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Abstract
It’s essential to understand both the positive and negative implications of the au-
tomobile industry’s transition from traditional internal combustion engine (ICE)
vehicles to electric vehicles (EVs). One such negative impact is the vertical chop-
piness levels in an EV. Choppiness, considered a part of ride comfort, is defined as
road-induced uneven pitch and bounce motions of the vehicle. It can be felt be-
tween the frequency ranges of 3 and 8 Hz. Choppiness is more predominant when
the vehicle is driven over an irregular or rough surface. As humans have the lowest
tolerance for vibrations between 3 and 8 Hz, high degrees of choppiness impact the
abdomen region as well as the voice of the occupants. The ICE, together with its
engine mounts, acts as a heavy mass damper, reducing vibration input to the driver
and occupants’ seats at 3-8Hz, whereas the electric motor is not as heavy and has
less potential to reduce choppiness, hence increasing choppiness in a BEV. It is cru-
cial to think about the impact of choppiness because ride comfort is one of the most
important elements a customer evaluates when buying a new vehicle.

This thesis focuses on finding low cost solutions by examining the interaction of the
driver in the seat with the suspension to reduce the choppiness without having a
negative impact on the shake vibration region (8-20Hz). Air suspensions are one
way to reduce the choppiness, but they cannot be used in every vehicle due to their
high cost. The thesis proposal attempts to validate the potential of altering the seat
characteristics, i.e., the seat spring and damping, in order to lower the levels of chop-
piness perceived in the driver’s seat of a BEV, using CAE ride models. The effects
of the driver’s vertical seat bounce frequency on choppiness were investigated using
these ride models, as well as design modifications that have an impact on choppiness
levels. The results obtained from these models were also validated by comparing
them with tests done on the actual vehicle on the shake rig. When these models were
run on different virtual roads, the corresponding responses were recorded and used
for further calculation of RMS acceleration values of the seat, which was the cost
function chosen to quantify the choppiness levels of the ride models in accordance
with the international standards in place for the effect of environmental vibration
on operator health, efficiency, and comfort (ISO 2631).

Keywords: choppiness, ride comfort, CAE ride models, seat parameters, validation,
BEV, ICE, ISO 2631, efficiency, RMS acceleration .
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1 Introduction
When buying a vehicle, one of the crucial factors to consider is ride comfort. The
more comfortable the ride, the fewer problems the driver and passengers endure
thereby increasing driver performance, improving safety and human health as well
(Hemanth and Joshua[4]). Therefore, it is an important design criteria when devel-
oping new vehicles.

1.1 Background
Automobiles travel at high speeds on roads that are not always smooth causing the
occupants to experience a broad spectrum of vibration. Therefore, vertical dynam-
ics should be looked into in order to learn about the human perception of vibrations
(ride comfort) when the vehicle is driven on irregular surfaces.

A vehicle’s complete comfort cannot be defined in a single way because several
factors influence vehicle comfort. They are classified into three groups: ambient,
dynamic, and ergonomic. Ambient elements include air temperature, air quality,
sound, and so on, whereas ergonomic aspects include seatbelts, seat architecture,
visibility, and so on, and dynamic factors include vibrations, impact, ride motion,
and acceleration (X. Wang et al., 2020[1]).

The thesis focuses on the dynamic factors that affect the ride comfort of vehicles.
The sensation or feeling of a passenger in the environment of a moving vehicle is
addressed by ride comfort. The comfort that vehicle occupants experience from
stationary oscillations when the vehicle travels over a road with a certain vertical
irregularity at a certain speed is referred to as ride comfort.

The ride comfort measure is defined as including at least the driver seat, along with
the driver’s vertical acceleration amplitudes. Ride comfort is usually divided into
two categories, they are primary ride and secondary ride. Primary ride is generally
associated with rigid body movements in the frequency range of 0-3 Hz whereas
secondary ride is associated with frequencies in the range of (3-25 Hz).

Ride comfort issues are primarily caused by vibrations in the seats, which are trans-
mitted from the vehicle body. The vibrations can be caused by a variety of factors
such as road surface irregularities, vibration from the power source and driveline,
and tire/wheel assembly imbalances (non-uniformities). Road surface irregularities,
such as random variations in surface profile elevation, potholes, and so on, are ma-
jor sources of vibration that excite the vibration of the vehicle via the suspension
system and tire/wheel assembly.

Choppiness is an aspect of ride comfort; it is most commonly felt in the secondary
ride frequency ranges of 3-8Hz, and is defined as road induced (continuous), irregu-
lar pitch and bounce motions of the vehicle above the primary ride frequency. When
driving on smooth roads, choppiness is not an issue; however with more road un-
evenness, choppiness becomes more important to mitigate. High levels of choppiness
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distort the voice of occupants when speaking or singing in the car, also it makes car
feel cheaper and less refined.

When investigating the human response to vibrations and shocks, both mechanical
and psychological effects should be considered. The goal is to keep shocks from
affecting the human body, so understanding the human response to vibration char-
acteristics is critical. In general, passenger ride comfort (or discomfort) boundaries
are difficult to determine because of the variations in individual sensitivity to vibra-
tion.

1.2 Problem Statement
Changing the powertrain from a conventional ICE to an electric powertrain powered
by electric motors has both positive and negative implications for ride comfort. The
aim is to look into low-cost solutions to mitigate the negative effects. Choppiness is
one such negative impact that this thesis work aims to reduce.

Increased level of vertical vibrations in 3-8 Hz region leads to more pronounced
choppiness, perceived by driver and front passenger. The ICE on its engine mounts
works as a heavy mass damper which heavily reduces vibration input to seats in the
frequency range of 3-8 Hz. Electric powertrains have lower mass and by that less po-
tential to reduce choppiness there by increasing the choppiness in an electric vehicle.

The choppiness can be reduced by using air suspension with low primary ride fre-
quencies; however, because air suspensions are expensive, they cannot be used on
all vehicles. One challenge is to broaden traditional vehicle dynamics studies to
include the interaction of the driver in the seat with the suspension. By carrying
out this thesis, it is possible to investigate the potential in seat suspension and find
cost-effective ways to reduce choppiness without having negative effects on shake
(8-20Hz)vibration.

1.3 Aims and Tasks
The choppiness increases when a combustion engine (ICE) is replaced by an electric
motor. The aim of this thesis is to reduce choppiness in an electric vehicle and to
identify and quantify actions that affect choppiness. To do this, the following tasks
were performed :

• CAE ride model was built in MATLAB and Simulink.

• How the driver’s vertical bounce frequency on the seat effects choppiness, and
how vibrations ranging from 8 to 20Hz affect the driver/passenger was studied
using these ride models.

• Many parts were included in the model, such as road, wheel suspension, pow-

2
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ertrain suspension, vehicle body motion and seats were modelled.

• After identifying design variations that affect choppiness, the effect was veri-
fied using the models.

• The CAE ride models were validated by performing similar tests with test
person on the seat in the vehicle on the shake rig

• The seat parameters were varied in order to see the effect on choppiness and
understand the scope of making a better seat to reduce the choppiness and
improve the overall ride comfort.

1.4 Outline of Work
The thesis report consists of the following sections:

• Chapter 1: Provides an introduction and understanding of the problem state-
ment being solved in thesis. Also outlines the scope of thesis work.

• Chapter 2: Provides the necessary theoretical background of thesis such as
the significance of ride comfort,issues faced due to choppiness and the simula-
tion methods used in the thesis work.

• Chapter 3: The methodology which was used to solve the problem statement
of the thesis where the CAE ride models are explained clearly.

• Chapter 4: Provides ways for validating ride models with vehicle test data
as well as approaches to understand the influence of wheel hop, powertrain
bounce, and other factors on seat vertical frequency.

• Chapter 5: The results and findings of the thesis are explained and con-
cluded.

• Chapter 6: The potential work that can be done to improve the current
thesis work and thereby improve the choppiness in a BEV is discussed.

1.5 Limitations
• Study will be purely vertical, no consideration of load transfer in lateral direc-

tion and other lateral and longitudinal effects on the ride model.

• The thesis will focus on only on the secondary ride and especially the chop-
piness region (3-8Hz). The effect of the varying seat parameters in the shake
region will also be studied but the main focus will be on choppiness.

3
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2 Theory

2.1 Vehicle Engineering
The development of complex products, such as vehicles, necessitates the parallel
design of numerous subsystems. Front axle suspension, rear axle suspension, driver
seat, and propulsion system suspension, for example, all affect choppiness. Many of
these, particularly the axle suspensions, have an impact on many other requirements
of the entire vehicle, such as driving dynamics. As a result, it is critical to be able to
quantify requirements and find a way to break down the overall vehicle requirements
to requirements on appropriate subsystems.

