal to 100% in a specific mode shape, modal ki-
netic energy is a great measure to use when trying to understand why the system exhibit
the specific movement patterns that it does. It becomes a straightforward approach for
explaining the relative importance of every specific DOF.

2.2.4 Difference: Modal kinetic energy and Participation factors
At first glance, participation factors and modal kinetic energy seems to tell the same thing
about a model, but there are some major differences. The most significant difference
is that the modal kinetic energy matrix contains the mixed rotational terms KRxy, KRxz
and KRyz [8]. However, these terms have no obvious physical meaning, and can be both
positive and negative. A negative energy is unphysical, but it helps to make the columns
and rows to sum up to 100% [3]. These terms exist in a 6-DOF model, but in a 3-DOF
model they vanish. This means that in a 3-DOF case, the modal kinetic energy and the
participation factors are the same, while there is a difference in the 6-DOF case.

2.3 Rotation matrices and Euler angles
General rotation of e.g. bushings, springs or rigid bodies can be described with Euler
angles. The idea is that a body rotates around a body-fixed coordinate system in a specific
consecutive order. In this thesis, the rotation 3-1-3 is used. This means that the body
rotates around the z-axis of a body-fixed xyz frame that coincide with the global XY Z
frame. This creates a new body-fixed frame denoted x′y′z′. The body then rotates around
the x′-axis leading to the x′′y′′z′′ frame. Finally, the body rotates around the z′′-axis to
generate a new xyz frame posterior to rotation. The reason why this rotation scheme is
used is because Adams View wants that as input. Other commonly used rotation schemes
are 3-2-3 and 3-2-1, the latter one called roll-pitch-yaw [9].

9
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A rotation matrix can be computed for rotation around the different axes. Using the
global coordinate axes for rotation, the matrices can be computed as follows

Ax(ψ) =

1 0 0
0 cos(ψ) sin(ψ)
0 −sin(ψ) cos(ψ)

 , Ay(θ) =

cos(θ) 0 −sin(θ)
0 1 0

sin(θ) 0 cos(θ))


Az(ϕ) =

 cos(ϕ) sin(ϕ) 0
−sin(ϕ) cos(ϕ) 0

0 0 1


When computing a full rotation matrix, the included rotations are multiplied with each
other. Note that rotations with Euler angles is not a commutative operation, meaning that
the order of the matrices matters. Subsequent matrices are multiplied from the left. This
means that a 3-1-3 rotation scheme for the angles α , β and γ is calculated as

A(α,β ,γ) = Az (γ)Ax(β )Az(α) (2.15)

One issue with the 3-1-3 rotation scheme is that singularities easily can arise. This hap-
pens when the second rotation, the one around the x-axis, makes the first and third axes
coincide with each other. One example of this is when the second rotation is 0 degrees.
When this happens, the two other rotations cannot be separated.

A useful property of rotation matrices is that they are orthogonal, meaning that the in-
verse is equal to the transpose of the matrix. This means that the coordinate change can
go back and forth by using the rotation matrix in equation (2.15). This gives the relationex

ey
ez

= A(α,β ,γ)

eX
eY
eZ

 ⇒

eX
eY
eZ

= AT (α,β ,γ)

ex
ey
ez

 (2.16)

2.4 Vibration dose value
One commonly used measurement when performing vibration analyses is Vibration dose
value (VDV), which is used to catch the behaviour of a decided parameter over time. In
this case force in x-direction is considered, since it is the movement and vibration in the
longitudinal direction that is the most interesting quantity regarding driving experience
[10]. In that case, the unit of the VDV becomes [kgms−7/4] and the formula is defined as
follows

VDV =
4

√∫ T

0
F4

x (t)dt (2.17)

VDVD is more sensitive to peak values compared to an RMS-value [11]. This makes it a
good and common measurement in the vehicle industry for vibration injuries and comfort
[12]. It is commonly measured on the seat surface close to the end of the spine in both
longitudinal, lateral and vertical direction in line with ISO 2631-1. Measurements are
also made on the seat floor close to where the feet usually are positioned. In conclusion,
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using VDV is a good and common method for measuring the experienced comfort during
a ride and that is why it will be used frequently in this thesis report.

2.5 Latin hypercube sampling

Latin hypercube sampling (LHS) is a limited version of the Monte Carlo method. It
is described as an almost randomized statistical sampling method, sometimes called a
stratified sampling. Figure 2.2 shows LHS compared to a Monte Carlo simulation. This
indicates that Monte Carlo is an uncontrolled randomized sampling while LHS provides
a more even distribution [13]. The figure shows the distribution of 15 points from five
different boxes chosen with both methods.

(a) Example of a Monte Carlo sam-
pling.

(b) Example of a Latin Hypercube
sampling.

Figure 2.2: Example of how the difference between a random sampling and a stratified
sampling can look like [13]. In this sampling 15 points should be chosen from five differ-
ent boxes.

By defining the number of parameters, wanted designs and ranges for each parameter,
the LHS tries to distribute the designs in a way such that most of the different possible
combinations are covered [14]. All parameters are divided uniformly and then randomly
combined with each other, where each level of a parameter is used only once. An example
of an LHS with two independent parameters is visualized in figure 2.3. This clearly shows
that the data points are evenly, but still randomly, distributed in the domain with the LHS
method.

11



2. Theory

Figure 2.3: An example of a LHS with two factors and ten sample points.

One of the greatest advantages of using LHS when doing a design of experiment (DOE)
is that the user freely can choose the number of wanted designs. This means that the
computational time will be much shorter than for example for a full factorial sampling
method where all possible combinations are under consideration [15].

2.6 Spearman’s rank correlation
The Spearman’s rank correlation coefficient is a measurement of the correlation between
two discrete data sets. In contrast to other common correlation methods, rank correlation
does not apply any curve fitting. Instead, only the monotonicity is studied which means
that a high value (close to 1) implies that an increase in data set x also implies an increase
in data set y. The correlation coefficient can be calculated as follows [16]

ρ = 1− 6∑D2
i

n(n2 −1)
(2.18)

The formula is based on the rank of the data set, which means that every value is trans-
formed to an individual integer between 1 and n in size order where n is the number of
points in the data set. This is called an ordinal scale which collects every data point in size
order without any concerns about the interval between them. The variable Di in equation
(2.18) represents the difference between the rank of the x-value and the rank of the y-value
for the i:th data point. The correlation coefficient takes a value of ρ ∈ [−1,1] where both
1 and −1 represents a good correlation. The difference between them is whether data set
y constantly increases or decreases when data set x increases. A correlation coefficient of
0 means no correlation at all.
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Methods

In this chapter, the methods that were used during the work will be described. This in-
cludes both analytical calculations and how numerical models were created and combined
with a framework in Python to receive the results.

3.1 Methodology - overview

The dynamic behaviour of an engine set-up can be obtained with numerical models sub-
jected to a loading scenario. To evaluate the performance regarding vibration isolation in
the longitudinal direction, a wide range of set-ups have been tested to see how variations
in parameter values affect the dynamic behaviour. The complete dynamic response was
evaluated but it is the longitudinal characteristics that mainly have been under considera-
tion. The prime goal with the methodology have been to be able to produce the models
and evaluate a wide range of set-ups in a systematic way.

At first, a two-dimensional model with three DOFs was under consideration. The idea
was to investigate the 3-DOF model to get an understanding of the basic fundaments of
the dynamic behaviour. It was also beneficial to begin with implementing the framework
for a model in two dimensions since the results from that simulation are easier to verify
and validate against reality compared to a more complex model. Therefore, all steps were
carried out in two dimensions before continuing with a 6-DOF model in three dimensions.
In conclusion, the 3-DOF model was used to verify the reliance of the framework while
the 6-DOF model was used to replicate a real driveline installation and draw conclusions
on the results.

To obtain results, two different tools have been essential for the work. The program-
ming language Python have been used for pre-processing, post-processing and parameter
variations. Analytical calculations have also been carried out to verify the numerical
results. All simulations have been made with the multibody dynamics simulation tool
Adams View. This tool can generate both modal information as well as time history data
after a loading event.

3.1.1 Framework for model simulation
To be able to run a wide range of different set-ups, a framework for model simulations
have been conducted. The intention is that this framework can be used by VCC in further
development with other intended outcomes than the ones in this thesis work. A schematic
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picture of the framework can be seen in figure 3.1. Note that each box contains a bunch
of happenings and that this only shows the fundamental structure of the workflow. The
schematic picture can be seen as an overview of the work and each detail will be further
explained later.

Start Set-up DOE generator

Analysis in AdamsCollecting data Loop

Statistical plots

Figure 3.1: Workflow showing how the model simulations are done, from inserting the
wanted set up to collecting the wanted data and creating statistical plots.

