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Abstract

This thesis project was carried out in collaboration with TO.TEM , a start-up that designs
electric vehicles suitable for urban micro-mobility. In particular, the subject of this project
is an electric KickScooter called LYNX, which aims to make the use of such vehicles
safer thanks to the presence of three wheels, a large footrest and an anti-collision system
based on artificial intelligence. Nowadays, electric scooters are becoming more and more
popular in cities as an excellent means of green transport for short journeys. The objective
of this thesis is to create a dynamic model of the vehicle in a Virtual Simulation
environment, in this case Simscape Multibody. The first part of the paper focuses on the
explanation of how the individual subsystems, that make up the vehicle, were realised.
The second part describes the measurement chain and the types of experimental tests that
were carried out on a prototype. Finally, in the last part, the model is calibrated on the
basis of the experimental data acquired and then used to evaluate the benefits of

introducing a front suspension.
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Chapter 1

Background

Nowadays, the theme of sustainable mobility is one of the most discussed for the
environment and our health. In recent decades, all countries have adopted strategies to
reduce air pollution, especially in large cities where pollution limits are often exceeded.
The transport sector is one of the most revolutionized because it consumes a third of the
EU’s final energy. Unlike other sectors, such as energy and industry, where emissions
have already decreased since 1990, emissions in transport have increased. This effect is
mainly due to the large-scale diffusion of vehicles with internal combustion engines. Over
the last decade, EURO regulation has been introduced to reduce pollutant emissions, and
this has led car manufacturers to develop technologies and after-treatment systems to fall
within the limits imposed by regulations. Nevertheless, to reach the goal of a clean planet,
the European Union is promoting the spread of low-emission fuels and zero-emission
vehicles.

In this context, a new class of vehicles called micro-vehicles is taking off in big cities
because they are easy-to-use, zero-emission means of transport that allows avoiding
traffic. Kickscooters, hoverboards, and single-wheelers are all very comfortable ways of
traveling the so-called “last-mile”, the last stretch of road that leads to the final
destination.

This new way of transport is also spreading thanks to the sharing services whereby e-
scooters are made available to use for short-term rentals. This system is becoming more
and more popular because it is possible to pick up and drop off the vehicle in a certain
service area without the need to reach a specific location for the end of the rental.

The main objective of this work is the creation of a dynamic model of an electric
kickscooter called LYNX, designed by the start-up TO.TEM. This vehicle was created
after several interviews in which it emerged that a large part of the population does not
use this means of transport because considered unsafe. To increase safety and stability
LYNX has three wheels, one front and two rear, is equipped with a large footrest platform,
and has a collision-alert system with a rear camera and artificial intelligence that warns

the driver in case of overtaking by other road users.
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All these solutions lead the driver to feel a safer driving sensation thanks to the three
wheels, which provide greater stability than two-wheeled vehicles, and to the driver’s
position, with the feet placed in parallel and not one behind the other as on a traditional
kickscooter.

From a sustainability point of view, a circular economy approach is used to decrease the
carbon footprint: wood deck, aluminium frame, and batteries are designed to close the

product’s lifecycle by reintroducing the materials into the supply chain.

Figure 1.1 — LYNX design

1.1 — Human response to vibrations

Since LYNX has been designed to improve driver’s feeling of safety and comfort in order
to bring a higher user base closer to the use of electric kickscooters, the study of vertical
dynamic is of fundamental importance. Unlike conventional vehicles where the vibrations
transmitted to the driver can derive from the engine and other mechanical parts, in this
case, since the traction is provided by an electric motor, the main source of vibrations is
constituted by the irregularities of the road surface. Due to the low maximum speed
reached by the vehicle (25 km/h), vibrations generated by the aerodynamic forces can be
considered negligible.

Excessive oscillations can represent not only a comfort problem but also a health problem.
There are two types of exposures: whole-body vibration (WBD) and local vibration. In

the first one, the whole body is in contact with a vibrating source, such as on means of
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transport, and suffers its effects, while in the second one the oscillations affect only a
specific part of the body, such as hand-arm vibration where vibrating tools are gripped.
Studies on the effect of WBD on human health are very complicated because they are
also affected by individual sensitivity parameters. In general, the greatest damage to
health occurs when vibrations frequency approaches the natural frequencies of the various
parts of the body, and in particular those of the spine, which is the most affected part.

In Italy, the reference norm concerning human exposure to vibration is the UNI ISO 2631-

1.

1.1.1 - UNI ISO 2631-1

The UNI ISO 2631-1 defines the criteria for evaluating the vibration disturbance. The
legislation does not deal with the health effects caused by oscillations as these depend on
numerous biological parameters that vary among individuals.

The frequency range considered is:

e 0.1 Hz to 0.5 Hz for motion sickness;

e (.5 Hz to 80 HZ for health, comfort, and perception.

The main physical quantity for vibrations measurement is acceleration. Measurement
must be taken with a Cartesian reference defined by the regulation, as can be seen in

Figure 1.2:

e Z-axis parallel to the spine (vibration along the spine from feet to head)

e Y-axis perpendicular to the femoral axis (vibration along the chest from right to
left)

e X-axis orthogonal to the other two axes (vibration across the chest from back to

front)

Sensors must be positioned where vibrations enter the body, in the specific case of the
kickscooter, where the driver is standing, accelerometers must be placed between the two

feet and on the steering wheel.
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Key
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Figure 1.2 — Axis system defined by UNI ISO 2631-1

The evaluation of accelerations according to the ISO 2631-1 standard, requires the

frequency-weighted root mean square acceleration on each single axis /:

1
2

-
ay (t) = [T jaa/l(t)dt (1.1)
0

Where:

e a,,(t) is the frequency-weighted acceleration on the / axis as a function of
time;

e T is the duration of the measurement in seconds.
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To find the value of a,,; it is necessary to make frequency weighting though the use of
weighting curve which take into account human sensitivity to vibration depending on the

frequency. These curves are represented in Figure 1.3.
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Figure 1.3— Main frequency weighting curves by UNI ISO 2631-1

As shown in figure 1.3, the W, curve, referred to the vertical axis z, has a maximum
between 4 and 10 Hz. This means that the maximum sensitivity of the human body to
vertical vibrations, which are responsible for comfort, occurs in this frequency range.

With regard to the other two curves, the W , related to oscillations in the horizontal plane,
has a maximum in the 1 — 2 Hz interval, while the W,., responsible for motion sickness,

show a maximum around 0.2 Hz.
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Chapter 2

LYNX multibody model

The aim of this chapter is to describe the various components of the vehicle and how they
were modelled within the simulation software. In the first paragraph, the advantages and
phases of virtual prototyping are explained with particular reference to Simscape
Multibody, while in the successive ones, all subsystems are analysed, highlighting the

simplifications applied and the limitations of use for each of them.

2.1 — Multibody simulation

Multibody simulation (MBS) is a useful tool for conducting kinematic and dynamic
analyses of Multibody systems. The latter consists of mechanical parts connected by
kinematic constraints (such as joints) or force elements (such as spring-dampers) in order
to simulate the relative motion between them.

Over the last few decades, MBS has found an increasingly wide field of application thanks
mainly to the increased computing power of PCs and the simplification of the interface
of the various programmes, which has made them easy-to-use.

In order for this method to bring benefits, it is necessary that the mechanical system
modelled correctly simulates the behaviour of the real one already during the product
development phase. If this is the case, the use of virtual prototyping provides several

advantages:

e Reduction of error costs: with the use of MBS software, it is possible to detect
errors earlier and not during the final stages of product development, where the
cost of design changes is higher;

e Reduction of time and costs of testing and tuning;

e Increase the number of tests that can be carried out on the product during the
development phase at the same cost and time, reducing the risks due to the

reduction of Time-to-Market.

10
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e Reduction life cycle cost: it is possible to bring to the market a product with better

quality and reliability that requires few changes over time.
Virtual prototyping can generally be divided into five phases:

1. The first activity is the creation of CAD models of the individual
components;

2. CAD models are imported into the simulation software;

3. The individual components are connected with joints and links to create
subsystems. The subsystems are then joined together to create the complete
system,

4. With the MBS model created, simulations are executed, such as, in the field
of road vehicles design, overcoming a road obstacle or performing a certain
manoeuvre;

5. The results are then used to optimise specific parameters of the model to

reach the desired target.

2.1.1 Simscape Multibody

Simscape multibody is a Matlab extension that enables to perform virtual 3D simulations
of mechanical systems such as: robots, vehicles, machinery, and more. All kinds of
multibody systems can be created by connecting blocks that represent bodies, joints, force
elements, sensors, etc.

The individual parts can be modelled within the software, from fundamental solid shapes,
using the appropriate blocks, or through the solid block with which it is possible to import
a body made on any CAD saved as a STEP file.

It is possible to integrate physical systems into the model using the Simscape family of
products which offers fundamental components in mechanical, electrical, hydraulic,
thermal, and other domains.

The software has a mechanical explorer where the model is displayed in a 3D
environment from which its structure can be checked. Inside this interface, the results of

the simulations are animated and visualized from the desired angle.

11
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One of the main advantages of this extension is that it is fully integrated with Matlab,
whereby inputs can be parameterised via a script, and data post-processed, because the
model outputs are saved directly in the workspace. In this way, all stages of product
development are carried out in a single environment, reducing design time.
A blank model always contains three fundamental blocks without which no simulation
can be started:

e The world frame, a unique motionless, orthogonal, right-handed coordinate

frame predefined in any mechanical model, the ground of all frame

=

Figure 2.1- World frame block

networks;

¢ The mechanism configurator, a block that defines the simulation parameters
of the entire mechanical system. Inside the properties, the value and the

direction of the gravity can be defined. As shown in figure 2.2, the gravity

value was set to 9,80665 SEZ in the negative direction of the z-axis;

Properties
i =l Uniform Gravity |Constant . w
il f L. Gravity |00 -9.80665] [m/s*2 v
| ’ # Linearization Delta |0.001
& Joint Mode Transi Parameters
MNonlinear lterati... 2

Figure 2.2 — Mechanism configurator block and his properties

e The solver configuration block that defines the solver setting to use for

simulation. In the present case, the default parameters were used.

f(x)=0

Figure 2.3 — Solver configuration block

12
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2.2 — From CAD to Simscape

This paragraph explains how the Simscape multibody model of the vehicle was realized.
The following subsections describe, for each subsystem created, blocks and
methodologies used to obtain a dynamic model that is as realistic as possible.

The starting point for Simscape multibody model creation is the CAD of the kickscooter
provided by the start-up. During the writing of this paper, the product design was in its

last stage, so most of the components used are final.