2.2 Vehicle Dynamics
The study of vehicle motion, such as the forward movement of the vehicle with re-
spect to the driver inputs, propulsion system outputs, different driving conditions
and so on is known as vehicle dynamics. The motions obtained in accelerating,
braking, cornering, and ride are responses to forces imposed on the vehicle, and the
majority of vehicle dynamics research focuses on understanding how and why these
forces act on the vehicle. Vehicle dynamics studies can be divided into three main
categories: longitudinal dynamics, lateral dynamics, and vertical dynamics. Accord-
ing to the SAE metric system the vehicle has six degrees of freedom. Translational
and rotational movement in the x, y and z axis respectively.

Figure 2.1: Vehicle Co-ordinate System according to SAE standards[11]

2.2.1 Longitudinal Dynamics

The longitudinal dynamics involves the study of the vehicle’s performance in the
x- direction which is running from the front to rear of the vehicle. This involves
the study of the vehicle’s acceleration, deceleration, braking and traction control
performance.
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2.2.2 Lateral Dynamics

The lateral dynamics is the study of the vehicle in the y- direction which is running
from the left to the right side of the vehicle. This mainly focuses on the vehicle’s
stability, steering effects i.e. ability to change direction and cornering performance.

2.2.3 Vertical Dynamics

Vertical Dynamics involves the study of the vehicle performance in the z-direction
i.e. the vehicle’s vertical direction. Vertical dynamics is primarily concerned with
understanding how the suspension system of the vehicle interacts with the other
components and absorbs the vibrations hence enhancing ride comfort, fatigue life,
and road grip. The thesis work focuses completely on understanding the vertical
performance of the vehicle and thus improving ride comfort.

2.3 Ride Comfort
Ride comfort is an important factor to consider for the general public when select-
ing a vehicle. As a result, it is critical to have a vehicle that provides comfort for
passengers, minimizes cargo damage, can reduce driver fatigue on long journeys in
uncomfortable vehicles, as well as because road disruption can impact the driver’s
ability to control the vehicle. A considerable amount of research has been to eval-
uate the comfort of vehicles. As stated before there are various factors which play
apart in affecting the overall comfort of the vehicle.

X. Wang et al.[3], is one of those many researches who has worked on ride comfort
and their work indicates that the difference in ride comfort of the conventional ICE
vehicles and electric vehicles is yet to be studied and not much research has been
done in this field. There is a difference between comfort and discomfort as well
as comfort is a physiological and psychological experience, resulting in well being
and relaxation of a human being where as discomfort is more of physical experience
caused by improper biomechanics and constraints.

Figure 2.2: Factors influencing overall ride comfort[1]

The vehicle ride behaviour is concerned with vibrations of the vehicle body, which are
a function of the body’s mass and moment of inertia properties, suspension prop-
erties, tyre ride characteristics, aerodynamic forces and irregularities on the road
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surface. The vehicle is a dynamic system, but only exhibits vibrations in response
to it’s excitation inputs. The magnitude and direction of the vibrations placed on
the passenger compartment are determined by the vehicle response characteristics,
which ultimately impact the passenger’s impression of the vehicle. Thus, under-
standing ride comfort involves study of three main topics:

• Ride excitation source

• Basic mechanics of vehicle vibration response

• Human perception and tolerance of vibrations.

As mentioned before, the thesis focuses on the vehicle dynamic responses and aspects
of ride comfort. A simple representation of how ride comfort is estimated is shown
in the below figure 2.3.

Figure 2.3: Ride comfort analysis done in vehicle dynamics[11]

2.3.1 Seat Comfort

The market competitiveness among automobile manufacturers and customer’s per-
ception regarding comfort have increased in recent years. As a result, automobile
manufacturers are designing more comfortable and aesthetically pleasing seats in
their vehicles. This has been tough due of the difficulty in predicting and ana-
lyzing comfort (Hemanth et al.[4]). Vehicle seats are designed in order to provide
both static and dynamic comfort to the driver and passenger. De Looze’s [5]model
explains the main parameters for comfort and discomfort assessment.
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Figure 2.4: De Looze’s comfort model[5]

2.4 Ride Excitation Sources
There are multiple sources from which the vehicle can be excited and vibrations
can be perceived. They are usually divided into road induced excitation and on
board excitation sources. Road generated excitation is caused by varying levels
of road roughness, whereas on board excitation is caused by vibrations caused by
driveline sources, the prime-mover (engine and/or motor), tire and wheel assemblies.

2.4.1 Road Induced Excitation

The main source of vehicle vibration is excitation caused by road roughness. It is
critical to incorporate all aspects such as potholes, speed bumps, uneven road sur-
faces, and so on while modeling a road. Road roughness is described by the elevation
profile along the wheel tracks over which the vehicle passes. Road profiles fit the
general category of "broad-band random signals" and hence can be described as the
profile itself or it’s statistical properties. One of the most useful representation is
the power spectral density(PSD) function [11].

The Power Spectral Density (PSD) of a signal is a measure of its power content ver-
sus frequency. Typically, a PSD is used to define broadband random signals. The
spectral resolution used to digitize the signal normalizes the PSD amplitude. As a
result, just like any random process, road surfaces can be expressed using the PSD.
The elevation profile measured along the length of a road surface can be divided
into a sequence of sine waves with different amplitude and phase connections using
the Fourier Transform technique. As a result, the PSD is a plot of amplitude versus
frequency.

A road model can incorporate ground properties such as coefficient of friction, damp-
ing/elasticity of the ground, and vertical position in general. The independent vari-
able can be one, along an assumed path, or two, x and y in the ground plane. In
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this thesis as the area of interest is solely on the vertical behaviour of the vehicle(i.e.
vertical dynamics), the road models can be assumed as vertical displacement as a
function of path.

The road models can be divided into single frequency road model and multiple fre-
quency road models. (Jacobson et al[10].) For particular roads, such as those made
of concrete blocks, a single (spatial) frequency can be a useful approximation to in-
vestigate a single wavelength. In addition, the one or single (spatial) frequency road
model is useful for understanding the various concepts. A single (spatial) frequency
model and a single wave length model are the same thing.

Multiple frequency roads are the ones used to model road roughness and replicate
roads present in real world driving scenarios. These are divided into four types :

• Smooth

• Rough

• Very Rough

• Cross Country

2.4.2 Tire/Wheel Assembly

The tire and wheel assembly should be soft and compliant in order to absorb road
bumps as part of the isolation system while still running without providing any
excitation to the vehicle. In practice, however, flaws in the manufacturing of tires,
wheels, hubs, brakes, and other rotating assembly parts can result in non-uniformity
of three types, which add to vehicle vibrations. Which are :

• Mass imbalance

• Dimensional Vibration

• Stiffness Variations

All of these non-uniformities interact in the tire/wheel combination, causing changes
in the forces and moments at the ground as the vehicle rolls. These are transmitted
to the car body via the axles and serve as a source of ride vibrations. The moment
fluctuations have little effect on the ride vibrations, but they do have an impact on
the steering system vibrations. The forces encountered as a result of these tire short-
comings generate a dynamic imbalance, which primarily affects steering vibrations
and has little effect on ride vibrations.
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2.4.3 Driveline Excitations

The vibrations that arise from the rotating drivelines are also considered as a ride
excitation source. The driveshaft, differential in the drive axle, and axle shafts
connecting to the wheels are all part of the driveline. The driveshaft, along with its
spline and universal joints, is typically the primary source of driveline excitation,
acting as a ride excitation source that causes vehicle vibrations.

2.4.4 Prime Mover Excitation

The principal power source of the vehicle is referred to as the prime mover. The
prime mover in a normal ICE vehicle is the engine, while the in a BEV is the motor.
The two primary mover excitation sources differ, and the differences in weight and
characteristics produce different challenges in the vehicle. Choppiness is one such
issue that is more prevalent in a BEV as compared to an ICE car. The prime mover
rotates and delivers torque to the driveline, making it a source of ride excitement.
As previously stated, the difference in prime movers causes different concerns, and
because the engine is heavier, it works as a heavy mass damper, absorbing vibrations
input to the vehicle body and therefore the seat.