First step when wanting to start the simulation is to decide a set-up of the model in a
Python script. This includes geometrical properties, parameters for stiffness elements,
loading scenario as well as the number of wanted samples. The design parameters are
stated with upper and lower bounds to be able to generate a DOE. Before starting the
DOE generator, a global stiffness matrix is calculated from the contribution of all local
stiffness matrices for the stiffness elements. This is done to satisfy the input syntax in
Adams View. Every design configuration is then simulated in Adams View and after each
run, all requested data is assembled, including both time- and modal quantities. The data
is postprocessed to obtain manageable information. This includes e.g. reordering the
modes and calculate participation factors. When the DOE is finished and all the wanted
data is collected, it is possible to do further statistical investigations, including correlation
plots.

The modeller has some freedom regarding the input to the python code. To perform
the LHS-sampling, a lower and upper bound on every design parameter is chosen by the
modeller as well as number of samples. These bounds decide how much the value of each
design parameter is allowed to vary during the DOE and how many different set-ups that
should be included. The loading applied to the model can be chosen as a pure torque
impulse, a force with specified duration time in addition with an attacking position, or a
combination of both. All together the applied impulse will be re-calculated into initial
conditions in each direction.
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3.2 3-DOF model
To begin with, a 3-DOF system, consisting of a two-dimensional rigid body subjected
to three springs, according to figure 3.2, was investigated. The three DOFs consist of
translation in x- and z-direction as well as rotation around the y-axis. The positions of all
three springs are arbitrary along the edge of the body, and one of the springs is rotated
with the angle γ . This enables the opportunity to find as general results as possible.
In addition, it is also possible to change the dimensions of the rigid body. The global
coordinate system is located in the centre of mass and the three blue systems in figure 3.2
are local coordinate systems, one for each spring. The coordinate systems in the springs
are body fixed and move with the springs.

Figure 3.2: The studied 3-DOF system consisting of three springs subjected to a rigid
body.

3.2.1 Analytical expressions of mass- and stiffness matrices
To gain an understanding of the behaviour of the two-dimensional system, analytical ex-
pressions of the stiffness- and mass matrices were conducted. The goal is to describe the
system in a linear form as

Mq̈+Kq = 0 (3.1)

where M is the mass matrix, K is the stiffness matrix and q is the state vector defined for
the 3-DOF system as

q = [x, z, θ ]T (3.2)

where θ is the rotation around the y-axis. Starting with the mass matrix M, the system
is considered to have the centre of mass in the middle of the geometry. This means that
for the translational DOFs, the mass contribution is m, and for the rotational DOF the
contribution is the moment of inertia I defined for a rectangle as

I =
m
(
r2

1 + r2
2
)

3
(3.3)
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The mass matrix then becomes

M =

m 0 0
0 m 0
0 0 I

 (3.4)

Next step was to set up expressions for the position vectors to the attachment points of the
springs, which can be described as following, according to the notations in figure 3.2

R1 =
[
r1, 0, −a

]
(3.5a)

R2 =
[
r1, 0, b

]
(3.5b)

R3 =
[
− c, 0, −r2

]
(3.5c)

To establish the global stiffness matrix K, the spring forces and torques from the springs
were calculated. For each spring, a local coordinate system was introduced in the end of
the springs that are attached to the rigid body, with the x-axis in the same direction as the
spring, represented by the blue coordinate systems in figure 3.2. This resulted in the local
stiffness matrix for each spring becoming

Klocal =

ki 0 0
0 0 0
0 0 0

 (3.6)

where i = 1, 2, 3 according to the stiffnesses in figure 3.2. To be able to determine the
global stiffness matrix, the local ones needed to be translated into global coordinates,
which could be done by using the following rotation matrix

A =

cosα 0 −sinα

0 1 0
sinα 0 cosα

 (3.7)

where α is the angle between the local and the global x-axis for each spring. By using the
rotation matrix and the local stiffness matrix for a spring, the contribution to the global
stiffness matrix for a specific spring could be calculated by using following equation

Ki
global = AT Ki

localA , for i = 1, 2, 3 (3.8)

After determine Ki
global , the spring forces could be calculated in global coordinates ac-

cording to

Fi = Ki
global

x+θRi(1)
0

z−θRi(3)

 (3.9)

where Ri are the position vectors in equation (3.5). The vector in the equation above rep-
resents the elongation of the spring in different directions, considering both translational
and rotational movement. After the expressions for the spring forces were calculated, the
torques could be computed. The contribution from spring i can be determined with the
cross product between the position vector and force vector according to
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Myi = Ri ×Fi (3.10)

Taking the expressions for Fi and Myi, the stiffness matrix can be computed. The com-
position is made by taking the x-components of every force and torque generated by the
springs into the first row of the stiffness matrix. The state variable that each term is
multiplied with determines the column. Doing this for each vector component, the final
stiffness matrix becomes the one in equation (3.11). Note that the rows are ordered as 1,
3 and 5 to follow the convention for a 6-DOF model that will be analysed further on.

K =

K11 K13 K15
K31 K33 K35
K51 K53 K55

 (3.11)

where

K11 = k1 cos2
γ + k2

K33 = k3 + k1 sin2
γ

K55 = k1(acosγ − r1 sinγ)2 + k2 b2 + k3 c2

K13 = K31 = k1 cosγ sinγ

K15 = K51 = k1(r1 cosγ sinγ −acos2
γ)+ k2 b

K35 = K53 = k1(acosγ sinγ − r1 sin2
γ) + k3 c

These equations are valid for all springs, the only difference is tha value of γ . For each
spring, γ is the angle between the local x-axis, for that specific spring, and the global
x-axis.

When the mass-matrix M and the stiffness matrix K are obtained, the eigenfrequencies
and the eigenmodes can be calculated. This is done by solving the eigenvalue problem
(2.4). The analytical modal quantities will be used as validation values towards the nu-
merical model that will be implemented in Adams View.

3.2.2 Stiffness matrix from potential energy
The stiffness matrix can be obtained in different ways. The previous chapter introduced
a stiffness matrix obtained from forces and moments generated from the springs. Now
another method is explained that uses the potential energy. The relation from equation
(3.12) is used to calculate the stiffness matrix [17]. The reason why two different methods
are carried out is to compare results and verify if the models are correctly implemented.

K =
n

∑
i=1

∂ 2Ui

∂q∂qT

∣∣∣∣
q=0

(3.12)

In this equation, n is the number of springs, q is the state vector and Ui is the potential
energy for a specific spring i, which is described as

Ui =
1
2

ki(L−L0)
2 (3.13)
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where L0 is the original length of the spring. To express the actual length L of the spring,
a vector between the two end points of the spring needs to be obtained. In figure 3.3, the
notation used to express this is visualized for an arbitrary spring.

Figure 3.3: A one-spring system with notations needed to calculate the stiffness matrix.

The vector r is the actual position of the body (simply [x,z] for this 3-DOF system) and
r0 is the position of the endpoint connected to the surrounding in global coordinates. The
vector ρ is also in global coordinates and can be calculated as a rotation matrix times a
vector with the spring position in body fixed coordinates as

ρ = Au (3.14)

where

A(θ) =

[
cos(θ) sin(θ)
−sin(θ) cos(θ)

]
, u = [ux, uz]

T (3.15)

This means that the actual length of the linear spring can be expressed in global coordi-
nates as

L = r+Au− r0, with L = |L| (3.16)

The derivatives of the potential energy Ui can then be computed as

∂Ui

∂q
=

∂Ui

∂L
∂L
∂q

= ki(L−L0)
∂L
∂q

(3.17)

∂ 2Ui

∂q∂qT = {Product rule}= ki
∂L
∂q

∂L
∂qT + ki(L−L0)

∂ 2L
∂q∂qT (3.18)

The derivative of the length L is computed for every degree of freedom which concludes
that the final stiffness matrix can be expressed in global coordinates as

K =
n

∑
i=1

(
ki

∂L
∂q

∂L
∂qT + ki(L−L0)

∂ 2L
∂q∂qT

)∣∣∣∣
q=0

(3.19)
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To get rid of the state variables in the stiffness matrix, the computation is made as a
linearisation around q = 0. This stiffness method is compared with the previously calcu-
lated one and the results are identical. This is a good indication that the stiffness matrix
is correctly calculated.

3.2.3 Numerical model in Adams View
The 3-DOF model depicted in figure 3.2 is implemented in the multibody dynamics sim-
ulation tool Adams View. The goal is to replicate the modal properties from the analytical
solution to validate the model, and further on collect time domain data to compare the
performance of different design set-ups. The Adams model can be seen in figure 3.4.

Figure 3.4: The 3-DOF model showed in Adams View.