Figure 2.4 — Starting CAD model

13



Chapter 2 — LYNX multibody model

From the initial design, shown in figure 2.4, all those components not considered useful
for the purpose of studying vehicle dynamics were removed such as cables, bolts, throttle
control, etc. A simplified vehicle was therefore used containing all the main structural
parts and those, such as the battery, which contribute significantly to the weight of the e-

scooter.

Figure 2.5 — Simplified CAD model

All the bodies were saved as step files and imported into Simscape using the file solid

block.
o

Figure 2.6 — File solid block

14
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This block has a port R that represents a tern of reference axes, associated with the
geometry, with which is possible to connect the solid with the others. Inertial parameters
and the reference frame can be defined in the properties.

To calculate the mass properties of bodies, two different strategies were adopted:

e For components with a known material, the custom density function was used.
With this command, the material density value, saved as a Matlab variable into
the start-up file, was entered and the mass, center of mass, moments of inertia,
and product of inertia of the body were calculated automatically by the program

from the geometry. The list of known materials and their density values is given

in Table 2.1.
Material Density [ kg/m? |
C40 steel 7870
6061 aluminium alloy 2710
PAG6 plastic 1160

Table 2.1 — Material density

e For components with unknown material, such as tyres, or with internal parts not
designed in the imported solid, such as battery and motor, the custom mass
function was used. With this command, the mass value, obtained by weighing the
actual part (Table 2.2), was entered and the density, center of mass, moments of
inertia, and product of inertia of the body were calculated automatically by the
program from the geometry. In this case, a simplification was adopted because
the battery and the motor were considered as solid bodies with constant density
whereas in reality they are made up of a case and internal components and so the
center of mass does not correspond to the geometric one. However, this
simplification does not lead to great variations in results since the inertial
parameters of the entire system are determined by the driver, who represents the

main mass.

15
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Component Mass [Kg]

Front wheel 0.3

Rear wheel 0.2
Battery 3
Motor 3

Table 2.2 — Component weight

For each solid, the reference frame chosen has its origin in the center of mass of the body

and orientation equal to the one imported from the CAD file. To do this, in the solid file

block properties a new frame, called F, was created.

In figure 2.7, two examples of solid block properties are shown for the frame where the

material density is known (left picture) and the motor where the mass is known (right

picture).

Properties

File Name

Frame.5TEP

Unit Type

From File

Type Calculate from Geometry
Based on Custom Density
Density Alluminium |kg;"m"‘§'r
= | :‘ ._“’_r.{,.‘ VTl - - Il| Upda‘le
Mass 1.46966 kg
Center of ... [[0.0969922, -0.308137, -0.43... |m
Moments ... |[0.111408, 0.0161177, 0.0963... kg*m~2
Products o... [[-0.0266652, -3.6153%e-07, -... kg*m*"2
= Graphic
Type From Geometry
Visual Prope...| Simple
Show Port R[]
Framel F E
Mew Frame
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Properties
File Name  |5emplified engine. 5TEP
Unit Type From File
nort

Type Calculate from Geometry
Based on Custorn Mass
Mass 3.2 kg
= Derved Values  Upee
Density 334a.88 kg/m™3
Center of ... |[-2.41524e-18, 1.74364e-06, 0...|m
Moments ... [0.00357313, 0.00557313, 0.00... kg*m*"2
Products o...|[3.00432e-20, -2.20835e-20, 3... kg*m™2
B2 Graphic
Type From Geometry
Visual Prop... |Simple
Show Pert R[]
Framel F @
Mew Frame

Figure 2.7 — File Solid properties

@ Cancel
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B File Solid : Frame

Description
Represents a solid whose geometry, material and visual
properties are read from a file which could be of CATIA, NX,
SolidEdge and other formats. See reference page for the full
list of formats supported. The File Solid block obtains the
inertia from the geometry and density, from the geometry and
mass, or from an inertia tensor that you specify.

In the exg nodes under Properties, select the types of
inertia, graphic features, and frames that you want and their
parameterizations.

Port R is a frame port that represents a reference frame
associated with the geometry. Each additional created frame
generates another frame port.

Type Calculate from Geometry
Based on Custom Density w

Type From Geometry
[ Visual Proper... Simple w
ShowPortR [
Frame1 F
New Frame =

Ok [Concel e Aoty

2lilevtal R wdIaag ¥l

Figure 2.8 — File Solid interface

As shown in figure 2.8, the interface next to the properties displays the imported solid

geometry and the tern of reference axes.

To rigidly connect bodies to each other, their reference frames must be joined by a line.

To achieve the correct positioning of the parts, the CAD measurement tool was used to

measure the distance along the X, y, and z axes between the centres of mass of the

components as shown in figure 2.9.

17
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U 45,057 mm
.

Rl 324,97 6mm

Figure 2.9 — Measuring tool

The data obtained were imported to Simscape using the rigid transform block. This block
defines a fixed 3-D rigid transform between B and F that represent the base and follower

frames, respectively. In the properties, it is possible to define the rotation and translation

of the follower relative to the base in its reference system.

B>Z< FI

Figure 2.10 — Rigid transform block
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By interposing the rigid transformation between the two solid files, the correct distances
between the different components were obtained. Using the example given in figure 2.9
the connection between the steering tube and the dashboard in Simscape multibody is

made as shown in figure 2.11.

‘ F1 F/X/B

| Dashboard | Steering tube

Figure 2.11 — Dashboard and steering tube connection

The two bodies are connected by a continuous line, which means that they can be
considered as a single rigid component in which the distances between the points remain
constant. This method is a simplification as in reality there are connecting parts, such as
screws, that introduce a certain displacement between the parts when subjected to a force.

The model consists of ten subsystems that are combined to form the complete vehicle:

e Frame

e Steer

e Front suspension
e Rear suspension

e Front wheel

e Rear left wheel

e Rear right wheel
e Rear fender

e Footrest

e Mannequin

In the following paragraphs, these subsystems will be discussed, except for those such as
the steering, the footrest, and the rear fender, which are simply made up of solid bodies

connected to each other.

19
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2.3 — Chassis subsystem

The chassis is a square section aluminium profile that represents the backbone of the

entire vehicle.

Figure 2.12 — Chassis

For this reason, the chassis subsystem is the central hub of the model to which all the
others are linked. As shown in figure 2.17, there are five outputs ports for the connection
to the front suspension, the footrest, the steering system, the rear suspension, and the rear
fender. In the area highlighted in purple, the connection to the world reference system is
made and the degrees of freedom (DOF) assigned to the vehicle are established. The
DOFs provided are four:

20
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e Three translational along the X, y, and z axes, using a Cartesian Joint. Through
the properties of this block, the initial vertical position of the vehicle was also set

to position it in contact with the road at the start of the simulation;

-, t o
. | -
B agCF
Figure 2.13 — Cartesian Joint block

e One rotational around the pitch axis, using a Revolute Joint. Since this block
allows the follower to rotate with respect to the base along the z-axis, there are
rigid transformations to make the latter coincide with the pitch axis. Using the

properties of the revolute joint, it is possible to log the position signal during the

=B “)F

Figure 2.14 — Revolute Joint block

simulation.

This aspect is one of the major limitations of the model because there is no roll or yaw
motion. This simplification was adopted because the vehicle is unstable and tended to
unbalance and fall during the simulations. Furthermore, since the aim of the paper is to
study vertical dynamics and not longitudinal or lateral dynamics, this simplification is
considered acceptable.

Still referring to figure 2.17, in the green box there is a transform sensor that measures
the time-dependent relationship between follower and base. In the properties of the block,

it is possible to select the quantities to be measured, in this case, the position of the vehicle

o .k . .
along the three axes, the longitudinal speed in Tm and the vertical acceleration in Sﬂz

21
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Figure 2.15 — Rigid transform block

Connected to the chassis file solid, there is also an inertia sensor that outputs the mass of
the entire system and the position of the center of mass (COM) relative to the frame given

as input in the S port of the block.

SQ .

Figure 2.16 — Inertia sensor block

Frame to front suspension Frame to foatrest @ Frame to steer Degrees of freedom
) Fitch Joint
L L | oy | s |
L }5 | = | @a

T
- ) ) i~
GentertoFrant | [ | GentertsFoot | T [Canter to Steer | A | 1 :Hﬁk ' 1
N r 9
! . 0O o]
[ |~ P [~

Frame

il

Pitch
Sensors

Center to rear k/. Genter to rear fender

EL Frame to rear suspsnsion

Co>—frirs———

Frame to rear fender

[ i
[—f_az
5
az_frame i
g
o e o
B2

2 fams
‘ y_frame Y
(4 z |

Figure 2.17 — Chassis subsystem
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2.4 — Wheels

On a small, urban vehicle like the e-scooter LYNX, different types of wheels can be used,

each with its advantages and disadvantages:

e Pneumatic tyres: tyres supported by air pressure. These are the most common used

on any vehicle and can be of two different types: with inner tube or tubeless.

o Tyres with inner tube, common on bicycles and e-scooters, consist of an
outer shell inside which there is the tube filled with air. Compared to
tubeless ones, they have a worse performance but are easier to repair in
the event of a puncture, as it is only necessary to replace the inner tube.

o Tubeless tyres, common on cars and motorbikes, consist of only the outer
tyre that forms an air-tight seal around the rim. Compared to those with
inner tubes, they have higher performance and are more resistant to

punctures but are also more expensive and difficult to repair.

In general, the main advantages of pneumatic wheels over the others are more
comfortable rides and better shock absorption due to the suspension effect
provided by the air, lower rolling resistance and better traction. It is also possible
to modify the behaviour of the tyre by adjusting the air pressure. The two main

disadvantages are susceptibility to flats and maintenance.

Figure 2.18 — Pneumatic tyre with inner tube

23
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24

Solid tyres: tyres not supported by air pressure. The main advantages are that they
are immune to flats and require no maintenance. These tyres are mainly used on
small vehicles such as e-scooters, bicycles, and golf carts, but also on large
vehicles for which a puncture could be a serious problem, such as military
vehicles. Their application could also be extended to cars in the future, in fact in
2019 Michelin in collaboration with GM presented UPTIS, shorthand for Unique
Puncture-Proof Tire System, an airless tyre concept designed for passenger
vehicles. This technology could represent a revolution from an environmental
point of view, as it would reduce early tyre changes due to punctures and the
production of spare tyres.

One of the most commonly used structures is the honeycomb design, shown in
figure 2.19 for application on scooters. This solution features air pockets in order
to reduce the stiffness and improve comfort, which is one of the main

disadvantages of solid tyres compared to pneumatic ones.