2.5 Vehicle Dynamic Response
The empirical and analytical approaches are used in vehicle dynamic studies. The
empirical technique involves doing many trials and tests on the vehicle in order to
understand the various aspects that influence the vehicle’s performance. We employ
the analytical method as the empirical method can lead to a lot of discrepancies
and is time consuming. The analytical approach involves using laws of physics to
study the mechanics of the vehicle and also comprehend the numerous aspects that
affect the vehicle’s performance. The analytical method gives a good head start in
the concept phase of a product and can save a lot of time, money and man power[11].

The analytical method comprises of using mathematical models to perform vari-
ous studies on the vehicle. The method of describing a system using mathematical
concepts and language is known as ‘mathematical modelling’ and the description
is called a ‘mathematical model’. The main aim of mathematical modelling is to
describe all relevant features of the model that enable the derivation of respective
equations of motions. Depending on the components the mathematical model can
be linear or non linear.

To evaluate the ride comfort and other performances in the vertical direction of the
vehicle there are certain vehicle models that are used in industry, ranging from a
simple quarter car model(figure 2.5) to a full car model(figure 2.7). These models
are modelled using spring mass damper systems. The full car model(figure 2.7) has
been included here to show the different types of models used in the industry, but
for this thesis work done, a simple linear half car model is sufficient to solve the
problem statement in the concept phase.
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Figure 2.5: Quarter Car Model[11]

Figure 2.6: Half Car Model representing pitch and bounce motion only[11]

Figure 2.7: Full Car Model[15]
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2.6 Human Perception to vibration
The human body is physically and biologically a system of complex nature. When
looked upon as a Mechanical system, a certain number of linear and nonlinear ele-
ments can be considered and the mechanical properties differ from person to person.
Even though it is not possible to consider a human as a mechanical system in real
life, using this method we can see the different parts of the body that are affected at
different frequency ranges[9]. When investigating the human response to vibrations
and shocks, both mechanical and psychological factors should be considered. The
ultimate objective is to avoid shocks from influencing the human body, therefore it
is essential to understand the human response to the vibration characteristics.

Figure 2.8: Human Body as a Mechanical System[13]

Griffin et al.[7] states that the influence of vibration on the human body is deter-
mined by the intensity of vibration, duration of vibration,human body type,seating
posture and so on. In the region of choppiness(4-8Hz) the human body is found
to have the lowest tolerance to whole body vibrations(SS Rao et al.)[13], from the
above figure it can be seen that the abdomen region is affected at 3-8 Hz, show-
ing an effect of choppiness. A resonance effect in the range of 20-30 Hz can be felt
in the head and neck region, with eyeballs detecting a resonance effect close to 90 Hz.
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Physiological and psychological effects are also observed due to the exposure of ve-
hicle vibration. Vehicle Vibration impacts the cardiovascular health conditions such
as change in heartbeat, it also induces muscle contraction and suppression of motor
reflexes which ultimately leads to fatigue in the body. At lower frequencies around
1-1.5Hz i.e. in the primary ride region,vehicle vibration results in motion sickness.
Continuous exposure to whole body vibrations also cause speech disturbances and
lower back aches.

2.6.1 ISO standards

The International organisation for standardization(ISO) provides guidelines, require-
ments and specifications that have to be followed for certain products and different
industries. The ISO standards also provide guidelines for evaluating the human
health, human comfort levels and exposure to mechanical vibrations. The ISO 2631
standard consists of several sections, each focusing on different aspects of vibration
evaluation. In this thesis we consider the guidelines for the evaluation of human
exposure to whole body vibration. There are three human exposure to human vi-
bration, namely (ISO 2631, second edition) :

• Vibrations transmitted to the whole body or substantial parts of it.

• Vibrations transmitted to the body as a whole through a supporting surface
like the buttocks of the a seated person in a vehicle.

• Vibrations applied to particular parts of the body such as limbs or head.

The ISO 2631 standards also suggests two metrics to quantify the ride comfort level
in a vehicle, which are the root mean square acceleration and vibration dose value.
The RMS acceleration is given by the formula:

arms =

√√√√ 1
N0

N0∑
n=1

a2 (2.1)

where a is the weighted acceleration and N0 is the total number of values present.

The vibration dose value(VDV) is given by:

avdv = (
∫ T

0
a4(t)dt)1/4 (2.2)

where a is the weighted acceleration and T is the total measurement period in
seconds.
To evaluate the ride comfort of the vehicle, these are the two values that are used
in the industry. The weighted acceleration is calculated by using the human filter
function from the table provided by ISO 2631.
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Figure 2.9: Human Filter Function for vertical vibrations from ISO 2631[10]

2.7 Choppiness
Choppiness is an aspect of ride comfort and it is felt in the secondary ride frequency
region of 3-8 Hz. It can be defined as continuous road induced, irregular pitch and
bounce motions of the vehicle just above the primary ride frequency range. Chop-
piness is prevalent when driving over a uneven or rough road surface than when
driving on a smooth road surface. Choppiness occurs in an area where human toler-
ance to whole-body vibrations is poor, causing irritation in the gut/abdomen region.
Speech disturbances and headaches are also caused by a high level of choppiness.

The consequences of choppiness are mostly caused by vertical forces. When com-
pared to a standard ICE vehicle, a BEV has an increased level of vertical vibration
in the 3-8 Hz frequency (choppiness) range, which can be noticed by the driver
and front passenger. The ICE, together with its engine mounts, acts as a heavy
mass damper, reducing vibration input to the driver and occupants’ seats at 3-
8Hz, whereas the electric motor is not as heavy and has less potential to reduce
choppiness, hence increasing choppiness in a BEV.

Figure 2.10: Plot explaining the difference in choppiness level between BEV and
ICE
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To quantify the choppiness level experienced by the driver and passengers in the
vehicle, the RMS acceleration of the seat can be found between the frequency range
of 3-8 Hz using the equation 2.1.

2.8 Simulation Environment
MATLAB and Simulink were used to run the various test cases on the CAE ride
model.

2.8.1 MATLAB

MATLAB is a programming language from the company Mathworks, which can be
used to analyse data, develop algorithms. It provides a vast number of toolboxes
which allows the user to perform various operations in the field of vehicle dynamics,
signal and image processing, control systems, wireless communication etc.

2.8.2 Simulink

Simulink is a toolbox in MATLAB. Simulink was built to model and simulate con-
trol systems. By using Simulink a complex system can be analysed by simulating
block diagrams. The simulink library also provides a range of toolboxes which can
perform operations in various fields ranging from vehicle dynamics to deep learning.

The advantages of using Simulink are as follows :

• Well proven tool in the industry and the usage of block diagrams makes it
easier to understand and debug.

• Non linear models and linear can be easily modelled.

• As the simulation is done over time the state of the system can be viewed in
a specific time slot. A specific start and stop time can be given for the model
to run between to obtain the respective solution.
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3 Methodology

3.1 CAE Ride Models
To address the problem statement, an analytical approach based on mathematical
models of two vehicles was adopted. A 7-seater large SUV with an ICE and a 5-
seater mid-size SUV with an electric powertrain were chosen as the two vehicles.
Two vehicles were chosen to compare the choppiness levels in both the vehicles and
understand the various factors affecting the choppiness in a conventional ICE vehi-
cle and a battery electric vehicle. for both the vehicles, detailed half car models in
the longitudinal direction were studied. The choice of a half car model was made
in order to keep the ride model as simple as possible in order to understand the
numerous aspects causing choppiness and find out solutions to reduce choppiness by
improving the seat parameters.

3.1.1 ICE vehicle ride model

Figure 3.1: Ride model of a conventional ICE powertrain vehicle

The above figure depicts the ride model of an ICE vehicle. The half car model is
made up of the 7 rigid mass blocks, which are the vehicle body, the engine, the
vehicle seat, front and rear top mounts, and the front and rear unsprung masses.
The entire vehicle is modelled as a spring mass damper system, with the stiffness
and damping coefficients of each component considered in the vertical direction.
The bushings of the engine mounts, top mounts, the tires, suspension and shock
absorbers are modelled as spring damper systems. The model consists of 8 degrees
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of freedom, 7 translational and 1 rotational movement. The translational move-
ments are all in the vertical(z direction), these are the vertical bounce motion of
vehicle body, engine, seat, front and rear top mounts as well as the front and rear
unsprung masses, where as the rotational motion is the pitch motion of the vehicle
body around the y direction.