According to the Adams view manual, spring-damper elements used in the picture above,
perform badly when subjected to large deformations [8]. Since a wide range of design set-
ups and load cases will be simulated, small oscillations cannot be guaranteed. To avoid
this, a field element is implemented in the model containing the stiffness matrix from
equation (3.11). This will replicate the behaviour of the springs without any concerns
about the deformation magnitude. However, the spring-damper elements are used when
validating against the analytical solution while the field element is used when executing
different simulations.

3.2.4 Loading scenario
To execute the model in the time domain, initial conditions need to be applied. To cor-
relate the model to an engine set-up, the load cases of interest are mainly pure rotation
around the y-axis, corresponding to a rapid change of speed, and pure translation in z-
direction, corresponding to running over an obstacle. However, the model was created in
such way that it allows several general load cases to be applied. To translate these loading
conditions into mathematical terms, they represent an impulse that excites the body. A
strategy to implement the impulses in the model is to translate the loadings into initial
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velocities. This can be done for forces and torques according to the law of momentum as
follows

F∆t = mv0 ⇒ v0 =
F∆t
m

(3.20)

T ∆t = Iω0 ⇒ ω0 =
T ∆t

I
(3.21)

In the equations above, ∆t represents the time duration of the impact which needs to be
estimated for every force contribution. Doing this for every translational and rotational
degree of freedom, an initial condition vector can be obtained by summing up the contri-
bution from each loading. Adding this into the Adams model will generate a movement
of the body, and since the system is undamped, the movement will continue forever.

3.3 6-DOF model
A three-dimensional model with a total of 6 DOFs was analysed both analytically and
numerically. The DOFs consist of translation in x-, y- and z-direction along with rotation
around all three axes. Unlike the 3-DOF model, this model was created to be more similar
to an actual engine set-up used at VCC. The model consists of a rectangular rigid body and
approximately four bushing elements representing the engine mounts that keep the engine
in place. Another additional feature of this model is the ability to change the off-diagonal
inertia terms. This makes it possible to represent how an additional mass component will
influence the dynamic behaviour of the driveline system.

3.3.1 Analytical expressions of mass- and stiffness matrices
The mass matrix in a 6-DOF model is expanded compared to one for a 3-DOF model.
The most obvious difference is the use of the inertia matrix to capture the rotational phe-
nomena around every principal axis. The full mass matrix for a 6-DOF case can then be
written as [18]

M =


m 0 0 0 0 0
0 m 0 0 0 0
0 0 m 0 0 0
0 0 0 Ixx −Ixy −Ixz
0 0 0 −Iyx Iyy −Iyz
0 0 0 −Izx −Izy Izz

 (3.22)

where

Ixx =
m
(
r2

2 + r2
3
)

3
, Iyy =

m
(
r2

1 + r2
3
)

3
, Izz =

m
(
r2

1 + r2
2
)

3

Ixy = Iyx =
∫

xydm, Ixz = Izx =
∫

xzdm, Iyz = Izy =
∫

yzdm

In the 6-DOF model, the stiffness matrix becomes a 6×6 matrix. The expression for the
matrix can be written as
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K =


K11 K12 K13 K14 K15 K16
K21 K22 K23 K24 K25 K26
K31 K32 K33 K34 K35 K36
K41 K42 K43 K44 K45 K46
K51 K52 K53 K54 K55 K56
K61 K62 K63 K64 K65 K66

 (3.23)

where the indices 1, 2 and 3 represents the translational DOFs and 4, 5 and 6 represents
the rotational DOFs. When finding the expression for the whole system’s global stiffness
matrix, the first step was to calculate it for one mount at the time. The local stiffness ma-
trix for one mount consists of three translational stiffnesses and three rotational stiffnesses
and can be expressed as

Klocal =


kxx 0 0 0 0 0
0 kyy 0 0 0 0
0 0 kzz 0 0 0
0 0 0 kψψ 0 0
0 0 0 0 kθθ 0
0 0 0 0 0 kϕϕ

 (3.24)

Since the rotational stiffnesses stay the same when changing the position of the mount,
the transformation from local to global coordinates was only made for the translational
stiffnesses. This means that when calculating the global stiffness matrix, only the 3× 3
upper left part of Klocal , consisting of the translational DOFs, is used. Using a 3-1-3
rotation sequence for the angles α , β and γ gives the following rotation matrix for the
6-DOF model

A =

c(α)c(γ)− c(β )s(α)s(γ) c(α)s(γ)+ c(β )c(γ)s(α) s(α)s(β )
c(γ)s(α)− c(α)c(β )s(γ) c(α)c(β )c(γ)− s(α)s(γ) c(α)s(β )

s(β )s(γ) c(γ)s(β )s(γ) c(β )

 (3.25)

where c(x) = cos(x) and s(x) = sin(x). By combining the total rotation matrix A and
Ki

local according to equation (3.8), the global stiffness matrix for each mount i could be
calculated. After Ki

global was determined, the spring forces could be decided according to
equation (3.9), but now using following displacement vector

a =

x+θRi(3)−ϕRi(2)
y−ψRi(3)+ϕRi(1)
x+ψRi(2)−θRi(1)

 (3.26)

where Ri is the position vector of mount i, that now can be expressed as

Ri = [rx,ry,rz] (3.27)

with rx, ry and rz being the locations of the mount with respect to the global coordi-
nate system. When the spring forces are calculated, the torques from the translational
springs could be determined by using the same method as for the 3-DOF model, which
can be found in equation (3.10). From here, the total global stiffness matrix K could be
computed in the same way as described for the 3-DOF model, except that the rotational
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stiffnesses from each mount were added to the diagonal terms K44, K55 and K66. By solv-
ing the eigenvalue problem in equation (2.4), the eigenfrequencies, ω and corresponding
eigenmodes, Φ could be calculated.

3.3.2 Numerical model in Adams View

A numerical model of the 6-DOF system was implemented in Adams View. The model
was not constrained in any direction which means that it is free to move as it wants. To
replicate the stiffness attributes, a field element containing all stiffness elements from
equation (3.23) was used. This means that no bushings were used, but the same behaviour
was obtained anyway. However, bushing elements were used to validate the numerical
model against analytical results. A model with four bushing elements is depicted in figure
3.5.

Figure 3.5: The studied 6-DOF model with four bushings showed in Adams View.

The forces and torques applied to the body are treated in the same way as in the two-
dimensional case. This means that the impulses are converted to initial velocities applied
to the centre of mass. For the translational DOFs, the velocities are calculated according
to equation (3.20). However, for the rotational degrees of freedom, some more effort is
needed. This is because the fact that the inertia matrix influences the dynamics of the
body. The initial angular velocities can now be calculated as

T∆t = Iω0 ⇒ ω0 = I−1T∆t (3.28)

In practice, this means that even though a torque impulse is applied around a single axis,
angular velocities will occur in the other directions as well due to the off-diagonal terms
in the inertia matrix.
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3.3.3 Loading scenario
What type of loading that the engine gets exposed to varies a lot and it can be both forces
and torques. Since the dynamical behaviour of the body is load dependent, only one load
has been investigated during this work. This makes it easier to compare the results and
draw qualitative conclusions. The selected loading scenario became a torque impulse
around the y-axis. This can for example be explained as a sudden speed increase of the
engine. Another interesting loading could be force in z-direction, representing to drive on
a bumpy road, but that is not covered in the scope of this thesis. The choice of loading
scenario was decided in collaboration with VCC to be able to represent one of the most
interesting events.

3.4 Verification of the models
The results from the two different models were verified by comparing the results from
the analytical calculations in the Python script with the numerical results from the simu-
lations in Adams View, using the same variable values for both analytical and numerical
calculations. To make the verification, several different results were compared, including
eigenfrequencies, eigenmodes and modal kinetic energy. For both the 3-DOF model and
the 6-DOF model all those results became the same, but only the eigenfrequencies are
presented here.

3.4.1 3-DOF model
When the verification for the 3-DOF model was made, translational springs were used
instead of the field element, since the stiffness matrix in the field was taken straight from
the analytical calculations. By showing that the results became the same for the analytical
calculation and when using springs in the numerical simulation, the created 3-DOF model
including the field element could be verified. In table 3.1, the eigenfrequencies from both
the analytical calculation and the numerical simulation for an arbitrary set-up are listed
from highest to lowest. As seen, they are identical.

Table 3.1: A verification showing that the eigenfrequencies became the same for both the
analytical calculations and the numerical simulation in Adams for the 3-DOF model.

Eigenfrequencies [rad/s]

ω1 ω2 ω3

Analytical 214.4975 159.8724 26.1600
Numerical 214.4975 159.8724 26.1600

3.4.2 6-DOF model
The verification for the 6-DOF model was made with one bushing element. This means
that three translational and three rotational stiffnesses were decided together with the
position and orientation of the bushing. The way the analytical calculations were made
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allows the user to add the wanted bushings one by one and then the same calculations are
done for each bushing. Because of this, the verification of the model was accomplished by
only using one bushing. When comparing the results of the modal quantities from both
the numerical simulation and the analytical calculations, the results became the same.
One example of the compared results are shown in table 3.2, where the eigenfrequency
for each mode are listed from highest to lowest.