Figure 2.19 —Honeycomb tyre
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e Foam filled tyres: non-pneumatic wheels filled with foam. These represent an
excellent compromise between pneumatic and solid wheels in terms of
performance and comfort. The insert is a high-strength lightweight material
designed to provide pneumatic-like performance by creating simulated pressure,
but it has the advantage of solid wheels that it is not subject to punctures. For a
city vehicle such as a scooter, this type of wheel can be a solution if no suspension
is present. The disadvantage of foam is that being an emerging technology, it has

a higher price than a solid wheel and requires more maintenance.

Figure 2.20 — Foam filled tyre

The wheel block is the most complex because inside it the contact with the ground is
modelled. The subsystem of the front and rear wheels is the same, with the only difference

that on the front there is the vehicle’s traction system.
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2.4.1 — Sphere to Plane Force

In the first tyre model, the sphere to plane force from Simscape Multibody Contact Force
Library was used. In this way, the interaction between the tyre and the road is simplified
as a contact between a sphere and a plane. The use of this block is very simple since, as
shown in figure 2.21, it is sufficient to connect to the “SphF” port the frame located at the
centre of the sphere with any orientation and to the “PlaB” port the frame located at the
midpoint of the plane with the z-axis normal to the surface where the force is active.
Geometric properties, such as the sphere radius and plane dimensions, the force law, and

friction law can be set within the block properties.

5 _~" Sphere Radius
ut .~ distance from SphF
ElPla B@PhF &) ; : P

e

Sphere to Plane Force

SphF
"""""""""" Plane Depth to
PlaB ~_Reference Frame
= ~ # " along Z axis of PlaB

. Plane Length

» along Y axis
Force active X
on.both sides Plane Leng_th v Reference frames

of plane along X axis for forces
of PlaB pid

Figure 2.21 — Sphere to Plane Force

With this approach, the modelling of the wheel-ground contact is obtained in a simple
way with very good results, but the main limitation, especially for the study of vertical

dynamics, is the impossibility of providing a road profile as an input.
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2.4.2 — Spatial Contact Force

A generalisation of the sphere to plane modelling is achieved through the use of the spatial

contact force block.

Figure 2.22 — Spatial contact force block

In this case, the contact between wheel and ground is modelled as a contact between two
geometries using the penalty method, which allows the bodies to penetrate each other by
a small amount. When two solid blocks are connected to the spatial contact force, two

forces are applied to both of them as shown in figure 2.23.

Contact
Frame

Figure 2.23 — Spatial contact force scheme
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where:

e f, is the normal force perpendicular to the plane of contact which tends to push
the bodies apart. This force is calculated using a spring-damper law and therefore
depends on the depth and speed of penetration;

e [ is the friction force which depends on the normal force and the relative speed

of the point of contact.

In the block properties (Fig 2.24) it is possible to define:

e Stiffness and damping values;

e The transition region width that defines the penetration value above which the full
value of stiffness and damping is applied. In this region the value of the force is
gradually increased in order to eliminate discontinuities;

e The coefficient of static and dynamic friction;

e The critical velocity that represents the speed value at which there is a transition

from static to dynamic friction.

Properties
= Mormal Force - -

Stiffness 1eb M/ m

Darmping 1e3 M/ (=)
 Transition Region Width |1 e-d m e

= Frictional Force - _
Method Smooth Stick-Slip ~
Coefficient of Static Fri... 0.3

 Coefficient of Dynamic... 0.3
Critical Velocity 1e-3 'mis w

Figure 2.24 — Spatial contact force properties

To use this block, it is necessary to enable the export geometry option in the two solid
blocks of which the contact is to be made. In this way, Simscape Multibody creates a
convex hull geometry representation that approximates the real geometry of the body, as

shown in figure 2.25.
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True geometry Convex hull representation

Figure 2.25 — Convex hull representation

With this modelling, it is possible to connect different geometries to the wheel and thus
provide a road input to be followed by the vehicle. An example is shown in the figure
below where the wheel, represented by a cylindrical geometry, is connected to two solid

bricks and another cylindrical solid which simulate a horizontal road with a bump

followed by a climb.
Wheel
[
D d EE
S ; ”””””””” i}
o Iy 5
Horizontal Plane ‘ Bump . Inclined plane -
3 L e | o
afZ{r

Figure 2.26 — Spatial contact force system example
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2.4.3 — CPI tyre model

In this model, the Contact Point Interface (CPI) tyre model from Mfeval toolbox was
used. The CPI block, shown in figure 2.27, evaluates the Magic Formula in the contact

point between the tyre and the road.

N Omega FxL
A Fyp
N Vsy Fz P
) Camber Mx
N Psi_dot My p
AFz Mz P
¥ muRoad varinf P
¥

Figure 2.27 — CPI tyre model block

The coordinate system used in all calculations is the W-axis system defined by the

TYDEX group:

e The XW-axis is obtained from the intersection between the central plane of the
wheel and the surface of the track;
e The YW axis is obtained from the projection of the rotation axis on the ground;

e The ZW-axis is normal to the ground and points upwards.

The origin of the coordinate system is called “wheel intersection point”. All the angles
(a,y, w) shown in picture 2.28 are positive, and force and moment represented act from

tyre to rim.
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direction of
WHEEL velocity

Figure 2.28 — CPI tyre model axis

Eight inputs are required for the model to work:

Omega (w) in [ %] is the wheel rotational speed about its spin axis;
e VU, in [%] is the speed of the wheel centre along its longitudinal axis;

o Vg in [%] is the lateral wheel slip speed in the contact point;

e (Camber in [rad] defines the inclination of the wheel centreline in relation to the

vertical to the ground;
e Psi dot(¥)in [ % ] is the tyre yaw speed about the road normal

e [, in [N] is the tyre normal load in the contact point;
e muRoad [-] is a double input that indicates longitudinal and lateral friction
coefficient between the tire and the road;

e MF-Tyre property file (.Tir) that contains all the tyre properties.
The outputs from the block are:

e F, in [N] is the tyre longitudinal force

e F, in [N] is the tyre lateral force
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F, in [N] is the tyre vertical force which is bypassed from the input

. [NT. .

M, in ol RS the tyre overturning moment
. [NT]. . .

M, in — s the tyre rolling resistance moment
. [NT. .

M, in —|1s the tyre self-aligning moment

Varinf contains various information that can be tracked using a bus selector block.

In order to integrate the CPI tyre block into the model and adapt it to the purpose of this

study, simplifications were adopted. From figure 2.29, it can be seen that:

1

Wheel centre
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Figure 2.29 — CPI tyre model system

The value of camber was set to zero because the vehicle’s wheels are
perpendicular to the ground;

The values of V;,, and W were set to zero because only movement along the
longitudinal axis was considered in the simulations carried out;

The w and V, values were obtained through the use of a transform sensor
positioned in the centre of the wheel inside the subsystem “Wheel sensor”;

The output F, was set to 0 because, due to the particular configuration of the
vehicle, the front wheel is in the central position, while in the block properties it
is only possible to select the left or right side. For the rear, on the other hand, the

F,

), port was used because, since there are two wheels, the lateral forces calculated

were opposite and the resultant null.
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The value of the vertical force was calculated in the “F, road profile” subsystem. The CPI
model, in fact, does not describe the vertical dynamics of the wheel since the input F, is
directly bypassed in the output. In figure 2.31, in which the subsystem used for the
calculation of the vertical force is fully reported, it can be noted that the wheel was
assumed similar to a spring-damper system. In the first part (blue area) the tyre deflection
is calculated by subtracting the tyre radius and the road height from the hub height.

To define a given road profile, a 1-D lookup table with the position along x and z of some

known points was used.

1-D T{u)

Figure 2.30 — 1-D lookup table

The height of the road, along the z-axis, is calculated by interpolation of table values,
based on the position along the x-axis of the wheel which is provided as input to the block.
In this way, it is possible to transform the road profile as a function of space, into a time-
dependent input based on the speed of the vehicle.

The tire deflection calculated is multiplied by the wheel stiffness (green area) to obtain

the spring force:

F, = —kx 2.1)

In the last part (purple area), the damping force is calculated:

F, = —bv, (2.2)

The two forces are then added together to form the vertical force acting on the tyre which

is given as input to the block CPI.
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Figure 2.31 — Tyre vertical dynamic

The .tir file used in this application contains the correct geometric parameters of the
wheels used on the kickscooter, but all the other coefficients for the calculation of the
Pajceka formula are standard for automotive applications. This means that the dynamic
longitudinal and lateral performances are not the real ones of the vehicle, due to the lack
of tyre data. A future development of the model could involve substituting the correct
parameters by performing a fitting process based on real tests.

After calculating the forces and moments with the CPI block at the point of contact, these
are transported to the centre of the wheel, by calculating the transport moments for the
forces, using the loaded radius information, and transformed from fixed to rotating.
Forces and moments are given as input to the external force and torque block which
applies them to the frame to which it is connected in port F, in this case to the wheel
centre.

In order to provide propulsion to the vehicle, the electric motor was not modelled but the
speed value was provided directly as input to the rotational block through the model

described below.

| -
é

. Lol
/ > /| unitkmnr - B Unitmss %I}—b
- [ |

1/radius

Speed

Figure 2.32 — Propulsion system
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As can be seen in figure 2.32, the speed increases linearly until it reaches a maximum

value due to the saturation lock. The speed is then converted from km/h to m/s and divided

by the wheel radius to calculate the angular velocity. The angular velocity is integrated to

calculate the angle required to achieve the desired speed and this value is provided as

input to the rotational joint.

2.5 — Rear truck subsystem

On the rear axle of the e-scooter, a truck used on skateboards is mounted. A skateboard

truck is a T-shaped mechanical device used to link the tilt of the table to the rotation of

the wheel axle. Its main parts are:

The baseplate, a metal component directly screwed to the chassis on which the
pivot cup and kingpin are located;

The hanger, a component directly connected to the wheels through the axle and to
the baseplate through the kingpin. The vertical end of the hanger has a pin that
engages directly with the pivot cup on the baseplate and represents the fulcrum
around which the entire component rotates;

The kingpin, the connecting bolt between the baseplate and the hanger. By
adjusting the tightening torque, it is possible to change the hardness of the
bushings and quickly modify the cornering behaviour of the vehicle. This
operation is similar to increasing the spring preload in a shock absorber;
Bushings, polyurethane parts positioned on the kingpin between the baseplate and
the hanger that oppose the rotation of the truck around the pivot axis. Their shape,
size, degree of hardness and the quality of the polyurethane can greatly vary the
feel of the truck when cornering. Harder bushes lead to a less reactive but more
stable board at speed, while softer rubbers increase manoeuvrability at the expense
of stability. The choice of hardness depends on many factors, including the weight

of the driver, the intended use of the truck and also subjective tastes.