3.1.2 Electric vehicle ride model

Figure 3.2: Ride model of an electric powertrain vehicle

The BEV is also modelled as a half car model. The model is made up of the 8
rigid mass blocks, which are the vehicle body, the electric motor, the subframe, the
vehicle seat, front and rear top mounts, and the front and rear unsprung masses.
The BEV has 9 degrees of freedoms, 8 translational and one rotational motion. The
translational movements are all in the vertical(z direction), these are the vertical
bounce motion of vehicle body, electric motor, sub-frame, seat, front and rear top
mounts as well as the front and rear unsprung masses, where as the rotational mo-
tion is the pitch motion of the vehicle body in the y direction. The main difference
between the two models is that there is a subframe present in the BEV ride model,
where the electric motor is mounted.
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Variables Description

mseat Mass of seat

mb Mass of vehicle body

me Mass of electric motor

msbf Mass of subframe

mice Mass of engine

mftm Mass of front top mount

mrtm Mass of rear top mount

mfus Mass of front unsprung mass

mrus Mass of rear unsprung mass

Iyy Moment of Inertia in y direction

Table 3.1: Mass and moment of inertia parameters for both the ride models

Variables Description

le Distance of electric motor and subframe from CoG

lc Distance of ICE from CoG

ls Distance of the seat from CoG

l1 Distance of front axle from CoG

l2 Distance of rear axle from CoG

Table 3.2: Lengths considered in both ride models
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Variables Description

kseat Seat stiffness

cseat Seat damping coefficient

kice Engine mounts vertical bushing stiffness

cice Engine mounts vertical bushing damping coefficient

ke Electric motor mounts vertical bushing stiffness

ce Electric motor mounts vertical bushing damping coefficient

ksbf Subframe vertical bushing stiffness

csbf Subframe vertical bushing damping coefficient

kbf Front top mount vertical bushing stiffness

cbf Front top mount vertical bushing damping coefficient

kbr Rear top mount vertical bushing stiffness

cbr Rear top mount vertical bushing damping coefficient

kb1 Front suspension stiffness

kb2 Rear suspension stiffness

csf Front shock absorber damping coefficient

csr Rear shock absorber damping coefficient

ktf Front tire stiffness

ctf Front tire damping coefficient

ktr Rear tire stiffness

ctf Rear tire damping coefficient

Table 3.3: Stiffness and damping coefficients considered for both ride models

18



Master Thesis Report

Variables Description

θ Pitch angle

zrf Road input in the front axle

zrr Road input in the rear axle

zs Vertical Displacement of seat

zice Vertical Displacement of engine

ze Vertical Displacement of electric motor

zsbf Vertical Displacement of sub-frame

zb Vertical Displacement of body

zftm Vertical Displacement of front top mount

zrtm Vertical Displacement of rear top mount

zfus Vertical Displacement of front unsprung mass

zrus Vertical Displacement of rear unsprung mass

Table 3.4: Translational and rotational movements considered for both ride
models

3.2 Equations of motion
After creating the mathematical models of the two chosen vehicles, the next step
is to derive the governing equations to understand the forces acting on each of the
rigid mass blocks. Using Newtons second law of motion F = m · a, the equations
of motion were derived. Free body diagrams for all the rigid masses were drawn
to find out the forces acting on them. Since the models have been modelled using
spring mass damper systems all the equations of motion follow the basic equation:
mz̈ + cż + kz = 0

3.2.1 ICE ride model

Since the ICE ride model has eight degrees of freedom, we will have eight equations
of motions, seven for the vertical forces and one for the pitch motion of the vehicle
body.
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1. Equation of motion of engine :
micez̈ice = −Fice

where Fice = kice(zice − (zb + lcθ)) + cice(żice − (żb + lcθ̇))

micez̈ice = −kice(zice − (zb + lcθ)) − cice(żice − (żb + lcθ̇))

Figure 3.3: Free body diagram of engine

2. Equation of motion of seat :
msz̈s = −Fseat

where Fseat = ks(zs − (zb − lsθ)) + cs(żs − (żb − lsθ̇))

msz̈s = −ks(zs − (zb − lsθ)) − cs(żs − (żb − lsθ̇))

Figure 3.4: Free body diagram of seat
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3. Equation of motion of front top mount:
mftmz̈ftm = Ffronttopmount − Ffrontshockabsorber

where Ffronttopmount = kftm((zb + lfθ) − zftm) + cftm((żb + lf θ̇ − żf tm),

Ffrontshockabsorber = csf (żftm − żft)

mftmz̈ftm = kftm((zb + lfθ) − zftm) + cftm((żb + lf θ̇ − żftm) − csf (żftm − żft)

Figure 3.5: Free body diagram of Front top mount

4. Equation of motion of rear top mount :
mrtmz̈rtm = Freartopmount − Frearshockabsorber

where Freartopmount = krtm((zb − lrθ) − zrtm) + crtm((żb − lrθ̇ − żrtm),

Frearshockabsorber = csr(żrtm − żrt)

mrtmz̈rtm = krtm((zb − lrθ) − zrtm) + crtm((żb − lrθ̇) − żrtm) − csr(żrtm − żrt)

Figure 3.6: Free body diagram of Rear top mount
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5. Equation of motion of front unsprung mass:
mfusz̈fus = Ffrontshockabsorber + Ffrontsuspension − Ffronttires

where Ffrontshockabsorber = csf (z̈ftm − z̈ft), Ffrontsuspension = kb1((zb + lfθ) − zft)

Ffrontire = cft(żft − żrf ) + kft(zft − zrf )

mfusz̈fus = csf (z̈ftm − z̈ft) + kb1((zb + lfθ) − zft) − cft(żft − żrf ) − kft(zft − zrf )

Figure 3.7: Free body diagram of Front Unsprung mass

6. Equation of motion of rear unsprung mass:
mrusz̈rus = Frearshockabsorber + Frearsuspension − Freartires

where Frearshockabsorber = csr(z̈rtm − z̈rt), Frearsuspension = kb2((zb − lrθ) − zrt)

Freartire = crt(żrt − żrr) + krt(zrt − zrr)

mrusz̈rus = csr(z̈rtm − z̈rt) + kb2((zb − lrθ) − zrt) − crt(żrt − żrr) − krt(zrt − zrr)

Figure 3.8: Free body diagram of Rear Unsprung mass
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7. Equation of motion of vehicle body bounce:

mbz̈b = Fseat + Fice − Ffronttopmount − Freartopmount − Ffrontsuspension − Frearsupsenion

mbz̈b = ks(zs−(zb−lsθ))+cs(żs−(żb−lsθ̇))+kice(zice−(zb+lcθ))+cice(żice−(żb+lcθ̇))

- kftm((zb + lfθ) − zftm) − cftm((żb + lf θ̇ − żftm) − krtm((zb − lrθ) − zrtm) −

crtm((żb − lrθ̇) − żrtm) − kb1((zb + lfθ) − zft) − kb2((zb − lrθ) − zrt)

Figure 3.9: Free body diagram of Vehicle body

8. Equation of motion of vehicle pitch:

Iyθ̈ = Fseat · ls + Fice · lc − Ffrontsupension · l1 + Frearsuspension · l2 − Ffronttopmount · l1 +
Freartopmount · l2

Iyθ̈ = (ks(zs − (zb − lsθ)) + cs(żs − (żb − lsθ̇))) ∗ ls + kice(zice − (zb + lcθ))

+cice(żice − (żb + lcθ̇)) ∗ lc − (kb1((zb + lfθ) − zft)) ∗ l1 + (kb2((zb − lrθ) − zrt)) ∗ l2

-(kftm((zb + lfθ) − zftm) − cftm((żb + lf θ̇ − żftm)) ∗ l1 + (krtm((zb − lrθ) − zrtm)

-crtm((żb − lrθ̇) − żrtm)) ∗ l2
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3.2.2 BEV ride Model

As the BEV ride model has nine degrees of freedom, we will have nine equations
of motions, eight for the vertical forces and one for the pitch motion of the vehicle
body. Because of the presence of the subframe on the vehicle body, the equations of
motion of the body will have changes as the subframe and electric motor forces will
act on the body in addition to the vertical bounce equations for the electric motor
and subframe. The equations of motion for the two top mounts and the unsprung
masses will remain the same as the ICE ride model. As a result, this section will
only illustrate the free body diagrams and equations for those cases where the BEV
and ICE models differ.