Table 3.2: A verification showing that the eigenfrequencies became the same for both the
analytical calculations and the numerical simulation in Adams for the 6-DOF model.

Eigenfrequencies [rad/s]

ω1 ω2 ω3 ω4 ω5 ω6

Analytical 338.9492 328.8753 141.4214 18.0608 7.7970 7.7445
Numerical 338.9492 328.8753 141.4214 18.0608 7.7970 7.7445

The eigenfrequencies from the analytical solution are identical to the ones from the nu-
merical solution. This means that the implementation of a field element including the
analytic stiffness matrix would provide the same results as the built-in bushings, which
makes it much easier for the user to use the created Python script and create a DOE of a
wanted set-up.

3.5 Variation of set-ups and data collection

Since the goal is to identify a modal quantity that can decide the driving experience, a wide
range of set-ups need to be evaluated to obtain a full picture of the behaviour. Therefore,
a routine is implemented in the Python script to try different set-ups and evaluate the
given output data. The input parameters are varied with Latin Hypercube Sampling (LHS)
mentioned in chapter 2.5. To be able to create a DOE by using LHS, the in-built function
lhs from the Python package pyDOE2 was used, to which the only two things needed
are the number of wanted set-ups and design parameters. LHS takes the maximum and
minimum value of each parameter and creates an evenly spread distribution of a number
of set-ups that the modeller decides. The different input data that is needed is slightly
different for the two models. In table A.1, all input variables that is required to be able to
run the simulation of the 3-DOF model are listed.
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Table 3.3: All input data needed to run the 3-DOF model.

Input variable Unit Description

Body

r1, r2 [m] Geometry of body
m [kg] Mass of body

Springs

k1, k2, k3 [N/m] Spring stiffnesses
a, b, c [m] Spring positions
γ [rad] Spring orientation

Applied load

F, ∆ t [N], [s] Force impulses
T, ∆ t [Nm], [s] Torque impulses

All properties under Body and Springs are shown in figure 3.2. The applied loads are
used to be able to calculate the initial conditions. It is possible to add both forces and
torques together with a duration time, ∆ t. To transform the impulses into initial condi-
tions, equations (3.20) and (3.21) are used. The forces and torques are inserted as 3× 1
vectors for each load and the number of separate applied loads are unlimited. The com-
plete initial conditions are a combination of all loads.

To run the simulation for the 6-DOF model, a few more input parameters were needed,
which are listed in table A.2. Equally as for the 3-DOF model, the torques and forces are
added as vectors with a corresponding duration time. All parameters under Bushings are
specific for each bushing, so if the wanted set-up consists of four different bushings, four
sets of parameters are required. These are later combined to create the model’s global
stiffness matrix K.
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Table 3.4: All input data needed to run the 6-DOF model.

Input variable Unit Description

Body

r1, r2, r3 [m] Geometry of body
m [kg] Mass of body
rotx, roty, rotz [rad] Orientation of body

Bushings

kx, ky, kz [N/m] Translational stiffnesses
kψψ , kθθ , kϕϕ [Nm/rad] Rotational stiffnesses
x, y, z [m] Bushing position
Rx, Ry, Rz [rad] Bushing orientation

Applied load

F, ∆ t [N], [s] Force impulses
T, ∆ t [Nm], [s] Torque impulses

The Python routine takes all drive cases and run them in Adams View. For every sim-
ulation, the output data is generated and stored before postprocessing. The output data
collected from every simulation can be seen in table 3.5. Modal data and time domain
data is saved together for each run.

Table 3.5: Output data collected from every setup.

Modal data Dimension, 6-DOF

Modal kinetic energy 6 × 9
Matrix with eigenmodes 6 × 6
Eigenfrequencies 1 × 6
Participation factors 6 × 6

Time domain data

RMS-value of displacement in every direction 1
RMS-value of velocity in every direction 1
RMS-value of acceleration in every direction 1
RMS-value of jerk in every direction 1
RMS-value of force in every direction 1
VDV in every direction w.r.t force 1

The root mean square (RMS) value is used to remove the sign dependency of the move-
ment. For the time domain data, all the above mentioned are collected but not everyone is
relevant for the work. The main focus is on the VDV in x-direction since that one is most
equivalent to the comfortableness of the ride, and it is also a great measure for the smooth-
ness of the ride in the longitudinal direction [12]. The other ones are collected mostly to
find overall behaviour trends or if VCC will use the application for other purposes in the
future.
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3.5.1 Reordering modes
The output data in table 3.5 needs to be processed to be able to obtain useful information
from it. From Adams View, the modes are ordered such that the one with the lowest
corresponding eigenfrequency comes first and then in increasing order. However, for the
modal kinetic energy and the participation factors it is essential that the modes are ordered
such that the mode with most energy in x-direction comes first, followed by the one with
the most energy in y-direction and so on. In that case, the matrices will be easier to
compare with each other. An example of how the reordering can be done is seen in table
3.6.

Table 3.6: Reordering modes after dominant direction with respect to modal kinetic en-
ergy.

Rx-mode Y-mode Ry-mode Rz-mode X-mode Z-mode

X-DOF 0.46 2.72 0.47 9.93 67.47 18.95
Y-DOF 1.11 92.94 0.39 0.26 5.18 0.12
Z-DOF 0.01 0.75 20.27 0.00 14.01 64.96

Rx-DOF 94.91 1.45 0.67 2.74 0.00 0.23
Ry-DOF 0.64 1.07 77.79 1.44 4.30 14.76
Rz-DOF 2.87 1.07 0.41 85.63 9.04 0.98

Eigenvalue [Hz] 5.78 9.32 12.27 19.12 22.86 26.50wwww�
X-mode Y-mode Z-mode Rx-mode Ry-mode Rz-mode

X-DOF 67.47 2.72 18.95 0.46 0.47 9.93
Y-DOF 5.18 92.94 0.12 1.11 0.39 0.26
Z-DOF 14.01 0.75 64.96 0.01 20.27 0.00

Rx-DOF 0.00 1.45 0.23 94.91 0.67 2.74
Ry-DOF 4.30 1.07 14.76 0.64 77.79 1.44
Rz-DOF 9.04 1.07 0.98 2.87 0.41 85.63

Eigenvalue [Hz] 22.86 9.32 26.50 5.78 12.27 19.12

After reordering the modes, the eigenmode matrix and the modal kinetic energy matrix
are immediately obtained. The post processing can then continue by also calculating the
participation factor matrix that is described in chapter 2.2.2. In this way, all the modal
data obtained from the Adams simulation is now stored in a way that makes it easier to
compare a specific modal quantity between different set-ups.

3.5.2 Time domain data
To evaluate the performance of the model, the time domain data needs to be analysed as
well. Since initial velocities are applied to the model, it will start to move. The simula-
tion time is decided such that it is long enough to capture several full cycles and therefore
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provide a full picture of the dynamic behaviour. From every simulation: displacement, ve-
locity, acceleration and force in all directions are stored and processed. The data is taken
from the centre of gravity which captures the behaviour of the full model well. Since the
time data is unnecessary to store, the measurements are calculated as RMS-values. This
generates a single value that describes the wanted output. However, it is important that
the simulation time is sufficiently long to achieve proper results.

There are other interesting quantities that are not possible to extract directly from Adams,
such as jerk and VDV. These are generated by using the other remaining data in the post-
processing. Jerk is computed by differentiating the acceleration with respect to time and
then converted into an RMS-value. VDV is a measurement of the force impact over time,
more thoroughly explained in chapter 2.4. Both jerk and VDV are known to be good
measurements of the comfort in a vehicle ride [11], which is why the extra effort is put to
calculate those values as well.

To get sufficient time domain data, some effort was made to find proper solver settings
in Adams View. This was done with the trial-and-error method until proper simulations
were obtained. The problems arising with bad solver settings was that the movement of
the body exploded or faded away. Since no damping were applied to the model, the move-
ment should continue to infinity and not change magnitude after some cycles. The solver
settings had to be more fine-tuned for the 3-DOF model since adding restriction in three
out of six direction is computationally heavy.

3.5.3 Double modes
An interesting phenomenon is the behaviour of the system when two modes have simi-
lar eigenfrequencies, from now on called a double mode. The hypothesis is that design
configurations with double modes will have a deviant behaviour from the rest. To detect
configurations with double modes, the difference between two adjacent modes is com-
pared. If the difference is lower than a certain value, the design is considered to contain
a double mode. Note that in theory, a double mode is defined as two eigenmodes with
identical eigenvalues, but in numerical solutions, that would rarely happen.