When the board is tilted, the hanger makes a rotation around an ideal axis called the pivot

axis. Since the latter is oblique, this leads to a rotation of the wheel axle along the ground

normal. In this way, steering is realised. One of the most characteristic truck parameters
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is the lean/turn ratio (LTR), which depends on the inclination angle of the pivot axis and
determines by how much the deck must be tilted in order to steer the vehicle by a certain
angle. The greater the pivot axis tilt, the smaller the inclination required to turn the vehicle

by a certain angle.

Axle Hanger

Bushings

(-..ml §

Baseplate

Mounting Holes

Figure 2.33 — Rear truck scheme

A 45-degree truck produced by Seismic, shown in figure 2.34, is used for LYNX.

Figure 2.34 — Seismic 45-degree rear truck
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Since the 3D CAD of the part was not provided by the manufacturer, a simplified spring
truck was created using Solidworks. The operating principle of a spring truck is similar
to the one with bushings. It consists of a hanger that rotates around a baseplate, but in
this case, the springs oppose the movement. A truck available on the market suitable for

application on electric skateboards was used as a reference (Fig. 2.35).

Figure 2.35 — Trampa spring rear truck

To have an inclined pivot axis, the truck must be mounted on a sloping surface, or an
angular shim must be placed on the baseplate. The component designed, shown in figure
2.36, has the same geometric parameters of the truck actually used on LYNX such as axle

height and width.

Figure 2.36 — Rear truck side view
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Figure 2.37 — Rear truck bottom view

The baseplate has two circular recesses for the housing of the springs. The connection
surface with the frame is tilted by 45 degrees to obtain a pivot axis inclined at the same

angle. The complete Simscape subsystem is shown in figure 2.38.
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Figure 2.38 — Rear truck system
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Inside the subsystem there are two solid rows representing the baseplate and the hanger.
These two components are connected in the central part by a rotational joint and at its

sides there are two spring damper blocks.

|

Figure 2.39 — Spring and damper force block

S -

This block represents a linear spring and damper force pair acting between the base and
follower frame origin along the line segment connecting the two. The two forces have
equal magnitude but opposite directions. The magnitude of the spring force depends on
the deformation of the spring with respect to its natural length, while the magnitude of
the damping force depends on the relative velocity between the two connected frames.
In the block properties, it is possible to define the natural length of the spring, with which
a certain preload can be set and the stiffness and damping values.

The component displayed in the Simscape mechanics explorer is shown in figure 2.40.

Figure 2.40 — Connection point rear truck mechanics explorer
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2.6 — Front suspension subsystem

On the LYNX e-scooter it is possible to install a front suspension, shown in figure 2.41.

Figure 2.41 — Front suspension

This component was designed as two bodies, one solid and the other hollow, both with a
hexagonal base to prevent rotation, which slide inside each other, between which a low-
friction material is placed. To oppose this movement there is a spring and a rubber
bellows which offers a small damping capacity. As can be seen from figure 2.42, which
shows a sectional view of the component, there are steps on the two bodies that define

the suspension stroke.
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Figure 2.42 — Front suspension section

To simplify the modelling in Simscape, two cylinders were created in the CAD, one solid

and one hollow, which slide inside each other.

Figure 2.43 — Simplified front suspension

41



Chapter 2 — LYNX multibody model

These two solid bodies were connected by a prismatic joint that does not allow rotation
but only translation along the z-axis. To design the suspension, it was decided to use a

Simscape model shown in figure 2.44.

| f R
CFE N 1 R
, ¥ :
S ol 5
I o > j
L BV c Suspension
displacement Interface

Figure 2.44 — Front suspension system

In the properties of the prismatic joint, the speed option was activated in the sensing tab.
The speed information is transmitted to the interface subsystem. Within this system,
displayed in figure 2.45, there is a block called “Ideal Translational Velocity Source”
which generates a speed difference at its terminals R and C representing conservative

mechanical translational conserving ports.

\i

C R
< : > | Ideal Translational

c deal Force Sensor Velocity Source

Figure 2.45 — Interface subsystem
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Between the R and C terminals, in the suspension subsystem, there are a series of blocks

in parallel that simulate the behaviour of a suspension:

NN
<o
R
24 x ha o
Translational H Translational Translational Translational
Spring Damper E Hard Stop l Friction
O O
C
2

Figure 2.46 — Suspension Subsystem

- Translational spring representing an ideal linear spring that follows the

equations below:

F=Kx (2.3)

X = Xipit + Xp — X¢ (2.4)
dx

v=— (2.5)

In the block properties it is possible to set the initial speed, force, and deformation;

- Translational damper representing a linear viscous damper described by the

following equation:

F=Dv (2.6)
Where:

o v is the relative velocity v = vy — v(;

o D is the damping coefficient.

43



Chapter 2 — LYNX multibody model
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In the case of a non-linear damper, it is possible to replace this block with a non-
linear translational damper, which allows the insertion of a force/speed curve that
can be symmetrical or asymmetrical with respect to the zero-speed point, in order

to distinguish expansion and compression damping;

R C

‘-__\-T‘-"‘"“
L=

Figure 2.47 — Non-linear translational damper

Translational hard stop is a block that restricts the translational motion of a body
between an upper and lower limit. The two boundaries are modelled using a
spring-damper system, with the spring opposing penetration between the body and

the stop, while the damper takes into account non-elastic effects that cause energy

dissipation.
R
|
K K p
0 B
g
1
Figure 2.48 — Translational hard stop scheme
Where:

o K, and K, are the lower and upper boundary stiffnesses;
o D, and D, are the damping coefficients at the lower and upper boundaries;

o gn and g, are the initial distances from the lower and upper boundaries.
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In the block properties it is possible to select different modes of operation
including “Full stiffness and damping applied at bounds, undamped rebound”, in

which the equations governing the block are:

K, (x—gp)+ D, v-ge(v,0) forx> g,
F=1<0 for gn<x< g, 2.7)
K, (x—gn) + D, v-le(v,0) forx > g,

The functions ge and le stand for larger or equal and smaller or equal,
respectively. Among the other modes that can be selected are the mode with
rebound damping and the mode with stiffness and damping that increase linearly

until reaching the maximum value at the boundaries;

- Translational friction is a block that models the frictional force resulting from
contact between two bodies. This block calculates the friction force taking into
account the Coulomb, Stribeck and viscous contributions as can be seen from the

graph shown in figure 2.49.
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Figure 2.49 — Friction force as a function of speed
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The Coulomb friction force is described by the following equation:

F, = uFy 2.8)

A

Fe

<YV

Fe

Figure 2.50 — Coulomb friction force

Where u is is the dynamic friction coefficient and Fy is the normal force. As can
be seen from the graph above, the Coulomb force is constant for any value of
velocity, while for v = 0 it is not defined as it can take on any value in the range
F./—F..

The viscous friction force is described by the equation:

F.=k,v (2.9)

Where k,, is the viscous friction coefficient. From formula 2.9, it can be seen that
this frictional force contribution increases with increasing speed.
Stribeck friction is a negative slope effect that occurs from static to Coulomb

friction. This effect is described by the equation:
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v \2
Fot = V2 (Fyrg = Fc)e_("_st) (2.10)

Where Fj,, is the sum of Coulomb and Stribeck friction force and vy, is the Stribeck

velocity threshold defined as vy, = vy, V2.
The block estimates the friction force by taking these three force components into account

according to the equation:

(4

v 2
F=\/§(Fbrk—Fc)e_(”_s¢) -Uit+ Fctanh( )+k,,v (2.11)

Vcoul

Where v,y 1 the Coulomb velocity threshold defined as vy, = vi’—gk . The hyperbolic

function used in the Coulomb portion allows to obtain a continuous function around zero
with the force immediately reaching its maximum value at very low speeds.

Once the friction force is evaluated, the value is transmitted to the “Ideal Force Sensor
block”, located in the interface subsystem (Fig. 2.45), which converts the variable passing
through the sensor into a control signal. This signal is given as input to the prismatic joint,

simulating the effect of suspension.
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2.7 - Mannequin subsystem

To simulate the presence of the driver of the vehicle, a dummy was used. This subsystem
is fundamental for the execution of reliable simulations, as it represents the major
component in weight of the vehicle-driver system. The dummy used has a height of 1.80
m and a mass of 80 kg. The assembly consists of 14 bodies, connected together by

rotational and spherical joints.

Bone Names Mass (% of body weight) Mass [kg]|
Head + Neck 6.94 5.55
Trunk 43.46 34.77
Arm (x 2) 4.94 3.95
- Upper arm 2.71 2.17
- Forearm + Hand 2.23 1.78
Leg (x2) 19.86 15.89
-Thighs 14.16 11.33
-Shanks + Feet 5.70 4.56
Total 100 80

Table 2.3— Body segment mass

To import the dummy into the Simscape environment, the “smimport” function was used.
This command automatically generates a Simscape Multibody model from the CAD. In
addition to the model, “smimport” also generates a parameter data file, a structure array
populated with MATLAB variables in which the block parameters of the imported system
are set. In this case, as shown in the complete system in figure 2.51, the initialisation file
contains:

- The position of the bodies with respect to a predefined Cartesian reference system;

- The inertial properties of bodies;

- The positions and angles of rotational and spheroidal joints;
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Figure 2.51 — Mannequin subsystem

To reproduce the same posture as the driver, the position of individual limbs was
manually modified on the CAD and then the assembly was imported into Simscape. In
order to avoid movement during the vehicle's motion, the joints were replaced with rigid
links using the same positions and angles as in the parameter data file. In this way, a
completely rigid human body model was obtained and placed on the vehicle.

This subsystem, however, represents one of the major simplifications of the model since
in reality the driver, while riding the vehicle, moves by varying the centre of mass of the
system and exchanges forces with it both on the footrest and the handlebars. In the model,

as explained, the dummy has a fixed position and does not exchange forces with the

vehicle.
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Figure 2.52 — Mannequin subsystem Mechanics Explorer



Chapter 2 — LYNX multibody model

2.8 — Complete model

All the subsystems shown in the previous paragraphs were joined together to create the

complete vehicle and driver model, as shown in figure 2.53. Inside the wheel subsystem,

there are all the road wheel contact models discussed in paragraph 2.4, and it is possible

to select which of them to use for the simulations.