1. Equation of motion of electric motor :
mez̈e = −Felectricmotor

where Felectricmotor = ke(ze − zsbf ) + ce(że − żsbf )

mez̈e = −ke(ze − zsbf ) − ce(że − żsbf )

Figure 3.10: Free body diagram of Electric Motor

2. Equation of motion of subframe :
msbf z̈sbf = Felectricmotor − Fsubrame

where Fsubframe = ksbf (zsbf − (zb + leθ)) + csbf (żsbf − (żb + leθ̇))

msbf z̈sbf = ke(ze − zsbf ) + ce(że − żsbf ) − ksbf (zsbf − (zb + leθ)) − csbf (żsbf − (żb + leθ̇))

Figure 3.11: Free body diagram of Subframe
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3. Equation of motion of vehicle body bounce:

mbz̈b = Fseat +Fsubframe −Ffronttopmount −Freartopmount −Ffrontsuspension −Frearsupsenion

mbz̈b = ks(zs−(zb−lsθ))+cs(żs−(żb−lsθ̇))+ksbf (zsbf −(zb+leθ))+csbf (żsbf −(żb+leθ̇))

- kftm((zb + lfθ) − zftm) − cftm((żb + lf θ̇ − żftm) − krtm((zb − lrθ) − zrtm) −

crtm((żb − lrθ̇) − żrtm) − kb1((zb + lfθ) − zft) − kb2((zb − lrθ) − zrt)

Figure 3.12: Free body diagram of BEV Vehicle body

4. Equation of motion of vehicle pitch:

Iyθ̈ = Fseat ∗ ls +Fsubframe ∗ le −Ffrontsupension ∗ l1 +Frearsuspension ∗ l2 −Ffronttopmount ∗
l1 + Freartopmount ∗ l2

Iyθ̈ = (ks(zs − (zb − lsθ)) + cs(żs − (żb − lsθ̇))) ∗ ls + ksbf (zsbf − (zb + leθ))

+csbf (żsbf − (żb + leθ̇)) ∗ le − (kb1((zb + lfθ) − zft)) ∗ l1 + (kb2((zb − lrθ) − zrt)) ∗ l2

-(kftm((zb + lfθ) − zftm) − cftm((żb + lf θ̇ − żftm)) ∗ l1 + (krtm((zb − lrθ) − zrtm)

-crtm((żb − lrθ̇) − żrtm)) ∗ l2
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3.3 Load Cases
Road inputs are critical for assessing the model’s resemblance to the real vehicle,
as well as for evaluating and predicting the vehicle’s behavior and performance. As
stated in section 2.4.1, the road models considered in this section are in the vertical
direction, i.e. the vertical displacement as a function of path. As road inputs to the
models, two load cases were evaluated, which are :

• Sine Wave

• Rough Road

3.3.1 Sine Wave Input

The sine wave oscillates in a smooth and periodic manner, providing for controlled
and consistent input conditions. Because sine waves are mathematically well de-
fined and predictable, using them as input to the vehicle model makes it easy to
compare the model to an actual vehicle and evaluate the model’s performance and
characteristics of the model with various modifications. Using a sine wave with vary-
ing frequency allows us to obtain the response of the vehicle in different frequency
ranges, making it easier to analyse the vehicle model’s response in the frequency
domain. To understand the model’s behaviour in both the primary and secondary
ride regions, a frequency range of 0-30 Hz was selected as the start and end frequen-
cies of the sine wave. Since the tire was modelled as a spring and damper system,
vertical displacement and vertical velocity were taken as inputs into the model.

The sine wave was calculated using the formula :

Sinewave = Asin(2πf + θ) (3.1)

The frequency, f was calculated using the formula given below:

f = 10((((log(fStart+Span)−log(fStart))/(n−1))(x−1))+log(fStart)) (3.2)

where θ is the phase, A is the peak velocity amplitude, fstart is the start frequency
and Span is the frequency range, n is the duration of the sine sweep.

The sine sweep was done for a duration of 75 seconds. The sweep was done for a
short duration in order to keep the simulation time to a minimal and also receive
accurate results. The velocity vs time input signal was found by using the equation
3.1 and then the integration was performed to obtain the displacement vs time input
signal.
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Figure 3.13: Velocity(m/s) vs time(seconds) graph for a sine wave

Figure 3.14: Vertical displacement(m) vs time (seconds) graph
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3.3.2 Rough Road Input

To conduct a thorough ride comfort study it is important to consider an actual or
real road model as well. As previously stated in section 2.7, choppiness is more
prevalent when the road is rough, irregular, and uneven. Therefore, for understand-
ing the effects of choppiness, the rough country side road used for testing has been
considered. The road has been scanned when a test vehicle was driven over the test
track. The signals have been calculated by Volvo Cars and a vertical displacement
vs time graph for the front and rear axles have been calculated with a time lag
indicating the effect of wheelbase filtering. This road input model indicates a real
driving scenario thereby allowing a comprehensive study of the vehicle model and
identifying areas where improvement can be made to improve the choppiness in the
driver seat. The signal had to be recalculated according to the wheelbase of the two
respective vehicles chosen in this thesis.

Figure 3.15: Vertical displacement(m) vs time(seconds) graph for the rough
country road

3.4 Shake rig test

3.4.1 Test rig setup

It is important to compare and validate the results obtained from the ride models
with those acquired from actual vehicle tests. A test vehicle with a comparable
configuration to the chosen ICE vehicle, a 7-seater big SUV with an ICE, was chosen.
The vehicle was placed on the test rig with accelerators placed on different locations
of the vehicle. The accelerometer were placed on the following locations : On top
of the engine, on the skid pad, on the wheels of the vehicle, on the seat rail, on the
vehicle body i.e on the front and rear axle, on the driver. A special bracket was
made to mount the accelerometer on the driver, the bracket was placed on the belt
buckle of the driver.
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3.4.2 Test procedure

Two tests were conducted on the test rig. A sine wave was given as the input signal.
The duration of the procedure was fifteen minutes. The test was done with a driver
and one passenger in the front passenger seat always. Three trials were conducted
for each test where the driver and passenger were interchanged. The first test was
performed with the sine wave input solely in the front axle and no input in the rear
axle. During this test, the accelerometer was mounted on the car at the front axle,
directly above the fender, and solely on the front two wheels, as well as the other
locations listed above. During this test, the accelerometer was mounted on the car
at the rear axle, above the fender, and the rear two wheels, as well as the other
points described above.

Figure 3.16: Driver with accelerometer on the belt buckle

Figure 3.17: Test vehicle on the test rig
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Figure 3.18: Accelerometers mounted on the skid pad, front body and front wheel

3.5 Simulink Model
The Simulink model representing the the CAE ride models(mathematical models)
of the two chosen vehicles were built using blocks such as integrator, gain etc. The
equations of motions were modelled in Simulink. The equations were modelled using
newton’s law of motion. The integrator block was used to integrate the acceleration
of a degree of freedom to find the velocity and subsequently the displacement as
well. An example model showing the equation of motion of the seat modelled in
simulink is shown in figure 3.19.

Figure 3.19: example block in simulink showing equation of motion of seat
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4 Model Validation

The Simulink model of the ride models was validated after it had been developed
by providing the sine wave input used in the shake rig with identical amplitude and
frequency ranges as road inputs. The model was validated in the time and frequency
domain. By performing these validations it was also possible to understand the
effects of different parameters on the vehicle’s choppiness levels.

4.1 Time Domain Response
The time domain response was necessary to understand the vehicle response to the
inputs and if the vehicle’s movement in the vertical direction followed the input.
This was done to understand if the outputs from the vehicle body was similar to
what the driver had felt while sitting in the vehicle during the shake rig tests.

4.1.1 ICE ride model

The two graphs indicate the ICE vehicle model’s body response and front unsprung
mass response respectively when the sine wave input is applied exclusively to the
front tires. The figure 4.1 depicts the vertical displacement of the vehicle body with
respect to time, it is clear from this that the model’s response was very similar to
what the driver experienced, as the body has a higher displacement than the input
in the low frequency regions, and as time progressed during the test and at higher
frequencies, the body movement in the vertical direction was minimal. The figure
4.2 depicts the vertical displacement of the front unsprung mass as a function of
time. From the figure it can be seen that the unsprung mass follows the input into
the vehicle for the majority of the time except at higher frequencies, this region
where the vertical displacement of the unpsrung mass is higher than the sine input
which is caused by wheel hop.