3.6 Statistical correlations
When the data is stored and all requested quantities are obtained, the data needs to be
analysed in order to draw conclusions of the performance regarding vibration isolation.
Different methods are conducted to finally obtain a quantitative measure in the modal
domain that can augur something about the time domain behaviour.

3.6.1 Reference value
In order to decide whether a setup performs well or bad, a reference value is needed. At
VCC, one of the commonly used performance indices is the VDV in x-direction, i.e. the
driving direction. Lowering this value will increase the comfort experience for the oc-
cupants in the vehicle. To obtain a reference value for a specific load case, VCC uses a
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certain percentage of the modal kinetic energy in Ry-direction for the most x-dominant
mode. Doing this for a set of design configurations, a reasonable limit for the VDV can
be obtained. This is used to categorize every setup as a good setup or a bad setup. To find
the wanted reference value, a large DOE was created of an already existing set-up. The
parameter values were allowed to vary between ±50% of the original value, which makes
it possible to create a lot of different combinations of the original set-up. The number of
samples was set to 10 000. The obtained value from this DOE was later used as reference
value for every run.

Note that when using this method, the reference value is load dependent. This means
that the loading scenario needs to be the same to be able to compare the results between
different DOEs. As applied load, a torque around the y-axis was used with a magnitude
of 200 Nm and a duration time of 10 ms.

3.6.2 Correlation matrices and scatter plots
The next step is to compare the modal data with respective time performance. To visualise
the trends and correlations, scatter plots as the one seen in figure 3.6 are studied. These
types of plots are a great tool for obtaining an overview on how well a modal quantity
agrees with a specific time domain data. They are also good to find the range between the
lowest and highest value of a quantity.

Figure 3.6: An example of a scatter plot over two data sets.

To get an overview of how all possible quantities correlate, a correlation matrix is com-
puted. There are different correlation numbers that can be used to measure the relationship
between data sets. This study uses Spearman’s rank correlation which is more thoroughly
described in chapter 2.6. An example of a correlation matrix can be seen in figure 3.7. An
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absolute value close to one means a high correlation while a value close to zero means no
correlation at all. Negative values implies that an increase in x means a decrease in y.

Figure 3.7: An example of a correlation matrix with Spearman’s rank correlation.

When comparing the data in figure 3.6 with the correlation matrix above, it indicates
that it has a Spearman’s rank correlation of −0.93. This seems accurate since the graph
shows a decreasing trend with high correlation according to the naked eye. This shows
the strength of scatter plots, to evaluate the correlation coefficient with an engineering
judgement.

In this thesis, there are many quantities to compare. Since the interesting comparison
is between time domain data and modal domain data, there are no need to visualize the
full correlation matrix. The matrix will therefore be divided into submatrices only show-
ing time domain data vs. modal domain data.
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4
Results

In this chapter, the result of the work is presented. Both results from the 3-DOF and 6-
DOF model are obtained and analysed. However, the 6-DOF model is the most realistic
one and if any conclusions are presented, they are due to the results from that model if
nothing else is mentioned. Several runs have been made with different set-ups and differ-
ent range of parameter variation. All investigations will be presented in this chapter and
together they will be used to draw conclusions on the dynamical behaviour and sensitivity
of parameter change.

4.1 Analysis of 3-DOF model

The two-dimensional model with three DOFs was simulated in Adams View. The vari-
ation of parameters was arbitrary, but the nominal values was in the same size order as
in an electric driveline installation. The maximum and minimum values of each design
parameter are shown in appendix A. The initial conditions of the model are equivalent to
a torque impulse around the y-axis with a magnitude of 200 Nm under a duration of 7 ms.
This resulted in a correlation matrix that can be seen in figure 4.1. In the figure, k stands
for stiffness, p is participation factor and E is modal kinetic energy. The indices 1, 3 and
5 indicates direction x, z and Ry. For p and E the first index indicates the modal direction,
and the second index tells which direction that is the most dominant in that specific mode.

31



4. Results

Figure 4.1: Spearman’s rank correlation between modal and time quantities for the 3-
DOF model.

The modal quantities with the highest Spearman’s correlation for the most interesting time
domain quantity (VDV in x-direction) is p51 and E51. In fact, the modal kinetic energy
and participation factor shares the same value for every direction. This is because in a
two-dimensional model participation factor and modal kinetic energy are the same, as
mentioned in section 2.2.4. A scatter plot of every design’s correlation between VDV in
x-direction and modal kinetic energy in Ry-direction for the most x-dominant mode can
be seen in figure 4.2. This shows a high correlation between the two quantities.
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Figure 4.2: Scatter plot showing the correlation between one modal- and one time quan-
tity, ρ = 0.97.

The results from the 3-DOF model are mainly used to get an understanding of the expected
outcome from the 6-DOF model. It is also used to detect errors and help developing the
more complex three-dimensional model. This means that no further analysis on modal
requirements have been done for this model.

4.2 Analysis of 6-DOF model

The 6-DOF model was analysed for simulations with different intentions. Firstly, a large
variation was performed to get an overview of the complete spectrum of possible set-ups.
This run was used to find a reference value according to earlier knowledge at VCC. Since
there are no interest to analyse very bad performing configurations, two smaller LHS
samples were made as well; one with design parameters close to a well performing set-up
and one with parameters close to a set-up with a VDV close to the reference value. In
addition, the influence of inertia properties was also investigated.

4.2.1 Reference value
To be able to use the same reference value for all the created runs, an already existing
and known set-up was used. The values of the design parameters are listed in appendix
A for reproducibility. By letting the values of the design parameters vary with ±50%, a
reference value could be found. The reference value was taken from the scatter plot that
are presented in figure 4.3 and the result became a VDVx of 530 kg m s−1.75. This was
from now on used as a limit to divide the set-ups from every run with the 6-DOF model as
good or bad, where the good ones are the set-ups with a VDV lower than the limit and the
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bad ones are the set-ups with a VDV higher than the limit. The selected reference value
was the lowest existing VDV in the plot to have a higher modal kinetic energy in the x-
mode in Ry-direction than the used requirement allowed. Due to confidential information,
the values on the x-axis are hidden.

Figure 4.3: Scatter plot that was used to find the reference value which later on was used
to decide whether a design was good or bad, ρ = 0.45.

Out of the 10 000 different designs in this run, 8045 ended up as good set-ups, which
is around 80%. The number of good designs was not equally high for the other created
runs, since the "start" design not always was such a good set-up and it also depends on
how much the design parameters are allowed to vary during the DOE. How this changes
depending on which set-up is used will be further investigated in the upcoming sections.

4.2.2 Complete LHS

The complete LHS created to find the reference value was used for further investigation.
To ensure that the parameters were independent of each other, the correlation between
them was calculated and can be seen in figure 4.4. This shows that the only terms that
correlates with each other are the inertia terms. This is not strange since inertias are
calculated properties from the mass and geometry, according to equation (3.22) and not
decided by the modeller.
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Figure 4.4: The correlation between design parameters to evaluate the performance of
the LHS.

A Spearman’s correlation matrix was obtained for this run of set-ups. Since there are a lot
of quantities to compare it was hard to visualize them in a single matrix. Therefore, the
data was categorized into different correlation matrices which can be found in appendix
B. The highest correlation for VDV in x-direction is found for E15 and p15, i.e. modal
kinetic energy as well as participation factor in the Ry-dominant mode in x-direction with
a value of ρ = 0.8. The latter one is showed in figure 4.5.

Figure 4.5: Scatter plot of the modal quantity with the highest correlation to VDV in
x-direction, ρ = 0.8.
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The plot shows that the higher the modal quantity, the higher the VDV value. However,
a low modal quantity does not guarantee a good performance since many configurations
have high VDV values despite having a low modal quantity. Another interesting discovery
from this run is that some configurations have p15 values around 50%, which is strange
since the mode is told to be dominant in Ry-direction and therefore should not have such
a high movement in x-direction. This indicates the inherent difficulty in the reordering of
the modes which will be discussed more in chapter 5.1.1.

4.2.3 Difference between well- and bad performing set-ups

A question that arises is if there are any major differences in input parameters between a
well- and bad performing set-up. The differences in VDV can for some modal quantities
differ significantly for the same value on time domain requirement. Taking a glance at
figure 4.3 that uses the previous requirement at VCC as x-axis, there is a major variation
in VDV for a modal quantity close to zero. To dig deeper into this, two set-ups are picked
from that figure; one with a low VDV and one with a high VDV but both with the modal
quantity close to zero. The two chosen designs are highlighted in figure 4.6.

Figure 4.6: Two chosen set-ups to compare time history data between one good and one
bad set-up.