Rear suspension

Right wheel

Frame

Rear fender

Footrast

Left wheeal
Mannequin

Front suspension

Front wheel

Steering system

Figure 2.53 — Complete system

51



Chapter 2 — LYNX multibody model

The complete system displayed in the three-dimensional environment Mechanics

Explorer is shown in figure 2.54.

Figure 2.54 — Complete system Mechanics Explorer
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Chapter 3

Experimental tests

This chapter presents the experimental tests carried out on a prototype of the vehicle.
After presenting the main characteristics of the prototype used, the equipment which
makes up the measurement chain for data acquisition is described. The last part shows

the type of tests carried out and the post-processing of the data acquired.

3.1 Characteristics of the vehicle under test

The vehicle used in the tests was a prototype with a foam-filled front wheel and no

suspension (Figure 3.1).

Figure 3.1 — Prototype front wheel
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At the rear, the vehicle was equipped with two solid tyres with honeycomb geometry.

ey Tl S

Figure 3.2 — Prototype rear wheels
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3.2 Measuring chain

For vibration analysis, the measuring chain generally consists of:
e Transducer
e Pre-amplifier
e Signal conditioner
e A/D converter

e Signal analyser

The transducer is the device that converts the measurable input physical quantity to be
measured into a pneumatic or electrical signal. The signal coming from the transducer,
which is generally very weak, is amplified by the pre-amplifier. The latter is sent to a
conditioner which performs a series of operations such as frequency filtering, further
amplification, etc. The amplified and conditioned analogue signal is transformed, via an
A/D converter, into a digital signal, a discrete set of numbers that can be managed by a

computer.

3.2.1 Piezoelectric Accelerometer

In the case of the tests carried out on the LYNX kick-scooter, Miniature IEPE Triaxial
Accelerometers manufactured by Kistler were used. In particular, the model used was

type 8763B500A, shown in the figure below.

.

109
[0.43]

M4.5, 4 pin connector

Figure 3.3 — Piezoelectric accelerometer

55



Chapter 3 — Experimental tests

This is a shear accelerometer, like the one shown in figure 3.4, which can measure
accelerations along three orthogonal axes in a range of +500g, has a resonant frequency
of 55 kHz and a frequency response between 1 Hz and 10000 Hz, considering a linearity
error of £5. It has a hermetically sealed, welded titanium case that allows the
measurement of vibrations even underwater up to a maximum pressure of 10 bar.

SHEAR TYPE

Mass Support
|

Crystal(s) ] oy wi! Mass

= — Crystal(s)

(i

Figure 3.4 — Shear type accelerometer

This accelerometer incorporates also IEPE technology, which stands for “Integrated
Electronics Piezo Electric”, eliminating the need for a pre-amplifier. In this case, the
measurement chain is called “Low impedance chain”. The latter, shown in figure 3.5,
consists of the accelerometer connected via a simple coaxial cable to an ICP power supply
which is in turn connected to an acquisition system. Some acquisition systems have a

built-in ICP power supply that allows further simplification of the measurement chain.

ICP
Powar Supply
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Accelerometer @
E} <? ? t? e@®

é Standard Coaxial Cables L

Readout
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Qﬂ——@ e® @"
o

Standard
Coaxial Cable

Figure 3.5 — Low impedance chain
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3.2.2 Simcenter SCADAS XS acquisition system

For accelerations acquisition, a Simcenter SCADAS XS was used. This device, shown in
figure 3.6, is very compact, equipped with an internal battery, and can acquire signals up
to 5S0Khz on twelve different channels. The channels are also Voltage/ICP, which means
that the device can directly power the accelerometers without the need for an external

power supply.

Figure 3.6 — Simcenter SCADAS XS

The inputs, shown in figure 3.7, that this device is equipped with are:

e Twelve V/ICP Channels capable of acquiring signals up to 50khz sampling
frequency. These ports are also compatible with TEDS (Transducer Electronic
Data Sheets) technology. The latter allows, if the accelerometer is also compatible
with this function, to automatically read transducer information that would be
present on the calibration sheet such as sensitivity, model number, quantity and
more. With this technology, it is therefore possible to shorten the time needed to
carry out the tests, as it is not necessary to enter all the data manually and to avoid
possible errors.

¢ One binaural headset Channel dedicated to the connection of the Siemens headset.

This device is equipped with two microphones placed on both ears and has the
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objective of optimising sound recording for headphone listening, in order to
faithfully reproduce the sound perceptions of the listener located in the recording
environment, maintaining its directional characteristics;

e One GPS Channel to track speed, with a sensitivity of = 1 km/h, and position at a
frequency of 5 Hz;

e One SPDIF (Sony Philips Digital Interface) Channel for the connection of audio
devices;

e One CAN-bus Channel to read signals from different sensors in modern vehicles;

e A dual Analog Tacho Channel.

Binatural Headset Gps 12 V/ICP Channels

. 0 SPDIF
SPDIF Binatural Input CAN-bus Dual
SEEE— Analog Tacho
. ]

Figure 3.7 — Inputs of SCADAS XS

The connection ports located on the opposite side of the inputs, figure 3.8, through which
the acquisition system can interface with other devices are:

e One micro-SD card slot;

e One LAN port through which it is possible to connect the device directly to the

computer or to connect several SCADS XS using an Ethernet hub;

e One USB port to connect the device to the computer and charge the battery;
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USE port - Used for Micro S50 slot
LAM port frontend mode or charging (insert as shown)

Figure 3.8 — SCADAS XS connection ports

The SCADAS XS can be used in different operation modes:

¢ Frontend mode in which the device is directly connected, via USB or LAN, to a

PC equipped with Testlab LMS software;

Surface Pro or PC
SCADAS XS

Figure 3.9 — Frontend mode

e Tablet mode in which the device is connected to an Android tablet equipped with
the Simcenter Testlab Scope App. The connection between the tablet and the
SCADAS XS is obtained through build-in Wi-Fi on the acquisition device. In this
operation mode, it is necessary to insert a microSD card in the dedicated slot, on
which all the data recorded by the acquisition system are saved. Through the tablet
it is possible not only to visualize the data collected but also set up, start, or stop

an acquisition;
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Figure 3.10 — Tablet mode

Standalone mode in which the device is not connected to either the PC or the
tablet. In this mode, it is necessary the presence of the microSD card with a
preloaded measurement template. The measurement setup is configured using
Siemens Testlab software and the generated file is exported to the microSD-card.
In this mode of use, tests can be started and stopped using the build-in REC button.
The latter has an LED through which the status of the device can be monitored.
The collected data are saved on the microSD card and can be exported to a large

number of third-party formats.
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3.3 Experimental setup

To measure vibrations, three IEPE accelerometers, described in the previous paragraph,

were placed:

e One at the centre of the footrest;

Figure 3.11 — Footrest accelerometer

e One on the fork;
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e One on the steering dashboard.

<A\ \\"
N\

Figure 3.13 — Dashboard accelerometer

F

Mounting of accelerometers is essential for reliable and accurate measurements. A thin
layer of beeswax was used for the transducers mounted on the footplate and dashboard,
while an adhesive suitable for coupling with steel was used for the fork transducer. This
mounting method slightly reduces the resonance frequency, but it is not a problem in this
case due to the high bandwidth of piezoelectric accelerometers and the low frequency of
the phenomena to be measured.

Since the SCADAS XS has V/ICP ports that directly power the IEPE transducers, no
power supply is required for the connection between the accelerometers and the

acquisition system, but only two cables:

e The first is a 4-pin to 3 BNC cable, shown in figure 3.14. The 4-pin connector

plugs in directly to the accelerometer;
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Figure 3.14 — 4 PIN to 3 BNC cable

The second is a three BNC to one LEMO cable, shown in figure 3.15. With this
cable, it is possible to connect the three channels of a triaxial accelerometer to a

single V/ICP port on the SCADAS XS.

Figure 3.15 — LEMO cable
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The two cables are then linked together using the BNC connectors by matching the

corresponding axis on each cable marked on the wires with a label.

Figure 3.16 — BNC connection

Finally, the cable is connected to the SCADAS XS via the LEMO connector.

Figure 3.17 — SCADAS XS connection
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The acquisition system was then fixed on the dashboard with rubber bands and tape.

Figure 3.18 — SCADAS XS mounting

The final experimental setup is shown in figure 3.19.

Figure 3.19 — Instrumented vehicle
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The final measurement chain used for acceleration acquisitions on LYNX is shown in

figure 3.20.

Measuring Connecting Amplifying Acquiring Analyzing

Types 8763B... Types 1734A.., 1756C..., IEPE Compatible Data Acquisition Laptop (customer supplied)
17848..KO3 (4 pin neg. to Unit (customer supplied)
3x BNC pos.)

o= o

i

B —=
g :

Figure 3.20 — Final measurement chain

The measurement chain consists of the IEPE accelerometer which measures the
accelerations and the acquisition system that collects the data via the micro-SD card and
directly powers the transducer without the need for an amplifier. The recorded data can
be analysed and post-processed through the use of a laptop with dedicated software such

as Simcenter Testlab.

3.4 Simcenter Testlab

For the tests on LYNX, it was decided to use the SCADAS XS in standalone mode,
without connecting the device to the computer, but saving the data directly on the micro-
SD card. To perform measurements in this mode, a template must be present on the micro-
SD card. A template is a file where are stored all the custom test settings. To create one,
Simcenter Testlab was used.