Figure 4.1: Vertical displacement(m) vs time(seconds) for ICE vehicle model’s
body response compared with the displacement input in front wheel
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Figure 4.2: Vertical displacement(m) vs time(seconds) for ICE vehicle model’s
unsprung mass response compared with the displacement input in front wheel

4.1.2 BEV ride model

The BEV ride model (figure 3.2) was subjected to the same sine input as the ICE
ride model applied at the front wheel. The similar response characteristics from the
vehicle model was observed as that of the ICE ride model. The figure 4.3 depicts
the vertical displacement of the BEV’s body with respect to time, it is clear from
this that the model’s response was very similar to what was seen in the ICE model,
the major difference only being in the amplitude levels of the body. The figure 4.4
depicts the vertical displacement of the BEV’s front unsprung mass as a function
of time which is again very similar to the ICE ride model’s response in the vertical
direction.

Figure 4.3: Vertical displacement(m) vs time(seconds) for BEV vehicle model’s
body response compared with the displacement input in front wheel
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Figure 4.4: Vertical displacement(m) vs time(seconds) for BEV vehicle model’s
unsprung mass response compared with the displacement input in front wheel

4.2 Frequency Domain Response
The time domain response of the model does not reflect the frequencies at which
wheel hop, powertrain bounce, and other factors influence the seat vertical frequency
and choppiness levels in the vehicle. These effects can conveniently studied by the
help of transmissibility plots, commonly known as bode plots. These plots provide
an intuitive way of understanding the response of vehicle model in different fre-
quencies. By plotting the magnitude of the transfer functions of the models in a
logarithmic scale, it makes it easier to understand the resonance peaks,gain margin,
behaviour of the vehicle model in dominant frequencies etc. The transmissibility
plots were plotted when the input to the models were a sine wave. The frequency
response of the vehicle was studied in both primary and secondary ride regions. The
transmissibility plots were plotted when the input was first given to front wheels and
then given to rear wheels respectively.

4.2.1 Transmissibility plots of ICE ride model

The graphs generated from the ICE ride model were compared to the plots obtained
from the tests performed on the test rig with test vehicle. Four transfer functions
were taken into account to study the vehicle model’s response in the primary and
secondary ride regions. The input for all these transfer functions was the road
displacement input (sine wave) in front or rear axle. The outputs of the transfer
function were the front or rear wheel vertical displacement, body vertical displace-
ment, seat rail vertical displacement and engine vertical displacement.

The primary ride results as indicated in figure 4.5 show that the resonance peaks
of the four transfer function are at the same frequency as that of the test vehicle’s
transfer functions. The blue curve represents the results of the Simulink model,
while the orange curve represents the results of tests performed on the test vehicle
on the shake rig. These results also show that there is a good correlation between
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the ride model and the outcomes of the test vehicle’s body transfer functions in the
major ride region shortly before choppiness. It is critical to have a strong correlation
between the ride model and the vehicle’s body responses, because choppiness and
other ride comfort issues are caused by vibration transmitted into the seat from the
vehicle body.

Figure 4.5: Primary ride transmissibility plots for ICE model compared with
shake rig results when input is given in front axle

Figure 4.6: Secondary ride transmissibility plots for ICE model compared with
shake rig results when input is given in front axle

The figure 4.6 shows the secondary ride plots for the ride model and test vehicle
frequency responses. It can be seen from the first plot indicating the front unsprung
mass response in the figure that resonance peak which is due to the wheel hop is
at the same frequency for both the ride model and the test vehicle. The second
plot indicates the vehicle body’s response for both the ride model and test vehicle.
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It can be seen that there is a good correlation between the two in the region of
choppiness i.e from 3-8 Hz. It is very crucial to have a good correlation between the
two, as indicated before in section 1.1 the vibrations are transmitted from the body
to the seat. The ride model’s body response has two resonance peaks, one is due to
effect of the engine bounce and the second one is due to the effect of the wheel hop
respectively. The third plot indicates the seat rail’s response and it is observed that
even the seat rail has a good correlation in the region of choppiness. The fourth plot
represents the engine’s vertical displacement(engine bounce) and it is observed that
there is a good correlation between the ride model’s response and test vehicle’s too.

Even though the main focus of the thesis is to understand the influence of different
parameters on the vehicle’s choppiness levels and reduce the perceived choppiness,
it is also important to understand the effects in the shake region (8-20 Hz). It
was observed from the transmissibility plot of the vehicle body that the correlation
between the ride model and the test vehicle was poor, and this was due to the fact
the shock absorbers considered in the ride model were linear, which is not the case
in real life. Therefore a huge difference between the two results was due to the fact
that non linear shock absorbers with friction was not considered.

Figure 4.7: Transmissibility plots for different drivers compared with the model’s
response when input is given in front axle

Figure 4.7 shows transmissibility plots for the transfer function where the seat along
with the driver’s vertical displacement is the output where as the input is the vertical
displacement of the seat rail. The purple curve represents the response from the
simulink model, whilst the other curves represent the response when three separate
drivers sat in the seat. The frequency response of the driver while sat in the vehicle
seat was measured using an accelerometer mounted on a bracket attached to the
driver’s belt buckle, as illustrated in figure 3.16. According to the findings of this
study, comfort levels differ from person to person because comfort is affected by a
person’s BMI as well as sitting position. The resonance peak of the seat from the
ride model is around 6 Hz, which is within the choppiness region.
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Figure 4.8: Primary ride transmissibility plots for ICE model compared with
shake rig results when input is given in rear axle

Figure 4.9: Secondary ride transmissibility plots for ICE model compared with
shake rig results when input is given in rear axle

When the road input was given exclusively in the rear axle, the transmissibility
plots for primary and secondary ride regions s are shown in figures 4.8 and 4.9,
respectively. The blue curve shows the response of the ride model, while the orange
curve indicates the response of the test vehicle. The transfer function illustrating
the vertical displacement of the engine is not studied because the decibel levels are
low while assessing the engine’s response to the road input provided in the rear.
Figure 4.8 shows that the ride model’s resonance peaks in the primary ride region
are at the same frequency as the test vehicle’s response. The correlation between
the plots of the transfer functions in the secondary ride is good, and the resonance
peaks of ride models are at or near the frequency of the test vehicle.
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4.2.2 Effects of Non Linearity and Friction

It was observed from figure 4.6 that linear shock absorbers did not give a good corre-
lation between the ride model’s body response and the test vehicle’s body response
in the higher frequency ranges. This was predominantly due to the fact the model
does not have linear shock absorbers with friction models.

In order to study the effect of friction in shock absorbers, non linear shock absorbers
were considered by making the dampers dependent on the vertical velocity between
the top mounts and unsprung masses. Along with this non linearity a basic friction
model was considered as well. A friction force of 40 N was assumed to be acting
in the direction opposite of the shock absorbers’s vertical movement i.e if the shock
absorbers moved up a friction force of 40 N would act in the downward direction and
vice versa. Figure 4.10 shows the effects of this, where the correlation between the
vehicle model’s body response and the test vehicle’s response is better than when
linear shock absorbers were utilized. The purple curve represent the response of the
test vehicle, the yellow curve represents the response of the ride model with linear
shock absorbers and the blue curve represents the response of the ride model with
non linear shock absorbers.

Figure 4.10: Secondary ride transmissibility plots for ICE model compared with
shake rig results when input is given in front axle when friction is included in

dampers

In a real-world scenario, the shock absorbers will lock in high frequency zones. To
study this impact further, shock absorbers with extremely stiff values were included
in the linear ride model to totally lock them. The consequence of this is seen in figure
4.11, where it can be observed that the correlation between the ride model’s body
reaction and the test vehicle’s body response is considerably better at high frequency
regions, as indicated by the black circles. Because the primary goal of the thesis was
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to investigate the influence of choppiness, this model with stiff dampers was not used
because the body correlation at 3-8 Hz was very poor and the resonance peaks did
not match. This is indicated by the red circle over the choppiness region in the second
plot which shows the transfer function of vehicle body’s vertical displacement with
road input. The correlation between the ride model’s unsprung mass and vehicle’s
wheel displacement is also incorrect.

Figure 4.11: Secondary ride transmissibility plots for ICE model compared with
shake rig results when input is given in front axle when dampers are locked

4.2.3 Transmissibility plots of BEV ride model

The bode plots of the BEV ride model’s response were compared to the plots from
tests performed on the test rig with the BEV test vehicle. Because the test vehicle
was not available to conduct the testing, these results were compared to earlier work
done by Volvo Cars. Four transfer functions were found from the CAE ride model
once more, with the outputs being the unsprung mass vertical displacement, body
vertical displacement, seat rail vertical displacement, and electric motor vertical
displacement. The road displacement (sine wave) was used as the input. Because
data from the other two transfer functions were not available from the shake rig
measurements, only two transfer functions with outputs of unsprung mass (wheel)
vertical displacement and body displacement were compared with test results in this
study

The primary ride results as indicated in figure 4.12 show that the resonance peaks
of the two transfer function are at the same frequency as that of the test vehicle’s
transfer functions. The blue curve represents the results of the Simulink model,
while the orange curve represents the results of tests performed on the test vehicle
on the shake rig. These results also show that there is a good correlation between
the ride model and the response of the test vehicle’s body transfer functions in
the primary ride region shortly before choppiness which is very similar to what was

38



Master Thesis Report

observed in the ICE ride model. In the figure the transmissibility plots of the transfer
function whose output is the vertical displacement of the seatrail and electric motor
is considered here to understand the frequency response of these two. It is observed
that the seat rail and electric motor also have resonance peaks that are close to the
body response in the primary ride which shows that the vertical movement of these
two components are in sync with body’s vertical displacement in the low frequency
regions.