Running these configurations in Adams View gives the time history for force in x-direction
according to the graphs in figure 4.7. As observed, the peak value of the force for the
poorly performing design is around ten times higher than for the well performing one.
When analysing the input variables, the major differences between the two set-ups are the
terms that influences the inertia matrix, both the diagonal and off-diagonal terms, i.e. the
mass, dimensions and orientation of the block.
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Figure 4.7: The time history of force in x-direction for two set-ups. The red one performs
bad and the green one performs well.

To visualize the difference in the inertia matrix, the quotient for each term between the
good and bad set-up was calculated. This resulted in the following matrix

Igood/bad =

 8.31 3.42 −2.89
3.42 2.82 −15
−2.89 −15 9.79

 (4.1)

All terms in the matrix shows that the magnitude of each term is larger for the good set-up
compared to the bad one. From equation 3.22, it is possible to find out that the reason why
the diagonal terms are larger for the good set-up is because of greater products between
mass and the dimensions of the body. The off-diagonal terms are mainly influenced by
the orientation of the body.

4.2.4 Influence of inertia properties
To gain more knowledge of how the interesting parameters influence the result, new sim-
ulations were made. In these simulations, the physical parameters influencing the inertia
were the only ones allowed to vary. This includes dimensions of the block, body mass and
orientation of the block. All simulations were done with 200 samples. In the upcoming
scatter plots, the modal requirement that performed best in the complete LHS is used on
the x-axis.

4.2.4.1 Variation of diagonal inertia terms

The diagonal terms in the inertia matrix depends on geometrical properties and the mass
of the body. When letting the rotation of the body be zero in all directions, only the
diagonal terms are non-zero. Doing a simulation when only varying the dimension of the
block in all directions with ±50%, the scatter plot seen in figure 4.8 is obtained. The
range of the VDV is ≈ 850 kg m s−1.75, which is a large variation. However, it should
be mentioned that most of the set-ups perform well and are gathered in the bottom left
corner of the figure.
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Figure 4.8: Scatter plot of VDV in x-direction vs. participation factor in mode Ry in x-
direction for set-ups when allowing variation of body size in all three directions, ρ = 0.37.

To gain a better understanding of the influence of the different dimensions, each one is
varied at the time. Figure 4.9 shows how each dimension influences the dynamic response
of the model. In figure 4.10, two zoomed in pictures are shown for the lowest values when
varying r2 and r3 for a better visualization.
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(a) Changes in x-direction, ρ =−0.59. (b) Changes in y-direction, ρ = 0.11.

(c) Changes in z-direction, ρ =−0.77.

Figure 4.9: Plots showing how changes in body size in one direction at the time affects
the VDVx vs. participation factor in the Ry-mode in x-direction.

(a) Changes in y-direction, zoomed in, ρ =
0.11.

(b) Changes in z-direction, zoomed in, ρ =
−0.77.

Figure 4.10: Zoomed in plots showing how changes in body size y- and z-direction
effects the VDVx vs. participation factor in the Ry-mode in x-direction.

The figures show a behaviour where a clear optimum is obtained to lowering the vibra-
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tions that the occupants perceive. It can also be seen that the sizes in y- and z-direction
influence the VDV much more than the size in x-direction. It shows that for this specific
load case, a decrease in r2 and an increase in r3 means a lower comfort for the occupants
in the car.

Another difference between the well- and bad performing set-ups compared in section
4.2.3 was the mass of the body. To investigate how the mass affects the final set-up, a
DOE when only the mass changed was done, all other design parameters were kept con-
stant. To have something to compare the results with, another run were allowing variation
with ±50% in both body size and mass was created. The results from both the run where
the body size and mass and the one when only the mass changed is presented in figure
4.11.

(a) Changes body size in all directions as
well as the mass, ρ = 0.36.

(b) Only changes body mass, ρ =−0.02.

Figure 4.11: Plots showing how changes in body size in all directions and mass effects
the VDVx vs. participation factor in the Ry-mode in x-direction.

There are similarities in behaviour between figure 4.8 and 4.11a, which means that the
mass does not affect the results that much. This is confirmed when comparing figure 4.8
with the scatter plot when only the mass is allowed to change, figure 4.11b. From that
comparison, it is obtained that changes in mass almost does not affect the participation
factor at all and an increase in body mass only results in a decrease in VDVx.

4.2.4.2 Variation of off-diagonal inertia terms

The inertia matrix of the model is also influenced by changing the orientation of the rigid
body. By changing the orientation, such that the principal axes of the system no longer
coincide with the axes of the global coordinate system, off-diagonal terms in the iner-
tia matrix will be created. This also affects the global mass matrix that is presented in
equation (3.22). To be able to study the influence of the off-diagonal terms in the inertia
matrix, a simulation only allowing the rotation of the body to change was made. The
three rotations rotx, roty and rotz, presented in table A.2, were allowed to vary in the span
[−π/40, π/40], while all other parameters were fixed with the same values as the ones
used in the large 10 000 samples run. In figure 4.12, one of the results from the simula-
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tion is presented. It shows a large variation of VDV in x-direction even though everything
except the inertia matrix is kept constant for each design.

Even though the participation factor on the x-axis barely varies, the behaviour of the curve
is interesting. The range of the VDV is ≈ 150 kg m s−1.75, while the chosen participation
factor only changes from ≈ 0 to 0.002, which means that small changes in participation
factor results in large changes in VDVx.

Figure 4.12: Scatter plot of VDV in x-direction vs. participation factor in mode x in Ry-
direction for set-ups when allowing body rotation in all three directions, ρ = 0.46.

Since the 6DOF-model consists of three different rotational DOFs, all three rotations con-
tribute to the behaviour presented in figure 4.12. To understand how the different contribu-
tion from each DOF affects the mixed behaviour, three different runs were created where
only one rotation was allowed in each run. All design parameters were kept constant ex-
cept from one of the rotations, which was allowed to rotate in the span [−π/40, π/40].
All the three different behaviours can be seen in the plots in figure 4.13.
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(a) Rotation only about x-axis, ρ = 0.45. (b) Rotation only about y-axis, ρ = 0.2.

(c) Rotation only about z-axis, ρ = 1.

Figure 4.13: Plots showing how rotation about only one axis at the time effects the VDVx
vs. participation factor in the Ry-mode in x-direction.

The most obvious result from the figures is that the only plot with the same behaviour in
both VDV and participation factor as figure 4.12 is the plot with rotation in x-direction,
figure 4.13a. It is only for this plot where the lowest VDV coincide with no rotation, since
the inertia term Iyz only appears when having a rotation around the x-axis. For both figure
4.13b and 4.13c the lowest VDV appears somewhere in the middle. By only study these
three plots, the result would be that it is the rotation around the x-axis that affects the
overall behaviour the most.

4.2.5 Variation of a set-up close to reference value

Since the complete LHS showed a wide spread of performances, more narrow runs were
made to find better trends. One interesting idea is to see how variations of set-ups close to
the reference value affect the performance of the model. In figure 4.14 the configurations
closest to the target value are shown with respect to the old requirement used at VCC.
This is a zoomed in picture of figure 4.3 with a VDV of ±10% around the reference
value. Four set-ups are marked in the figure. Those were chosen as starting points for the
narrow simulations.
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Figure 4.14: Scatter plot of all designs within ±10% of the reference value.

The four marked configurations in the figure above were simulated with a variation of
the design parameters of ±1%. 2500 samples were generated for each run. One modal
quantity with high correlation for each run was participation factor in x-mode for the Ry-
direction, which is depicted in figure 4.15. In table 4.1, some interesting information from
the scatter plots is collected in numbers.
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(a) Run 1, ρ = 0.99 (b) Run 2, ρ = 0.98

(c) Run 3, ρ = 0.99 (d) Run 4, ρ = 0.09

Figure 4.15: The correlation between participation factor for mode x in Ry-direction and
VDV in x-direction for four different runs close to the reference value.

Table 4.1: Comparison of the runs close to the reference value.

Percentage of Lowest VDVx Highest VDVx Range of VDVx
good set-ups [kg m s−1.75] [kg m s−1.75] [kg m s−1.75]

Run 1 54% 404 716 312

Run 2 20% 450 686 236

Run 3 45% 421 653 232

Run 4 41% 454 641 187

The things that can be concluded from figure 4.15 and table 4.1 is that when lowering the
old requirement, the VDV in x-direction lowers its peak even though the same variation in
distribution has been made. Also, the range between the highest and lowest value of VDV
decreases together with this requirement. However, there is not easy to say anything about
the number of approved set-ups and the sensitivity in parameter change but the trends are
the same in all places of the distribution close to the reference value.
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In figure 4.15d, the trend does not look like the trends in the other three runs. This may
depend on the maximum difference of 2 ·10−4 on the x-axis, which may make it hard to
distinguish the runs from each other. It is worth mentioning that figure 4.15 only shows
one specific modal quantity. This quantity had a high correlation for run 1-3 but low for
run 4. However, run 4 have high correlations on other modal quantities and should still be
considered as a valid simulation.