After creating a new project, it is possible to create custom tests into the “Channel Setup”
worksheet, shown in figure 3.21. This table resembles an excel sheet in which each row
represents one of the physical channels of the acquisition system. From figure 3.21 it can
be seen that nine channels were enabled representing the three orthogonal directions of

the three accelerometers mounted on the vehicle.
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[% File Edit View Data Tools Window Help

|0/ & sestont Caxe meRa w2

Channel Setup Save as Reference | Load Channel Setup... | Show OnOff | Show On | Channel Setup w | Print Screen ﬂ:‘:{k
status: Verification OK Clocksyne: [None v

PhysicalChanneid onoft c Point Direction nput mode. Couplng_~ | Measured Quantiy | _ Electrical Unit> | Actual sensitivity Rangs Sensor D

1 Input1 3 Vibration Ruota z icp Single Ended Acceleration w 1045 v 10 2] v NVH 145

2 Input2 4 Vibration Ruota v icp Single Ended Accsieration mn 108 mvig 10 I v NvH 145

3 Input3, 4 Vibration Ruota X icp Single Ended Acceieration my Mo mwig 10 3 v v 165

. Inputé 4 Vibration Manubrio v icp Single Ended Accsleration w N2 v 10 3 v NVH 143

s nputs ~ Vibration Manubris X [ Single Endea Acceleration m na mg 10 2 v NVH 143

3 Input6 4 Voration Manubrio z P Single Ended Acceleration w s mig 10 4| v W 143

7 Input?. 4 Vibration Pedana X icp Single Ended Accsleration w M mvig 10 I v NvH 156

B Inputg, 4 Vibration Pedana z icp Single Ended Acceieration m 1037 w10 A v nvH 158

B Inputs, 4 Vibration Pedana v icp Single Ended Acceleration Y 1084 w10 3 v NVH 155

10 Input10 r Vibration Point10 Nene Vokage AC Single Ended Acceleration mn 00 mvig 10 S v

1 nput1 r Vibration Foint11 None Votage AC Single Ended Acceieration my 100 mwg 10 A v

12 Inputi2 r Vibration Point12 None Vokage AC Single Ended Acceleration w 100 mvig 10 S v

i) nputt3 r Acoustic Headset Left None cp Single Ended Pressure m 62 mups 2828 5| v

14 Inputté r acoustic Headset Right None ccp Single Ended Pressure: m 362 mvPa 2828 4| v

15 Input1s r Acoustic HNS Left Nene SPDF Pressure Fa 1 AR

16 Input1s r Acoustic HIAS Right None SPDF Pressure ra 1 ;0 A e

17 Tachol r Tacho Tachot None Voltage BC Single Ended 2 v

18 Tacho2 r Tacho Tacho2 Nene Voltage BC Single Ended 2 v

Channel Setup Tracking Setup » Acquisition Setup ) Online Processing » Measure » Time Data Selection Time Data Processing SIEMENS

New Project

Figure 3.21 — Siemcenter Testlab Channel Setup

There are eleven columns in which to enter the parameters:
e  On-Off with which it is possible to enable or disable the input;
e Channel Group Id is an identification term to indicate which group the channel
belongs to. Available options are: vibration, acoustic, tacho and others. In the case

under study since only accelerometers were connected, the vibration option was

selected in all the lines;

e Point is a free description field where anything can be entered. In the case of input

1, the word "Ruota" was chosen as the accelerometer was positioned on the fork;
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Direction whose selections are +X, -X, +Y, -Y, +Z, -Z. Each accelerometer has
its own reference system whose directions are shown on the transducer case, as

shown in figure 3.22;

Figure 3.22 — Accelerometer reference system

For the execution of the tests, a predefined coordinate system was defined,

illustrated in the figure below.

F igﬁfe 3.23 — Global coordinate Systém
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7

From figure 3.23, it can be seen that the x-axis is facing longitudinally towards
the rear of the vehicle, the z-axis in a vertical direction facing upwards and the y-
axis in a lateral direction. Figure 3.24 shows the two reference systems in the case
of the footplate, the global one marked on the tape and that of the accelerometer
in red. Taking as reference the inputs 7, 8 and 9 that refer to the accelerometer
positioned on the footrest (Fig. 3.25), we can see that:

e in line 7, which corresponds to the x-axis of the transducer, the option +X
was selected, since the two axes have the same direction and the same
orientation;

e in line 8, which corresponds to the y-axis of the transducer, the +Z option
was selected because the two axes have the same direction and the same
orientation;

e in line 9, which corresponds to the z-axis of the transducer, the -Y option

was as the two axes have the same direction but opposite orientation;

Figure 3.24 — Footrest accelerometer

Input? |7 Vibration Pedana +X IcP Single Ended Acceleration my 118 mvig 10 % v NVH 156
Inputd |7 Vibration Pedana +Z IcP Single Ended Acceleration my 1037 mvig 10 % v NVH 156
Inputd |7 Vibration Pedana B IcP Single Ended Acceleration mv 108 mvig 10 % v NVH 156

Figure 3.25 — Footrest setup
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The same procedure was used for the other accelerometers in order to obtain the

global reference system shown in figure 3.23;

Input mode in which the available options are Voltage AC, Voltage DC and ICP.
In the case under consideration, the field was set to ICP because all accelerometers
used were IEPE. In this way the SCADAS XS directly powers the transducer

without the need for an external amplifier;

Coupling indicating the connection mode, for each accelerometer the single

ended option was selected;

Measured quantity indicates the type of physical quantity to be acquired. In this

case, the acceleration option was selected for all channels;

Electrical unit indicates the unit of measurement output from the channel. Since
all the accelerometers used were IEPE, the output quantity is a potential difference

inmV;

Actual sensitivity indicates the output voltage generated by a 1 g force. This value
is different for each axis and can be found on the calibration sheet of the
transducer. In the case of the accelerometers used, a feature called TEDS
(Transducer Electronic Data Sheet) is available whereby the acquisition system
can automatically read some of the transducer's parameters, such as sensitivity,
and enter them directly into the appropriate fields. To use this function in Testlab,
in the “Channel Setup” section there is an option called “Read Teds” as shown in

the figure below;

Show On ‘ Ch;gnel Setup v‘ Print Scree

® Channel Setup ync. | None
ucer Type Use Database lriai number
Read Teds
Use Geometry [

Figure 3.26 — Teds option
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¢ Range indicates the voltage interval. In the case under consideration, since type
b500 accelerometers were used, the calibration sheet reports a voltage output of

+5V, and therefore a range of 10V;

e Sensor ID is a transducer identification term.

After filling in all the fields in the channel options tab, in the acquisition setup tab other
parameters have been defined, the most important of which are the acquisition frequency
set to 25600 Hz and the measurement time set to 30 s, a much longer time than necessary
so that measurements can be started and stopped directly using the dedicated button on
the SCADAS XS. The template was then saved on the micro-SD card which was inserted

into the acquisition system.
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3.5 Wheel stiffness estimation

This section describes how the stiffness of the rear wheels was estimated. The idea behind
this test is to apply a known vertical load in the centre of the wheel and from the

measurement of the deformation obtain the stiffness.

Figure 3.27 — Vertical stiffness test setup

As can be seen from figure 3.27, there is a structure that is fixed on one side and bolted
to the wheel centre on the other side. After checking that the structure was flat with a
spirit level, weights of 10 kg were applied in sequence up to 40 kg and, for each step, the
distance of the wheel centre from the ground was measured using a gauge, from which
the deformation of the wheel was calculated. The values obtained from the test were
reported in Matlab, and a linear interpolation was performed using the “fit” function, from

which an estimated value of vertical stiffness was obtained.
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The graph below shows the experimental results with blue dots and the fit curve in red. It
can be seen that the experimental data can be approximated very well as a straight line
whose slope represents the vertical stiffness of the wheel. The estimated static stiffness

value is 87 N/mm.

Rear wheel stiffness estimation
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Figure 3.28 — Rear wheel stiffness estimation

It was not possible to perform the same operation on the front wheel as the only one
available was already mounted on the vehicle. In this case, the stiffness value was

estimated by performing a calibration with the experimental data.
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3.6 Road test

The experimental test carried out on the vehicle was passing over speed bumps placed on

a cycle path as shown in the figure below.

Figure 3.29 — Speedbumps

As can be seen from figure 3.29, there are two sets of speed bumps consisting of seven
steps, each two millimetres high and eight centimetres long, spaced sixty-five cm apart.
The test was performed at two different speeds 6 km/h and 11 km/h, and two repetitions
were carried out for each. To start each test, the first operation was to press the REC
button on the SCADAS XS, whose led changes from blue to red when it starts to acquire.
The vehicle was then driven along a stretch of road to reach the desired speed, after which
the two sets of speed bumps were traversed at a constant speed. At the end of the test, the
REC button was pressed again, stopping the acquisition of accelerations, and saving the

data file directly on the micro-SD card.
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3.7 Post processing and export of data

After testing, the acceleration data measured by the accelerometers were transferred from

the micro-SD card directly to the PC for post-processing. A low-pass filter was applied

to the raw data at 250 Hz and 50 Hz using Simcenter Testlab. Within the programme, it

is possible to use the time signal calculator, in which the conditioning tab contains several

filters.
Select Function
[an | | FILTER_BP =
|Condiioning il
| Editmg | FLTER_FRF
| Logical | FLTER_HP ¥
IMath | FILTER_IS02631
| Metrics | FILTER_IS05349
| Modify segment FLTER_LP |=
| Segment Indication | FLTER_NOTCH
| Signal | FILTER_ORDER
| Signal generation | HILBERT_ENVELOPE =
| Strain gauges | HILBERT_TRANSFORM
| Tache INTEGRATE
| NON_LINEAR_CALIBRATION
| RESAMPLING -

ALIGN_CHAMMEL (function ; reference function ; type of alignment ; order)

reference channel

Aligns the )(-axis—of the selected channel to thai?fpt-he 5pec4'ﬁez;farence channel.
As 3 result the time axis is shifted such that its absolute time and samples are synchronized to those of the

The absolute time axis remains the same.
Type = 1. The small sub-sample differences are neglected,

Type = 2. A Lagrange interpolation is performed te correct for the small sub-sample differences (maximally flai FIR
filter design). The <orders parameter defines the order of the filter

0K

Cancel

After selecting the LP filter, a window opens in which it is possible to change some

parameters including cut-off frequency, filter type and order. The “Show” button can be

Figure 3.30 — Time signal calculator functions

used to visualize the filter shape, phase, and group delay.
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Edit formula arguments = -2
FILTER_LP
function1
freq 500
fiterMode : |
filtgr definition IR} =
0.00f Filter definition
__ Type IR 5
— Method 1.LMS -
m|—
=
= | Save | Delete
i Frequency response
- Sample frequency 2000
- Show @ FRF ) Dela
L O O O Y O I O : i i
180.00F
B
n
BE
o
LS O T O S o o A IS
0.00 1.00

<FiterMode==1 : Direct fittering

Applies a low pass fiter to the specified function. <Freg= is the cuteff frequency of the fitter in Hertz.