Figure 4.12: Primary ride transmissibility plots for BEV model compared with
shake rig results when input is given in front axle

Figure 4.13: Secondary ride transmissibility plots for BEV model compared with
shake rig results when input is given in front axle

The figure 4.13 depicts the transmissibility plots in the secondary ride region for the
BEV ride model and test vehicle’s frequency response. The first plot compares the
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model’s front unsprung mass response to the test vehicle’s front wheel response in
the frequency domain. The wheel hop frequency range is indicated by the resonance
peak. The model’s peak frequency is similar to the test vehicle’s peak frequency.
The second plot compares the vehicle body’s response of the ride model and the test
vehicle. There is a good correlation between the two results in the entire secondary
ride region especially in the region of choppiness and also in the region of shake.
There is a peak and a small dip about 15 Hz, followed by another peak at 18 Hz.
The initial peak and dip in the response are caused by the electric motor’s bounce,
and this peak can be seen in the fourth figure, which shows the vertical response of
the EFAD (electric motor in the front’s response) with respect to road input. The
response of the seat rail is depicted in the third plot, and it can be seen that the
response of the seat rail is almost identical to that of the body, as expected.

Figure 4.14: Primary ride transmissibility plots for BEV model compared with
shake rig results when input is given in rear axle

Figures 4.14 and 4.15 illustrate the transmissibility plots for primary and secondary
ride areas when the road input was given only in the rear axle. The blue curve
represents the ride model’s response, while the orange curve represents the test ve-
hicle’s response. The transfer function illustrating the vertical displacement of the
electric motor and seat rail are not studied. The response of the electric motor on
the front axle is not of concern because the decibel levels are low while studying the
motor’s response to the road input provided in the rear. Figure 4.14 shows that the
ride model’s resonance peaks in the primary ride region are at the same frequency
as the test vehicle’s response for both the rear unsprung mass and vehicle body.

Figure 4.15 depicts a comparison of the transmissibility plots of the ride model and
the test vehicle in the secondary ride region. The first plot in the figure compares the
ride model’s rear unsprung mass response to the test vehicle’s rear wheel response
when the road input was applied to the rear axle. The plot shows that the peaks
of the two do not have the same frequency, which is due to the fact that the test
vehicle was a four wheel drive vehicle with an ERAD (electric motor in the rear),
whereas the model considered for the thesis studies was a front wheel drive vehicle

40



Master Thesis Report

with only a motor in the front. The presence of the ERAD affects the wheel hop
frequency, the wheel hop frequencies of the model and test vehicle are not at the
same frequency. The presence of the ERAD influences the response of the vehicle
body as well. The second plot shows that the test vehicle exhibits a dip in the
response about 21 Hz, this is due to the effect of ERAD’s bounce. Since the ride
model does not have an ERAD this dip is not seen in the ride model’s response.

Figure 4.15: Secondary ride transmissibility plots for BEV model compared with
shake rig results when input is given in rear axle

4.2.4 Effect of electric motor on choppiness

Figure 4.16: Secondary ride transmissibility plots for BEV model compared with
shake rig results when input is given in front axle studying effects of EFAD bounce

Figure 4.13 illustrates a comparison of the response of the ride model and the test
vehicle, demonstrating that the peak of the front unsprung mass response of the
two was not at the same frequency. This was owing to the EFAD bounce effect.
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The vertical stiffness and damping of the EFAD bushings were reduced to test this.
Figure 4.16 depicts the vertical bounce of the EFAD on the vehicle body as well as
the front unsprung mass. By reducing the stiffness and damping, it was observed
that the wheel hop frequency of the ride model was similar to the test vehicle’s wheel
hop frequency, however the correlation between the ride model’s body response to
the test vehicle’s body response was poor, as represented by the red circle. When
compared to the test vehicle, the region where the peaks and dips appeared on the
ride model’s body response was at lower frequencies, affecting the correlation in the
choppiness zone. The thesis focuses on improving the choppiness by adjusting the
seat parameters, therefore the configuration of the ride model to achieve the results
as shown in figure 4.16 was not taken into account to perform the studies to improve
choppiness.
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5 Results and Conclusion

5.1 Cost Function
A cost function was required to quantify the choppiness levels of a vehicle after ver-
ifying the ride models using the same inputs as used for testing the actual vehicle
and understanding the impacts of various parameters on the vertical choppiness of
a vehicle. The ISO 2631 standards were considered in order to do this. The RMS
acceleration of the seat in the vertical direction was chosen as the cost function.
The RMS acceleration was determined for the choppiness region (3-8 Hz) as well as
the shake region (8-20 Hz). Although the main aim of the thesis is to improve the
vertical choppiness levels in the driver seat of a BEV, it is important to examine the
shake region as it is a part of the secondary ride and it is crucial to design a vehicle
that is comfortable in both the regions of secondary ride.

In order to do this the weighted human filter functions (Figure 2.9) were considered.
The seat acceleration response was first found in the time domain and then con-
verted to the frequency domain.The weighted acceleration values of the seat were
calculated by multiplying the acceleration readings in each frequency region by the
weighting factors.

Figure 5.1: Weighted Seat acceleration

Since the cost function is the weighted RMS acceleration of the seat, the seat param-
eters i.e the seat stiffness and damping were the selected as the tuning parameters.
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The seat stiffness and damping were altered to study the effects they have on the
vertical choppiness levels on the driver seat.

5.2 RMS seat accelerations of BEV ride model
This section is divided into four subsections, the first two of which explain the
changes in the cost function caused by modifying the seat parameters when the
sine wave was used as an input, and the following two of which explain the findings
achieved when the rough road was used as an input. As previously stated, the seat
parameters for the BEV ride model were altered to determine the RMS acceleration
values in the seat. The seat stiffness and damping were changed between 0.5 and 2
times the baseline value. ’

5.2.1 RMS seat acceleration in choppiness region with sine wave as road
input

The seat parameters were changed across a wide range to produce a wide range
of RMS acceleration values for various combinations of seat stiffness and damping.
The simulation results were shown as a 3D surface plot to provide a range of RMS
acceleration values from good to bad in the choppiness region. This was done to
determine the path that must be taken to lower choppiness levels in a vehicle’s
driver seat by modifying the seat parameters. Figure 5.2 depicts a 3D surface plot
of the seat’s RMS acceleration values for various combinations of seat stiffness and
damping. The green star represents the combination that results in the lowest RMS
acceleration value in the choppiness region, the yellow star represents the value for
low choppiness RMS acceleration value, the black star represents the baseline design,
and the red star represents the combination that gives the highest RMS acceleration
value in the choppiness region.

Figure 5.2: 3D surface plot showing the seat RMS acceleration in choppiness
region for various combinations of seat stiffness and damping
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When the seat stiffness is reduced from the baseline design and the seat damping is
raised from the baseline design, the combination has the lowest choppiness levels in
the seat. Stiffer seats, regardless of the damping values of the seat, help to reduce
choppiness levels as well; yet, the figure shows that damping influences choppiness
more than seat stiffness. The figure illustrates that the region with high RMS
acceleration values for choppiness has very poor damping, despite the fact that the
seats are not extremely stiff.

Figure 5.3: Chart indicating the seat RMS acceleration values in choppiness
region for chosen design combinations

5.2.2 RMS seat acceleration in shake region with sine wave as road input

Figure 5.4: 3D surface plot showing the seat RMS acceleration in shake region
for various combinations of seat stiffness and damping
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Figure 5.4 depicts a 3D surface plot of the seat’s RMS acceleration values in the
shake region for various combinations of seat stiffness and damping. The green star
represents the combination that results in the lowest RMS acceleration value in the
shake region, the yellow star represents the value for low shake RMS acceleration
value, the black star represents the baseline design, and the red star represents the
combination that gives the highest RMS acceleration value in the shake region.