4.2.6 Variation of a good set-up
Another run that was created was the one made from one of the best configurations in the
10 000 samples run. This means one of the configurations with both the lowest VDV and
lowest modal kinetic energy according to the used requirement. All design parameters
were allowed to vary with ±1% from the original values and in total 2500 different de-
signs were sampled. To be able to understand if a good design behaves in the same way
as the configuration mentioned in section 4.2.5, the same modal quantity was compared
for this run as well, which resulted in figure 4.16.

Figure 4.16: Scatter plot of small variations around one of the best designs from the
earlier presented run with 10 000 samples, for VDV in x-direction vs. participation factor
in the Ry-mode in x-direction, ρ = 0.72.

The plot shows that the behaviour is similar as for the configuration close to the reference
value, but the changes in VDV is not equally high for the run of a good configuration,
even though the parameters were allowed to vary equally much in both runs. Figure 4.16
presents an interesting pattern for how the participation factor in mode Ry in direction x
varies. The difference between the highest and lowest value is so small that small differ-
ences in the already small span cannot be detected because of the error tolerance from the
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simulations in Adams. This is the reason to the striped pattern in the figure.

Neither the difference between the highest and lowest VDV is equally high as for the
run close to the reference value. In figure 4.16 the VDV varies from ≈ 21 kg m s−1.75

to ≈ 25 kg m s−1.75, which gives the quotient of 1.19 between the highest and lowest
value, which is much lower than the range presented in table 4.1. In that case, the quo-
tient varies between 1.41−177. This means that the range between VDV is much lower
when varying the good set-up even though the variation is the same of ±1%. This gives
the conclusion that a good set-up is less sensitive to change than a bad set-up.

4.2.7 Combinations of modal quantities

An interesting idea is that combinations of modal quantities may provide good informa-
tion about the performance regarding vibration isolation, i.e. good correlation with VDV
in x-direction. The quantities to be tested are the ones that perform well on their own as
well as combinations that VCC has had in mind before. Since the applied load in this case
is a torque impulse around the y-axis and the sensitive direction for vibration isolation is
x-direction, the coupling between these modes will be prioritized. In table 4.2, the com-
binations that have been tested are listed. The last combination in the table is the one that
Longoni assumed was the best in the previous work done at VCC in 2020 [3].

Table 4.2: Combinations of set-ups that were tested.

E15 ·E51

p15 · p51

6
∑

i=1
E1i ·E5i

6
∑

i=1
p1i · p5i

δE15 +(1−δ )E51

δ p15 +(1−δ )p51

−1250p55 · p15 +75.05

One of the tested combination is a linear combination between the two before mentioned
quantities with δ ∈ [0,1]. This is done for both modal kinetic energy and participation
factor. The scalar factor δ is varied to see which value that generates the highest Spear-
man’s rank correlation. For both Modal kinetic energy and Participation factors, this
occur when δ ≈ 77% as seen in figure 4.17. This means that as requirement, the modal
participation for Ry-mode in x-direction affects the most, which is opposite to what VCC
has used before. The value obtained for δ will be used in further comparison.
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(a) Modal kinetic energy (b) Participation factor

Figure 4.17: Varying δ to see which combination that gives the highest Spearman’s rank
correlation.

The combinations from table 4.2 are evaluated for four different simulations; the com-
plete LHS, the set-ups from the complete LHS closest to the reference value, Run 1 from
chapter 4.2.5 and when varying a well performing set-up. The factor δ is put as 0.77 ac-
cordingly to the findings in the figure above. The Spearman’s rank correlation for all these
cases can be seen in table 4.3. For comparison, the quantities used in the combinations
are presented alone to see the improvement of these requirements. The conclusion is that
in general, the combined modal quantities perform better than when being alone.

Table 4.3: Spearman’s rank correlation for every combination for different simulations
as well as the best performing single quantities.

Complete LHS Ref-val ±10% Run 1 Good set-up
E15 0.80 0.12 0.98 0.72
p15 0.80 0.12 0.98 0.72
E51 0.58 0.05 0.99 -0.45
p51 0.45 0.07 0.99 -0.44
E15 ·E51 0.77 0.10 0.99 0.17
p15 · p51 0.62 0.10 0.99 0.84
6
∑

i=1
E1i ·E5i 0.85 0.13 1 0.30

6
∑

i=1
p1i · p5i 0.82 0.15 1 -0.27

δE15 +(1−δ )E51 0.84 0.13 0.99 0.83
δ p15 +(1−δ )p51 0.83 0.14 0.99 -0.25
−1250p55 · p15 +75.05 -0.80 -0.13 -0.93 -0.72

4.2.8 Analysis of set-ups with double modes
Beforehand, there was an assumption that set-ups that contains two almost identical eigen-
frequencies would behave differently from other set-ups. Figure 4.18 shows a range of
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set-ups where the ones with double modes are marked with a star. As seen, there are
set-ups with double modes that have both high and low VDV and therefore no conclusion
can be drawn regarding them.

Figure 4.18: Scatter plot marking set-ups with double modes for the large DOE.

However, taking a further glance at a specific set-up with a double mode and make small
deviations of the design parameters, the results in figure 4.19 are obtained. The graph
shows the VDV in x-direction compared with E56. The star marked set-ups with double
modes are shown to deviate from the rest of the set-ups. To count as a double mode,
the difference is put to be 0.3 rad/s in this case. The two modes close to each other
are the Ry- and Rz-dominated, which may explain the high correlation with E56. No
conclusion regarding the performance can be stated, but the fact that the double modes
have an interesting behaviour is clear from this result. Note that since the system is linear,
the modes are independent, which is not the case in reality. No further investigation in the
actual motion of the designs with double modes have been conducted, which may have
changed the opinion regarding the conclusion.
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Figure 4.19: Scatter plot with low variations marking set-ups with double modes.
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5
Discussion

The results that were presented in previous chapter will be discussed below. Focus will
be on the reliability of the results and what sources of error that influences the final out-
come. Further on, a comparison between earlier findings will be investigated as well as
suggestions for future work.

5.1 Reliability of results

The results that have been obtained can be questioned in some senses. There are sources
of error that needs to be discussed before drawing any conclusions. This includes a dis-
cussion of the reliability of the used methodology and the data that has been analysed.

5.1.1 The ordering of modes

One of the fundamental principles to find proper modal quantities for performance rating
is the reordering of eigenmodes. Both the participation factors and modal kinetic energies
relies on the reordering if a comparison should be applicable. But does every design
have six distinct modes with a dominant direction for each DOF covered? In table 5.1
there is an example of a set-up that was generated from the complete LHS with 10 000
samples. This shows that there are two modes that are most dominant in y-direction and
two modes in Rx-direction, while no mode is most dominant in z- or Rz-direction. This
means for example that the modal quantity E33 would not have a physical meaning since
no mode is dominant in z-direction which is a flaw in the methodology. Also, Mode 6 has
a total modal kinetic energy of far above 100%, which is due to the mixed term that is not
shown in the table but is explained in chapter 2.2.4. These terms are unphysical and are
problematic when analysing the results.
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Table 5.1: Example of a design were there is no dominant mode for every DOF.

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

X-DOF 5.66 13.50 15.86 1.20 63.77 0.01
Y-DOF 2.41 60.22 37.32 0.04 0.01 0.00
Z-DOF 39.05 3.75 14.72 42.49 0.00 0.00

Rx-DOF 39.14 0.12 5.17 55.36 0.20 0.05
Ry-DOF 0.00 0.00 0.00 0.00 0.02 105.98
Rz-DOF 13.76 22.46 26.89 0.88 35.57 6.40

Eigenvalue [Hz] 14.17 15.38 15.45 17.51 23.47 81.29

As seen, it is not possible to organize the modes in a proper way for some designs, even
with the naked eye. However, when doing a run with less variation on the input param-
eters this problem vanishes if the original design has clearly separated modes from the
beginning. This means that the method may be bad when covering the whole spectra of
possible designs, but it can be valid when analysing relatively well performing designs.
Since VCC is mostly interested in the relatively good designs, the method can still be
used if handled carefully.

5.1.2 The investigated parameter space

From the results, different DOEs provide different results. From all different simulations
that have been conducted, the most suitable modal requirement has changed depending
on what configuration that have been used as default. It is possible to see what quantities
that have the highest potential to be a good requirement, but to specify a specific value is
impossible with the simulations that have been made.

The best way to find a modal requirement would be to look at the complete LHS to see
how all possible variations perform. However, it turned out to be harder than expected to
cover the whole parameter space without making any too unphysical or unrealistic config-
urations. A method to easily remove poorly generated configurations would be beneficial
for more proper results, but it is a fine line between having many realistic set-ups at the
same time as the whole parameter space is covered.