<FilterMode>=2 : Zero phase fitering. The data is fitered twice, once in the forwards direction, then in the

——

Figure 3.31 — Low pass filter interface

In this case, a Finite Impulse Response (FIR) filter was used, first at 250 Hz and then at

50 Hz. In the following figures, it is possible to see the accelerations in the test at 11 km/h

acquired by the accelerometer placed on the handlebar along the z-axis, unfiltered, after

applying the filter at 250 Hz and after applying the filter at 50 Hz.
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Figure 3.32 — Raw vertical acceleration dashboard
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Figure 3.33 — Vertical acceleration LP 250 Hz dashboard
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Figure 3.34 — Vertical acceleration LP 50 Hz dashboard

As can be seen in graph 3.32, since the acquisition frequency was set very high, there are
very high peaks in the raw data when passing over the speed bumps, which could be due

to numerous factors such as the driver's hands hitting the handlebars. Looking at the
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results filtered at 250 Hz and 50 Hz, it is noticeable that the signal is much cleaner and

smoother.
Raw data - LP 250 Hz - LP 50Hz
T | T | T
Raw
—LP 250 Hz
LP 50 Hz
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Figure 3.35 — Comparison of vertical acceleration

In the graph above, the three signals are superimposed, and it can be seen that the
introduction of the low-pass filter introduces a delay due to the fact that before the filter
produces an output, a number of data samples from the input signal must pass through.
Since a FIR filter was used, the delay is constant at all frequencies and can be cancelled.
In the case under consideration for the low-pass filter at 250 Hz, the delay is 0.003 s while
for the low-pass filter at 50 Hz, the delay is 0.013 s.

After post-processing of the data, the results can be exported to Matlab using the
dedicated function in Simcenter Testlab. This function creates a signal variable in Matlab

as shown in figure 3.36.

Test.Signal
Field - Value
£ ey i strct
-
£ y_values Tx7 struct
Iﬂ function_record Ix] struct

Figure 3.36 — Test Matlab signal
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In the signal are present:

- The values along the x-axis which in this case are the time values;

- The values along the y-axis which in this case are the measured acceleration
values. In particular, there are twenty-seven columns, each of which represents a
channel, considering the nine channels repeated for raw data, filtered at 250 Hz,
and filtered at 50 Hz.

- The function record containing additional information such as the name of the

different channels, the date of creation, etc.

79



Chapter 4 — Comparison between experimental and model data

Chapter 4

Comparison between experimental data and
model results

In this chapter, the data collected in the experimental tests described in the previous
chapter are compared with those calculated by the model. The number of tests carried out
is limited and the lack of wheel data makes the calibration of the model very complicated.
Furthermore, there are a series of parameters that cannot be taken into account, such as
the variation of the position of the centre of gravity due to the movement of the driver
during the ride, or even the forces exchanged between the vehicle and the driver on the
steering and the footrest. The purpose of this chapter is to demonstrate that the dynamic
behaviour of the model correctly simulates what happens in reality and to see qualitatively
the impact that the introduction of the front suspension or the change of some parameters

has on the vehicle.

4.1 Experimental test results

In this section, the experimental test results for both tests at two different speeds are
presented and commented on. All graphs shown refer to accelerations filtered with the 50

Hz low-pass filter.

4.1.1 Experimental data - 6 km/h

Figure 4.1 shows the superimposed accelerations along the z-axis acquired by the

accelerometers placed on the steering and the fork.

80



Chapter 4 — Comparison between experimental and model data

Vertical acceleration Fork vs Dashboard - 6 km/h
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Figure 4.1 — Experimental vertical acceleration fork vs dashboard at 6 km/h

From this graph it can be seen that the first two peaks, highlighted with blue circles, are
due to the impact of the front wheel with the speed bumps, in fact, the wheelbase of the
vehicle is eighty centimetres while the distance between two steps is sixty-five
centimetres. This is followed by the impact of the rear wheels, highlighted with a red
circle, and continues with the alternation between the front and rear, ending with two
collisions on the rear wheels. Comparison of the accelerations measured on the steering
and those measured on the fork shows that the trends and values are practically the same,
indicating that the vibrations are transmitted rigidly, as assumed in the model.

The situation for accelerations measured on the footplate is different. From graph 4.2, in
which the accelerations measured on the steering wheel are compared with those on the
footrest, it can be noted that the accelerometer placed on the platform is more sensitive to
rear wheel impacts, in fact, the highest peaks occur from the second impact of the front
wheel, highlighted with a blue circle, when the rear wheel starts to hit the speed bumps.
In the last impacts, it can be seen that this tendency tends to decrease, but this also depends

on the variability in the transition from one step to the other.
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Vertical acceleration dashboard vs footrest - 6 km/h
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Figure 4.2 — Experimental vertical acceleration dashboard vs footrest at 6 km/h

4.1.2 Experimental data - 11 km/h

As in the previous paragraph, figure 4.3 shows that the accelerations measured on the fork

and those measured on the steering are almost identical even when the speed is doubled.

Vertical acceleration Fork vs Dashboard - 11 km/h
I

251~ —Fork M
—Dashboard

Vertical acceleration [m/sz]

| | | | 1
85 9 95 10 10.5
Time [s]

Figure 4.3 — Experimental vertical accelerations fork vs dashboard at 11 km/h
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Comparing the graph above with the one at 6 km/h, it is possible to assert that doubling
the speed also approximately doubles the vertical acceleration.
Even for the 11 km/h test, the same conclusion as in the previous paragraph can be

reached that the accelerometer on the footrest is more sensitive to rear wheel impacts.

Vertical acceleration Dashboard vs Footrest - 11 km/h
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Figure 4.4 — Experimental vertical acceleration dashboard vs footrest at 11 km/h
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4.2 Model configuration

In this section, the vertical accelerations measured by the accelerometers are compared
with those calculated by the model by carrying out the same tests as in reality.
Before performing the simulations, some parameters were set. A variable step solver

(odel5s) was used with a maximum step of 0,001 s and a relative tolerance of 0,01%.

3 Configuration Porameters: Medel_CPI/Configuration (Active) - o x
Q
Simulation tme
Start time: |0 Stop time: |SlopTime
* | Solver: ode15s (stifNDF) -
maxStep Relative lolerance: relT
auto Absolute tolera auto
auto Au blute tolerance
Robusst = | Maximum order 55
Disable Al -
1
auto -
« | Algorithm: Nonadaptive -
Signal fhreshold" | auio
Number of consecutive zero crossings: | 1000
Tasking and sample time options
Automatically handle rate transition for data transfer
Higher priority value indicates higher task priority
oK Cancel Help Apply

Figure 4.5 — Model settings

Although a variable step solver was utilised, a constant acquisition frequency was set
equal to that used in the experimental tests of 25600 Hz. To set this option, in the "Data

Import/Export" tab, in the "Additional parameters" section, an Output times vector with

: 1 .
aperiod T = — was inserted.
S

* Additional parameters

Save options
Limit data points to last: 100 Decimation: 1

pecified output only ~ | Output times [0:1/Fs:StopTime]

Output options:

Figure 4.6 — Model acquisition frequency
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For all the simulations carried out, the CPI model, described in section 2.4.3, was used.
In order to replicate the experimental tests, it is necessary to model the same obstacles
that are present in reality. As explained in paragraph 2.4.3, to provide a road input it is
necessary to insert the elevations along the z-axis of the road profile as a function of the
x dimension into the look-up table within the subsystem used for the calculation of the

vertical force of the wheel.

1-D T(u)

Speedbumps

Figure 4.7 — Road profile

As can be seen from figure 4.7, there is a flat section necessary for the vehicle to reach
the desired speed, then there are the seven steps in a row with a height of two mm.
The other parameters set before launching the simulations were the stiffness and damping

of the wheels:

e For the rear wheels, the stiffness value used was the one estimated in the

experimental test described in paragraph 3.5, equal to 87 T:lv—m The damping value

was estimated by iteration and set to 800 % ;
N

e For the front wheel, no data was available, and the values were obtained through

iteration by calibrating the model on the experimental data. The estimated values

are 139 —— for the stiffness and 750 mi for the damping.
mm /S

For all comparisons made between model and experimental data, the accelerations

measured on the steering dashboard were used.
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4.2.1 Test comparison - 6 km/h

In figure 4.8, the accelerations measured by the accelerometer on the dashboard are

compared with those calculated on the model in the time domain.

Vertical acceleration experimental vs model - Time domain - 6 km/h
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Figure 4.8 — Vertical acceleration experimental vs model in time domain at 6 km/h

As can be seen from the graph above, the trend and absolute values of the accelerations
in the time domain are very similar. Red circles highlight points where the experimental
oscillation frequency is higher than that of the model. This phenomenon is due to the fact
that, in some cases, between one step and another there are the joints of the tiles that make
up the path of the cycle track, which constitute a source of oscillation that is not present
in the model. This effect can also be noted before passing the speed bumps where there
is a fairly clear vibration pattern due to these inputs. From the graph, it can be also seen
that the latest impacts are slightly out of phase in time when comparing model and
experimental tests. This variation is caused by the fact that in reality, in the tests, the speed
value was not perfectly constant, as in the model. To improve the accuracy of the
simulation even more, a tachometer could be added to the acquisition system in order to

have the speed value during the whole test.
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The similarity of the two signals can also be seen in the frequency domain, whose graph
is shown in figure 4.9, where it can be noted that the frequencies and the amplitude of the

oscillations are very similar between experimental and model.

4% Vertical acceleration experimental vs model - Frequency domain - 6 km/h
i I I I [ I I I
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N
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Figure 4.9 —Vertical acceleration experimental vs model in frequency domain at 6 km/h

When comparing the vibrations in the time and frequency domains, it is possible to note
that the model is not perfect, but it simulates quite correctly what happens in reality.
Looking at the 4.8 graph, it is evident that while in the model the behaviour remains
constant from one step to the next, in reality, there are fluctuations in the measurements,
as can be seen in the last two frontal impacts, where the measured value is higher than in

the previous ones.
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4.2.2 Test comparison - 11 km/h

As in the previous paragraph, the first figure represents the comparison between the

experimental accelerations and those of the model on the handlebar.

Vertical acceleration experimental vs model - Time domain - 11 km/h
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Figure 4.10 — Vertical acceleration experimental vs model in time domain at 11 km/h

In this case, it seems that by increasing the speed, the influence of the tile joints is
diminished, as it can be seen that there are no longer points where the oscillation
frequency doubles, but only areas, some of which are highlighted with a blue circle, where
there are small disturbances. In this case too, the model seems to faithfully follow the
trend of the experimental oscillations in time domain. In the frequency domain, the

oscillation frequencies are also very similar, but there are differences in the amplitudes,

as shown in figure 4.11.
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£ \

Vertical acceleration experimental vs model - Frequency domain - 11 km/h
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Figure 4.11 — Vertical acceleration experimental vs model in frequency domain at 11 km/h
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4.3 ISO 2631 application

The ISO 2631 standard described in paragraph 1.1.1 was applied to both the experimental

data and the data calculated by the model. To apply the standard, a Matlab toolbox for

signal analysis called “vibrationdata” was used, which automatically applies frequency

weighting and calculates the root mean square value.