The figure shows that lower seat damping influences RMS acceleration values in the
shake region, and the configuration with the highest RMS acceleration value occurs
when the seat stiffness is high and the damping is extremely low. In contrast to what
was observed in the choppiness region, where stiffer seats resulted in lower RMS
acceleration values, we see higher RMS acceleration values in the shake region. In
addition, the combination with the lowest seat damping and stiffness has the lowest
RMS seat acceleration value in the region of shake, although this combination has
a greater RMS acceleration value in the region of choppiness.The combination of
high seat damping and low seat stiffness reduces the seat RMS acceleration. This
configuration also gives the lowest RMS acceleration value in the choppiness region.
Therefore, this would be the ideal configuration of the seat which would reduce the
RMS acceleration values in both the choppiness and shake region thereby improving
the ride comfort.

Figure 5.5: Chart indicating the seat RMS acceleration values in shake region for
chosen design combinations

5.2.3 RMS seat acceleration in choppiness region with rough road as
road input

The rough road as shown in figure 3.15 was given as an input to the model to test
whether these combinations give the similar results when a real road is tested. The
model was now run by giving the inputs in both the axles. The seat parameters
were varied as done for the previous test when sine wave was given as the input.
The results from the test showed that the seat RMS acceleration values followed the
same trend as observed with the sine wave.
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Figure 5.6: 3D surface plot showing the seat RMS acceleration in choppiness
region for various combinations of seat stiffness and damping when rough road is

given as input

Figure 5.7: Chart indicating the seat RMS acceleration values in choppiness
region for chosen design combinations with rough road as input

As shown in the chart above, the magnitude of the seat RMS acceleration is greater
when the rough road is used as the input than when the sine wave is used. The same
configuration that produced the worst and lowest values of seat RMS acceleration
in the choppiness region when a sine wave was used as an input produced the same
results when a rough road was used as an input. The trend which indicated that soft
seats with more damping reduced the choppiness with the lowest RMS acceleration
values followed. The figure 5.6 also showed that lower the seat damping, greater
the RMS acceleration values in the choppiness region. Also, when damping is low,
the system becomes unstable, resulting in a drop in RMS values followed by a sharp
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spike in the region where choppiness is high.

5.2.4 RMS seat acceleration in shake region with rough road as road
input

Figure 5.8: 3D surface plot showing the seat RMS acceleration in shake region
for various combinations of seat stiffness and damping when rough road is given as

input

Figure 5.9: Chart indicating the seat RMS acceleration values in shake region for
chosen design combinations with rough road as input

The seat RMS acceleration values in the shake region also followed the same trend
when the sine wave was given as input. The similar configurations gave the lowest
and highest RMS acceleration values. This is depicted by figure 5.8. The figure also
shows that stiffer seats indicated higher RMS acceleration values. The configuration
with high damping and softer seats was the ideal combination once again as it
reduced the RMS acceleration value in the shake region by a considerable margin
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from the baseline design’s value and also produced the lowest seat RMS acceleration
value in the choppiness region. Figure 5.9 shows that magnitude of the seat RMS
acceleration values where higher when the sine wave was given as input.

5.3 RMS seat accelerations of ICE ride model
The seat parameters were varied for the ICE ride model when the sine wave was
given as the input in the front axle. The varying of seat parameters and studying
the effect of it on the seat RMS acceleration values in the choppiness and shake
region was primarily done due two reasons; the first being to prove the problem
statement of the thesis, which stated that choppiness levels in the ICE vehicle are
lower when compared to the BEV, and the second was to compare the trends in seat
RMS accelerations between the BEV and ICE vehicles and see if the seat model in
the ICE also follows.

5.3.1 RMS seat acceleration in choppiness region with sine wave as road
input

Figure 5.10: 3D surface plot showing the seat RMS acceleration in choppiness
region for various combinations of seat stiffness and damping for the ICE ride

model

The figure 5.10 indicates that trend in seat RMS acceleration values in the choppiness
region is similar to the results of the BEV. Once again stiffer seats reduced the RMS
acceleration values thereby decreasing the choppiness. Seat damping also had an
effect on the RMS acceleration results, with low damping increasing the values and
high damping decreasing the choppiness. The ideal configuration which gave the
lowest seat RMS acceleration value thereby reducing the choppiness was when the
seat were softer with high damping. It is observed from figure 5.11 that the baseline
design of the ICE has a lower RMS acceleration value when compared to the BEV
model’s baseline design thereby proving the thesis problem statement.
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Figure 5.11: Chart indicating the seat RMS acceleration values of the ICE ride
model in choppiness region for chosen design combinations

5.3.2 RMS seat acceleration in shake region with sine wave as road input

Figure 5.12: 3D surface plot showing the seat RMS acceleration in shake region
for various combinations of seat stiffness and damping for the ICE ride model

Figure 5.12 depicts a 3D surface plot of the seat’s RMS acceleration values for the
ICE ride model in the shake region for various combinations of seat stiffness and
damping. From this figure it is observed that the trend in seat RMS acceleration
values is similar to that of the BEV’s results. The stiffer seats once again resulted
in higher RMS acceleration values resulting in large shake. The combination of
low seat damping and stiffness results in reducing the RMS acceleration values
thereby decreasing the shake. It was also observed that this combination reduced
the choppiness level too as indicated in figure 5.10. This configuration was the
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optimal design to improve the ride comfort in the BEV as well, therefore indicating
that the same approach would improve the ride comfort in the ICE vehicle as well.

Figure 5.13: Chart indicating the seat RMS acceleration values of the ICE ride
model in shake region for chosen design combinations

5.4 Conclusion
As indicated by the results, there is a scope to reduce the perceived vertical choppi-
ness of an electric vehicle by improving the seat parameters. The results show that
increasing the seat stiffness and damping reduces choppiness by increasing the rms
acceleration values in the shake region, which increases the disturbances felt in the
shake region (8-20 Hz). Also, by lowering the seat stiffness and damping values, the
RMS acceleration values in the shake region are reduced, reducing the disturbances
felt in the shake region; however, this configuration increases the RMS acceleration
in the choppiness region, causing the driver to feel more vertical choppiness in the
seat. As mentioned previously even though the main objective of the thesis is to
reduce the choppiness levels in the seat felt by the driver, it is also important to
have a design which performs well in the shake region as well ensuring the overall
ride comfort of the vehicle is good. Seats with softer stiffness and high damping
characteristics are the optimal solution for reducing RMS acceleration in both chop-
piness and shake regions and thus providing a comfortable ride.

According to the validation section, a linear CAE ride model was sufficient for an
electric vehicle, but a non linear ride model was required for an ICE vehicle to
produce results that were comparable to the shake rig tests. The transmissibility
plots in the second ride region, particularly in the choppiness region, revealed that
when a linear ICE ride model was used, the correlation between the simulink model’s
results and the shake rig results was poor, whereas when a non linear ICE ride model
was used, the correlation was better. Because the ICE vehicle has hyrdo-mounts
on which the engine is mounted and these bushings are frequency dependent, the
CAE ride model was designed in such a way that non linear dampers and springs
that are frequency dependent were modelled as hydro mounts on which the engine
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was mounted. Nonlinearity and friction in shock absorbers were also found to be
necessary for a better overall correlation. The ride model of a BEV can also be
improved by using non linear shock absorbers, resulting in a model that is more
realistic. However, the BEV vehicle chosen did not have hydro mounts on which
the electric motor was mounted, so a linear model was sufficient to obtain a good
correlation between the shake rig and ride model results.
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6 Future Scope
The thesis’s scope was limited to identifying the possibility of using the seat to reduce
perceived vertical choppiness. The thesis findings indicate that by adjusting the seat
parameters, such as seat stiffness and damping, the perceived vertical choppiness can
be reduced. To put the thesis findings into practice in the future, the main task
would be to collaborate closely with the seat and ergonomics departments to gain a
better understanding of seat stiffness and damping and, as a result, determine the
most optimal seat design to reduce choppiness. Because modeling humans as spring
mass damper systems is a difficult task, it is necessary to improve the design of the
human and seat models in order to gain a better understanding of choppiness effects
in humans. Furthermore, the work done thus far has primarily focused on a linear
ride model, despite the fact that real systems are far from linear. As a result, the
CAE ride models must be improved by taking nonlinearity into account. This can
be done by considering friction in the dampers, making the shock absorbers and
bushings nonlinear, and thereby designing models that are close to reality.
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