5.1.3 Load dependency of reference value

Another thing that may question the reliability of the results is the fact that the reference
value is load dependent. This means that the recommended modal quantity to use from
this project is valid for this load condition, but not guaranteed to be accurate for other
loads. VDV seems to be linear with respect to torque magnitude, but it is not sure that
using the same methodology for other loading directions would provide the same results.
However, this is the most commonly analysed load case for an engine set-up at VCC, and
therefore the results can be used for dimensioning.
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5.1.4 Modal kinetic energy vs. Participation factors?
As mentioned in section 2.2.4, the difference between modal kinetic energy and partici-
pation factor is not obvious. This means that for most of the simulations that have been
done, the Spearman’s correlation number between a specific modal kinetic energy param-
eter and VDVx is almost the same as between the corresponding participation factor and
VDVx. So, which one should be used as a modal requirement of the performance?

The benefit with using participation factor is that the sum will always be 100 %, while
for the modal kinetic energy, the mixed rotational terms ERxy, ERxz and ERyz need to be
considered to make sure that the sum ends up at 100 %. This means that participation
factors will provide a more understandable result. However, the modal kinetic energy is
obtained immediately from Adams View while participation factors need to be postpro-
cessed in order to be obtained. The postprocessing is not so easily done and it is not clear
that someone will put that effort in the everyday use to evaluate the performance. In total,
there are benefits of both these modal quantities and it is not obvious which one to use.

5.2 Recommendations for future work
During the work, some ideas on what to do next within this field have been born. This in-
cludes topics not covered in the scope of this thesis as well as thoughts that have appeared
when analysing the results.

5.2.1 Deeper investigation for combination of quantities
Beforehand, one idea on how to find a modal quantity for performance evaluation was
to try combinations off different modal properties as requirement. This was conducted
and presented in chapter 4.2.7 and shows that the combined requirements perform well
regarding correlation with VDV. However, the method to generate these plots was by
manually trying combinations of modal properties and evaluate the outcome. The chosen
quantities were only based on which ones that performed well alone. For further work,
one suggestion would be to try artificial intelligence (AI) or machine learning algorithms
to find an optimal combination of modal quantities. This would make it possible to try
different relations, for example logarithmic functions, and not only sums and products.
In conclusion, the idea that a combination of modal quantities would generate improved
results is still valid, but the way to generate the combinations can be further developed.

5.2.2 Design of experiments
To improve future work even more, another suggestion would be to implement a random
seed in each DOE, which makes it possible to reproduce the results if wanted, while keep-
ing the DOE random. By using such seed, not only the results would be reproducible, also
the debugging of the Python scripts would become easier.

Another thing to investigate would be how to find a way to discard any configurations
that are not realistic or that provides unreliable results. One suggestion of that require-
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ment could be to see if any number on the diagonal in the modal kinetic energy matrix
is < 50%, meaning that it is possible that another mode has a greater contribution in that
direction. This would be beneficial when evaluating the complete parameter space.

5.2.3 Investigation of load dependency
One further suggestion for future work is to investigate the behaviour of different loading
scenarios. This thesis only covers the investigation of a torque impulse around the y-axis,
but different results would be obtained if other loading scenarios are investigated. This
includes both torque impulses around other axes, force impulses as well as combination
of them both. A bigger investigation of loading scenarios is necessary to get a full picture
of the vibration isolation for a set-up in all possible conditions.
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One of the main goal for this thesis was to find a modal requirement that could predict
the time domain performance regarding vibration isolation. This turned out to be harder
than expected and a specific value has not been obtained. However, the fundaments to
find a requirement in the future are formulated and many ideas were born on the way.
One thing that seems clear is that the old requirement of a certain percentage of modal
kinetic energy for the x-mode in Ry-direction is not the most efficient to separate good
and bad configurations. Probably, a combination of different modal properties is the most
sufficient requirement to use, but the investigation of that does not fit the scope of this
thesis.

When investigating deviations in parameter values, some conclusions can be made. First
of all, the influence of the inertia matrix is present when evaluating the performance. This
can be seen both when varying the size of the box as well as the orientation of the princi-
pal axes. Small changes in parameter values give a significant difference in VDV. Second
of all, it can be seen that varying design parameters of a bad set-up leads to larger changes
in VDV than doing the same variation for a good set-up. This shows that by having a well
performing set-up as default, there is no need to worry about the tolerance of the design
parameters.

A positive outcome of the thesis is the framework for model simulation. The framework
allows the modeller to try different set-ups and find correlations between modal domain
and time domain quantities. The ability to decide a combination of load cases provides
the modeller with the opportunity to get a full evaluation of an engine set-up. It is also
possible to compare other time domain data, not only VDV in x-direction which is the
main quantity of interest for this work.

In conclusion, no modal requirement has been suggested to VCC but a base for inves-
tigating the problem further have been conducted. Small variations in design parameters
may affect the performance significantly, but it depends on how well performing the en-
gine set-up is at default. A recommendation for finding a sufficient modal requirement
would be to further investigate how combinations of modal quantities can predict the vi-
bration isolation. This can be implemented upon the already existing framework.
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A
Input parameters for the models

In the tables below follows the input parameters used for the 3-DOF model and the 6-DOF
model respectively.

Table A.1: All input data used to run the 3-DOF model.

Input variable Range Unit
r1 [0.25, 0.30] [m]
r2 [0.3, 0.4] [m]
m [100, 140] [kg]
k1 [2.5e6, 3e6] [N/m]
k2 [2.5e6, 3e6] [N/m]
k3 [2.5e6, 3e6] [N/m]
a [0.1, 0.15] [m]
b [0.1, 0.2] [m]
c [0.1, 0.2] [m]
γ [0, π/5] [rad]
F, ∆ t [0, 0, 0], 0 [N], [s]
T, ∆ t 200e3, 7e-3 [Nm], [s]
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A. Input parameters for the models

Table A.2: All input data used to run the 6-DOF model.

Parameter Value Unit Parameter Value Unit
Body Applied load

r1 0.01 [m] F [0, 0, 0] [N]
r2 0.3 [m] ∆ t 0 [s]
r3 0.2 [m] T [0, 0.2e3, 0] [Nm]
m 130 [kg] ∆ t 0 [s]
rotx [-π/30, π/30] [rad]
roty [-π/30, π/30] [rad]
rotz [-π/30, π/30] [rad]

Bushing 1 Bushing 2

kx 9e5 [N/m] kx 1e5 [N/m]
ky 3e5 [N/m] ky 3e5 [N/m]
kz 5e5 [N/m] kz 5e5 [N/m]
kψψ 0 [Nm/rad] kψψ 0 [Nm/rad]
kθθ 0 [Nm/rad] kθθ 0 [Nm/rad]
kϕϕ 0 [Nm/rad] kϕϕ 0 [Nm/rad]
x -0.3 [m] x -0.3 [m]
y -0.3 [m] y 0.3 [m]
z -0.01 [m] z -0.01 [m]
Rx π/50 [rad] Ry 0 [rad]
Ry π/40 [rad] Ry 0 [rad]
Rz −π/60 [rad] Ry 0 [rad]

Bushing 3 Bushing 4

kx 9e5 [N/m] kx 9e5 [N/m]
ky 3e5 [N/m] ky 3e5 [N/m]
kz 5e5 [N/m] kz 5e5 [N/m]
kψψ 0 [Nm/rad] kψψ 0 [Nm/rad]
kθθ 0 [Nm/rad] kθθ 0 [Nm/rad]
kϕϕ 0 [Nm/rad] kϕϕ 0 [Nm/rad]
x 0.3 [m] x 0.3 [m]
y -0.1 [m] y 0.1 [m]
z 0.02 [m] z 0.02 [m]
Rx 0 [rad] Rx 0 [rad]
Ry 0 [rad] Rx 0 [rad]
Rz 0 [rad] Rx 0 [rad]
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B
Spearman’s correlation matrices

Here follows the Spearman’s rank correlation matrices for time domain data vs modal
domain data. The time data is divided into translational data and rotational data while
the modal data is divided into stiffness and inertia, participation factors and modal kinetic
energy. The data is from a run with 10 000 samples and a variation of the parameters of
±50%.

Figure B.1: Spearman’s correlation between translational time data and stiffness and
inertia.
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B. Spearman’s correlation matrices

Figure B.2: Spearman’s correlation between translational time data and participation
factors.
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B. Spearman’s correlation matrices

Figure B.3: Spearman’s correlation between translational time data and modal kinetic
energy.
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B. Spearman’s correlation matrices

Figure B.4: Spearman’s correlation between rotational time data and stiffness and inertia.
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B. Spearman’s correlation matrices

Figure B.5: Spearman’s correlation between rotational time data and participation fac-
tors.
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B. Spearman’s correlation matrices

Figure B.6: Spearman’s correlation between rotational time data and modal kinetic en-
ergy.
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