After launching the program, a screen appears where it is possible to select the type of

analysis to be carried out. Among the different options, there is one called “ISO Generic

VC, 2631, 10816”.

4] vibrationdata

vibrationdata.m ver 14.2 by Tom Irvine

Signal Analysis Functions

Multi-function Signal Analysis Script & More

Select Analysis

Select Input Data Domain Statistics

B
|Power Spectral Density

iSuuﬂd Pressure Level

Shock Respense Specitrum
Fourier Transform

FFT

Wavelet Table

Select Input Data Type

B
'Velocity

Displacement

Force

Pressure

Stress

Strain

Other

Signal Editing Utilities
Integrate or Differentiate
Fourier Transform

Waterfall FFT & Spectrogram

Time-Varying Freq & Amp

PSD, Spectral Densities, Transmissibility, etc.
PSD Envelope via ERS or FDS

SDOF Response to Base Input

Shock Response Specirum, Various

Shock Saturation Removal

Rainflow Cycle Counting

Fatigue Damage Spectrum

Auto & Cross-correlation, Pearson Coefficient
Filters, Various

Cepsirum & Auto Cepstrum

Sine & Damped Sine Curve-fit

Wavelet Reconstruction
Temporal Mements

|Energy Response Spectrum
IS0 Generic VC,

2631, 10816

Lomb-Scargle Periodogram for unevenly spaced data
Time History Fatigue Severity
hd Time History Fatigue Severity Alt

Begin Signal Analysis

Potpourri

Toolboxes

|Plot Utilities
|Miscellaneous |
|Miscelleneous Il

=

Generate Signal ~
Structural Dynamics: Spring-Mass Systems
Structural Dynamics: Beams, Plates, Rings, etc
Shock

*| |SDOF Response: Sine, Random & Miles

‘Acoustic, Vibroacoustics & SEA
Fatigue

Steinberg

Nastran

Honeycomb Sandwich

Derive PSD Envelopes

dB Calculations

Begin Analysis

Menagerie

Close All Plots

Clear Application Data

Import Data to Matlab

Export Data

Check for Update

Figure 4.12 — vibrationdata toolbox interface

After selecting this analysis, a screen opens in which it is necessary to enter the data

matrix to be analysed with the time in the first column and the accelerations in the second,

the type of weighing to be carried out and the start and end time.
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4. vibrationdata_ISO_2631

— X
vibrationdata_1S0_2631.m ver 1.3 by Tom Irvine
The input file must have two columns: time(sec) and acceleration
Enter Data
Input Array Mame
Select Unit
[N
\misec'2 S :
- Select Weight Subdivide the Data into
_ Segments
Mean Removal Wd, X or Y-axs, Seat E“'es 2
S I\
~ e 2
Mo We
¥ |Wj
Wb
in. Building -
Starting Time (sec) End Time (sec)
Calculate Return

Figure 4.13 —ISO 2631 interface

By pressing the calculate button, the programme automatically applies frequency filtering

and calculates the root mean square value.

This calculation was carried out on the experimental and model tests for both speeds to

check that they gave compatible results with experimental data.

For the 6 km/h test, only the 4 seconds during which the vehicle passes over the speed

bumps were taken:
. m
Experimental: a,, = 4,007 (5_2) RMS

Model: a, = 3,954 (Sﬂ) RMS
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The same thing was done on the tests at 11 km/h taking in this case only the three seconds

needed for the vehicle to pass over the speed bumps:

Experimental: a,, = 6.343 (sz) RMS

Model: a,, = 6.351 (5) RMS

4.4 Parameter change

After demonstrating that the behaviour of the model is very similar to what happens in
reality, except for a few absolute values, it is possible to use this tool to evaluate the
introduction of new components or the change of certain parameters. In this way, it is
possible to understand even in an approximate way the benefit or worsening following

the introduction of new parts and to make cost/benefit assessments.

4.4.1 Front suspension addition

This section evaluates the introduction of a new component on the vehicle, the front
suspension. Since this part is already included in the model, it is only necessary to activate
it and repeat the tests performed. It was chosen to use three suspension configurations

with different stiffnesses of 200 L, 160 —— and 120 ——. It should be noted that very
mm mm mm

high stiffness values were chosen because, being a suspension with a very short stroke, it
1S necessary to insert a spring that not only improves the comfort of the vehicle but also

avoids, in most cases, reaching the end of the stroke. The parameters kept constant are:

b = 50 (mi/s>
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stroke =17 mm

Figure 4.14 compares the accelerations measured by the steering transducer with those
. . . . k . .
calculated by the model with a suspension stiffness of 200 TrII.V_m in the 6 Tm test in the time

domain.
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Figure 4.14 — Vertical acceleration experimental vs model - k=200 N/mm

From the graph above, it can be seen that for each step, the first two peaks due to the
impact of the front wheel are lower than in the experimental data. The next graph shows

the accelerations over time for the three different suspension configurations.
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Front spring stiffness comparison
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Figure 4.15 — Vertical acceleration as a function of suspension stiffness at 6 km/h

From the graph above, it can be seen that the difference between the settings lies in the
absolute value of the acceleration of the first two peaks for each step, which decreases as
the stiffness decreases. For each configuration, the weighted RMS accelerations were
calculated using the “vibrationdata” tool, from which it emerged that as the stiffness
decreases, the comfort increases, even if passing from the stiffest to the softest setting the

improvement is limited.

Weighted RMS acceleration at different suspension stiffness 6 km/h

3,954
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34
3,2
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2,8

2,627
2,6
2,4
2,2
2

No suspension K =200 N/mm K =160 N/mm K =120 N/mm

Figure 4.16 — Weighted RMS acceleration at different suspension stiffness at 6 km/h
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The same operation was also carried out for the 11 km/h speed test where similar results

were found, and the same considerations as above apply.

Weighted RMS acceleration at different suspension stiffness 11 km/h
6.4 6,351
6,2

5,8
5,6
5.4
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5,2

5,089

awz [m/s"2]
()]
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4,6
4,4
4,2

No suspension K =200 N/mm K =160 N/mm K =120 N/mm

Figure 4.17 — Weighted RMS acceleration at different suspension stiftness at 11 km/h

In this case, the limiting factor that does not allow for a less rigid spring is the stroke. For
the configuration with a stiffness of 120 T:—m, the static displacement with a driver
weighing 80 kg is 3.1 mm, which increases to 4.4 mm if the driver's weight is assumed to
be the maximum declared for this vehicle, 110 kg. This brings the effective stroke down
to 12.6 mm, and since much higher obstacles than those considered in this study can be
encountered when driving, it is not recommended to lower the stiffness to avoid reaching

the end of the stroke.
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4.4.2 Front wheel stiffness

An alternative to adding a front suspension to improve comfort is to use a softer front

wheel. As in the previous paragraph, three configurations with different front wheel
stiffnesses were considered: 119 —— , 99 Y and 79 2. Figure 4.18 shows the vertical
mm mm mm

acceleration trends over time in the different configurations.

Vertical acceleration as a function of front wheel stiffness 6 km/h

k =139 N/mm

k=119 N/mm
—k =99 N/mm
—k =79 N/mm

Vertical acceleration [m/sz]

146 14.8 15 15.2 15.4 15.6 15.8 16 16.2
Time [s]

Figure 4.18 — Vertical acceleration as a function of front wheel stiffness at 6 km/h

From the above graph it can be seen that, as expected, as the stiffness of the wheel
decreases, the vertical acceleration reduces. Also in this case, using the "vibrationdata"
tool, the RMS weighted acceleration values were calculated, whose values are shown in
figure 4.18. Comparing the results obtained in the previous paragraph, it can be seen that
the sensitivity to the variation of the stiffness of the front wheel is greater than that of the

suspension.
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Weighted RMS acceleration at different front wheel stiffness 6 km/h
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Figure 4.19 —Weighted RMS acceleration at different front wheel stiffness at 6 km/h

The same operation was also carried out for the 11 km/h speed test where similar results

were found, and the same considerations as above apply.

Weighted RMS acceleration at different front wheel stiffness 11 km/h
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Figure 4.20 — Weighted RMS acceleration at different front wheel stiffness at 11 km/h
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In this case it is necessary to check the static crush to which the front wheel is subjected.
In the softest setting the static crush is 5.5 mm when the driver's weight is 80 kg and 7.4
mm when it is 110 kg. The shoulder height of the front wheel is 40 mm, so even the lower

stiffness setting is a safe condition.

4.4.3 Consideration

In this paragraph, some considerations are made regarding the two solutions discussed in
the previous paragraphs. With regard to the front suspension, it was found that its
inclusion immediately leads to a significant decrease in the value of weighted RMS
acceleration when overcoming speed bumps. The change in stiffness does not lead to a
marked improvement in comfort since very stiff configurations were considered. The
main limiting factor preventing the use of a less rigid spring is the short stroke. The
advantages of this solution are improved comfort in shocks and the possibility of keeping
the solid tyre, which is a very important feature on a vehicle of this type. On the other
hand, being an additional component, its introduction leads to an increase in the cost of
the vehicle.

Another way to obtain an improvement in comfort is to use a wheel with a lower vertical
stiffness. In this case, it has been seen that the system is very sensitive to changes in
stiffness and therefore if a good improvement is desired it is necessary to use a much
softer wheel. The disadvantage of using a softer tyre is an increase in deformation leading

to higher rolling resistance and increased tread wear.

98



Chapter 5 — Conclusion

Chapter 5

Conclusion

The aim of this paper was to create a dynamic model of an electric scooter on Simscape
Multibody. The latter was used to try to improve the comfort of the vehicle when
overcoming road obstacles. The conclusions reached are the result of an iteration aimed
at matching the results obtained from the virtual simulation with the experimental data
and using the same set-up to evaluate the introduction of a new component or the change
of certain parameters. Despite the reduced applicability of the model due to a small
number of tests and the lack of data on the wheels, virtual prototyping allows to obtain
qualitative results that allow to direct the development of the vehicle towards the most
appropriate choices.

However, the model described in the previous paragraphs represents a starting point for
the development of an even more complete system. As explained in the paper, there are
some limitations, such as the impossibility of performing steering manoeuvres. A future
improvement could involve changing the modelling of the wheel to a more complex
system or implementing a way of keeping the scooter balanced. It would also be possible
to include components such as the electric motor and battery to perform simulations
concerning energy consumption. All this presupposes the need to characterise the wheel
in order to obtain reliable data and extend the applicability of the model to simulations of

longitudinal and lateral dynamics.
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